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Abstract
Understanding the structural dynamics of ligands and its interplay with the turnover rate of catalytic
centers under reaction conditions are challenging but crucial regarding catalyst design. Here, an in-situ
phase conversion of Ni-Fe hydroxide to a stable superoxo-hydroxide, with the formation of lattice O–O
(Olatt–Olatt) ligands, was unveiled via operando 18O-labeling spectroelectrochemistry and machine-
learning global optimization. By correlating the intrinsic activity of Fe with the ability of Olatt–Olatt

formation in a series of Fe-incorporated transition-metal oxides/hydroxides, we disclose an Olatt–Olatt

triggered Fe activation for oxygen-evolving electrocatalysis, which is further proved by �rst-principles
calculations. The oxygen production follows an adsorbate evolution mechanism and the fast kinetics is
attributed to diminished Fe–OH bonds in the presence of Olatt–Olatt. This work guides the rational design
of high-performance Fe-incorporated electrocatalysts, and highlights the paramount role of ligands
dynamic restructuring in awakening catalytic centers.

Full Text
Electrochemical reactions involving oxygen molecules, such as those occurring at water electrolysers, fuel
cells and metal-air batteries, are ubiquitous in energy conversion and storage technologies1–3. A
particularly important scenario of oxygen electrochemical reactions is one that oxidizes water to oxygen
molecules, the sluggish kinetics of which is among the most serious bottlenecks that restrict the power-
to-gas e�ciency of water electrolysers4. Such a four proton-electron transfer process is signi�cantly more
complex and less understood than the electrochemical proton reduction at cathode, where only two
electron transferring are needed to produce one hydrogen molecule.

Non-precious transition-metal (TM) oxides with perovskite5-6/spinel7 structures and TM hydroxides8–10

with layered structures, typically based on Mn, Fe, Co and Ni, are extensively studied as electrocatalysts
and demonstrate remarkable performances towards oxygen evolution reaction (OER). The redox behavior
of TM cations suggests that they are the redox partners to molecular oxygen (O2) during electrochemical

reactions11–14. Several OER activity descriptors solely based on characters of the metal core, such as
OH–M2+δ bond strength8, eg orbital occupancy6 and M–O covalency7,15 have been proposed. However,
more evidences on traditional thermo-and bio-catalysis suggest that for a particular reaction, the ligands
environment surrounding catalytic centers is crucial for the exquisite catalytic speci�city. A typical
manifestation of this phenomenon is that, as shown in enzyme catalysis, the active center can only
achieve a superior catalytic speci�city and turnover within a particular bonding environment16,17.
Towards this end, the attribution of active sites solely to metal centers without considering the impact
from ligands microenvironment may not be su�cient for OER electrocatalysis. Although understanding
the coordination of active center with ligands is crucial to establish the accurate structure-performance
correlation, it remains a grand challenge in heterogeneous electrocatalysis, in particular when
complicated ligands restructuring associates with catalysis under working conditions. In TM
oxides/hydroxides, the chemical states of oxygen ligands tend to evolve gradually under an external bias
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in OER18–22, and the restructuring of oxygen ligands and its complex interplay with OER kinetics remain
ambiguous. The lack of such understanding would heavily impede the rational design of high-
performance OER electrocatalysts.

A model material for investigating the in�uence of ligands is layered nickel-iron hydroxide (Ni1−xFexOyHz),

which has been considered a most excellent candidate OER electrocatalyst in alkaline for decades4,9,23,24.
Each layer of Ni1−xFexOyHz consists of edge-sharing NiO6 and FeO6 octahedra, such that the neighboring
metal sites share two bridging lattice oxygen ions. It has been well documented that the primitive nickel
hydroxide has a poor catalytic performance, whereas a certain content of Fe doping (< 40%) can increase
the OER activity by more than 100-fold25,26. The origin of enhanced OER performance from Fe
incorporation was under intense debate for over 30 years9,10,12,23–32. In this work, combining theories and
experiments, we unveiled the key role of lattice O–O (Olatt–Olatt) ligands in Fe activation for superior OER.

Machine-learning global optimization and 18O-labeling operando spectroelectrochemistry identi�ed an in-
situ formation of Ni-Fe superoxo-hydroxide with unique Olatt–Olatt, which consequently triggers the
activation of Fe sites. We further discovered that the turn-over-frequency of Fe (TOFFe) positively
correlates with the ease of lattice oxygen coupling in a series of Fe-incorporated oxides/hydroxides with
different geometric and electronic structures e.g., hydroxide-type M1−xFexOyHz (M= Mn, Fe, Co, Ni and Cu),
perovskite-type LaNi1−xFexO3 and spinel-type NiFe2O4. Density Functional Theory (DFT) calculations
revealed that the Olatt–Olatt formation diminishes Fe–OH bonds and thus accelerates the turnover rate at
Fe sites. Our results demonstrate a brand-new Fe activation mechanism for OER, and setup a paradigm to
show the importance of operando ligands restructuring in electrocatalysis at an atomic scale. 

Olatt–Olatt formation under OER. The phase conversion of Ni1−xFexOyHz to superoxo-hydroxide with Olatt–
Olatt ligands was �rst identi�ed using the neural network (NN) potential in combination with stochastic
surface walking (SSW) global optimization (See details in Methods). Fig. 1a shows the formation energy
of bulk Ni0.75Fe0.25Ox(OO)nHy·zH2O per formular unit (f.u.) with different Olatt–Olatt contents at 1.53 V
versus reversible hydrogen electrode (VRHE), where Ni0.75Fe0.25O2H is the reference zero. More SSW-NN
results regarding metastable Ni0.75Fe0.25Ox(OO)nHy·zH2O phases with varied numbers of protons and

H2O molecules are shown in Supplementary Table 1. Each composition was explored 104 minima
structures to search for the most stable structure of Ni0.75Fe0.25Ox(OO)nHy·zH2O under OER. The global
minimum (GM) structure, Ni0.75Fe0.25O(OO)H0.5·H2O, consist of alternated NiO(OO)H0.75 and
Ni0.5Fe0.5O(OO)H0.25 sheets and interlayer water molecules, is highlighted in Fig. 1a. Notably, the GM
structure exhibits a large amount of Olatt–Olatt. In addition, Fe is more prone to segregate out rather than

uniformly disperse in catalyst, which is in line with recent observations in OER experiments33. To further
verify the stability of Olatt–Olatt on surface, we performed SSW-NN global optimization on
Ni0.75Fe0.25O(OO)H0.5·H2O (010) surface, and our results show no reconstruction occurs (after searching

104 minima). Furthermore, the free energy change for desorption of Olatt–Olatt from lattice to a gas
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O2 molecule is +0.08 eV, suggesting Olatt–Olatt ligands are stable on surface under electrochemical
conditions. 

In experiment, we con�rmed the formation of Olatt–Olatt ligands under working conditions. We applied

operando Raman spectroscopy in combination with 18O-labeling experiments to evidence the lattice
oxygen coupling. Ni0.72Fe0.28

16OyHz (see details in Methods for synthesis) was measured in a 0.1 M

solution of Fe-free K16OH, and Raman signals were barely observed at an open circuit potential (OCP).
When applying a bias at 1.65 VRHE, Raman spectra clearly showed several new features (Fig. 1b). The

peaks at 480 cm−1 and 560 cm−1 were assigned to Eg bending and A1g stretching modes of Ni–O30,34,

respectively, and the broad peak at ~1045 cm−1 was ascribed to O–O bond30,34. According to previous
reports35,36, the O–O stretching frequency at 1045 cm-1 indicates a bridging O–O with a bond length of
~1.36 Å, which is consistent with the O–O structure in our SSW-NN calculation (Fig. 1a and
Supplementary Fig. 1). More O–O structures and corresponding vibrational frequencies were summarized
in Supplementary Table 2. To identify the oxygen sources of O–O, we �rst labeled the 18O-KOH electrolyte
while keeping 16O in catalyst. It was observed that the vibration frequencies of both Ni–O and O–O in
18O-KOH are almost identical to those observed in 16O-KOH without shifting. Next, we labeled the
Ni0.72Fe0.28

18OyHz catalyst (see Supplementary Note 1) and 18O-KOH electrolyte, and observed that the

signals of both Ni–O and O–O obviously red-shift in relative to those of Ni0.72Fe0.28
16OyHz, with the

center positions shifting by 20 and 40 cm-1, respectively. We further used Ni0.72Fe0.28
18OyHz catalyst and

16O-KOH electrolyte, which demonstrated barely shifted Ni–O and O–O signals comparing with those
observed on Ni0.72Fe0.28

18OyHz in 18O-KOH. These results convinced that the oxygen in O–O ligands is
from the lattice. In chronoamperometry measurements under static potentials, the Raman signal of Olatt–
Olatt is stable without peak shifting, meaning that the oxygen atoms in Olatt–Olatt are stable without
exchanging with the electrolyte (Supplementary Fig. 2). Our results strongly suggest that (1) the O–O
bond forms via lattice oxygen coupling in catalyst rather than external OH−/H2O incorporation from
electrolyte; (2) the long-lived Olatt–Olatt species are stable and hardly to release as O2 molecules. 

Beyond Raman, we further applied operando X-ray absorption spectroscopy (XAS) to identify the local
coordination restructuring of Ni0.63Fe0.37OyHz. As for Fe, although the position of Fe K-edge remained
unchanged, the intensity of the white-line peak gradually declined as the positive bias increasing
(Supplementary Fig. 3), indicative of a symmetry broken of FeO6 octahedras.27,37 Moreover, the Fourier-

transformed k3-weighted extended X-ray absorption �ne structure (FT-EXAFS) with �tting parameters (Fig.
1c and Supplementary Table 3) and the wavelet transform (WT) plot (Supplementary Fig. 4) further
con�rm the destroyed local symmetry of Fe under OER. We also observed a similar phenomenon of Ni
under a positive bias, and the results were summarized in Supplementary Table 3, Figs. 5 and 6. The
distorted FeO6 and NiO6 octahedras can be ascribed to the restructuring of oxygen ligands nearby, which
is resulted from the lattice oxygen coupling in Ni-Fe superoxo-hydroxide, as con�rmed by SSW-NN
calculation and 18O-labeling Raman spectroscopy.
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Olatt–Olatt triggered Fe activation in TM hydroxide. To investigate the impact of Olatt–Olatt on
electrocatalysis, we �rst study the formation of Olatt–Olatt ligands from a theoretical perspective. To form

an Olatt–Olatt, two Mn+–O2− pairs need to �rstly discharge to M(n-1)+–O−, and then, two O− anions couple
together to generate one Olatt–Olatt, leaving an oxygen vacancy, which will be subsequently occupied by

OH− in an alkaline electrolyte (Supplementary Fig. 7). Because the valence band maximum (VBM) and
conduction band minimum (CBM) typically arise from O 2p and M 3d orbitals, respectively (shown in Fig.
2a), it is reasonable to expect that the gap between O 2p and M 3d, denoted as EG(O, M), is proportional to

the energetic cost of discharge of Mn+–O2− → M(n-1)+–O−, if the following O−–O− coupling is accessible.
Notably, O−–O− coupling is also signi�cantly in�uenced by the geometric structure, which will be
discussed later. To this end, EG(O, M) calculated by DFT can be regarded as a parameter to evaluate the
ease of Olatt–Olatt formation, in particular when the geometric environment is similar. 

We correlate EG(O, M) with the intrinsic activities of Fe-incorporated TM hydroxides. Fig. 2b shows the
projected density of states (PDOS) of M0.75Fe0.25OyHz (M= Mn, Fe, Co, Ni and Cu), which indicates an
Olatt–Olatt formation tendency: NiFeOyHz > CoFeOyHz > CuFeOyHz ≈ MnFeOyHz> FeOyHz. A series of ultra-
thin M1–xFexOyHz were synthesized for electrochemical measurements (see Methods for details), to
ensure the full exposure of active sites. The Fe content, determined by inductively coupled plasma optical
emission spectrometry (ICP-OES), was controlled within 25±3% except FeOyHz (x=0.25±0.03,
Supplementary Table 4). For simplicity, MFeOyHz was used to denote the series of hydroxide materials
hereinafter. The projected area normalized current densities of MFeOyHz were compared in a 1 M puri�ed
KOH solution (Fig. 2c), which unambiguously demonstrates different OER activities. NiFeOyHz and
CoFeOyHz show dramatically higher OER current densities comparing with CuFeOyHz, MnFeOyHz and
FeOyHz. We further calculated TOFFe of MFeOyHz in Supplementary Fig. 8, according to the OER current at
a 300 mV overpotential and number of Fe sites determined by ICP-OES. It was observed that the TOFFe of
NiFeOyHz and CoFeOyHz are remarkably higher than other counterparts. In particular, the TOFFe of

NiFeOyHz reached 0.60±0.20 s−1, over 2 orders of magnitudes higher than those of CuFeOyHz and
MnFeOyHz, indicating Fe sites in different hydroxides perform very differently, even though they share a
similar initial geometric structure and Fe concentration. Importantly, we observed that TOFFe increases
exponentially with the drop of EG(O, M) in layered MFeOyHz (Fig. 2d), which indicates the key role of Olatt–
Olatt ligands for Fe activation. The easier of the catalyst to perform lattice oxygen coupling, the higher
TOFFe can be expected. 

Operando Raman measurement was also performed to evidence the correlation between Olatt–Olatt

ligands and Fe catalytic activity. The Olatt–Olatt signal was barely observed on CuFeOyHz, FeOyHz and
MnFeOyHz under a positive bias (Supplementary Fig. 9), consistent with their poor OER activities. Similar
to NiFeOyHz, the signal of Olatt–Olatt can be identi�ed on CoFeOyHz under OER (Supplementary Fig. 10),
which is in-line with the advanced OER performance of CoFeOyHz.
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The universality of Olatt–Olatt triggered Fe activation. We further investigated the universal role of Olatt–
Olatt ligands for Fe activation in TM oxides with different geometric structures, including perovskite
LaNi1−xFexO3 and spinel NiFe2O4. The PDOS of LaNi0.75Fe0.25O3 and NiFe2O4 were calculated
in Supplementary Fig. 11, both of which show a lower EG(O, M) than Ni0.75Fe0.25OyHz. This result

indicates the discharge step of Mn+–O2− to M(n-1)+–O− is easier for perovskite LaNi0.75Fe0.25O3 and spinel
NiFe2O4. However, unlike hydroxide has a �exible two-dimensional (2D) structure with an open oxygen
environment, perovskite and spinel display three-dimensional (3D) rigid structures (Fig. 3a and
Supplementary Fig. 12). Therefore, in both cases, the lattice O−–O− coupling step (rather than the
discharge of Mn+–O2−) limits the dimerization, which is strongly hindered by their rigid geometric
structures.

We benchmarked the OER activities of Ni1−xFexOyHz, LaNi0.75Fe0.25O3 and NiFe2O4 to verify Olatt–Olatt

triggered Fe activation. Both LaNi1−xFexO3 and NiFe2O4 were synthesized via modi�ed sol-gel methods38,

and Ni1−xFexOyHz were synthesized via a modi�ed hydrothermal procedure39 (see more details in
Methods). The Ni/Fe stoichiometry was determined by ICP-OES (Supplementary Table 5). The long-range
crystal structures and local bonding characteristics of three catalysts were con�rmed by X-ray diffraction
(XRD) and XAS, respectively (Supplementary Figs. 13, 14 and Table 6). Supplementary Fig. 15 shows the
CVs of Ni0.72Fe0.28OyHz, LaNi0.75Fe0.25O3 and NiFe2O4, evidencing the poor activities of LaNi0.75Fe0.25O3

and NiFe2O4 in relative to Ni0.72Fe0.28OyHz. We further calculated the TOFFe of three structures (Fig. 3b),
assumed all Fe in catalysts, the amount of which were determined by ICP-OES, are active for OER. It is
observed that the TOFFe of Ni1−xFexOyHz is 2–3 orders of magnitudes higher than those of LaNi1−xFexO3

and NiFe2O4. Meanwhile, TOFsurface-Fe was further calculated, which assumes only Fe locating at surface
is active (see Supplementary Note 2), to eliminate the in�uence of surface area on activity. The TOFsurface-

Fe in Supplementary Fig. 16 further proves the inferior activities of Fe in perovskite and spinel, which can
be well explained by the absence of Olatt–Olatt ligands.

Operando Raman and XAS were performed to con�rm the lack of Olatt–Olatt and Fe local restructuring,
respectively. As shown in Figs. 3c and d, no O–O feature appears at positive potentials, indicative of the
intact oxygen ligands in perovskite and spinel during OER. Similar to Raman results, for both Ni and Fe K-
edges, no evolution of XANES and EXAFS were detected in LaNi0.61Fe0.39O3 and NiFe2O4 under different
positive potentials (Figs. 3e–f, Supplementary Figs. 17-21, Tables 7 and 8), indicative of their stable
electronic and local coordination structures of metal centers. These results successfully proved the
absence of Olatt–Olatt ligands in LaNi0.61Fe0.39O3 and NiFe2O4, which can be attributed to the di�cult O−–

O− coupling in such 3D rigid structures. The inferior OER activities of LaNi1−xFexO3 and NiFe2O4 further
indicate the crucial role of Olatt–Olatt ligands for Fe activation.

Mechanistic understanding. To unveil the Olatt–Olatt triggered Fe activation mechanism, we calculated
OER free energy pro�les on exposed Fe sites of Ni0.75Fe0.25O3H0.5·H2O (010) (GM structure). As shown in
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Fig. 4a, OER follows an adsorbate evolution mechanism (AEM) on Ni0.75Fe0.25O3H0.5·H2O (010) surface,
i.e., *H2O → *OH → *O → *OOH → O2(g). The AEM process is consistent with previously reported isotope

labeling results24, which indicates the produced O2 molecules are from water oxidation rather than lattice
oxygen oxidation. As a control sample, we performed another SSW-NN on Ni0.75Fe0.25OyHz·mH2O, where
the stoichiometry of lattice oxygen is �xed at y=2 and no lattice oxygen coupling is allowed to occur. Our
calculations show that the searched GM structure, Ni0.75Fe0.25O2H, comprises alternated Ni(OH)2 and
Ni0.5Fe0.5O2 sheets with no H2O molecules in the interlayer space (Supplementary Fig. 22). OER proceeds
via a lattice-oxygen-mediated mechanism (LOM) on Ni0.75Fe0.25O2H (010) surface, i.e., *Olatt + *H2O →
*Olatt + *OH → *Olatt + *O → *O‒Olatt → *? + O2(g) → *OlattH → *Olatt + *H2O. The detailed comparisons
of AEM and LOM on both surfaces can be seen in Supplementary Figs. 23 and 24.

We compared the kinetic barriers of OER on Ni0.75Fe0.25O3H0.5·H2O (010) and Ni0.75Fe0.25O2H (010)
surfaces at 1.53 VRHE. The rate-determining step (r.d.s) on Ni0.75Fe0.25O3H0.5·H2O (010) is that the

nucleophilic OH- attacks the terminal Fe=O intermediate to form Fe-OOH (OO3→TS1→OO5), which has a
low energy barrier of 0.34 eV. However, for Ni0.75Fe0.25O2H (010), the r.d.s is oxygen coupling to form a

Fe–(η2-O2) intermediate (O2→TS2→O4) with a high energy barrier of 0.63 eV. Thus, the energy barrier on
Ni0.75Fe0.25O3H0.5·H2O is 0.29 eV lower than that on Ni0.75Fe0.25O2H. We have also checked the energetic
pro�les on two surfaces by using HSE06 and HSE06 with α = 0.15, as shown in Supplementary Figs. 25
and 26. All results con�rm that Ni0.75Fe0.25O3H0.5·H2O with Olatt–Olatt is more active than Ni0.75Fe0.25O2H.
Therefore, the Olatt–Olatt ligands can bene�t OER on its nearby Fe sites.

To further understand Olatt–Olatt triggered Fe-activation from an atomic view, we compared the bonding
strength of Fe–OH on two structures, which is the key of faster OER kinetics according to the Sabatier
principle2,4. The bond length of Fe–OH in Ni0.75Fe0.25O3H0.5·H2O, 1.841 Å, is longer than that in
Ni0.75Fe0.25O2H, 1.828 Å (Supplementary Fig. 27), indicative of a weaker bonding strength of Fe–OH with
the presence of Olatt–Olatt. To provide a deep insight into the dissimilar bonding strength between two
surfaces, we further analyzed their electronic structures. The on-site spins of surface Fe are 3.79 and 3.39
µB for Ni0.75Fe0.25O3H0.5·H2O and Ni0.75Fe0.25O2H, respectively (Fig. 4a and Supplementary Fig. 22).

According to the ligand �eld theory, the on-site spin represents the oxidation state (OS) of Fe (e.g., Fe3+ is
~5 µB), and the dissimilar on-site spins indicate the OS of Fe in Ni0.75Fe0.25O3H0.5·H2O surface is lower
than that in Ni0.75Fe0.25O2H. Consistently, the PDOS of Fe in Ni0.75Fe0.25O3H0.5·H2O surface shows a
lower band center (-5.76 eV vs. Fermi level) than that in Ni0.75Fe0.25O2H (-5.57 eV vs. Fermi level)
(Supplementary Fig. 28). The lower OS of Fe in Ni0.75Fe0.25O3H0.5·H2O can be attributed to the oxidation
of adjacent Olatt–Olatt to superoxides, evidenced by the on-site spins of 0.36-0.61 µB (see OO2 step in Fig.
4a). The lower Fe OS of Ni0.75Fe0.25O3H0.5·H2O implies that the Fe has more electrons in the eg orbital, an
anti-bonding state of the Fe–OH, which leads to a weaker Fe–OH bond. Therefore, the Fe OS can well
explain the diminished bonding strength of Fe–OH after Olatt–Olatt formation, which is the key of
enhanced OER activity.
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Conclusion
The key role of Olatt–Olatt ligands for Fe activation is demonstrated in Fe-based TM oxides/hydroxides,
the state-of-the-art OER electrocatalysts in alkaline. We revealed an in-situ phase evolution and formation
of Olatt–Olatt ligands in Ni1−xFexOyHz, and further discovered a Olatt–Olatt triggered Fe activation in TM
oxides/hydroxides with different electronic and geometry structures. Mechanistic study indicates that
Olatt–Olatt ligands induced a local coordination restructuring of Fe sites and diminished Fe–OH bonds,
which is the key to improve OER. To conclude, our work establishes a new paradigm showing the
importance of ligands restructuring on activating the metal centers in electrocatalysis. Broadly, these
�ndings can provide potential guidance for the future development of more technically relevant oxygen-
redox materials, such as for anodic electrocatalysis and lithium-ion batteries.
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Methods
Material synthesis.

Synthesis of Ni1−xFexOyHz. Ni1−xFexOyHz was synthesized via a modi�ed hydrothermal

procedure38. Desired ratios of Ni and Fe were obtained by mixing different stochiometries of Ni(NO3)2

and Fe(NO3)3·9H2O in 50 mL deionized water to reach a total concentration of 20 mM. 35 mM urea was
added into the solution to assist hydrolysis. Then, trisodium citrate (0.25 mM) was added into the above
solution under stirring. All chemicals were used as purchased. After thoroughly mixing, the solution was
sealed in a Te�on-lined stainless-steel autoclave and hydrothermally treated at 150 °C for 48 h. The
obtained powder was washed by deionized water for two times and ethanol for one time, and �nally dried
at 50 °С under air condition.
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Synthesis of LaNi1−xFexO3. LaNi1−xFexO3 was synthesized via a sol-gel method39. Desired ratios of La, Ni
and Fe were obtained by mixing different stochiometries of La(NO3)3·9H2O, Ni(NO3)2 and Fe(NO3)3·9H2O
in 20 mL deionized water. Then, citric acid and acrylamide were added into the above solution under
stirring. The molar ratio of total metal ions, citric acid and acrylamide was controlled to be 1:3:9. After
thoroughly stirring, the mixture was heated to 110 °С to generate gel, which was subsequently dried in air
at 150 °С for 12 h. Finally, after calcination at 800 °C for 6 h, the LaNi1−xFexO3 powder with different
Ni/Fe stoichiometries were obtained.

Synthesis of NiFe2O4. NiFe2O4 was synthesized via a similar method as LaNi1−xFexO3. Ni(NO3)2 and
Fe(NO3)3·9H2O (molar Ni: Fe=1:2) were dissolved in 20 mL of deionized water. Then, citric acid and
acrylamide were added into the above solution under stirring. The molar ratio of total metal ions, citric
acid and acrylamide was controlled to be 1:3:9. After thoroughly stirring, the mixture was heated to 110
°С to generate gel. The obtained gel was dried in air at 150 °С for 12 h. Finally, after calcination at 800 °C
for 6 h, the NiFe2O4 powder was obtained.

Synthesis of ultra-thin MFeOxHy. Ultra-thin MFeOxHy (M= Mn, Fe, Co, Ni and Cu) were synthesized using

formamide as an inhibitor of layer growth30,40, in order to fully expose the lattice oxygen and ensure the
total exchange of 16O by isotope labelled 18O in solution. Typically, a 10.0 mL nitrate solution containing
37.5 mM of total metal ions (molar M:Fe=3:1) was mixed with 20.0 mL of 10 mM NaNO3 containing 23
vol% formamide. Under stirring, the solution was heated up to 80 °C. Then, the pH of solution was
adjusted to ~10 by dropping 0.25 M KOH. After cooling down to the room temperature, the product was
washed with ethanol and deionized water (1:1 vol%) for three times. Finally, the obtained ultra-thin
MFeOxHy was dispersed and stored in deionized water.

Characterizations.

Off-line physical characterizations.

The XRD patterns were recorded on a Bruker D8 Advance diffractometer with Cu Ka radiation (λ = 1.5418
Å) and a Lynx Eye detector. The speci�c surface area was determined by BET N2 adsorption isotherms on
an ASAP Tristar II 3020 after 20 h outgassing at 80 °C. The N2 adsorption was measured at 77 K in a
relative pressure range p/p0 of 0.05-0.3. The ICP-OES tests were performed on Thermo Fisher Scienti�c
iCAP 7400.

OER electrochemical measurements. 

The electrochemical measurement was performed using a Biologic VSP-300 potentiostat. All CV tests
were measured using a rotation disk electrode (RDE) with 1600 rpm using a PINE MSR rotator in a 1 M
puri�ed Fe free-KOH aqueous solution (the puri�cation procedure was rigorously following a
previously reported method26). All catalysts were loaded on glassy carbon electrodes (as working
electrodes) and mixed with a certain amount of carbon black to ensure the conductivity. A platinum wire
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and Hg/HgO (CHI instruments) were used as the counter and reference electrode, respectively. The
potential of Hg/HgO was routinely calibrated against a reversible hydrogen electrode (RHE, eDAQ Inc.). All
potentials in electrochemical tests were converted to the RHE scale with resistance compensation, which
was determined by electrochemical impedance measurement. 

The catalyst inks were prepared by mixing 2 mg of the catalyst, 2 mL deionized water, 2 mL ethanol, 0.6
mg carbon black and 20 μL Na�on (5 wt %). All inks were ultrasonicated for at least 30 min to ensure the
dispersity. Then, 20 μL of the as-prepared ink was dropped onto a glassy carbon electrode (0.196 cm2)
and dried in air naturally. The mass loading of catalyst for OER test is calculated to be ~51 μg/cmgeo

2. 

Operando Raman measurement. 

All Raman spectra were recorded by a Horiba JY XploRA Raman spectrometer under a 638 nm laser
excitation. The Raman shift was calibrated using the silicon peak at 521 cm−1 before measurements. We
customized a three-electrode cell to probe the structural evolution of catalysts (see the schematic
illustration in Supplementary Fig. 29). Catalysts were loaded on an electrochemically roughened Au
electrode to obtain the surface-enhanced Raman signal (SERS)41. To prepare a SERS substrate, 10 nm
Ti/100 nm Au electrode was thermally evaporated onto a silicon substrate. The roughened Au can be
obtained by ~20 oxidation-reduction CV cycles between −0.3 V (30 s hold) and 1.3 V (1.3 s hold) vs.
Ag/AgCl in a 0.1 M KCl aqueous solution30. 

Operando XANES and EXAFS measurement.

The XAS measurements were carried out at BL11B beamline of Shanghai Synchrotron Radiation Facility
(SSRF). For all XAS tests, monochromatized X-ray beam was provided by a double-crystal Si (111)
monochromator, and the photon energies were calibrated to the �rst in�ection point of the K-edge from Ni
foil at 8333 eV and Fe foil at 7112 eV, respectively. The reference spectra were recorded in a transmission
mode, while all the spectra of catalysts were measured in a �uorescence mode with a Lytle detector �lled
with Argon gas. All operando measurements were carried out in a three-electrode cell
(see Supplementary Fig. 30). The catalysts were loaded on a carbon paper (~1 mg/cm2) as the working
electrode. A platinum wire and Hg/HgO were used as the counter and reference electrode, respectively,
and the electrolyte was 1 M puri�ed KOH. Ni K-edge spectra was recorded from 8133 eV to 9128 eV and
Fe K-edge in the range of 6912 eV to 7912 eV. The data collected were normalized and processed in the
ATHENA program integrated with IFEFFIT software package. 

Data analysis.

EXAFS analysis and �ttings. 

The acquired EXAFS data were processed according to standard procedures using the ATHENA module
implemented in the IFEFFIT software packages42. The k3-weighted EXAFS spectra were obtained by
subtracting the post-edge background from the overall absorption and then normalizing with respect to
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the edge-jump step. Subsequently, k3-weighted χ (k) data of Ni K-edge and Fe K-edge were Fourier
transformed to real (R) space using a hanning windows (dk = 1.0 Å−1) to separate the EXAFS
contributions from different coordination shells.

To obtain the quantitative structural parameters around central atoms, least-squares curve parameter
�tting was performed using the ARTEMIS module of IFEFFIT software packages42, which is based on the
following equation:

Nj denotes the number of neighboring atoms in jth shell at a distance of Rj from the central atom. S0
2 is

an amplitude reduction factor.  is the effective curved-wave backscattering amplitude. Rj is the

distance between the X-ray absorbing central atom and the atoms in the jth atomic shell. σj
2

 is the Debye-

Waller parameter of the jth atomic shell. λj(k) is the electron mean free path. φij(k) is the ab initio phase

function for shell jth.

For as-synthesized Ni0.63Fe0.37OxHy, LaNi0.61Fe0.39O3 and NiFe2O4, both M–O and M–M shells were �tted
to distinguish local structures of hydroxide, perovskite and spinel. The coordination numbers (CN) were
�xed as the nominal values and K range used for the simulations were 2.5-12 Å−1. For operando XAS,
only M–O shell was �tted to monitor M–O local structure change during electrooxidation process. S0

2

was �xed to 0.70. The K range used in operando data �tting was 2.5-10.5 Å−1 to exclude the noise in high
K range. All �tting results are listed in Supplementary Fig. 31, Tables 3 and 6-8.

TOF calculation. 

The TOFFe (assuming all Fe ions are active sites) was calculated by the following equation:

Where i, NA, F and NFe represent the current (A) at an overpotential of 300 mV, Avogadro number (6.022 ×

1023 O2 molecules per mol O2), Faraday constant (96,485 C/mol) and the number of all Fe in catalysts,
respectively.

The TOFsurface-Fe (assuming Fe ions locating at surface are active) was calculated by the following
equation:
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To determine the number of surface Fe ions (Nsurface-Fe), we calculated the surface density of 3d metal
atoms (ρ) of three structures based on their atomic arrangements, and either XAS or XRD data (see
Supplementary Note 2 and Fig. 32). Therefore, we calculated Nsurface-Fe by the following equation:

Where S and Fe atom% represent the surface area determined by BET (see Supplementary Fig. 33 and
Table 9) and Fe content in 3d metal atoms. This approach was regarded as a reasonable way to evaluate
the intrinsic activities of powdery catalysts as previously reported43,44.

Computational Methods. 

SSW-NN Simulation.

The stochastic surface walking is based on the global neural network potential (SSW-NN) method, as
implemented in LASP code (http://www.lasphub.com)45,46, in which the SSW-NN achieves fast global
potential energy surface (PES) exploration to resolve the stable phase of Ni-Fe superoxo-hydroxide during
the reaction. The Fe-Ni-O-H quaternary element G-NN potential was developed by self-learning the DFT
global PES data set, which was generated from the SSW global PES exploration for systems with
different Fe-Ni-O-H compositions or structures (see Supplementary Note 3 and Table 11). There are six
steps: (1) Generating the global dataset from the SSW global optimization trajectories and computing the
dataset using DFT calculation; (2) Training the NN potential with dataset; (3) Benchmarking the accuracy
between the current NN potential and DFT calculation for selected structures from SSW trajectories and
retraining the NN potential by adding new dataset; (4) Iteratively performing (1–3) steps until the PES
deviation is low enough. The accuracy of G-NN potential is typically 5-10 meV/atom for RMSE of energy
and 0.1-0.2 eV/Å for RMSE of force; (5) Performing the SSW global optimization on the NN PES for target
problem. (6) Recomputing the energy of key structures with DFT calculations. Zero-point energy (ZPE)
was calculated from the phono spectra using the density functional perturbation theory to obtain the
convex hull diagram.

DFT Calculations.

All DFT calculations were performed using Vienna Ab initio Simulation Package (VASP)47 with projected
augmented wave (PAW) pseudo-potentials and the Perdew-Burke-Ernzerhof (PBE) functional with
Hubbard term correction48,49. The effective Hubbard term (Ueff) was set at 3.3 eV for Fe and 5.5 eV for Ni

in accordance with the linear response approach50,51. The plane-wave cutoff energy was set to 500 eV.
The Monkhorst-Pack scheme with k-point meshes of (2×4×2) and (2×4×1) are utilized for bulk and slab

http://www.lasphub.com/
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systems, respectively. The limited memory Broyden-Fletcher-Goldfarb-Shanno (LBFGS) method is used
for geometry relaxation until the maximal force is less than 0.08 eV/Å. The composition of surface with
surface superoxide is Ni24Fe8O72H32 in each unit cell with dimensions of 11.84×16.40 Å2. The solvation
effect due to the long-range electrostatic interaction was modeled by a periodic continuum solvation
model with modi�ed Poisson-Boltzmann equation (CM-MPB)52,53. The computational hydrogen electrode
(CHE) approach was utilized to evaluate the thermodynamics of OER on all Ni0.75Fe0.25OyHz surfaces. All
the reported free energy changes in the OER refer to the electrode potential (U) at 1.53VRHE.
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Figure 1

Olatt–Olatt formation under OER conditions. a, The formation energy of Ni0.75Fe0.25OxHy·zH2O per f.u. The
schematic illustration of GM structure without (top) and with (bottom) Olatt–Olatt ligands were shown on
the right side. b, Operando electrochemical-Raman spectra of Ni0.72Fe0.28OyHz with isotope labelling.

Solid red and yellow lines denote Ni0.72Fe0.28
16OyHz and Ni0.72Fe0.28

18OyHz in a puri�ed 16O-KOH aqueous

electrolyte at 1.65 VRHE, respectively, while dashed red and yellow lines denote Ni0.72Fe0.28
16OyHz and

Ni0.72Fe0.28
18OyHz in a puri�ed 

18O-KOH aqueous electrolyte at 1.65 VRHE, respectively. c, Operando Fe K-
edge FT-EXAFS of Ni0.63Fe0.37OyHz. All potentials were converted to the RHE scale.
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Figure 2

Olatt–Olatt ligands triggered Fe activation in TM hydroxide. a, Band diagrams showing the electron

transfer from O 2p to M 3d in TM oxides/hydroxides, where the 3dz
2 orbital was used to represent

unoccupied M 3d orbitals. b, PDOS of M 3d and O 2p in various M0.75Fe0.25OyHz (M=Mn, Fe, Co, Ni and
Cu). c, Linear sweep voltammetry measurements of M1−xFexOyHz (x=0.25±0.03) with a 10 mV/s
sweeping rate in a 1 M Fe-free KOH aqueous solution. d, Correlation between TOFFe and EG(O, M) in M1-

xFexOyHz (x=0.25±0.03). For simplicity, MFeOyHz was used to denote the series of hydroxide in �gures.
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Figure 3

Olatt–Olatt formation and Fe activation in different Fe-incorporated TM oxides/hydroxides. a, The local
geometric environments of lattice oxygen in hydroxide, perovskite and spinel. b, TOFFe of Ni1−xFexOyHz,
LaNi1-xFexO3 and NiFe2O4 at a 300 mV overpotential, assuming all Fe sites in catalysts are active. c–d,
Operando electrochemical-Raman spectra of LaNi0.61Fe0.39O3 (c) and NiFe2O4 (d) under different applied
potentials. e–f, Operando Fe K-edge FT-EXAFS of LaNi0.61Fe0.39O3 (e) and NiFe2O4 (f) under OCP and
1.60 VRHE. All potentials were converted to the RHE scale.
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Figure 4

Fe-activation mechanism at an atomic level. a, The OER pathway on Ni0.75Fe0.25O3H0.5·H2O(010). The

r.d.s is the nucleophilic OH- attacks the terminal Fe=O intermediate to form Fe-OOH (OO3→TS1→OO5). b,
The calculated free energy diagrams comparing ΔG on Fe sites of Ni0.75Fe0.25O3H0.5·H2O (AEM) and
Ni0.75Fe0.25O2H (LOM) along OER pathways at 1.53 VRHE. 
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