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Breaking linear scaling relationships in
oxygen evolution via dynamic structural
regulation of active sites

Zheye Zhang1,11, Hongyan Zhao2,11, Shibo Xi 3,11, Xiaoxu Zhao 4, Xiao Chi5,
Hong Bin Yang 6, Zhongxin Chen 7, Xiaojiang Yu 8, Yang-Gang Wang 2 ,
Bin Liu 9,10 & Peng Chen 1

The universal linear scaling relationships between the adsorption energies of
reactive intermediates limit the performanceof catalysts inmulti-step catalytic
reactions. Here, we show how these scaling relationships can be circumvented
in electrochemical oxygen evolution reactionby dynamic structural regulation
of active sites. We construct a model Ni-Fe2 molecular catalyst via in situ
electrochemical activation, which is able to deliver a notable intrinsic oxygen
evolution reaction activity. Theoretical calculations and electrokinetic studies
reveal that the dynamic evolution of Ni-adsorbate coordination driven by
intramolecular proton transfer can effectively alter the electronic structure of
the adjacent Fe active centre during the catalytic cycle. This dynamic dual-site
cooperation simultaneously lowers the free energy change associated with
O–H bond cleavage and O–O bond formation, thereby disrupting the inherent
scaling relationship in oxygen evolution reaction. The present study not only
advances the development of molecular water oxidation catalysts, but also
provides an unconventional paradigm for breaking the linear scaling rela-
tionships in multi-intermediates involved catalysis.

For multi-step catalytic reactions, it has been shown that the
adsorption energies of different intermediates are correlated on
conventional single-site catalysts by linear scaling relationships
(LSRs)1,2. While LSRs simplify the prediction of catalyst perfor-
mance and help elucidate catalytic activity trends, they inevitably
place intrinsic limitations on optimally adjusting adsorption of
every intermediate on the catalytic site simultaneously to achieve
the maximum activity and/or selectivity2–4. A case in point of this

correlation-imposed reaction is the electrochemical oxygen evo-
lution reaction (OER), which serves as an ideal anodic reaction by
providing electrons and protons for hydrogen generation, CO2

reduction, etc.5–7 The adsorption energies of the chemically similar
oxygenated intermediates over a single active site, such as *OH, *O,
and *OOH involved in OER with the widely accepted adsorbate
evolution mechanism (AEM), are linearly correlated and cannot be
adjusted independently8–10. Such correlation-imposed constraint
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makes it rather challenging for the maximal accomplishable cata-
lytic performance.

On account of the ubiquitous adsorption-energy scaling rela-
tionship between *OOH and *OH on various OER electrocatalysts11–16,
one of the most effective strategies to break such LSR is to selectively
stabilize *OOHover *OH by confining intermediates within nanoscopic
channels17, introducing proton acceptors18–20, and/or creating multi-
functional surfaces and interfacial sites9,21–23. These strategies share a
common idea of engineering heterogeneity of electrocatalysts.
Nevertheless, atomistic insights into complex multiphase materials or
interfaces during OER are very limited and remain elusive. Specifically,
few experimental attempts have been made using heterostructured
catalysts, but their heterogeneous nature poses great challenges in
refining the structures of themost active surficial catalytic sites for use
as the synthetic targets20–22. Furthermore, static structures identified
through ex situ characterization cannot accurately reflect the real
active sites responsible for catalytic activity under reaction
conditions24. These limitations greatly impede the understanding of
structure–performance relationships and the rational design of next-
generation high-performance OER electrocatalysts.

While structure changes in catalysts under electrochemical
conditions have been extensively observed24–27, the underlying
coordination evolution of active sites within a catalytic cycle28 and
the associated intrinsic electronic origin are often overlooked.
Recent studies have shown that dynamic evolution of metal-support
coordination during catalysis can effectively alter the local electronic
structure of the active centre29,30. This dynamic regulation of the
active centre enables simultaneous facilitation of reactant activation
and product desorption, thereby circumventing the scaling relations
in heterogeneous catalysis30,31. Therefore, exploring and compre-
hending the local coordination evolution of active sites at the atomic
scale within the OER catalytic cycle could offer the opportunity to
circumvent the existing scaling relationships. Given that bimetallic
Ni-Fe composites have been identified as one of the most promising
OER catalysts in alkaline conditions (see Supplementary Note 1)15,16,32,
they can serve as an ideal platform to investigate the above
hypothesis.

In this work, we report the construction of a Ni-Fe2 molecular
complex catalyst, which exhibits a notable OER performance. The
catalyst preparation is based on in situ electrochemical activation of a
low‐coordinate Ni single-atom pre-catalyst in purified KOH electrolyte
with a deliberate addition of Fe ions at ppm level. Operando X-ray
absorption fine structure (XAFS) measurements verify the structural
transformation from Ni monomer to O-bridged Ni-Fe2 trimer during
the activation process. Remarkably, by employing density functional
theory (DFT) combined ab initio molecular dynamics (AIMD) simula-
tions and electrokinetic characterization, we report an unconventional
dynamic dual-site-cooperated OER mechanism, in which the Ni centre
directly participates in the catalytic process to induce intramolecular
proton transfer and trigger its coordination evolution. The existence
of dynamic coordination between the Ni site and adsorbates (OH and
H2O) plays a key role in modulating the electronic structure of the
adjacent Fe active site during the OER cycle. Such dynamic regulation
contributes to lowering the free energy required for the mutually
competing steps of O–H bond cleavage and *OOH formation simul-
taneously, which effectively surmounts the LSRs in OER. Our insights
into dynamic structural evolution of active site within the catalytic
cycle enlighten a path towards the development of highly efficientOER
catalysts beyond the limitations of LSRs.

Results
Synthesis and characterization of the catalyst
To construct a Ni-Fe molecular complex catalyst, we first prepared a
single-atom Ni pre-catalyst. As illustrated in Supplementary Fig. 1, an
aqueous suspension of graphene oxide (GO) was initially sealed in a Ni

vessel at 80 °C, leading to the spontaneous assembly of a 3D Ni(OH)2/
graphene hydrogel (Supplementary Figs. 2–4)33. After freeze-drying,
the resultant aerogel was thermally annealed at 700 °C under Ar
atmosphere. During which, Ni(OH)2 was reduced to Ni/NiO nano-
particles, and simultaneously graphene nanosheet was etched into
holey graphene nanomesh (GNM; Supplementary Fig. 5). Finally, acid
treatment was applied to obtain Ni single atoms trapped in GNM
(Ni-SAs@GNM).

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images reveal 2D mesh structure of Ni-SAs@GNM
withpore sizes in the rangeof ca. 20–60nmandhighnanohole density
of ~6.2 × 109 per cm2 (Fig. 1a and Supplementary Fig. 6). The presence
of crystalline Ni species in Ni-SAs@GNM is denied by high-resolution
TEM (HRTEM) and X-ray diffraction (XRD) analyses (Supplementary
Fig. 7). Energy-dispersive X-ray spectroscopy (EDS) elemental map-
pings indicate homogeneous distribution of C, O, and Ni elements
(Fig. 1b). Individual dispersion of Ni atoms is confirmed by aberration-
corrected high-angle annular dark-field scanning TEM (HAADF-STEM).
As depicted in Fig. 1c, the bright spots corresponding to heavier Ni-SAs
are evenly distributed on GNM, and it appears that Ni-SAs are pre-
dominately anchored on the edges of defects and graphitic domains
(Supplementary Fig. 8). N2 adsorption–desorption isotherm suggests
mesoporous structure of Ni-SAs@GNM with a specific surface area of
266.9 m2 g−1 (Supplementary Fig. 9). As determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES), the total Ni
content in Ni-SAs@GNM is 0.82wt% (Supplementary Table 1). The
oxidation state of central Ni atoms is deduced to be +1 with a 3d9,
S = 1/2 electronic configuration, as revealed by X-ray photoelectron
spectroscopy (XPS) andL2,3-edgeX-rayabsorption spectroscopy (XAS)
analyses (Supplementary Fig. 10)34.

Subsequently, we prepared the Ni-Fe molecular complex catalyst
via an in situ electrochemical conversion process (Supplementary
Fig. 11). It is worth noting that similar in situ electrochemical methods
for synthesizing dual-atom catalysts have been previously reported by
Hu and co-workers15,35. Specially, we employed a standard three-
electrode system, where Ni-SAs@GNM pre-catalyst was loaded onto a
glassy carbon electrode as the working electrode. The electrochemical
activation was performed using cyclic voltammetry (CV) between 1.1
and 1.65 V versus the reversible hydrogen electrode (RHE) in purified
Fe-free 1M KOH electrolyte with a deliberate addition of 1 ppm Fe ions
(Fig. 1d). Alternatively, anodic chronopotentiometry and chron-
oamperometry can also be employed for activation (Supplementary
Fig. 12). This activated catalyst is termed as Fe1ppm-Ni-SAs@GNM. For
comparison, Ni-SAs@GNM was also activated in Fe-free KOH electro-
lyte and denoted as Fefree-Ni-SAs@GNM. As seen from CV curves of
Fe1ppm-Ni-SAs@GNM (Supplementary Fig. 13), the quasi-reversible
Ni2+/Ni3+ redox peaks observed from Fefree-Ni-SAs@GNM positively
shift and the oxidation peak is masked by OER current, implying the
formation of Ni-Fe molecular complex. Similar phenomena are
observed when doping Fe into Ni hydroxides32,36. Ultraviolet–visible
(UV) absorption spectrum of 1M KOH solution containing 1 ppm Fe
ions shows a weak peak at 361 nm, implying the existence of Fe(OH)4

−

(Supplementary Fig. 14)35,37. It is conceivable that the negatively
charged Fe(OH)4

− anions can be electrically driven towards the anode,
which preferentially anchor on the positively charged Ni sites. The
incorporation of Fe species into Ni-SAs@GNM was directly evidenced
by synchrotron-based X-ray fluorescence (SXRF) spectroscopy
(Fig. 1e). The atomic ratio of Ni/Fe calculated from their Kα peak area is
~5.2:1, similar to that obtained from ICP-OES measurements (Supple-
mentary Table 1). EDS elemental mappings show that both Ni and Fe
are uniformly distributed (Supplementary Fig. 15a). Aberration-
corrected HAADF–STEM reveals the atomic dispersion of metal ele-
ments (Supplementary Fig. 15b), while the existenceof nanoparticles is
ruled out by HRTEM, XRD, and Raman spectroscopy (Supplementary
Fig. 15c−f).
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Operando XAFS analysis of Ni-Fe molecular complex catalyst
To probe the local structures of Ni/Fe atoms and the Fe incorpora-
tion dynamics during activation, operando XAFS38,39 measurements
were performed (Fig. 2a and Supplementary Fig. 16). As shown in the
Ni K-edge X-ray absorption near edge structure (XANES) spectra
(Fig. 2b), the oxidation state of Ni in dry Ni-SAs@GNM is between 0
and +2, agreeing well with the XPS and L2,3-edge XAS results (Sup-
plementary Fig. 10). After the dry Ni-SAs@GNM sample being
immersed in purified 1M KOH, the rising edge is blue-shifted by
~2.0 eV, indicating an increase of Ni oxidation state (Fig. 2b inset),
presumably due to adsorption of OH−. After adding 1 ppm Fe ions
into purified KOH, further blue-shift in the rising edge occurs during
the activation process and the energy of rising edge eventually
coincided with that of the NiOOH reference (after 4 h), suggesting
the formation of Ni3+ species. The pre-edge peak (A) at ~8332 eV can
be assigned to the dipole-forbidden but quadrupole-allowed transi-
tion (1s→ 3d), which signals 3d and 4p orbital hybridization of Ni
centre featured broken centrosymmetry40. This peak gradually
decreases as activation continues, indicating that the coordination
geometry around Ni after activation is highly centrosymmetric. The
amplitude of 1s → 4pz transition (peak B, a fingerprint for square-
planar configuration41) also gradually reduces during activation,
implying that the coordination configuration of Ni evolves from
square-planar to octahedral. In addition, the peak at ~8350 eV (C) is
attributable to the 1s → 4px,y transitions42. This peak gradually
increases and sharpens, suggesting that the unoccupied 4p orbital
becomes more localized and the energy level further degenerates,

thereby forming a highly symmetrical octahedral configuration after
activation.

The structural evolution of Ni centre was further revealed by
operando extended X-ray absorption fine structure (EXAFS) spectro-
scopy (Fig. 2c). The first coordination shell ranging from 1.1 to 1.5 Å is
attributed to the single-scattering paths of Ni–O bond. EXAFS fitting
indicates that Ni in dry Ni-SAs@GNM is most probably coordinated by
two O atoms on the same plane of the graphene support (Supple-
mentary Fig. 17 and Supplementary Table 2). The peak in the first shell
gradually increases during activation, indicating that the number of
coordinating O increases43. Interestingly, a new peak at 2.42 ± 0.06 Å
gradually appears in the second coordination shells (2.2–2.6Å) during
activation and reaches equilibrium in 4 h, implying that Fe ions con-
tinuously attach to Ni atoms via oxygen bridges15,35,44. The formation of
metallic Ni and Ni(OH)2 is not evidenced. Furthermore, the coordina-
tion structure of the Ni centre after activation is similar to that in
NiOOH, consistent with the XANES observation. EXAFS fitting reveals
that oneNi atom is likely connectedwith two Fe atoms after activation,
forming a Ni-Fe2 triple-atom catalyst (Supplementary Fig. 18a, b and
Supplementary Table 2).

As determined by operando Fe K-edge XANES spectroscopy, the
amount of Fe in catalyst increases during activation, and the Fe to Ni
atomic ratio eventually saturates at 1:5 (Fig. 2d, e), coinciding well with
SXRF result (Fig. 1e). It is evident that the Ni content remains almost
constant during activation (Supplementary Fig. 19). The lower content
of Fe compared to Ni is reasonable because a considerable portion of
Ni atoms may not be exposed due to the strong π-π interaction
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and aberration-corrected HAADF-STEM image (c) of Ni-SAs@GNM. d Repeated CV
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ppm Fe ions. e SXRF spectrum of the activated catalyst.
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between graphene nanosheets. Notably, the rising edge of Fe after
activation is located between that of Fe3+ and Fe6+ (Fig. 2d inset and
Supplementary Fig. 20), suggesting formation of Fe4+ species during
OER15,36. Fourier-transformed EXAFS spectrum for the Fe centre after
activation is distinct from those of Fe-doped Ni(OH)2 and FeOOH, but
similar to that of Ni centre after activation in the second shell (Fig. 2f),
indicating that the local coordination structure of Ni and Fe in the
activated catalyst is highly similar. EXAFS fitting shows that Fe is sur-
rounded by ~6 O in the first shell and the Fe–Ni/Fe path in the second
shell has a coordination number of ~2 (Supplementary Fig. 16c, d and
Supplementary Table 2). The apparent Fe–Ni/Fe distance (~2.85 Å)
from the Fe K-edge EXAFS fitting result is similar to that obtained from
the Ni K-edge EXAFS (Ni–Fe distance is ~2.83 Å; Supplementary
Table 2). A proposed formation process of Ni-Fe2 complex catalyst is
illustrated in Fig. 2g, with the atomic structure of each model being
confirmed by XANES simulations (Supplementary Figs. 21–23). How-
ever, as it is difficult to distinguish Fe andNi from each other by EXAFS
fitting, the presence of Ni3 and Ni2-Fe structures (Supplementary

Figs. 24 and 25), which could be formed through a dissolution and re-
deposition process, is possible.

Theoretical understanding of the dynamic OER mechanism
We employed DFT combined AIMD simulations to gain deep atomistic
insights into the dynamic nature of the Ni-Fe2 electrocatalyst in the
OER process. As depicted in Supplementary Fig. 26, Pourbaix diagram
suggests reasonable stability of the proposed Ni-Fe2 model. The OER
Gibbs free energy diagram on the Ni-Fe2 model shows that adsorption
of OH− on the Fe active site is favorable with an exothermic reaction
energy of −0.22 eV, benefiting from the intramolecular hydrogen bond
stabilization (Fig. 3a). Notably, a fast irreversible intramolecularproton
transfer occurs from Fe*OH to Ni*OH, resulting in the generation of
Ni*OH2 and

Fe*O. Simultaneously, the formed water molecule is rapidly
desorbed within a short timescale less than 5 ps, exposing the Ni site
for the next catalytic cycle. These observations are supported by AIMD
simulation with fully explicit solvation shells (Fig. 3b). The sponta-
neous intramolecular proton transfer is further confirmed by the
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negligible proton transfer barrier and O Bader or Mulliken charge
analysis; in particular, Ni*OH exhibits a stronger oxidation ability com-
pared to Fe*OH, enabling it to seize proton from Fe*OH (Supplementary
Figs. 27−29). On the other hand, the pre-equilibrium step (PES) could
involve an intermolecular OH transfer on the single Fe*OH site to yield
Fe*O with a free energy of −0.04 eV (Fig. 3a). The rate-determining step
(RDS) for both the single- and dual-site reaction mechanisms are
intermolecular OH attack, which experience positive reaction energies
of 0.38 eV and 0.26 eV, respectively. This leads to the theoretical
overpotential for driving the OER processes following the dual-site
reaction mechanism being as low as 260mV. The intramolecular pro-
ton transfer from Fe*OH to Ni*OHmarkedly facilitates the RDS due to the
dynamic coordination of Ni site, revealing the correlation between the
coordination structure and OER performance.

Given that the RDS of OER for both single- and dual-site
mechanisms correlate with the formation of *OOH, the intrinsic elec-
tronic origin of the reactivity for Ni*OH−Fe*O and Ni*(bare)−Fe*O was
explored. The orbital interactions between Fe*O and OH are illustrated
in Fig. 3c. The comparison of projected density of states (PDOS) with
and without OH on the Ni site uncovers that the exclusion of OH raises
dyz/dxz orbitals of Fe near the Fermi level (Supplementary Fig. 30),
exhibiting comparably larger overlaps with σ* orbital of OH. Further-
more, Kohn–Sham molecular orbital analysis reveals that the lowest
unoccupied molecular orbital (LUMO) of Ni*(bare)−Fe*O is mainly loca-
ted on the Ni-Fe2 active region while that of Ni*OH−Fe*O is completely

contributed by graphene matrix (Fig. 3d). Ni*(bare)−Fe*O exhibits a
narrower highest occupied molecular orbital (HOMO)−LUMO gap of
0.99 eV than that of Ni*OH−Fe*O (2.24 eV) and thus improving reactivity
(Supplementary Fig. 31)45. Besides, Fe=O bond orders in Ni-Fe2 mole-
cules show that the introduction of OH on the Ni site strengthens the
Fe=O bond order from 1.63 to 1.78 (Supplementary Table 3), indicating
that the Fe=O double bond in Ni*(bare)−Fe*O is easier to be broken to
form Ni*(bare)−Fe*OOH. It is worth noting that Ni*OH2−

Fe*O presents a
similar electronic configuration to that of Ni*(bare)−Fe*O, with a HOMO−
LUMO gap of 1.04 eV (Supplementary Fig. 31). However, the reaction
energy of Ni*OH2−

Fe*O was calculated to be as high as 0.45 eV (Supple-
mentary Fig. 32), further corroborating the significanceof the dynamic
coordination of Ni site. In addition, we have also investigated the OER
mechanism on two Fe sites of Ni-Fe2, Ni site of Ni-Fe2, Ni single-atom,
and Ni-Fe1 double-atom models, but the reaction energies were
determined to be considerably unfavorable (Supplementary
Figs. 33−37 and Supplementary Table 4). Notably, the calculated
reaction energies for the Ni3, Fe3, and Ni2-Fe models are also higher
than that for the Ni-Fe2model (Supplementary Figs. 38−40), indicating
that Ni-Fe2 could potentially be the major active species in Ni-Fe
molecular complex for OER. Moreover, we have drawn a LSR using Ni
single-atom, Ni or Fe single site of Ni-Fe2, and Ni-Fe1 double-atom as
reference models. As shown in Supplementary Fig. 41, the free energy
difference of *OOH and *OH on NiFe2 dual-site model is 2.74 eV,
notably lower than that of 3.14 eV for reference models under the
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restriction of scaling relation. In short, these theoretical studies dis-
cover an unconventional dynamic dual-site-cooperated OER mechan-
ism (Supplementary Fig. 42). The dynamic evolution of theNi site inNi-
Fe2 model can effectively regulate the electronic structure of the
adjacent Fe active centre during the OER cycle, and simultaneously
lower the free energies of O–H bond cleavage and *OOH formation,
which eventually breaks the LSRs in OER.

OER electrocatalysis
Considering the favorable OER catalytic pathway of our designed Ni-
Fe2 molecular complex catalyst, we investigated the actual electro-
catalytic OER performance. Figure 4a shows the linear sweep voltam-
metry (LSV) curves and the corresponding Tafel plots. The Fe1ppm-Ni-
SAs@GNM catalyst exhibits an overpotential of only 282mV at
10mAcm−2 and a Tafel slope of 38.6mV dec−1, which outperforms the
commercial RuO2 (315mV, 70.6mV dec−1) and Fefree-Ni-SAs@GNM
(341mV, 62.4mV dec−1). LSV curves without iR-correction are pre-
sented in Supplementary Fig. 43 as a reference. Electrochemically
active surface area (ECSA) normalized OER activity of Fe1ppm-Ni-
SAs@GNM is also higher than that of Fefree-Ni-SAs@GNM, implying an
increase of intrinsic OER activity due to Fe incorporation (Supple-
mentary Fig. 44). Consistently, the electrochemical impedance of
Fe1ppm-Ni-SAs@GNM is lower (Supplementary Fig. 45). Besides, the
required overpotential to reach 10mA cm−2 can be further decreased
to 263mV when decorating Fe1ppm-Ni-SAs@GNM onto a 3D carbon
cloth support (Supplementary Fig. 46). In addition, the Fe1ppm-Ni-
SAs@GNM demonstrates better OER activity in comparison to state-
of-the-art NiFe hydroxide (Supplementary Fig. 47).

Based on rotating ring-disk electrode (RRDE) measurement,
Fe1ppm-Ni-SAs@GNM undertakes a four-electron water oxidation
pathway (i.e., 4OH–→ 2H2O +O2 + 4e–, Supplementary Fig. 48a) with a
high O2 Faradaic efficiency (FE) of 99.7% (Supplementary Fig. 48b). To

further evaluate the intrinsic activity of the catalyst, the turnover fre-
quency (TOF) was calculated on the basis of ICP-OES and plotted
against the overpotential (Fig. 4b). Based on Fe content, a notable TOF
value of 9.2 s−1 is achieved over Fe1ppm-Ni-SAs@GNM at an over-
potential of 300mV, which is much higher than that of Fefree-Ni-
SAs@GNM (0.15 s−1) and the state-of-the-art OER catalysts reported in
the literature (Supplementary Table 5). Based on the total Fe and Ni
contents, the TOF is still outstanding. Notably, the specific mass
activity of Fe1ppm-Ni-SAs@GNM was also calculated to be as high as
9.1 A mgNiFe

−1 at the overpotential of 300mV, which is more than 9
times higher than that of Fefree-Ni-SAs@GNM (1.0 A mgNi

−1; Supple-
mentary Fig. 49). As shown in Fig. 4c, the OER activity of Fexppm-Ni-
SAs@GNM improves with increasing Fe concentration in the electro-
lyte up to 1 ppm, but deteriorates at a higher Fe concentration (10
ppm) due to formation of Fe hydroxide precipitates. The OER activity
of Fe1ppm-Ni-SAs@GNM also gradually increases with extended acti-
vation time (Supplementary Fig. 50). These results demonstrate that
incorporation of Fe could be roughly controlled by adjusting Fe con-
centration in KOH and the activation time. On the other hand, the
presenceof 1 ppmFe in the electrolyte hadno significant impact on the
OER activity of Ni-free reduced GO (Supplementary Fig. 51). Interest-
ingly, the incorporation of Fe ions into Ni-SAs@GNM is reversible.
When Fe1ppm-Ni-SAs@GNM was subjected to electrolysis in Fe-free
KOH electrolyte, the OER activity gradually decreased. But the activity
couldbe recovered through reactivation inKOHelectrolyte containing
1 ppm Fe ions, suggesting that the adsorption and desorption of Fe
ions is a dynamic equilibrium process (Fig. 4d and Supplementary
Fig. 52). The dynamic Fe exchange during OER agrees with a previous
report46. As depicted in Fig. 4e, the long-term OER stability of Fe1ppm-
Ni-SAs@GNM is notable. Specifically, the overpotential at a constant
OER current density of 10mA cm−2 only slightly increased by 15mV
after 500 h of continuous electrolysis. By contrast, rapid decay was
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observed in the activity of the commercial RuO2. Aberration-corrected
HAADF–STEM shows that the Ni and Fe atoms in Fe1ppm-Ni-SAs@GNM
still nearly remain atomic dispersion even after 500 h of operation
(Supplementary Fig. 53). Furthermore, the potential quickly stabilizes
upon step-wise increase of OER current (Fig. 4d inset), indicating
effective mass transport on the electrode surface during OER (inward
diffusion of OH− and outward diffusion of oxygen bubbles), owing to
the 2D nanomesh structure14. The practical viability of Fe1ppm-Ni-
SAs@GNMwas demonstrated by the good performance of the overall
water-splitting cell and the rechargeable Zn-air battery (Supplemen-
tary Figs. 54 and 55). In addition, Co-SAs@GNM (changing metal cen-
tre) was synthesized following a similar procedure as Ni-SAs@GNM,
and its OER activity was also largely improved after activation in KOH
containing 1 ppm Fe ions (Supplementary Fig. 56), indicating the
possible formation of Co-Fe active units and possibility to construct
various dynamic molecular catalysts.

Electrokinetic investigations
Electrokinetic studies were further performed to comprehend the
catalytic mechanism from an experimental perspective. We
employed a quasi-equilibrium model to describe the OER kinetics,
where the key steps include a PES followed by a RDS15. Firstly, the
OER activities at different concentrations of OH− were measured
based on LSV at the normal hydrogen electrode (NHE) scale, and the
catalytic activity shows an increase with increasing OH− concentra-
tion (Fig. 5a and Supplementary Fig. 57a). Additionally, Fe1ppm-Ni-
SAs@GNM also displays pH-dependent OER activities on the RHE
scale, suggesting that the proton transfer and the electron transfer
are non-concerted during the OER (Supplementary Fig. 57b)7,47. As
shown in Fig. 5b, Fe1ppm-Ni-SAs@GNM exhibits a similar Tafel slope
of 40 ± 1mV dec−1 in 0.1 to 2M KOH, implying that OER over Fe1ppm-
Ni-SAs@GNM proceeds with a PES involving one-electron transfer,
followed by a RDS involving another electron transfer

(Supplementary Table 6)15,48. By plotting the potentials at a current
density of 1mA cm−2 versus log [OH−] (this current density was
selected to minimize the influence of Tafel slope variation49), a slope
of −82.3mV is derived (Fig. 5a inset), indicating that the catalytic
activity has an approximately second-order dependence on OH−

concentration15. Consequently, the PES and RDS involve the transfer
of two OH− in total (Supplementary Table 6). CV was then performed
to determine OH− participation in the Ni2+/Ni3+ redox process
(Fig. 5c). As illustrated in Fig. 5d, the reduction peak for the pre-
catalytic Ni2+/Ni3+ redox couple (the oxidation peak is masked by OER
current) shifts by ~−107.6mV/log [OH−], suggesting that oxidation of
Ni site prior to PES is accompanied by two OH− transfer (Supple-
mentary Table 6). Furthermore, deuterium (D) kinetic isotope effect
(KIE) experiment was conducted to probe the possible transfer of
proton/hydrogen in the RDS. The LSV of Fe1ppm-Ni-SAs@GNM in a
1M KOD/D2O electrolyte shows a comparable current density to that
in 1M KOH/H2O electrolyte (Fig. 5e). By comparing the current
densities in KOH and KOD at the same overpotentials, the average
KIE value of Fe1ppm-Ni-SAs@GNM was calculated to be 1.13 ± 0.09
(nearly potential-independent), indicating a secondary KIE (KIE < 1.5)
where proton/hydrogen transfer is absent in RDS (Fig. 5e inset and
Supplementary Table 6)7,15,50. Moreover, due to the stronger
D-bonding relative to H-bonding network, the CV reduction peak for
the pre-catalytic Ni2+/Ni3+ redox couple in KOD displays a positive
shift of ~26mV compared to that in KOH (Supplementary Fig. 58),
further confirming that the pre-oxidation of the Ni site is accom-
panied by terminating –OH. Additionally, we performed methanol
oxidation experiments to probe the surface coverage of *OH inter-
mediate on the catalysts (Supplementary Fig. 59). In comparison to
Fefree-Ni-SAs@GNM, Fe1ppm-Ni-SAs@GNM exhibits a reduced current
difference and a positive shift of the onset potential for methanol
oxidation, suggesting a lower surface coverage of *OH on Fe1ppm-Ni-
SAs@GNM during OER51. This result may suggest the existence of
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intramolecular proton transfer from Fe*OH to Ni*OH during OER, which
subsequently reduces the surface coverage of *OH.

Based on the above analyses, a possible reaction mechanism was
proposed over Fe1ppm-Ni-SAs@GNM (Supplementary Fig. 60). Ni2+ is
first oxidized to Ni3+ accompanied by the combination of two OH−,
leading to the coordination reconstruction of Ni site. Subsequently,
one OH− is adsorbed onto Fe site to initiate OER. As suggested by the
evidence of Fe4+ from the operando XAFS result and AIMD simulation,
the adsorbedOHundergoes deprotonation through an intramolecular
proton transfer from Fe3+–OH to Ni3+–OH. Consequently, Fe3+–OH is
oxidized to Fe4+=O, whereas Ni3+–OH is reduced to Ni2+–H2O accom-
panied by desorption of H2O. Noteworthy, this step proceeds very fast
and does not involve OH− and electron transfer; hence, the initial
adsorption ofOH−on Fe site should be regarded as the PES followedby
one-OH− and one-electron transfer. Then it comes to the RDS in which
oneOH− attacks onFe4+=O to formFe3+–OOH, yielding a secondaryKIE.
The next step involves a proton-coupled electron transfer from
Fe3+–OOH to Fe3+–OO∙. Finally, O2 is released fromFe site, concomitant
with the nucleophilic attack of OH− onNi2+ to generate Ni3+–OH for the
next catalytic cycle. It is noteworthy that the proposed OER mechan-
ism for Fe1ppm-Ni-SAs@GNM is consistent with theoretical prediction
(Fig. 3a). Other potential reaction mechanisms, such as the lattice-
oxygen-mediated mechanism, can be excluded by a tetra-
methylammonium cation (TMA+) probing experiment (Supplementary
Fig. 61)52, while theO–Ocouplingmechanismhas been ruled out based
on unfavorable thermodynamic overpotential and Tafel slope analysis
(Supplementary Figs. 62 and 63). Likewise, reaction mechanism of
Fefree-Ni-SAs@GNM is discussed in Supplementary Figs. 64 and 65, and
Supplementary Table 6.

Discussion
In summary, we have reported an in situ electrochemical conversion
process for directly constructing a Ni-Fe2 molecular complex catalyst,
which is confirmed by operando XAFS. Theoretical calculations based
on this model catalyst demonstrate that the dynamic structural evo-
lution of the Ni site induced by intramolecular proton transfer can
effectively alter the electronic structure of the neighboring Fe active
site, which in turn leads to the simultaneous reduction of free energy
changes for O–H bond cleavage and O–O bond formation. Such
dynamic dual-site cooperation observed within the catalytic cycle
allows the Ni-Fe molecular complex catalyst to circumvent the oxygen
evolution LSRs imposed by the conventional static AEM. As a result,
the catalyst presents TOF values that surpass most of the state-of-the-
art catalysts reported thus far. Furthermore, electrokinetic investiga-
tions provide experimental evidence supporting the mechanism. This
worknot only advances the development ofmolecular water oxidation
catalysts, but also provides an unconventional paradigm for breaking
the universal scaling relations in chemical reactions involving multiple
intermediates.

Methods
Chemicals and materials
Iron nitrate nonahydrate (Fe(NO3)3·9H2O, ≥99.95%), nickel nitrate
hexahydrate (Ni(NO3)2·6H2O, 99.999%), zinc acetate dihydrate
(Zn(CH3COO)2·2H2O, ≥98%), potassium hydroxide (KOH, 90%),
hydrochloric acid (HCl, 37%), methanol (CH3OH, ≥99.9%), isopropanol
((CH3)2CHOH, ≥99.5%), tetramethylammonium hydroxide (TMAOH,
25wt% in H2O), potassium deuteroxide (KOD, 40wt% in D2O, 98
atom% D), nafion 117 solution (~5% in a mixture of lower aliphatic
alcohols and water), Pt/C (20wt% loading on graphitized carbon), and
ruthenium oxide (RuO2, 99.9%) were purchased from Sigma-Aldrich.
Deuteriumoxide (D2O, 99.9 atom%D)was purchased fromCambridge
Isotope Laboratories, Inc. All chemicals were used as received without
further purification, unless noted otherwise. Ni and Co vessel (50mL)
waspurchased fromKunshan Electronic Co., Ltd. All aqueous solutions

were prepared using deionized (DI) water with a resistivity of
18.2MΩ cm at room temperature.

Synthesis of Ni-SAs@GNM
GO was first synthesized using a modified Hummers’ method53. Then,
40mL of GO aqueous suspension (3mgmL−1, pH 5) was sealed in a Ni
vessel andheated at 80 °C for 48 h. After cooling to room temperature,
the resulting hydrogel-like assembly was repeatedly rinsed with DI
water, followed by freeze drying to obtain Ni(OH)2/graphene aerogel.
Subsequently, the aerogel was annealed at 700 °C for 2 h under an Ar
atmosphere (100 sccm), with a heating rate of 5 °C min−1. Finally, the
product was leached at 80 °C in 2M HCl for 24 h and thoroughly
washed with DI water. Co-SAs@GNM was synthesized using the same
procedure, except using Co vessel as the reactor. The reduced GOwas
synthesized by pyrolyzing GO at 700 °C for 2 h under an Ar
atmosphere.

KOH electrolyte purification
1M KOH solutions made from commercial KOH flakes (90%) were
estimated to contain ~0.12 ppm Fe by ICP-OES measurements. Fe
impurities in such commercial KOH solutions can be removed by
treating with Ni(OH)2

32. Briefly, 2 g of Ni(NO3)2·6H2O was dissolved in
5ml of DI water. Then 20mL of 1M KOH was added to induce the
precipitation of Ni(OH)2 solids, followed by washing with DI water and
1M KOH successively. The purification process involves dispersing
Ni(OH)2 in 50mL of 1M KOH solution, mechanically agitated over-
night, followed by centrifugation. Consequently, the Fe content in
purified 1M KOH was below or at the detection limit of ICP-OES
(~3 ppb). Purified 1M KOH (pH = 13.6 ± 0.1) was stored in a poly-
propylene beaker before usage.

Synthesis of Ni-Fe molecular complex catalyst
Ni-Fe molecular complex catalyst was prepared by electrochemical
activation of Ni-SAs@GNM in purified KOH containing 1 ppm Fe, using
a standard three-electrode system (CHI 760E, CH Instruments) under
ambient conditions, with a Pt wire as the counter electrode and a
Hg/HgO electrode (in 1M KOH) as the reference electrode. To prepare
working electrode, 5mg of Ni-SAs@GNMpowdersweredispersed into
an aqueous solution containing 0.97mL isopropanol and 30μL Nafion
solution (5wt%) under sonication for 1 h. Then 12 or 15μL of such ink
was uniformly dropped onto a L-type glassy carbon electrode (5mm in
diameter) or a carbon cloth (WOS 1002, 0.5 × 0.5 cm2), respectively
(catalyst loading: 0.3mg cm−2), and allowed to dry at room tempera-
ture. The electrolyte was prepared by adding 220μL of 1mgmL−1

Fe(NO3)3·9H2O solution into 30mL of purified KOH solution under
vigorous stirring. The freshly prepared electrolyte was promptly uti-
lized. Electrochemical activation was then performed using cyclic
voltammetry (CV) between 1.1 and 1.65 V versus RHE at the scan rate of
50mV s−1. Additionally, anodic chronopotentiometry with a current
density of 5mAcm−2 or chronoamperometry at 1.6 V versus RHE can
also be employed for activation. Co-Fe molecular complex can be
synthesized using the same procedure, except using Co-SAs@GNM as
the pre-catalyst.

Material characterization
The crystal structure was analyzed using powder XRD with Cu Kα
irradiation (λ = 1.5406 Å) on a Bruker D2 Phaser. Morphology was
examined with field-emission SEM (JEOL JSM-6700) and field-
emission TEM (JEOL JEM-2100F). Atomic resolution imaging was
performed with an aberration-corrected HAADF-STEM (JEOL JEM-
ARM200F) at 80 kV. Chemical composition analysis was carried out
by XPS on a Thermo Scientific ESCALAB Xi+ with a monochromatic Al
Kα source (hv = 1486.6 eV), using the C 1s peak at 284.8 eV for
binding energy calibration. Raman spectra were recorded on a
Renishaw spectrometer with a 514 nm laser source. UV-vis adsorption
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spectra were recorded on a UV-1800 Shimadzu spectrophotometer.
N2 adsorption–desorption isothermals were measured at 77 K on a
Micromeritics ASAP 2020 analyzer. The Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) methods were used to cal-
culate the specific surface area and pore size distribution, respec-
tively. The metal contents in the samples and electrolytes were
determined by ICP-OES (Agilent 720ES). First, the samples were
hydrothermally treated in the mixture of concentrated H2SO4, HNO3,
and HCl with volume ratio of 1:1:2 at 180 °C for 24 h. The resultant
solution was then diluted with DI water for ICP-OES analysis.

XAS characterization
Ex situ and operando Ni/Fe K-edge XANES and EXAFS experiments
were carried out at the XAFS for catalysis (XAFCA) beamline54 of Sin-
gapore Synchrotron Light Source (SSLS) in fluorescencemode. Energy
calibration was performed using Ni/Fe foil as the standard. For ex situ
analysis, solid powder samples were deposited on carbon paper, while
operandomeasurements employed a customized electrochemical cell
with continuous flow of 1M KOH containing 1 ppm Fe electrolyte. The
catalyst ink was drop-casted onto carbon paper (1mg cm−2) taped with
Kaptonpolyimidefilmon thebackas theworking electrode. Agraphite
rod served as the counter electrode, while an Ag/AgCl electrode (in
saturated KCl) was used as the reference electrode. XAFS data were
recorded under chronopotentiometric mode at a current density of
5mAcm−2 during electrochemical activation. EXAFS data processing
and analysis were completed using Athena and Artemis software
within the DEMETER package55. Ni L2,3-edge XAS data were collected at
the SSLS Soft X-ray-ultraviolet (SUV) beamline. Fe/Ni ratio was esti-
mated using the edge step (ES) of unnormalized Fe and Ni K-edge
XANES spectra, calculated as Fe/Ni ratio = ESFe@sample/ESNi@sample. It is
worth noting that the difference in fluorescence yield between Ni and
Fe atoms was not considered in this estimation, as their values are
quite close. Alternatively, Fe/Ni ratio can also be determined by SXRF
measurements with a probe area of 2mm (horizontal) × 1mm
(vertical).

Electrochemical measurements
All electrochemical measurements were conducted under ambient
conditions on a CHI 760E electrochemical workstation (CH Instru-
ments) using a standard three-electrode setup, with a working elec-
trode of either a glassy carbon electrode or carbon cloth coated with
the synthesized catalysts, a counter electrode of Pt wire, and a Hg/
HgO reference electrode. A polypropylene-based cell (50mL) was
utilized to minimize contamination from glassware in alkaline solu-
tions. Prior to each measurement, the cell and Pt wire counter elec-
trode were cleaned thoroughly with 1M HCl followed by DI water to
prevent cross-contamination. The reference electrode was calibrated
against an unused Hg/HgO electrode stored in 1M KOH solution. All
electrochemical measurements were conducted in purified KOH
electrolyte or KOH with a defined concentration of Fe ions (0.01, 0.1,
1, and 10 ppm). The electrolyte was continuously stirred by a mag-
netic bar to prevent O2 bubbles from accumulating on the electrode
surface during OER. Polarization curves were recorded using LSV at a
scan rate of 5mV s−1 with iR-correction, where R was measured to be
~4.3 Ω. All potentials were referenced to the RHE scale by E (versus
RHE) = E(Hg/HgO) + 0.059 × pH+ 0.098 V, unless otherwise speci-
fied. To explore the dynamic behavior of the catalyst, repetitive
chronoamperometric measurements were conducted between 1M
KOH containing 1 ppm Fe and purified KOH electrolyte at 1.6 V versus
RHE. Electrochemical impedance spectroscopy (EIS) was carried out
at 1.55 V versus RHE in the frequency range from 100 kHz to 1 Hz with
an amplitude of 10mV.

Tafel plots are commonly used to describe the kinetics of electron
transfer reactions48. The Tafel equation relates the Tafel slope to the

exchange current density as follows:

η = � 2:303RT
αF

× log i0 +
2:303RT
ðα+nÞF × log i ð1Þ

In this equation, the Tafel slope is defined as 2.303RT/(α + n)F,
where i0 represents the exchange current density, R is the universal gas
constant, T is the absolute temperature, F is the Faraday constant, n
refers to the number of electrons transferred before RDS, and α is the
charge transfer coefficient).

ECSA was estimated from the electrochemical double-layer
capacitance (Cdl) using the following equations:

Cdl =
ja � jc
2 × ν

ð2Þ

where ja and jc represent the charging and discharging current den-
sities, respectively; ν is the scan rate. Cdl was derived from CV curves
recorded at various scan rates (10, 20, 40, 60, 80, and 100mV s−1)
within the potential window of 1.05−1.15 V versus RHE without Faradic
current. The difference between ja and jc at 1.1 V versus RHE was used
for calculation.

ECSA=
Cdl

Cs
×A ð3Þ

where Cs is the specific capacitance of the sample and A is the geo-
metric area of the electrode. Here, a general value of Cs = 0.04mF cm−2

in 1M KOH was adopted56.
RRDE measurements were conducted to determine the electron

transfer number (n) and peroxide yield (%HO2
−) during OER through

the following equations:

n=4×
Id

Id + Ir=N
ð4Þ

%HO�
2 = 200×

Ir=N
Id + Ir=N

ð5Þ

where Id is the current from thedisk electrode, Ir is the current from the
ring electrode, and N is the current collection efficiency of the Pt ring
(0.37). The working electrode was scanned at 5mV s−1 with a rotating
speed of 1600 rpm, the Pt ring potential was fixed at 1.5 V versus RHE.

FE was calculated using the following equation:

FE =
Ir

Id ×N
ð6Þ

where Idwas heldconstant at a small level of 200 µA.Meanwhile, the Pt-
ring potential was fixed at 0.4 V versus RHE to detect the reduction of
generated O2.

The TOF was evaluated by the following equation:

TOF=
J ×A

4×m× F
ð7Þ

where J is the anodic current density, A is the geometric area of the
electrode,m is the mole number of active sites on the electrode, and F
is Faraday constant (96,485 Cmol−1).

pH-dependence experiments were conducted using KOH solu-
tions with different concentrations (0.1, 0.25, 0.5, 0.75, 1, and 2M). The
measured solution resistances of 0.1, 0.25, 0.5, 0.75, 1, and 2M KOH
were ~28.1, ~12.3, ~6.7, ~5.2, ~4.3, and ~2.8 Ω, respectively. LSV and CV
curveswere recorded for eachKOHsolution. The relationship between
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the potential (versus NHE) at a constant current and the concentration
of OH− ((∂E/∂log[OH−])j) was determined by calculating the potential at
a constant current density of 1mAcm−2 and log [OH−], followed by
linear fitting15. Tafel plots were extracted from the LSV curves and
linear fitted to yield (∂E/∂logj)pH. The reaction order based onOH− ((∂j/
∂log[OH−])E) was then determined using the following equation15,50:

∂ log j
∂ log OH�½ �

� �
E
= �

∂E
∂ log OH�½ �

h i
j

∂E
∂ log j

h i
pH

ð8Þ

Hydrogen/deuterium (H/D) isotope experiments were performed
using LSV in 1M KOH aqueous solution and 1MKOD in D2O. The latter
was prepared by diluting 40wt% KOD with D2O. The corresponding
current densities at a given overpotential were denoted as jKOH and
jKOD, respectively. The kinetic isotope effect (KIE) was defined using
the following equation:

KIE=
jKOH
jKOD

� �
η

ð9Þ

The overpotential in KOH (ηKOH) can be corrected by following
equation:

ηKOH = E Hg=HgO
� �

+ E Hg=HgO,NHE
� �

+0:059×pH� 1:229VRHE

ð10Þ

where E (Hg/HgO) refers to the potential measured using the Hg/HgO
reference electrode, and E (Hg/HgO, NHE) is the equilibrium potential
of the Hg/HgO couple on the NHE scale (0.098 V).

Since the equilibrium potentials for D2/D
+ and O2/D2O redox

couples differ from those of H2/H
+ and O2/H2O redox couples, over-

potentials should be corrected to the RDE (reversible “deuterium”

electrode) scale. The different free energies of formation for H2O
(−237.18 kJmol−1) versus D2O (−243.49 kJmol−1) result in different
equilibrium potentials of 1.229 VRHE and 1.262 VRDE for water
oxidation57. As known, pKD2O

= pOD + pD = 14.87; pKH2O
= pOH + pH =

1458. Given that the concentration of OH− and OD− are identical in 1M
KOH and 1M KOD solutions (pOD ≈ pD), the pD of KOD can be cal-
culated by adding 0.87 to the pH of KOH at the same concentration.
Consequently, the overpotential in KOD (ηKOD) can be corrected by
following equation:

ηKOD = EðHg=HgOÞ+ EðHg=HgO, NDEÞ+0:059
× ðpH+0:87Þ � 1:262VRDE

ð11Þ

where E (Hg/HgO, NDE) represents the equilibrium potential of the
Hg/HgO couple on the NDE (normal “deuterium” electrode) scale. The
equilibrium potential for the D2/D

+ couple (−0.013 V) differs from that
of the H2/H

+ couple (0 V), indicating a difference of −0.013 V between
the NDE and NHE scales57. Therefore, E (Hg/HgO, NDE) is calculated as
(0.098−0.013) V.

Computational details
DFT calculations were performed using the Vienna Ab-initio Simula-
tion Packageprogram59–61. The electron-core interactionwas described
by the projector augmented wave method. The exchange–correlation
energy was described by the Perdew−Burke−Ernzerhof functional
within the generalized gradient approximation62. A plane-wave cutoff
energy of 400 eV was applied for expanding the Kohn–Sham wave
functions. Sampling of the Brillouin zone was carried out using a
1 × 1 × 1 Monkhorst–Pack k-point grid, while electronic occupancies
were determined using Gaussian smearing with a width of 0.05 eV.
Additional calculations for Kohn−Sham molecular orbitals, Mayer
bond orders, and atomic charges were performed using the Gaussian

16 program63. The Ni and Fe transitionmetals were loaded on the edge
of 4 × 2 graphene unit cells with supercell dimensions of
12.3 × 17.0 × 20.00Å3.

The conventional single-site OER reaction pathway in alkaline
media can be summarized as follows:

* +OH� ! *OH+e� ð12Þ

*OH+OH� ! *O +H2O+ e� ð13Þ

*O+OH� ! *OOH+e� ð14Þ

*OOH+OH� ! *O2 +H2O+e� ð15Þ

*O2 ! * +O2 ð16Þ

While the dual-site OER reaction pathway is:

Ni*OH�Fe* +OH� ! Ni*OH� Fe*OH+e� ð17Þ

Ni*OH� Fe*OH ! Ni*OH2 � Fe*O ð18Þ

Ni*
OH2 �Fe* O ! Ni* Fe*

O+H2O ð19Þ

Ni* Fe*
O+OH� ! Ni* Fe*

OOH+e� ð20Þ

Ni* Fe*
OOH+OH� ! Ni* Fe*

O2 +H2O+e� ð21Þ

Ni* Fe*
O2 ! Ni* Fe*

+O2 ð22Þ

Ni* Fe*
+OH� ! Ni*OH�Fe* + e� ð23Þ

where Ni* and Fe* denote the active sites of Ni and Fe, respectively.
Following the computational hydrogen electrode (CHE) model64,

the reaction free energy (ΔG) for each step is calculated as follows:

ΔG=ΔE +ΔZPE� TΔS� jejU ð24Þ

where ΔE is the reaction energy from DFT calculations, ΔZPE is the
change in zero-point energy, T is the temperature of 298.15 K, ΔS is the
change in entropy, e is the transferred charge, and U is the applied
potential. The free energy of (H+ + e−) is equal to that of 1/2 H2. The
calculated values are shown in Supplementary Table 7. The free energy
of O2 was derived as GO2

= 2GH2O
� 2GH2

+ 4.92.
All AIMD simulations were conducted by employing the CP2K

package65. The simulations were sampled by the canonical (NVT)
ensemble using Nose–Hoover thermostats66,67 with a finite tempera-
ture of 300K for 12 ps. The model included 111 water molecules,
resulting in an average density of ~1 g/cm3 to replicate the solvent
environment. Free energy profiles for intramolecular H transfer were
calculated by integrating the potential of mean force along predefined
reaction coordinates, represented by collective variables (CVs)68. Each
constrainedMD simulation began with a 1 ps equilibration followed by
a 1 ps production to collect data for mean force calculations.

The atomic coordinates of the optimized models, and the initial
and final configurations in AIMD simulations are provided in Supple-
mentary Data 1.
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Data availability
We declare that all data supporting the findings of this study are
available in the paper and Supplementary Information. Source data file
has been deposited in Figshare under accession code (https://doi.org/
10.6084/m9.figshare.27086794)69.
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