nature communications

Article

https://doi.org/10.1038/s41467-025-58163-0

Atomic-scale self-rearrangement of hetero-
metastable phases into high-density single-
atom catalysts for the oxygen evolution

reaction

Received: 13 June 2024

Accepted: 13 March 2025

Published online: 25 March 2025

M Check for updates

Quan Quan™'®, Yuxuan Zhang ®"'°, Haifan Li?, Wei Wang', Pengshan Xie',
Dong Chen', Weijun Wang', You Meng ® 3, Di Yin", Yezhan Li,

Dongyuan Song ®4, Lijie Chen®, Shaohai Li®°/ -, Cheng Yang ®¢,
Takeshi Yanagida ® 78, Chun-Yuen Wong ®?2, SenPo Yip®7' ' &

Johnny C. Ho®"37

Maximizing metal-substrate interactions by self-reconstruction of coadjutant
metastable phases can be a delicate strategy to obtain robust and efficient
high-density single-atom catalysts. Here, we prepare high-density iridium
atoms embedded ultrathin CoCeOOH nanosheets (CoCe-O-Irs,) by the
electrochemistry-initiated synchronous evolution between metastable iridium
intermediates and symmetry-breaking CoCe(OH), substrates. The CoCe-O-Irsp
delivers an overpotential of 187 mV at 100 mA cm and a steady lifespan of
1000 h at 500 mA cm™ for oxygen evolution reaction. Furthermore, the CoCe-
O-lrs, is applied as a robust anode in an anion-exchange-membrane water
electrolysis cell for seawater splitting at 500 mA cm™ for 150 h. Operando
experimental and theoretical calculation results demonstrate that the recon-
structed thermodynamically stable iridium single atoms act as highly active
sites by regulating charge redistribution with strongly p-d-f orbital couplings,
enabling electron transfer facilitated, the adsorption energies of intermediates
optimized, and the surface reactivity of Co/Ce sites activated, leading to high
oxygen evolution performance. These results open up an approach for engi-
neering metastable phases to realize stable single-atom systems under ambi-
ent conditions toward efficient energy-conversion applications.

Developing high-performance oxygen evolution reaction (OER) elec-
trocatalysts is core to the renewable energy-related conversion pro-
cesses (e.g., water electrolysis, metal-air batteries, carbon dioxide
reduction, and nitrogen reduction), which generally require a large
overpotential to overcome its sluggish kinetics'. Single-atom catalysts
(SACs) feature spatially isolated metal atoms and maximized atomic
utilization efficiency, sparking enormous interest as a class of pro-
mising materials’. In this regard, high-density SACs have been pursued

to increase the number of available active sites to maximize OER
performance’. However, the individual metal atoms generally tend to
agglomerate into clusters or nanoparticles through the Ostwald
ripening process owing to the weak metal-substrate interactions,
especially for densely populated single atoms (SAs)*. Besides, the SAs
are prone to segregation from the support due to weak interactions
with substrates during the OER, resulting in decreased stability’.
Therefore, it is urgent to simultaneously address the challenges of
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high-density loadings and instability of SACs towards achieving high
OER activity and durability.

The preparation of SACs reversely using nanoparticle or cluster-
scale precursors is rarely reported because of the increased ther-
modynamic entropy, requiring harsh reaction conditions and strong
substrate interactions. For instance, Pt clusters can be converted into
SAs encapsulated by a high-silica chabazite substrate based on an
atmosphere-induced metal dispersion mechanism®. Under a con-
finement anchor effect, stable Ag SAs were fabricated from the
fragmentation of Ag particles using a facet-reconstructed MnO,
substrate assisted by thermal treatment’. The limited intimate phy-
sical interface between the precursors and substrates makes realizing
the high-density SAs loading challenging®. Local or long-range
structural reconstructions generally occur on transition metal-
based catalysts during the electrocatalytic OER processes at mild
conditions, accompanied by the atomic arrangements’. Therefore,
the structural evolution potentially involves numerous anchoring
sites that endow the fragment of adsorbed metastable species into
the encased SAs with a low formation energy®. Currently, little
attention has been paid to utilizing the interactive self-
reconstruction between mixed metastable phases to produce ther-
modynamically stable high-density SAs incorporated systems for
high-performance OER applications.

In this work, as a proof of concept, taking an “atomic-scale self-
rearrangement” strategy with an anti-Ostwald ripening process under
ambient conditions, we prepared high-density Ir SAs confined into the
ultrathin CoCeOOH nanosheets (CoCe-O-Irss) evolved from the
metastable Ir species on the symmetry-breaking CoCe(OH), substrates
during the OER as a model, confirmed by aberration-corrected scan-
ning transmission electron microscopy and X-ray absorption spec-
troscopy. In-situ characterization and theoretical calculation results
demonstrate that the embedded Ir SAs act as highly active centers for
facilitating electron transfer by strongly p-d-f orbital couplings,
optimizing the adsorption energies for catalytic intermediates, and
activating the surface reactivity of Co/Ce sites. Notably, the
CoCe-0O-lrsu exhibits a high OER performance with an overpotential
of 187mV at 100mAcm™ and steady operation for 1000h at
500 mA cm, which is superior to state-of-the-art reported electro-
catalysts at this current-density level. Moreover, the CoCe-O-Irsp
growth on nickel foam is directly applied in an anion-exchange-
membrane water electrolysis (AEMWE) system as an anode for sea-
water splitting, and steady operation is realized at a high-current
density of 500 mA cm for 150 h. Our work has provided an innovative
and simple method to stabilize the densely populated monatomic iri-
dium with high stability and activity.

Results and discussion

The CoCe-O-Ir heterostructure model is synthesized by a facile two-
step strategy at room temperature. First, the cobalt-cerium hydroxides
(denoted as CoCe) nanosheet arrays substrate is in situ grown on the
nickel foam (NF) in a moderate alkaline environment (Supplementary
Fig. 1). Then, the Ir-based metastable intermediates, including clusters
and SAs are uniformly co-formed on the surface of CoCe nanosheet
arrays (denoted as CoCe-0-Ir) by the facile wet-chemistry impregna-
tion method followed by a low-temperature drying treatment.
The negatively charged surface sites of CoCe can spontaneously drive
the electrostatic adsorption of (IrCl,") complex cations. Moreover, the
slow hydrolysis of the complex during the mild synthesis process
further induces the co-growth of IrO, clusters and Ir SAs". In Fig. 1a, the
scanning electron microscopy (SEM) image shows that the inter-
connected CoCe-O-Ir nanosheets are vertically aligned on the surface
of the NF skeleton, well-preserved from the sheet-array structure of the
CoCe precursors (Supplementary Fig. 2), providing abundant open
channels and fully exposed active sites for surface-mediated electro-
catalytic reactions™.

The transmission electron microscopy (TEM) image discloses that
the numerous well-dispersed clusters with a dark contrast have an
average size of 1.75 nm (Fig. 1b and Supplementary Fig. 3). Moreover,
the atomic force microscopy (AFM) image and corresponding height
statistics reveal an ultrathin feature of CoCe-O-Ir nanosheets with an
average thickness of 4.4 nm (Supplementary Fig. 4). The high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image and corresponding elemental mapping
demonstrate the homogenous distribution of Co, Ce, and Ir elements
throughout the nanosheet (Fig. 1c). The atomic-scale structures were
further explored by aberration-corrected HAADF-STEM (AC-HAADF-
STEM). As shown in Fig. 1d, a few nanosized clusters (highlighted by the
yellow dashed circles) and abundant isolated bright spots were
detected. In detail, for region i, the lattice fringes of the cluster possess
a d-spacing of 2.6 A, attributed to the (011) plane of IrO, (Fig. 1e)®.
Meanwhile, for region ii, the isolated bright spots confirm the exis-
tence of atomically dispersed Ir on the surface of the CoCe(OH),
substrate (Fig. 1f). Therefore, these results indicate the well-dispersed
IrO, clusters and Ir SAs are co-formed on the CoCe nanosheets.

The X-ray diffraction (XRD) patterns of Co and CoCe samples
display the typical diffraction peaks corresponding to the (003) and
(006) planes of layered hydroxides, indicating the successful synthesis
of single-phase layered hydroxides intercalated with NO3;™ anions
(Supplementary Fig. 5)**. After the co-introduction of IrO, clusters and
Ir SAs, the XRD pattern of CoCe-O-Ir exhibits a single broad (006)
peak with decreased intensity, which can be ascribed to the fact that
the hydrolysis process of adsorbed IrCl; breeds new coordination
bonds between the Ir intermediates and CoCe substrates with the self-
provided alkaline environment, resulting in the symmetry breaking of
CoCe substrates. Besides, there are no peaks corresponding to IrO,
and metallic Ir, suggesting the ultrafine size of IrO, and good disper-
sion of Ir SAs, respectively®.

The chemical composition and valence states at the surface of
CoCe and CoCe-O-Ir were further investigated by X-ray photoelec-
tron spectroscopy (XPS). The high-resolution Co 2p spectra in Fig. 1g
reveal two valent states of Co*" and Co®" in CoCe and CoCe-O-Ir.
Specifically, the CoCe sample shows the peaks for Co*" (780.97 and
796.65 eV) and Co*" (783.29 and 798.39 eV)'¢, while it delivers negative
shifts after the introduction of IrO, clusters and Ir SAs. Meanwhile, the
high-resolution Ce 3d spectra exhibit multiplet splitting of Ce*" and
Ce**, demonstrating the existence of two valent states for the cerium
species in CoCe and CoCe-O-Ir (Supplementary Fig. 6)”. Similarly, the
binding energies in Ce 3d region of CoCe also shift after the hybridi-
zation. The charge redistribution indicates the existence of strong
electronic interactions between the CoCe supports with IrO, clusters
and Ir SAs. For the Ir 4f spectrum of CoCe-O-Ir, the peaks locate at
62.06 and 64.98 eV, suggesting that the oxidation state accounts for
the majority of Ir species (Fig. 1h)'s.

To gain deeper insight into the electronic states and coordination
environment of Ir atoms, X-ray absorption fine structure (XAFS) mea-
surements were performed. As shown in Ir Ly-edge X-ray absorption
near edge structure (XANES) spectra (Fig. 1i), the white-line intensity
increases in the order: Ir foil < CoCe-O-Ir <IrO,, further demonstrat-
ing an oxidation electronic structure of Ir in the Co-Ce-O-Ir sample®.
Then, the valence state of Ir is quantitatively calculated by the inte-
gration of the white-line peak in differential XANES spectra (AXANES),
which is obtained by subtracting the spectrum from that of the Ir foil°.
The average valence state of Ir is +3.37 in the CoCe-O-Ir sample (Fig. 1j
and Supplementary Fig. 7). Furthermore, the atomic coordination
configuration of Ir is determined by Fourier transform extended X-ray
absorption fine structure spectroscopy (FT-EXAFS) (Fig. 1k) and cor-
responding fitting results (Supplementary Fig. 8 and Supplemen-
tary Table 1). There are two peaks at 2.01 and 2.34 A for CoCe-O-Ir,
which can be ascribed to Ir-O and Ir-Cl bonds, respectively. The Ir-Cl
bond comes from the deposited IrCl, species”. The Ir-O bond is
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Fig. 1| Material characterizations of CoCe-O-Ir nanosheet arrays. a SEM image.
b TEM image and corresponding statistical calculation for cluster diameter.

¢ HAADF-STEM image and corresponding elemental mapping. d AC-HAADF-STEM
image. The spots in the yellow dashed circles are ascribed to the IrO clusters.

e Enlarged AC-HAADF-STEM image from regions i and ii in (d) highlighted with
yellow and red dashed boxes and standard structural models. The spots in the red
dashed circles are ascribed to Ir SAs. f The extracted line profiles from regioniiin (e)

highlighted with green (x-y) and blue (m-n) rectangles. g Co 2p XPS spectra of CoCe
and CoCe-O-Ir. h Ir 4f XPS spectrum of CoCe-O-Ir. The sat. in (g, h) is the
abbreviation of satellite peak. i Normalized XANES at the Ir L;-edge of Ir foil, IrO,,
and CoCe-O-Ir. j Calculated Ir oxidation states. The arb. units in (f-j) is the
abbreviation of arbitrary units. k Corresponding FT-EXAFS curves. | EXAFS wavelet
transform plots. The R+« in (k, 1) is the radical distance; the k in (k, 1) is the wave
vector. Source Data are provided as a Source Data file.

generated by coordinating the co-formed IrO, clusters and Ir SAs with
the CoCe substrates. Meanwhile, the Ir-M bond (M =1Ir, Co, or Ce) is
not detected, eliminating the existence of Ir metallic clusters®. The Ir
atoms are not directly coordinated with metal sites in CoCe, which is
further confirmed by the Wavelet transform plots (Fig. 11)*.
Afterward, the electrochemical OER performance of CoCe-O-Ir
was evaluated by a typical three-electrode setup in an Ar-saturated
alkaline solution (1.0 M KOH) (Supplementary Fig. 9). By tuning the Ir
loading amounts, the optimal CoCe-O-Ir sample for OER performance
was applied in subsequent tests, and the detailed results are displayed
in Supplementary Figs. 10-12. For comparison, the Co-O-Ir, CoCe, Co,

and pure NF as counterparts and commercial IrO, as abenchmark were
tested under identical conditions. The corresponding polarization
curves without iR correction were provided in Supplementary Fig. 13 as
a reference. As depicted in Fig. 2a, the CoCe-O-Ir heterostructure
exhibits the highest OER activity compared to the other samples.
Specifically, the CoCe-O-Ir only requires an overpotential of 187 mV to
deliver a current density of 100 mA cm, while the required over-
potentials are 238 mV for Co-O-Ir, 285 mV for CoCe, 313 mV for Co,
381mV for IrO,, and 521mV for NF to reach 100 mAcm™. More
impressively, the CoCe-O-Ir delivers high-current densities of
500 mA cm at an overpotential of 217 mV, which is also superior to
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Fig. 2 | Evaluation of electrocatalytic OER performance. a Polarization curves
with iR correction in 1.0 M KOH. b Overpotentials comparison at different current
densities. ¢ Tafel plots. d CP curves of CoCe-O-Ir and IrO, without iR correction at

Time (h)

500 mA cm™, e Schematic of the AEMWE configuration. f Durability cell voltage-
time curve for seawater splitting without iR correction. The RT in (f) represents
room temperature. Source Data are provided as a Source Data file.

those of the referenced samples (Fig. 2b). The inconspicuous OER
performance of commercial IrO, could be ascribed to its large particle
size and aggregation on the substrate (Supplementary Fig. 14). In turn,
it is pinpointed that the aligned nanosheet-array structure can increase
the exposure of active sites and mass transfer to boost the surface-
mediated electrocatalytic reactions.

Additionally, the values of Tafel slopes are calculated to be 39.9,
48.2,73.7,83.1, and 136.0 mV dec™ for CoCe-O-Ir, Co-O-Ir, CoCe, Co,
and IrO,, respectively (Fig. 2c). The CoCe-O-Ir with the lowest Tafel
slope exhibits the most rapid OER kinetics. Moreover, the Nyquist
plots reveal that the CoCe-O-Ir features the smallest charge-transfer
resistance compared to the three counterparts (Supplementary
Fig. 15). Besides, the electrochemical surface areas (ECSA) of various
samples are further estimated from the electrochemical double-layer
capacitance (Cq). The largest Cy value of CoCe-O-Ir among all cata-
lysts illustrates the maximum density of catalytically active sites, pro-
moting the intrinsic OER activity (Supplementary Figs. 16 and 17).

In the following, chronopotentiometry (CP) tests were conducted
under a high-current density of 500 mA cm™ to assess the stability of
CoCe-O-Ir nanosheet arrays and commercial IrO,. The potential of
CoCe-O-Ir remains essentially stable throughout the constant
operation for 1000 h, while the potential of commercial IrO, increases
quickly after only 30h (Fig. 2d). Meanwhile, the morphology of
nanosheet arrays is well-maintained after the stability test (Supple-
mentary Figs. 18 and 19), demonstrating the superior OER durability of
CoCe-O-Ir nanosheet arrays in the alkaline media. In this way, the
CoCe-O-Ir catalyst delivers a high OER performance as compared with

other state-of-the-art electrocatalysts from recent literature, covering
several kinds of systems (i.e., LDH-based materials, noble metal-
involved materials, and noble metal-hydroxides composites) (Supple-
mentary Tables 2-4). To demonstrate the practicability for a harsher
condition, the overall seawater splitting is conducted using an anion-
exchange-membrane water electrolysis (AEMWE) cell with the
CoCe-O-Ir nanosheet arrays on NF as anode coupling with a com-
mercial cathode (NiFeCo/Ni fiber) (Fig. 2e). The AEMWE system deli-
vers a cell voltage of 1.92V to reach a current density of 0.5Acm™,
which is about three times higher than the reached current density of a
cell using IrO,/NF||NiFeCo/Ni fiber couple at an identical cell voltage
(Supplementary Fig. 20). The faradaic efficiency of CoCe-0O-Irs, for O,
generation is determined to be 99.3 % for seawater splitting, sug-
gesting a high selectivity toward OER activity (Supplementary Fig. 21).
The as-constructed AEMWE electrolyzer can sustain stable perfor-
mance under 0.5 A cm for 150 h in alkaline seawater (Fig. 2f), further
confirming the good durability of the CoCe-O-Ir nanosheet arrays and
its viability for real seawater electrolysis*.

To explore the active structure for boosting the OER, potential-
dependent in-situ Raman spectroscopy on CoCe-O-Ir was imple-
mented with a magnitude of 50 mV (Fig. 3a). As the applied potential
increases from 1.00 to 1.50 V vs. RHE, the Raman peaks at around 470
and 580 cm™ were detected with the intensities gradually enhanced,
which is also clearly presented by the corresponding contour plots
(Fig. 3b). These two peaks are correlated to the E; bending and Ag
stretching vibrations of the M-O (M= Co, Ce, or Ir) bond in MOOH
species™?®, demonstrating that the in-situ formed oxyhydroxide
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phases are the actual active structures, which is in good agreement
with the previously reported results?”*. The obtained sample after the
electrochemical reconstruction is denoted as CoCe-O-Irs4 for clarity
based on the structural characterization results below.

Moreover, the Ir L;-edge XANES spectrum of CoCe-O-lrs, is dis-
played in Fig. 3c. The FT-EXAFS spectrum and corresponding fitting
results of CoCe-O-Irs exhibit one prominent Ir-O bond at 1.99 A in
the first shell with a coordination number of about 6 (Fig. 3d and
Supplementary Table 5). Compared with the corresponding results of
CoCe-O-Ir, it is demonstrated that the reconstructed Ir species in
CoCe-O-lrsy are well connected to the CoCeOOH support through
IrO¢ coordination accompanied by the dechlorination (Supplementary
Fig. 22)*°. The disengagement of Cl after reconstruction is also affirmed
by a comparison of the survey and Cl 2p XPS spectra between
CoCe-O-Ir and CoCe-0O-Irsp based on the apparent disappearance of
the Cl element signal (Supplementary Fig. 23)*.

To gain more insight into the structural evolution, AC-HAADF-
STEM was conducted for CoCe-O-Irsy to observe the atomic-scale
structural evolution. Surprisingly, it reveals uniformly atomic Ir dis-
persions on the support with high coverage (Fig. 3e). The mean density
of Ir single atoms is about 52 per 10 nm? (Supplementary Fig. 24). Also,
HRTEM and AC-HAADF-STEM images at a selected large area show no
remaining clusters or generated particles on the reconstructed sup-
ports (Supplementary Fig. 25). To further confirm the homogeneity of
Ir SAs existence, the AC-HAADF-STEM images from various areas were
examined, revealing the well-dispersion of high-density Ir SAs in the
sample (Supplementary Fig. 26). The HAADF-STEM image and corre-
sponding mapping demonstrate the uniform elemental distribution
(i.e., Co, Ce, O, Ir) without aggregations (Supplementary Fig. 27)%.
Besides, no Ir-Ir signals at around 2.7 A is discerned in the EXAFS fitting
results, further demonstrating the well-dispersion of Ir SAs without
metallic interaction in CoCe-O-Irs, (Supplementary Table 5)°.
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Meanwhile, the loading amount of Ir slightly changes from 2.61 wt.% to
2.38 wt.% determined by the inductively coupled plasma-mass spec-
troscopy (ICP-MS) analysis, implying the negligible dissolution of Ir
element during the reconstruction process. The crystalline region of
reconstructed support exhibits an interplanar spacing of 0.24 nm,
which can be ascribed to the exposed (100) planes of CoCeOOH
(Fig. 3f). Interestingly, the average distance between Ir SAs and adja-
cent metal atoms was measured to be about 0.29 nm, which is almost
equal to the theoretical metal atomic distance (0.285nm) of the
CoCeOOH lattice (Supplementary Fig. 28). Meanwhile, this observa-
tion is also close to the EXAFS fitting result that the distance of Ir-M
(M=Co, Ce, or Ir) bond is about 2.99 A in the second shell (Supple-
mentary Table 5).

As a rule of thumb, the reconstructed status of Ir SAs could be (i)
anchored in the CoCeOOH lattice at a metal position connected with O
atoms or (i) adsorbed on the metal site of CoCeOOH atop in Ir(OH)¢*
form”. In this regard, we conducted density functional theory (DFT)
calculations to estimate the formation energy (AE) for these two pos-
sible structures (Fig. 3g). A much lower AE (-0.928 eV) was obtained as
the Ir SAs anchored in the CoCeOOH lattice. The higher AE for another
structure may be caused by the electrostatic repulsion between the
inner-layer metal atom and Ir atoms, resulting in lower stability®.
Therefore, a more explicit mechanism of the evolution of the active
OER structure is proposed in Fig. 3h. With the CoCe(OH), nanosheets
reconstructed into CoCeOOH nanosheets, the deposited metastable
IrOy clusters are disintegrated into Ir SAs accompanying the co-existed
Ir SAs dechlorinated, both of which are incorporated into the lattice of
CoCeOOH as high-density single-atom status with thermodynamic
stability. Besides, the CoCe-0O-Irsa exhibits decent structural stability
with well-sustained high-density Ir SAs after the long-term stability test
(Supplementary Fig. 29) and seawater electrolysis test (Supplemen-
tary Fig. 30).

To further reinforce the proposed reconstruction mechanism, the
evolution of the Co-O-Ir counterpart as a comparison was conducted
and analyzed. The TEM images exhibit a significant diameter decrease
of the IrO, clusters from 2.63 nm to 0.88 nm before and after recon-
struction (Supplementary Figs. 31-33). This phenomenon underpins
the generality of the strategy that the reconstruction of metastable
hydroxides can induce the atomic-scale evolution of metastable IrO,
clusters during the OER. In turn, the existence of the Ce element leads
to the symmetry-breaking of the Co substrate, owing to its intrinsic
large-radius feature, which is critical to fragmenting metastable IrO,
into SAs thoroughly. Meanwhile, the morphological evolutions of the
CoCe-O-Ir counterparts (i.e., CoCe-O-Ir-12h and CoCe-O-Ir-48h)
were explored. It is found that the only existence of isolated Ir sites
with the disengagement of Cl for the CoCe-O-Ir-12 h counterparts
after the reconstruction process (Supplementary Fig. 34), which is
consistent with the observations of the above optimal CoCe-O-Ir
sample (i.e., CoCe-O-Ir-24h). Besides, based on the ICP-MS
measurements, the Ir loading amount changes from 1.75wt.% to
1.59wt.% for CoCe-O-Ir-12h with negligible dissolution. For the
CoCe-0-Ir-48 h after the reconstruction process, its loading amount
of Ir also slightly changes from 3.36 wt.% to 3.24 wt.%, indicating the
rich interaction sites of CoCe substrates. However, the tiny clusters still
exist due to excessive metastable IrOy clusters forming with the pro-
longed impregnation time (Supplementary Fig. 35). These results fur-
ther confirm that the metastable Ir species on the symmetry-breaking
CoCe(OH), substrate simultaneously undergo reconstruction to form
the SACs; with the suitable control of the metastable Ir species load-
ings, the high-density SACs can be obtained.

To illustrate the formation mechanism in-depth, we further
deposited the metastable Ir intermediates on the stable and inert
TiO, nanoparticles substrate through the identical impregnation
method. The as-prepared IrO, species are uniformly deposited on the
surface of TiO, (Supplementary Fig. 36). After OER tests, the amount of

Ir species is significantly decreased (Supplementary Table 6 and Sup-
plementary Fig. 37). A portion of IrOy clusters remains on the TiO,
surface with a tendency of aggregation (Supplementary Fig. 38).
Besides, the TiO, substrate exhibits well-defined unchanged lattice
fringes and well-maintained Ti 2p XPS spectra (Supplementary
Figs. 36-38). These results suggest that it is difficult to form effective
and abundant metal-substrate interactions using stable TiO, support
during reconstruction. In turn, it is demonstrated that two critical
factors exist for the successful synthesis of high-density SACs: the
formation of symmetry-breaking CoCe(OH), substrates and simulta-
neously electrochemically induced reconstruction of metastable Ir
intermediates.

In this regard, we extended our synthesis strategy to prepare
other high-density SACs (CoLa-O-Irsy and NiCe-O-Irss) using the
substrates with different metal cations (La** and Ni*). Similar struc-
tural evolution processes were found through self-rearrangement of
the CoLa-O-Ir and NiCe-O-Ir under identical OER processes (Sup-
plementary Figs. 39-42). Specifically, the metastable Ir species on the
symmetry-breaking CoLa(OH), and NiCe(OH), substrates (i.e., hetero-
metastable phases) were self-reconstructed into the high-density Ir SAs
confined into the ultrathin CoLaOOH and NiCeOOH nanosheets,
demonstrating the generality of our strategy.

To explore the relationship between reaction kinetics and elec-
tron transfer, we first performed the operando electrochemical
impedance spectroscopy (EIS) at different applied biases®. In Bode
plots, the high-frequency (HF) region is related to the oxidation of the
electrocatalyst, and the low-frequency (LF) one reflects the electron
transfer from the electrolyte to the catalytic layer. As revealed in
Fig. 4a, when the potential increases from 1.1 to 1.25V vs. RHE on
CoCe-O-lIr, the sharp disappearance of phase angle in the HF region
demonstrates the fast reconstruction of the original CoCe(OH), co-
loaded IrOy clusters and Ir SAs into the actual active structure as
CoCe-O-Irsa. In Fig. 4b, as a comparison, the phase angle in the HF
region for the CoCe sample was not changed, indicating that the co-
loading of metastable Ir species can participate and facilitate the
reconstruction of the CoCe substrates during the OER. Moreover, at
the LF region with the potential >1.25V vs. RHE (Fig. 4¢), the peak
frequency of CoCe-O-lIrs, is higher than that of CoCe, suggesting a
faster electron transfer rate from the intermediate species to the
electrocatalyst after the introduction of embedded Ir SAs*. Mean-
while, the CoCe-O-Irs, achieves a lower phase angle than that of
CoCe, demonstrating that incorporating Ir SAs can promote oxygen
desorption™®.

The DFT calculations were further conducted to investigate the
underlying catalytic reaction mechanism (Supplementary Data 1). The
optimized CoOOH, CoCeOOH, and CoCe-O-Irss configurations are
displayed in Supplementary Fig. 43. The 3D and 2D profiles of differ-
ential charge density on CoCe-O-Irs, visualize a pronounced charge
redistribution along the chemical bonds with more electrons deloca-
lized around Ir atoms, suggesting that the incorporation of Ir SAs can
regulate the electronic structure and thus achieve an enhanced cata-
lytic ability (Fig. 4d, e)**. Moreover, the projected density of states
(PDOS) indicates a strong orbital overlap between Co 3d, Ir 5d, O 2p,
and Ce 4f orbitals (Fig. 4f)””. The CoCe-O-Irs, also exhibits higher
occupation near the Fermi level (Ef) than CoCeOOH. The results
demonstrate the strong p—d-f orbital couplings as the Ir SAs embed-
ded in the CoCeOOH lattice. This leads to a promoted electron
transport with a more conductive electronic structure for fast OER
kinetics®®. Furthermore, based on the d-band center theory, the more
antibonding state is occupied below the Fermi level as the d-band
center is downshifted. The average d-band center values for COOOH,
CoCeOOH, and CoCe-O-Irss are —-1.41, -1.46, and -1.52 eV, respec-
tively (Fig. 4g). In this regard, Ir SAs endow the d-band center of
CoCe-O-Irsp with more negativity, effectively weakening binding
strength with reaction intermediates™.
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Fig. 4 | Exploration of the OER mechanism. Bode plots of CoCe-O-Ir (a) and
CoCe (b) under different potentials. c Comparison of phase value and frequency of
CoCe-O-Ir and CoCe at 1.25-1.50 V vs. RHE. 3D (d) and 2D profile (e) of differential
charge density for CoCe-O-Irsa. The yellow and cyan regions in (d) represent
electron accumulation and depletion, respectively. The red and blue regions in (e)

represent electron accumulation and depletion, respectively. f PDOS of CoCeOOH
and CoCe-0-Irsp. g d-band center of CoOOH, CoCeOOH, and CoCe-O-Irsa. h The
schematic OER pathway for the Ir site of CoCe-O-Irsa. i Free-energy diagrams on
different sites under an applied potential of 1.23 V. Source Data are provided as a
Source Data file.

Free-energy diagrams of the OER at 1.23 V were calculated on the
different sites following four concerted proton-electron transfer
pathways (Fig. 4h). The limiting reaction barrier is decided by the free
energy of the rate-determining step (RDS), which is an important
evaluation for catalytic performance*’. As depicted in Fig. 4i, for the Co
site in CoOOH, the RDS is the formation of *OOH with a limiting barrier
as large as 1.23 eV. Meanwhile, the Co site in CoCeOOH displays the
same RDS with a lower limiting barrier of 1.11 eV, suggesting the dual
metal oxyhydroxides are more beneficial for upgrading with OER
activity than pure oxyhydroxides. Furthermore, for the Co site in
CoCe-0-lrsa, the RDS of *OOH formation exhibits a limiting barrier of
0.98 eV. Meanwhile, the limiting barrier of the Ce site in CoCe-0O-Irsp
(1.01eV) is also reduced as compared to that in CoCeOOH (1.19 eV)
(Supplementary Fig. 44). The single Ir site in CoCe-O-Irs, shows the
lowest limiting barrier of 0.45 eV as the RDS is the conversion of *OH to
*Q. Therefore, for the CoCe-O-lrsy, the Ir SAs act as the main active
site for driving OER; meanwhile, the Co and Ce sites are also activated
with lower energy barriers for the RDS after the introduction of Ir as

compared to those in the pure CoCeOOH owing to the optimized
electronic structures, synergistically contributing to a more favorable
OER activity*’.

In summary, we have synthesized the high-density Ir SAs anchored
in the ultrathin CoCeOOH nanosheets as a thermodynamic-stable high-
active structure, which is self-rearranged from the metastable Ir-based
intermediates supported by symmetry-broken CoCe(OH),. The
resulting CoCe-O-Irsy exhibits a high OER activity in 1.0M KOH,
delivering an overpotential of 187 mV at 100 mAcm™ and steady
operation for 1000 h at 500 mA cm™, which is superior to almost all
state-of-the-art reported electrocatalysts. Moreover, when applied as
an anode in an AEMWE system, the CoCe-O-Irsy can demonstrate
steady seawater splitting at 500 mAcm™ for 150 h. The operando
experiments and theoretical calculation reveal that the reconstructed
Ir SAs are highly active sites for OER, which can facilitate electron
transfer by strongly p—d-f orbital couplings, reduce the free energy
of the rate-determining step, and improve the intrinsic activity of
Co/Ce atoms, thus achieving notable OER performance. This work
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will provide a guideline for quickly realizing stable single atoms
with high density and superior performance for future industrial
applications.

Methods

Chemicals and materials

Cobalt nitrate hexahydrate (Co(NO3),:6H,0, 99%), cerium nitrate
hexahydrate (Ce(NOs)3-6H,0, 99.99%), nickel nitrate hexahydrate
(Ni(NO3),6H,0, 99%), and potassium hydroxide (KOH, 99%) were
purchased from Meryer Chemical Technology Co., Ltd. Lanthanum
nitrate hexahydrate (La(NO3);-6H,O, 99%) was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Iridium chloride
hydrate (IrCl3-xH,0, 99.99%) and 2-methylimidazole (C4HgN,, 99%)
were purchased from Acros Organics CO. Acetonitrile (CH3;CN,
>99.9%) was purchased from RCI Labscan Ltd. Nickel foam (NF,
thickness: 1mm) and anion-exchange membrane (AEM, Dioxide
Materials Sustainion X37-50 gradeT, thickness: 50 um) were purchased
from Fuel Cell Store Co. Deionized water (DI water) was obtained
locally for the experiments. The natural seawater was obtained from
Cheung Chau in Hong Kong and filtered to remove visible impurities
before its utilization.

Sample synthesis

Synthesis of CoCe double hydroxides (denoted as CoCe). 1.9 mmol
Co(NO3),6H,0 and 0. mmol Ce(NOs3);:6H,0, and 4 mmol
2-methylimidazole were added into 80 mL solution containing
acetonitrile and water (3:1v/v). Meanwhile, the NF (2 x 2 cm?) is fixed
and vertically immersed in the solution. The solution was stirred for
1h at room temperature, and then the CoCe-coated NF substrate
was taken out, rinsed with water and ethanol, and dried overnight
at 60°C in an oven. The mass loading of CoCe was determined
to be about 1.0 mgcm™ according to the weight increase on
the NF.

Synthesis of metastable iridium species decorated CoCe (denoted
as CoCe-O-Ir). The as-prepared CoCe nanosheet arrays grown on NF
(0.5x2cm?) electrode was immersed into 2mL aqueous solution
containing IrCl3-xH,0 (1 mg mL™) for 24 h and then taken out and dried
at 60 °C in an oven overnight.

Synthesis of Co hydroxides (denoted as Co). The synthesis proce-
dure of Co nanosheet arrays supported on NF was the same as that of
CoCe nanosheet arrays, except for adding 2 mmol Co(NO3),-6H,0
without adding Ce(NO3)3:6H,0.

Synthesis of metastable iridium species decorated Co (denoted as
Co-0-Ir). The synthesis procedure of Co-O-Ir was the same as that of
CoCe-O-Ir, except for using Co nanosheet arrays as a precursor to
replacing CoCe nanosheet arrays.

Synthesis of CoLa double hydroxides (denoted as Cola). The
synthesis procedure of CoLa nanosheet arrays supported on NF was
the same as that of CoCe nanosheet arrays, except for adding 1.9 mmol
Co(NO3),°6H,0 and 0.1 mmol La(NO3)5:6H,0.

Synthesis of metastable iridium species decorated ColLa (denoted
as CoLa-O-Ir). The synthesis procedure of CoLa-O-Ir was the same as
that of CoCe-O-Ir, except for using CoLa nanosheet arrays as a pre-
cursor to replacing CoCe nanosheet arrays.

Synthesis of NiCe double hydroxides (denoted as NiCe). The
synthesis procedure of NiCe nanosheet arrays supported on NF was
the same as that of CoCe nanosheet arrays, except for adding 1.9 mmol
NI(NO3)26H20 and 0.1 mmol Ce(N03)36H20

Synthesis of metastable iridium species decorated NiCe (denoted
as NiCe-O-Ir). The synthesis procedure of NiCe-O-Ir was the same as
that of CoCe-O-Ir, except for using NiCe nanosheet arrays as a pre-
cursor to replacing CoCe nanosheet arrays.

Characterizations

FEI Quanta 450 equipment was applied to collect the SEM images.
TEM, HRTEM, HAADF-STEM, and corresponding elemental mapping
results were performed on a JEM-2100F instrument with an accelerat-
ing voltage of 200 kV. AC-HAADF-STEM was carried out on the Thermo
Themis Z instrument at an accelerating voltage of 300 kV. A Nano-
scope IlIA system was used to measure the AFM spectra. The Si pla-
telets were used as substrates for the dispersion of nanosheets for the
AFM tests. A Bruker D8 Advance powder diffractometer was applied to
record XRD patterns. A PE optima 6000 spectrometer was utilized to
measure ICP-MS. XPS was conducted using Thermo Fisher ESCALAB
250Xi equipment. C 1s peak at 284.8 eV was used to calibrate all bin-
ging energies. The Ir L;-edge X-ray absorption fine structure (XAFS)
measurements for the CoCe-O-Ir sample were conducted with Si (111)
crystal monochromators at the 5S1 X-ray absorption beamline at the
Aichi Synchrotron Radiation Center (AichiSR) (Japan). The data was
collected in fluorescence mode. The XAFS spectra of the standard
samples (i.e., Ir foil and IrO,) were collected in transmission mode. The
Ir L3-edge XAFS measurements for the CoCe-O-Irsy sample were
carried out with Si (111) crystal monochromators at the BL14W Beam-
line at the Shanghai Synchrotron Radiation Facility (SSRF) (Shanghai,
China). A 32-element Ge detector was applied to record XAFS spectra
at room temperature. The data was recorded in fluorescence mode.
The XAFS spectra of the standard samples were recorded in fluores-
cence mode. Data reduction, data analysis, and EXAFS fitting were
processed by the Athena and Artemis programs in the Demeter data
analysis packages* that utilized the FEFF6 program*.

Electrochemical tests

All electrochemical measurements were conducted on an electro-
chemical workstation (CHI 660E) with a high-current amplifier (CHI
680C). The electrolyte was 1.0 M KOH (pH=13.69 + 0.02). For the
preparation of 1.0 M KOH, 56.11 g KOH solid was dissolved in 500 mL
DI water with stirring for 20 min; then, the solution was transferred
into 1L volumetric flask by adding DI water to the volume. Finally, the
1.0 M KOH solution was stored in polyethylene bottles at room tem-
perature. For a standard three-electrode setup, the catalyst/NF sample
was directly applied as a working electrode with a geometric area of
0.5cm?’ (i.e., 0.5x1cm) immersed into the electrolyte. A graphite rod
was employed as the counter electrode. A Hg/HgO electrode or an Ag/
AgCl electrode with a salt bridge was used as the reference electrode.
For the benchmark samples, 5 mg of IrO, was dispersed into a solution
containing 450 pL of ethanol and 50 pL of Nafion solution (5 wt%),
followed by 2 h of sonication to produce a homogeneous ink. Subse-
quently, 50 puL of ink was drop-casted onto a pure NF surface (geo-
metric area: 0.5 x 1 cm; mass loading: 1 mg cm™).

Before the electrochemical measurement, the Ar flow was purged
into the electrolyte for 30 min. Cyclic voltammetry (CV) curves con-
sisting of forward and backward scans were tested at a scan rate of
5mVs™. The backward scans of the CV curves were used as polariza-
tion curves to evaluate the OER performance. The polarization curves
were presented with iR corrections. iR corrections were conducted
based on the formula: Eig = Eg—iR, where the solution resistance (i.e., R)
is 0.64+£0.19 Q determined by EIS. EIS tests were performed from
100,000 to 0.01 Hz at an amplitude of 5 mV. CV curves were recorded
at various scan rates (i.e., 20, 40, 60, 80, 100 mVs™) within the
potential range of 0.8 to 0.9 V vs. RHE to assess the Cy, values. The CP
tests at 500 mA cm2 without iR compensation were applied to deter-
mine the long-term stability of catalysts.
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The AEMWE test was measured in 1.0 M KOH and seawater as an
electrolyte (pH =13.70 + 0.03) at room temperature with a 10 mL min™
flow rate. The catalyst/NF sample was applied as an anode with a
geometric area of 1 cm? (i.e., 1 x 1 cm). The commercial NiFeCo/Ni fiber
was used as a cathode with the same geometric area. The CP tests at
500 mA cm2 without iR compensation were applied to measure the
long-term stability of catalysts in alkaline seawater.

RHE calibration

The calibration of a reference electrode concerning a reversible
hydrogen electrode (RHE) was conducted using a three-electrode
system with a working electrode (Pt foil), counter electrode (Pt foil),
and reference electrode (Hg/HgO or Ag/AgCl electrode) in the H,-
saturated electrolyte (1.0 M KOH). The thermodynamic potential for
the hydrogen electrode reactions was determined to be the average
of the two potentials at which the current crossed zero (Supple-
mentary Fig. 9)**. Therefore, in 1.0 M KOH, the obtained calibration
equations are Erye = EHg/HgO +0.9065V and ERuE= EAg/AgCI +1.002V.

Faradaic efficiency measurement

A typical drainage method was applied to detect the generated oxygen
gas amount for alkaline seawater splitting (Supplementary Fig. 21). The
chronopotentiometry was conducted at 500 mAcm™ to maintain
constant gas generation. The volume of extruded water by generated
gas was recorded every 5 min. The process was performed once under
controlled experimental conditions.

In-situ Raman spectroscopy

A WITec alpha 300R Raman system was applied to conduct the in-
situ Raman measurements at a laser wavelength of 532 nm. The in-
situ electrochemical cell was made from Teflon and equipped with a
quartz window (Supplementary Fig. 45). The electrolyte (i.e., 1.0 M
KOH) was filled in the electrochemical cell. The catalyst grown on NF
was shaped into a plate as the working electrode (diameter: ~6 mm;
geometric area: ~0.28 cm?). The counter and reference electrodes
were platinum wire and an Ag/AgCl electrode, respectively. The three
electrodes were connected to an electrochemical workstation (CHI
760E). Raman spectra were recorded at different potentials from
1.00V to 150V vs. RHE in increments of 0.05V. Each applied
potential lasts 5 min.

Theoretical computation details
The first-principle calculations based on DFT were conducted using
the Vienna Ab initio Simulation Package (VASP)*, incorporating the
full-potential projected augmented wave (PAW) method*. The
exchange-correlation interactions were treated within the general-
ized gradient approximation using the Perdew-Burke-Ernzerhof
functional (GGA-PBE)*. The DFT+U method was applied to treat
localized Co 3d and Ce 4f orbitals with U=3.3*® and 4.0*, respec-
tively. A vacuum layer of 20 A was introduced to eliminate interac-
tions between periodic surfaces. The cutoff energy was established
as 450eV for the plane-wave expansion. The self-consistent field
(SCF) calculations were performed with an energy convergence
threshold of 107° eV. At the same time, atomic structures were opti-
mized until the maximum force on each atom was below 0.01eV/A.
Density of State (DOS) calculations utilized a I'-centered k-point
mesh of 5x5x1.

The OER mechanism was described by the four-electron transfer
pathways as follows:

OH™ +* - "OH+e"

*OH+OH™ — *0+H,0+e"

*0+O0H™ — *OOH +e"
*OOH+OH™ — *+0,+H,0+e"

where the symbol * represents the active site on the surface, *OH, *O,
*OOH are the adsorbed intermediates.

The free-energy changes of the OER process can be calculated as
follows:

AG=AE+AZPE—-TAS

where AE is the DFT-calculated binding energy change of the
intermediates; AZPE is the difference in zero-point energy; AS is the
change in entropy at T=298K obtained from vibrational frequency
calculations. The free energy of gaseous O, is derived as
G(0,) =2 G(H,0)-2 G(H,) +4.92 (eV). The free energy at an applied
potential U is calculated using the equation G, =G-neU, where n
represents the number of transferred proton-electron pairs and e
represents the elemental charge of an electron.

Data availability

Relevant data generated in this study are provided in the Article/
Supplementary Information/Source Data file. Source data are provided
with this paper.
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