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Dissolved Fe species enable a cooperative 
solid–molecular mechanism for the oxygen 
evolution reaction on NiFe-based catalysts
 

Chunguang Kuai    1  , Liping Liu    2,8, Anyang Hu    1,8, Yan Zhang3, Yuxin Zhang1, 
Dawei Xia1, Dennis Nordlund    3, Dimosthenis Sokaras    3, Donato Decarolis4, 
Diego Gianolio    4, Hongliang Xin    2  , Luxi Li    5   & Feng Lin    1,6,7 

The oxygen evolution reaction is a key process in many energy technologies, 
but improving its efficiency remains challenging due to the energy 
scaling relationships that limit the reaction kinetics on conventional 
single-active-site solid catalysts. Here we report a cooperative solid–
molecular mechanism for oxygen evolution on NiFe-based hydroxide 
electrocatalysts. By identifying the critical interfacial species and 
understanding their dynamics, we find that molecular FeO4

2− species, 
derived from the dissolution of Fe from the solid catalyst, act as molecular 
co-catalysts that participate in the critical O–O bond-formation step 
along with solid sites. This synergistic mechanism, involving both solid 
and molecular active species, circumvents the typical scaling limitations 
observed for solid catalysts alone. Our findings reveal an unconventional 
solid–molecular mechanism that governs electrocatalysis at the solid–
liquid interface and suggest a strategy for transcending scaling constraints 
through cooperative multi-site catalysis.

The oxygen evolution reaction (OER) on solid catalysts is generally 
believed to proceed via a four-step process, with each step involving 
distinct intermediates1–14. The kinetics of these steps are restricted 
by the linear adsorption-energy scaling relationships between these 
intermediates15,16. Reducing the energy barrier for O–O bond forma-
tion without compromising the other elementary steps is essential for 
improving the oxygen evolution activity17–20. Designing a solid cata-
lyst structure may bypass this limitation21–23. However, owing to the 
dissolution/redeposition of surface metal cations, the pre-designed 
structure can be substantially modified during electrocatalysis2,24–27, 
making it challenging to break the theoretical scaling relationship 
solely via structural design of the solid catalyst. Can the dissolved 
metal cations, which are not geometrically confined to the solid 

surface, participate in electrocatalytic reactions? Answering this 
question could provide opportunities for circumventing the usual 
adsorption-energy scaling limitations.

Dynamic dissolution/redeposition of surface metal cations is 
ubiquitous in heterogeneous electrocatalysis28–31. The discussion on 
this issue in OER catalysis dates back to Corrigan who, in 1987, investi-
gated the effect of Fe impurities on the OER performance of Ni oxide 
electrodes32. Subsequent studies revealed that even minute traces 
of Fe in the electrolyte significantly enhance the performance of the 
Ni oxide electrode31,33,34. Nevertheless, the precise role of Fe in the 
electrolyte remains unknown. Through a detailed investigation of the 
electrochemical performance when introducing Fe into the electrolyte, 
Boettcher and colleagues35 proposed that Fe species can be redeposited 
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differentiating the electrode and electrolyte becomes apparent in 
the Ni distribution map, delineating an interfacial diffusion layer that 
spans around 10 μm into the electrolyte (Fig. 1c and Supplementary 
Figs. 8 and 9). By correlating the fluorescence intensity of Fe and Ni 
at the electrode and interface with the current density across various 
potentials, we observe a positive correlation between the current 
density and the fluorescence intensity of both Fe and Ni, whether 
measured on the electrode or in the interfacial region (Fig. 1d,e and 
Supplementary Fig. 10). As the potential is increased, metal ions 
dissolved into the bulk electrolyte are driven towards the electrode 
surface, increasing the metal species both on the electrode and in 
the interfacial region6.

Although both Ni and Fe are discernible at the interface, the intro-
duction of additional Ni cations into the electrolyte shows a marginal 
impact on the OER performance compared with the addition of Fe cati-
ons (Supplementary Figs. 17 and 18). It was reported that Ni primarily 
acts as a host for Fe species37, thereby enhancing the conductivity and 
facilitating the formation of high-valent Fe (ref. 6). After introducing 
Ni into the electrolyte, the adsorption and redeposition of the Ni spe-
cies will provide more host structures for the Fe species, resulting the 
slightly enhanced performance. The Fe cations added to the electrolyte 
introduce a much higher dynamic response than the Ni species (Sup-
plementary Figs. 5 and 6). Therefore, these results show that mobile 
Fe species play a pivotal role in the OER, which led us to investigate the 
intricate dynamics of the mobile Fe species.

Dynamics of different Fe species during the OER
Our previous studies showed the gradual transformation of the lat-
tice Fe (that is, Ni0.75Fe0.25(OH)2) into segregated Fe (that is, FeOOH) 
during the OER29. These two species are both in solid form on the 
electrode during the OER. It has been reported that FeO4

2− species 
can also be produced at high potentials during the OER51,52. Here we 
use ultraviolet-visible (UV-vis) spectroscopy to detect the presence of 
FeO4

2− species in our system. As both high pH and Na+ concentrations 
can alleviate the decomposition of FeO4

2− species in the solution53, we 
used a highly concentrated alkali electrolyte with Na+ for the meas-
urements. After holding the MNF electrode at 1.63 and 1.73 V vs RHE 
(Supplementary Figs. 19 and 20 and Fig. 2a,b), clear double peaks at 
around 505 and 582 nm appeared after long-term chronoamperom-
etry measurements at both potentials, which is an indication that the 
FeO4

2− species have been formed during the OER51. Quantitative analysis 
for the sample measured at 1.73 V vs RHE based on the standard lines 
of 505 and 582 nm show comparable values of 1.99 and 1.75 μmol l−1, 
respectively (Fig. 2b). The above results support the production of 
FeO4

2− species during the OER.
To further confirm the presence of FeO4

2− species, the operando 
X-ray absorption spectrum of the sample at 1.63 V vs RHE was compared 
with those obtained for a K2FeO4 solution in 1 M KOH and a solid K2FeO4 
sample (Fig. 2c). The spectra of the K2FeO4 solution and the solid K2FeO4 
pellet feature two key characteristics: a pronounced pre-edge peak 
at around 7,114.9 eV and a reduced white line intensity, both of which 
are indicative of FeO4

2−. However, the pre-edge peak of the K2FeO4 
solution is weaker than that of pure K2FeO4 (ref. 54), indicating partial 
decomposition. Thus, the reference X-ray absorption spectrum of 
the K2FeO4 solution is a superposition of FeO4

2− and its decomposed 
FeOOH product. We then compared the R-space of the extended X-ray 
absorption fine-structure (EXAFS) spectra (Fig. 2d). Two obvious Fe–O 
peaks can be seen at around 1.05 and 1.44 Å, which can be ascribed to 
the Fe–O bond in FeO4

2− (~1.66 Å) and FeOOH (~2.10 Å), respectively. The 
peak at ~1.05 Å is also evident for our MNF sample when measured at 
1.63 V vs RHE (Fig. 2d), which is clear evidence that FeO4

2− species were 
present during the OER. The EXAFS fitting reveals that the ultrashort 
bond length is around 1.65 Å (Supplementary Figs. 21 and 22 and Sup-
plementary Table 2), which matches well with the Fe–O bond length 
in FeO4

2− (ref. 54).

at edge sites of the Ni oxide electrode, functioning as highly reactive 
solid active sites. Some recent studies have also shown a strong cor-
relation between dissolution/redeposition and the water oxidation 
activity24,28,30,36,37. However, these studies have focused mainly on the 
solid surface, and the parts played by dissolved metal cations have not 
been probed directly, resulting in an incomplete understanding of the 
OER mechanism at the solid–liquid electrochemical interface38–45.

Here we report a cooperative solid–molecular mechanism for 
the OER, where molecular species dissolved from the solid surface act 
as co-catalysts in the rate-determining O–O bond-formation step on 
benchmark NiFe-based hydroxide electrocatalysts. This mechanism 
involves a solid Fe catalytic centre and a mobile molecular ferrate(VI) 
oxyanion (FeO4

2−) co-catalyst in relaying key oxygen intermediates,  
distinct from the traditional pathways. Such a cooperative solid– 
molecular catalytic mechanism facilitates the key O–O bond-formation 
step and enhances the catalytic activity by going beyond the linear 
scaling constraints observed on monofunctional solid catalysts. These 
findings offer insights into tuning the solid–electrolyte interface for 
cooperative catalysis via a solid–molecular mechanism.

Results
Electrode–electrolyte interface dynamics during the OER
We used ultrathin NiFe catalysts as the platform, prepared using a previ-
ously developed method46 (Supplementary Fig. 1). The electrode was 
prepared via drop casting a catalyst ink onto carbon paper (Supplemen-
tary Fig. 2). During the OER, these catalysts undergo dynamic changes 
both electronically and chemically29. We first applied electrochemical 
quartz crystal microbalance and operando synchrotron X-ray fluores-
cence microscopy (XFM)47,48 to investigate the dynamics of metal ions at 
the solid–liquid interface during electrochemical cycling, with a focus 
on both the solid and liquid phases. Supplementary Note 1 provides 
details about these measurements.

The electrode undergoes severe dissolution during the initial 
rounds of cyclic voltammetry (Supplementary Fig. 3). After dissolution 
and redeposition had reached a dynamic balance for each cycle, we then 
studied the dynamic behaviour of the Fe and Ni species during the OER 
(Fig. 1). There is a clear link between the OER current density and mass 
change (Fig. 1a and Supplementary Fig. 4). Notably, reversible mass 
changes are observed during cyclic voltammetry scans (Fig. 1a), with 
an increase in electrode mass at more positive potentials.

Our focus then turned towards discerning the factors driving 
the observed mass variation during the OER. Operando XFM results 
obtained at the electrode shed light on this dynamic mass change, 
primarily establishing a correlation with Ni and Fe species, as outlined 
in Supplementary Figs. 5 and 6. The mobile Fe species are defined as Fe 
species present in the electrolyte, either dissolved from the mixed NiFe 
hydroxide (MNF) electrode or from the pre-added iron gluconate in this 
study. Notably, with and without the addition of iron gluconate to the 
electrolyte, the Ni and Fe species exhibit similar potential-dependent 
mass-change behaviour during the OER. On the electrode, both Ni 
and Fe exhibit minimal mass changes at the OER onset potential of 
1.43 V versus the reversible hydrogen electrode (RHE) (Supplementary 
Figs. 5 and 6). As the applied potential is increased, there is a clear mass 
increase for both Ni and Fe. Conversely, as the potential is brought down 
to the open-circuit potential (OCP), both Ni and Fe show a decrease in 
mass. These findings demonstrate the mobile characteristic of Ni and 
Fe species during the OER.

Our inquiry then extends to the dynamic behaviour of these spe-
cies at the electrode–electrolyte interface (Fig. 1b–e and Supplemen-
tary Figs. 7–16). We observe both Ni and Fe species in the electrolyte 
even at the OCP (Supplementary Figs. 7–11), which can be attributed 
to the dynamic dissolution and redeposition of the solid hydroxide 
catalyst30,49. Driven by the difference in chemical potential between 
the solid electrode and the electrolyte, a clear interfacial region 
with different chemical structures will be formed48,50. A boundary 
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We used operando hard X-ray absorption spectroscopy (hXAS) to 
investigate the dynamic electronic behaviour of Fe species during the 
OER. Here we first discuss the hXAS measurements for the electrode. At 
1.53 V vs RHE, both Fe and Ni swiftly converge towards their equilibrium 
oxidation states, as shown in Supplementary Fig. 23. By lowering the 
overpotential all the way down to the onset of the OER (1.43 V vs RHE), 
we can spectroscopically probe intermediate species under intrinsic 
kinetic control. A noteworthy observation is the oscillation in the oxi-
dation state of Fe at the OER onset potential (Supplementary Figs. 24 
and 25). Supplementary Figure 24 shows the Fe K-edge XAS spectrum 
at the OER onset potential (1.43 V vs RHE), displaying oxidation-state 
oscillations that can be fitted on the basis of the Fe spectrum at 1.63 V 
vs RHE and the spectrum at the OCP (Supplementary Fig. 25). The ratio 
of these components shows oscillatory behaviour with the measure-
ment sequence (Supplementary Fig. 25h). By contrast, the Ni species 
show a continuous rise in the oxidation state (Supplementary Fig. 26). 
We carried out a further analysis on the EXAFS data of both Fe and Ni 
obtained at this potential (Supplementary Fig. 27). During the first 

measurement, the local structure changed dramatically both for Ni 
and Fe, especially at the first shell, which represents the Fe–O bond 
structure. This result indicates that substantial structural rearrange-
ment occurs during the initial stage of catalyst oxidation. After three 
consecutive measurements, the Ni oxide host structure approached 
its stabilized high-oxidation structure obtained at 1.63 V vs RHE. Mean-
while, for Fe, during seven consecutive measurements, the Fe–O bond 
structure changed dynamically. As this potential is around the OER 
onset, these dynamic changes could be related to the OER process, and 
the high-oxidation-state Fe generated may not be stable. The above 
observation suggests that there are dynamic structural and electronic 
changes in the Fe centres during the OER.

Relative to the Ni centre, the Fe local structure demonstrates more 
pronounced dynamic alterations at OER potentials, especially beyond 
the second scattering shell (Fig. 2e and Supplementary Fig. 28). These 
pronounced dynamic alterations may be related to the transformation 
among different Fe species during the OER. In the following, we use the 
X-ray spectroscopy results to explore the dynamic changes in the Fe 
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Fig. 1 | Dynamic behaviour at the electrode–electrolyte interface. a, Cyclic 
voltammetry cycles and mass variations of the MNF electrode following the 
initial five cyclic voltammetry cycles when dissolution/redeposition reaches 
a dynamic equilibrium. The mass variation (Δm) is monitored during cyclic 
voltammetry scans between 1.13 and 1.63 V versus RHE, at a scan rate of 1 mV s−1. 
b,c, Operando XFM images showing the fluorescence intensity distribution of 
Fe (b) and Ni (c) ions from the electrode to the electrolyte at 1.63 V versus RHE. 
The curve above each XFM image shows the fluorescence intensity distribution 
from the electrode to the electrolyte. The colour scale indicates the fluorescence 
intensity, which is determined by the element concentration, X-ray fluorescence 
yields, mass attenuation coefficient and X-ray penetration of the incident and 
reflection beam in the electrolyte. These factors collectively result in the huge 

difference in signal magnitude for Ni and Fe. However, when considering Ni and 
Fe separately, the intensities are in a positive relationship with the concentration 
of the metal ions. The length scale of the fluorescence intensity distribution is 
the same for both metals. The spatial resolution is 1 × 1 μm for each. The units for 
the fluorescence intensity are fluorescence counts per pixel. d,e, Fluorescence 
intensity versus the OER current density at various potentials for Fe (d) and Ni (e). 
The electrode and interface regions, as shown in c, are considered separately. The 
data points shown represent the average intensity of the entire region. The error 
bars denote the s.d. of six consecutive XFM scans. Data are presented as mean ±  
s.d. From left to right, the applied potentials for the data are 1.43, 1.48, 1.53 and 
1.63 V vs RHE.
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Fig. 2 | Dynamic local structural change in Fe species during the OER. 
a, Identification of FeO4

2− ions in the electrolyte after electrochemical 
measurement. Purple: standard UV-vis spectrum of K2FeO4 in 5 M NaOH + 5 M 
KOH. Red: UV-vis spectrum of the electrolyte after a 3.5 h chronoamperometry 
(CA) measurement at 1.73 V vs RHE in 5 M NaOH + 5 M KOH. Black: standard 
UV-vis spectrum of Fe(NO3)3 solution. b, Quantification of the FeO4

2− species in 
the electrolyte after the chronoamperometry measurement. After dissolving 
K2FeO4 powder in 5 M KOH + 5 M NaOH solution, where FeO4

2− can be stabilized, 
the concentration of Fe in the solution was determined via microwave plasma 
atomic emission spectroscopy measurements. Standard linear relationships 
were established between the absorbance (A) intensities and the concentrations. 
Following the chronoamperometry measurement, the FeO4

2− concentration 
in the NiFe sample’s electrolyte is assessed using the established linear 
relationships. This yields comparable values of 1.99 and 1.75 μmol l−1 at the 505 
and 582 nm lines, respectively. The blue diamond and red star symbol represent 
the absorption of the NiFe sample’s electrolyte at 505 and 582 nm. c, Fe K-edge 
X-ray absorption near-edge spectroscopy measurements of the reference 

samples and NiFe samples in different states. d, Fe K-edge EXAFS measurements 
of reference samples and the NiFe samples in different states. Two K2FeO4 
reference samples were measured: one is in liquid form and the other is in solid 
form. The liquid sample is prepared by dissolving 0.1 M K2FeO4 in 1 M KOH. K2FeO4 
powder (100 mg) is quickly pressed to form the solid pellet in air, and is then 
sealed using Kapton tape. Note that we still can see the Fe–O peak around 1.5 Å 
in the solid K2FeO4 pellet, indicating partial decomposition still occurs even for 
the sealed sample in the solid state. e, Dynamic local structural behaviour of Fe 
species at 1.53 V vs RHE, where six consecutive scans were taken at this potential. 
f, EXAFS fitting of Fe at 1.53 V vs RHE. The solid lines represent the k3-weighted 
Fourier transformed scattering amplitude of the Fe K-edge EXAFS spectra.  
The dashed lines represent the fitting results. FT, Fourier transform. g, Dynamic 
evolution of the scattering paths for the sample measured at 1.53 V vs RHE.  
The sequence refers to measurement sequence of the six consecutive scans in 
e. Data presented by open and filled symbols indicate the Fe–M and Fe–O path 
degeneracies in different local structures, respectively. The error bars represent 
the fitting error.
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local structure during the OER (Fig. 2f,g, Supplementary Fig. 21, Sup-
plementary Table 3 and Supplementary Note 2). Our current results 
confirm that there are at least three Fe species during the OER, which 
are molecular FeO4

2−, lattice Fe and segregated Fe. Here, we investigate 
the dynamic changes in these three distinct Fe species at 1.53 V vs 
RHE (Fig. 2f,g). The outcomes portray the dynamic interplay between 
segregated Fe, lattice Fe and molecular FeO4

2−. The degeneracy of the 
paths associated with molecular FeO4

2− and lattice Fe shows a positive 
correlation. By contrast, the characteristics shown by segregated Fe 
delineate a trajectory reverse to those of lattice Fe and molecular FeO4

2−.
In summary, our operando structural analyses confirm that there 

is dynamic evolution between several Fe species during the OER, that 
is, lattice Fe, segregated Fe and molecular FeO4

2−. They dynamically 
evolve, both electronically and chemically, during the oxygen release.

O–O bond formation promoted by the molecular Fe species
Our investigation now turns to understanding the functional implica-
tions of molecular Fe species, achieved through the manipulation of 
their properties and subsequent assessment of the resultant changes 
in OER performance. Supplementary Figure 29 shows our strategy of 
using light illumination in the electrode–electrolyte interfacial region 
to manipulate the properties of molecular Fe species. On subjecting 
the electrolyte to light illumination, the molecular Fe species become 
excited at the interfacial region, yielding a discernible elevation in 
the OER current density (Fig. 3a). This result further pinpoints the 
critical role of interfacial molecular Fe on the OER performance. We 
hypothesize that the excited molecular Fe species increase the OER 
activity because the O anions in the molecular Fe species participate 
in the O–O bond-formation process.

To shed light on this hypothesis, we first investigated the oxygen 
electronic state of the solid MNF catalyst before and after the OER. 
Obvious O 2p holes are identified using O K-edge XAS (indicated by the 
broad pre-edge peak in the range of 527–530 eV) after the OER, which 
correspond to 2p electron-deficient oxygen sites (μ1-O at 528.5 eV 
and μ2-O at 529 eV) on the catalyst surface3,55,56 (Fig. 3b). At the OER 
active potential (1.63 V vs RHE), the relative peak intensity at 528.5 eV 
decreases compared with 1.43 V vs RHE, where negligible OER occurs 
(Fig. 3c). After O–O bond formation, oxygen is quickly released, con-
suming the *O adsorbate at the catalyst surface and resulting in a 
decrease in the peak intensity at 1.63 V vs RHE. When introducing Fe 
into the Ni catalyst, the peak at 528.5 eV shows a further decrease at 
both 1.43 and 1.63 V vs RHE, indicating that O–O bond formation is 
greatly promoted by the mobile Fe species (Fig. 3b,c). Other than the 
2p electron-deficient oxygen sites, we also identify another oxygen site 
located at 530.7 eV, which can be assigned to μ1-OH (refs. 3,55,56). The 
accumulated μ1-OH sites on the catalyst indicate that deprotonation 
of the μ1-OH species is thermodynamically unfavourable. At the OER 
active potential (1.63 V vs RHE), the relative peak intensity at 530.7 eV 
decreases compared with 1.43 V vs RHE, where negligible OER occurs. 
As deprotonation becomes favourable at elevated potential, the μ1-OH 
species is consumed on the catalyst surface, resulting in a decrease in 
the peak intensity. Following deprotonation of the μ1-OH species, an 
energetically less favourable step involving the formation of an O–O 
bond will occur1,18, through coupling between the surface μ1-O and OH− 
in the electrolyte (that is, the adsorbate evolution mechanism (AEM)) 
or between the surface μ1-O and the molecular Fe species in electrolyte 
(that is, the solid–molecular mechanism (SMM)).

To further understand the interaction between the electrode and 
the molecular Fe species, we also investigated the electronic structure 
change of the molecular Fe species near the electrode during the OER 
using operando high-energy-resolution fluorescence-detection X-ray 
absorption spectroscopy (HERFD-XAS) (Fig. 3d,e and Supplementary 
Fig. 30). The intensities after the edge jump can reflect the Fe concen-
tration near the electrode11. We then use these intensities to normal-
ize the pre-edge peak. Under the OER conditions, the normalized 

intensity of the pre-edge peak for the MNF interface is higher than 
that of Fe3+ in the bulk electrolyte at the OCP, which confirms that the 
average oxidation state of the mobile Fe species near the MNF electrode 
under the OER conditions is higher than 3+ (Fig. 3e). The normalized 
intensity also increased slightly with a higher applied potential. The 
enhancement in pre-edge peak intensity provides further evidence of 
FeO4

2− formation51,52,57. However, it is far below the intensity of FeO4
2−, 

where Fe is in the hexavalent state. We speculate that the kinetics of the 
interaction between the mobile FeO4

2− species and the O species on the 
MNF electrode are very high, thus making the average oxidation state 
of the mobile Fe species near the MNF electrode lower than 6+. To test 
this hypothesis, we compared the interface of the OER inert carbon 
fibre at 1.83 V vs RHE with that of the MNF interface. The pre-edge peak 
is greatly enhanced at the same potential. Its intensity is comparable to 
that of the pre-edge peak for FeO4

2−, indicating that most of the mobile 
Fe species at the carbon fibre interface are in the hexavalent state54. 
We also exclude the possibility that the generation of more FeO4

2− 
on the carbon fibre surface results from a catalytic effect of carbon 
(Supplementary Fig. 31). The above results show that the interaction 
between the electrode and the mobile FeO4

2− species is crucial for the 
OER performance—this is further supported through UV-vis measure-
ments comparing the decomposition rate of FeO4

2− species with and 
without the NiFe electrode (Supplementary Fig. 32).

Solid–molecular active-centre mechanism
In Ni(OH)2 catalysts, the OER typically follows the lattice oxygen 
mechanism58,59. This mechanism entails a critical step involving the for-
mation of *OOH species adsorbed on 2Ni bridge sites (Supplementary 
Figs. 33 and 34), which presents an energy barrier of 0.51 eV (Supple-
mentary Fig. 34) at 1.23 V vs RHE. The introduction of 3d metal cations, 
especially Fe, into these catalysts consistently yields an observable 
enhancement in performance46. Under the OER operating conditions, 
defect-containing MNF and segregated FeOOH catalysts can evolve 
from the pristine MNF catalysts. To identify the active sites of MNF 
catalysts for the OER, systematic grand-canonical density functional 
theory (GC-DFT) calculations were performed to evaluate the OER 
energetics across various sites and catalysts, in addition to their coun-
terparts with diverse defect types, as detailed in Fig. 4a, Supplementary 
Figs. 35–37, and Supplementary Notes 4 and 5. Theoretical results show 
that the Fe top sites of Fe-doped γ-NiOOH and γ-Fe0.25Ni0.75OOH exhibit 
the highest activity for the OER, with the O–O bond formation as the 
potential-limiting step and an overpotential (η) of 0.37 and 0.42 V, 
respectively. They are comparable to literature values35 after consider-
ing the DFT uncertainties60, and in agreement with the experimental 
results (Fig. 4a and Supplementary Note 3). Such catalytic OER activity 
trends are further demonstrated by the well-established linear scaling 
relation and volcano plot (Fig. 4a,d). These mechanisms involve the 
evolution of adsorbed O species (*OH, *O and *OOH), which impose a 
performance limit due to the linear scaling relationship42 (Fig. 4d). Our 
experimental results reveal an important aspect of the OER process 
involving molecular FeO4

2− species. These adsorbed molecular FeO4
2− 

species emerge as pivotal intermediates, which catalytically facilitate 
O–O bond formation through interactions with adsorbed O species 
on the solid electrode.

To further understand the interaction between the molecular 
FeO4

2− species and the adsorbed O species on the solid electrode, we 
conducted GC-DFT calculations with hybrid solvation. After identify-
ing the active centre and most abundant surface intermediates (MASI) 
on the MNF catalysts at different potentials (Fig. 4a,c, Supplementary 
Fig. 42 and Supplementary Notes 4 and 8), we assessed the thermody-
namics of the interaction between *O and the molecular FeO4

2– species, 
which generates the *OOFeO3 intermediate in step 3′ (Fig. 4b,c). The 
formation of *OOFeO3 in step 3′ transfers two electrons to the surface 
in the elementary step and is more thermodynamically favourable than 
the formation of *OOH in step 3, especially at high potentials (Fig. 4c). 
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Notably, the preference of the SMM over the AEM and the lattice oxygen 
mechanism at elevated potentials is consistently observed across all 
investigated sites and catalysts (Supplementary Fig. 37). Further com-
parison of the formation of *OOH and *OOFeO3 intermediates suggests 
that the SMM offers a potential pathway to break the linear scaling in 
conventional OER mechanisms (Fig. 4d). These findings highlight both 
the critical role and the broad applicability of the SMM in promoting 
O–O bond formation and enhancing the OER kinetics (Fig. 4c and Sup-
plementary Fig. 37). The methodology for calculating the Gibbs free 
energy of *OOFeO3 formation is elaborated in Supplementary Fig. 38 
and Supplementary Note 6. To complete the catalytic cycle, *OOFeO3 
can react with two OH– (step 4′) via an exergonic process, which releases 
a gas-phase O2 and renews both the FeO4

2− anions and the catalysts. 
Given that step 3′ is a two-electron transfer step, it is likely that the OER 
rate via the SMM is limited by this step.

Drawing on our experimental and theoretical insights, we intro-
duce a solid–molecular dual-active-centre mechanism for the OER 
that encompasses both solid and molecular catalytic centres (Fig. 4e). 
In contrast to the AEM, this mechanism involves a chemical interplay 

between the molecular Fe species and the *O adsorbate on the solid 
electrode, facilitating O–O bond formation. This dual-active-site mech-
anism unfolds through two distinct processes: first, a heterogeneous 
process involving electrode oxidation and charge transfer between 
the solid active centres and the adsorbed oxy-intermediates; then, a 
molecular-assisted process that facilitates O–O bond formation and O2 
release. Manipulation of the electron-hole state either in the molecular 
Fe or on the electrode surface could subsequently influence the OER 
performance.

Microkinetic analysis
The proposed mechanism suggests that the Fe concentration in the 
electrolyte has a direct effect on the OER current density. As depicted 
in Fig. 5a, our investigation reveals a compelling positive correlation 
between the OER performance and the concentration of iron gluconate 
pre-added to the electrolyte. Up to approximately 1.53 V vs RHE, the 
Tafel slope remains constant at 36 mV dec−1, irrespective of the concen-
tration of iron gluconate. However, above this threshold, the Tafel slope 
exhibits a notable dependency on the concentration, decreasing from 
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Fig. 3 | Interaction between the electrode and the molecular Fe species.  
a, Influence of light-activated molecular Fe species on the OER performance 
at 1.63 V vs RHE. b, Surface-sensitive O K-edge XAS measurement of the Ni 
electrode (bottom trio of peaks) and MNF electrode (top trio) before the OER 
and at different OER potentials in total electron yield mode. The samples were 
prepared by immediately drying and sealing in an argon-filled bag after the 
electrochemical measurements to avoid exposure to moisture in the air and to 
preserve the structural characteristics. c, Normalized μ1-O (528.5 eV) and μ1-OH 
(530.7 eV) intensity values of the Ni and MNF electrodes under the conditions 
shown in b in total electron yield mode. d, Operando HERFD-XAS spectra of  
the interfacial area near the MNF electrode at different OER potentials.  
The measurement point is 8 μm from the electrode surface in the electrolyte 

with the X-ray direction parallel to the electrode surface. In these experiments, 
we added iron gluconate to the electrolyte for a concentration of 1 mmol l−1. 
The potentials applied to the electrode are 1.63, 1.73 and 1.83 V vs RHE. At each 
potential, three consecutive measurements are taken. e, Normalized intensity 
of the HERFD-XAS pre-edge peaks at 7,114 eV from d. The peak intensities are 
normalized by the intensity of the HERFD-XAS signal after the edge jump at 
7,131 eV to eliminate the concentration effect11. Each point represents the average 
peak intensity of three independent scans (detailed spectra are also presented 
in Supplementary Fig. 30). The error bars are the s.d. values calculated from the 
three peak intensity data of different measurements, and the data are presented 
as the mean  ± s.d.
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oxygen vacancy in the nth layer. b, Proposed OER mechanisms on the Fe top site 
of γ-Fe0.25Ni0.75OOH, representing the MNF catalysts. The outer cycle with blue 
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108 to 78 mV dec−1 as the concentration is increased from 0 to 15 µmol l−1 
(Fig. 5b). The analysis of electrochemical impedance spectroscopy 
data shows that the OER kinetics shift from charge-transfer control 
to adsorption control above 1.53 V, due to the adsorption of molecular 
Fe species (Supplementary Figs. 39–41 and Supplementary Note 7).

These findings highlight the significant contribution of molecu-
lar Fe species in NiFe-based electrocatalysts during the OER. Conse-
quently, an in-depth exploration of the kinetic factors that influence 
the change in the Tafel slope could provide insights into the function 
of these molecular Fe species. Previous research has associated the 
transition of the Tafel slope with potential-dependent variations in 
the surface hole coverage and concentration shifts3. When compar-
ing our results with these findings, we conjecture that the adsorbed 
molecular Fe species may potentially serve as carriers of holes dur-
ing the OER. Plausibly, the adsorption-controlled process involves a 
synergistic chemical and electrochemical process, where these hole 
carriers interact with the adsorbed oxy-intermediate on the electrode.

To gain more insight into the OER kinetics, we performed micro-
kinetic analysis on the basis of our proposed mechanism. Consider-
ing that steps 3′ and 3 are the rate-determining steps and proceed in 
parallel (Fig. 4b), the total current density of the OER can be written as 
a summation of the current densities from both the AEM and SMM, as 
shown in the microkinetic modelling of Supplementary Note 8. The 
microkinetic model indicates that the current density at a specific 
potential is influenced by two factors: the surface electron-hole cov-
erage and the concentration of molecular FeO4

2−. At low potentials 
(below 1.53 V vs RHE), the current density is primarily governed by the 

potential-dependent coverage of surface *O with electron holes, as 
depicted in Fig. 5b and explained in the Supplementary Note 4. When 
Fe is introduced, it hinders the oxidation of the Ni centre, resulting in a 
decrease in surface hole coverage30,31. Consequently, this has a slightly 
negative impact on the current density (Fig. 5c). On surpassing 1.53 V 
vs RHE, the MASI are identified as *O with an electron hole in it (Fig. 4c 
and Supplementary Notes 4 and 8). At this point, the adsorption of 
molecular FeO4

2− starts to dominate the control of the current den-
sity (Fig. 5b). This establishes a transitional region between 1.53 and 
1.58 V vs RHE, where both the hole coverage and FeO4

2− concentration 
play crucial roles in determining the current density (Fig. 5c). As the 
potential continues to rise, the current density becomes solely reli-
ant on the adsorption of molecular FeO4

2− (step 3′). As a consequence, 
it exhibits a linear relationship with the concentration of Fe3+ in the 
electrolyte (Fig. 5c). Under such high potentials (>1.53 V vs RHE), as step 
3′ involves two-electron transfer, the microkinetic model shows that 
the Tafel slope of the MNF catalysts in the presence of the molecular 
FeO4

2− species is lower than that of the pristine MNF catalysts, and 
decreases towards 69 mV dec−1 (Supplementary Figs. 42 and 43) with 
an increasing concentration of molecular FeO4

2− species, aligning well 
with the experimental observation (Fig. 5b).

Conclusions and discussion
Explaining the critical role of molecular Fe species in the OER, as 
presented in this study, offers valuable mechanistic insights into the 
well-documented phenomena of metal dissolution and redeposition 
at the OER interface. Our findings demonstrate that these molecular 
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Fe species act as molecular co-catalysts, facilitating crucial O–O bond 
formation at the solid catalytic centre. By elucidating the pivotal role 
of dynamic metal redeposition in modulating the reactivity, these 
findings provide key insights into interfacial processes during oxy-
gen evolution. In contrast to the limitations imposed by the linear 
adsorption-energy relationship and rigid geometric constraints in 
traditional solid active-centre mechanisms, this solid–molecular 
active-centre mechanism introduces a higher degree of freedom for 
optimizing the OER performance. Owing to the significant structural 
differences between solid-phase and molecular catalysts, they can 
complement each other in controlling the OER intermediates. Spe-
cifically, in terms of the electronic structure, solid-phase catalysts 
form band structures with delocalized electronic states, whereas 
molecular catalysts form molecular orbitals, resulting in localized 
electronic levels. These differences in electronic structure lead to dis-
tinct electron-transfer behaviours between active centres and adsorbed 
oxygen species, influencing the kinetics of intermediate species. In 
addition, external factors influence solid-phase and molecular catalysts 
differently. Solid-phase catalysts expose only their surface to the elec-
trolyte, with their intrinsic properties largely unaffected by the external 
environment. By contrast, molecular catalysts are fully immersed in 
the electrolyte, making their chemical and electronic structures highly 
tunable via the reaction environment. This distinction suggests that a 
hybrid solid–molecular catalytic system could independently regulate 
OER intermediates, achieving the synchronized optimization of criti-
cal reaction steps. We anticipate that this proposed solid–molecular 
mechanism will not only advance our understanding of the OER process 
but also provide opportunities in the design of innovative OER catalytic 
systems. By integrating both solid and molecular active centres, this 
approach could help push the OER performance towards the thermo-
dynamic limit, overcoming existing energy scaling constraints and 
enabling more efficient water-splitting technologies.

Methods
Synthesis of the ultrathin MNF catalysts
First, the metal source (nickel acetate tetrahydrate and ferrous chlo-
ride; 0.5 mmol) was dissolved in ethanol (200 ml) and heated to 90 °C, 
then ammonia (2 ml) was added dropwise to the solution with vigor-
ous stirring. After that, deionized water (100 ml) was added into the 
mixture. This mixture was then held at 90 °C for 1.5 h under vigorous 
stirring. After cooling to room temperature, the product was collected 
through vacuum filtration and re-dispersed into water. After being 
sonicated for 30 min, the mixture was filtered again through vacuum 
filtration. The sonication and cleaning steps were repeated at least 
three times, and the product was collected and dispersed in deionized 
water (30 ml) for further use.

Preparation of MNF electrode on carbon paper
First, the catalyst (~35 mg) was dispersed in deionized water (30 ml) 
and sonicated in solution to give a clear yellowish ink. Then, this yel-
lowish ink (0.5 ml) was mixed with methanol (0.5 ml). The mixture was 
sonicated for 30 min to yield a homogeneously dispersed catalyst 
ink. Then, the catalyst ink (20 μl) was drop cast onto carbon paper 
(0.5 × 0.4 cm; Toray Carbon Paper 090, Fuel Cell Store) and dried in 
air. Subsequently, the electrode was dried further using a vacuum 
oven at 120 °C for 6 h. The mass loading of the catalysts was around 
0.06 mg cm−2, as calculated from the concentration and volume of the 
catalyst ink cast onto the carbon paper.

Preparation of MNF electrode on Au electrode
First, the catalyst (~35 mg) was dispersed in deionized water (30 ml) and 
sonicated in solution to give a clear yellowish ink. Then, this yellowish 
ink (0.5 ml) was mixed with methanol (0.5 ml) and Nafion solution 
(20 μl). The mixture was sonicated for 30 min to yield a homogene-
ously dispersed catalyst ink. Then, the catalyst ink (20 μl) was drop cast 

onto a 5-mm-diameter Au electrode and dried in air. Subsequently, the 
electrode was dried further using a vacuum oven at 120 °C for 6 h. The 
mass loading of the catalysts was around 0.06 mg cm−2, as calculated 
from the concentration and volume of the catalyst ink cast on the Au 
electrode.

OER measurements
Electrochemical measurements were carried out using a CHI 760E 
potentiostat and a BioLogic SP-150 potentiostat. For the electrochemi-
cal measurements, a three-electrode configuration was used with 
a graphite carbon rod as the counter electrode and Hg/HgO as the 
reference electrode. The applied potential was converted to the RHE 
scale using the following equation:

E(RHE) = E(Hg/HgO) + 0.059pH + 0.098 (1)

where E represents the applied potential on the working electrode. The 
electrolyte used here is 1 M KOH with the addition of iron gluconate at 
different concentrations. For the electrolyte without adding iron gluco-
nate, we performed an Fe purification procedure before use according 
to the method in ref. 6. To precisely control the amount of Fe added to 
the solution, we used iron gluconate as the Fe source, as gluconate can 
act as an effective chelating agent in alkaline environments.

Synchrotron XFM measurements
Samples for operando synchrotron XFM analysis were prepared with 
the same method as used for the electrochemical measurements. XFM 
measurements were conducted at the 2-ID-D and 2-ID-E beamlines of 
Advanced Photon Source, Argonne National Laboratory. The samples 
were raster-scanned using a submicrometre focused 10 keV X-ray beam 
with a step size of 1 μm. The fluorescent X-rays were detected using 
an energy-dispersive Vortex silicon drift detector. The schematic of 
the experimental set-up can be found in refs. 47,48. The raw data were 
processed and quantified using XRF-MAPS software61.

Synchrotron XAS measurements
The XAS measurements were carried out at Stanford Synchrotron 
Radiation Lightsource, SLAC National Accelerator Laboratory, except 
for the K2FeO4 standards, which were measured at Diamond Light 
Source. For all of the experiments, samples were prepared on carbon 
paper (Toray Carbon Paper 090) in a manner similar to that for the elec-
trochemical tests, removing Nafion to prevent undesired interference. 
The hXAS experiments were performed at Beam Line 4-1, both Ni and Fe 
K-edge spectra were collected in fluorescence mode with the samples 
aligned at an angle of ~45° with respect to the incident beam and the 
Lytle detector. To minimize the background from elastic and Compton 
scattering, Z−1 filters (for example, a Mn filter for the Fe K-edge and a Co 
filter for the Ni K-edge) with Soller slits were placed before the window 
of the detector. Pure metal foils were used to align the threshold energy 
E0 to 7,113 and 8,333 eV for Fe and Ni, respectively. A custom-designed 
cell was used to perform the operando measurements. Specifically, 
a cuvette was used as the main cell, and on one side, a circular hole 
with the diameter of 5 mm was cut, with the centre of the hole ~10 mm 
higher than the bottom of the cuvette. Then, a 1-μm-thick silicon nitride 
window (5 × 5 mm on a 10 × 10 mm, 200-μm-thick silicon supporting 
frame), with a Cr adhesion layer (5 nm) and a Au layer (20 nm), was used 
as the working electrode. The ink was prepared with water as the sol-
vent and then added dropwise onto the electrode with a mass loading 
of 0.15 mg cm−2. A silver wire was connected to the Au layer with silver 
paste to conduct electrons, and then the whole electrode was attached 
to the cuvette with Fe-free epoxy to keep the window just above the 
hole touching the electrolyte (1 M KOH) inside. During operando XAS 
measurements, a three-electrode set-up using a Pt counter electrode 
(DOE Business Centre for Precious Metals Sales and Recovery) and an 
Ag/AgCl/saturated-KCl reference electrode (ET072, CH Instruments) 
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was controlled using a potentiostat (SP-300, BioLogic). The EXAFS data 
were averaged and normalized using SIXPack and spline-fitted using 
IFEFFIT39 through the Athena graphical user interface62–64.

Soft XAS for Ni, Fe L-edge and O K-edge was performed at Beam 
Line 10-1. Samples for soft XAS were mounted on a ¾ inch aluminium 
stick at an angle of about 55° with respect to the incident beam. A 
1,000-lines-per-mm spherical grating monochromator with 20 μm 
entrance and exit slits was applied to provide ~1011 photons per s at 
0.2 eV resolution in a 1 mm2 beam spot. Spectra were acquired using a 
silicon photodiode (AXUV100) for total fluorescence yield mode and 
a Scienta SES-100 analyser for total electron yield mode.

Synchrotron HERFD-XAS measurements
The HERFD-XAS measurements were carried out at the 2-ID-D beam-
line of Advanced Photon Source, Argonne National Laboratory. The 
measurements were performed at the interfacial area about 8 μm 
from the electrode surface. The spectra were collected with a step 
size of 0.5 eV covering an energy range of 60 eV. The fluorescent X-rays 
were detected using a single-element Vortex silicon drift detector. A 
schematic of the experimental set-up can be found in ref. 48. The raw 
data were processed and quantified using XPS-MAPS61.

DFT computational details
All periodic DFT calculations with spin polarization were performed 
using Vienna ab initio simulation package (VASP)65. Core and valence 
electrons were described using the projector-augmented wave pseu-
dopotentials with the cut-off energy of 400 eV. Exchange–correlation 
was treated at the generalized gradient approximation level using the 
Perdew–Burke–Ernzerhof (PBE) functional, and the Gaussian smear-
ing method was chosen with a width of 0.05 eV. The precision was set 
to ‘accurate’. To account for on-site Coulomb repulsion in the strongly 
correlated 3d orbitals of Ni and Fe, the rotationally invariant DFT+U 
method was adopted with effective Hubbard parameters (Ueff) of 6.2 and 
3.5 eV, respectively. The van der Waals interactions were included with 
Grimme’s DFT-D3 scheme. Implicit solvation was used through both 
the VASPsol66 and VASPsol++67 packages with a continuum dielectric 
description of the electrolytes. To describe the experimental aqueous 
solution (1 M KOH) in VASPsol, the dielectric constant was set to 78.4, 
and a Debye screening length of 3 Å was used. To represent the experi-
mental aqueous solution (1 M KOH) in VASPsol++67, the concentration 
of the electrolyte, ionic radius and ion valency were set as 1 mol l−1, 1.33 Å 
and 1.0, respectively. More detailed benchmarking shows that the ionic 
radius has a negligible effect on the adsorption energy calculations. 
For structure optimizations, the convergence criteria of energies and 
forces were set to 10−5 eV and 0.03 eV Å−1, respectively.

Pure γ-NiOOH, Fe-doped γ-NiOOH, γ-Fe0.25Ni0.75OOH and γ-FeOOH 
were constructed to investigate the OER active sites on the electrode, 
consistent with previous work by Friebel et al.42. As exported from the 
work of Friebel et al.42, the unit cells for γ-NiOOH, γ-Fe0.25Ni0.75OOH and 
γ-FeOOH were further optimized in this study. As the (01 ̄12) surface has 
undercoordinated metal sites, it was found to have a high OER activity 
and thus was chosen as the termination facet of γ-NiOOH and 
γ-Fe0.25Ni0.75OOH (Supplementary Fig. 33). The (01 ̄12) surface was con-
structed with three surface unit meshes in the x direction and four 
metal sites in each surface unit mesh, and four O–metal–O layers in the 
z direction. The undercoordinated oxygens exposed on the surface 
were saturated with hydrogens, which were found to be thermodynami-
cally stable under moderate OER conditions. In the slab models, two 
bottom O–metal–O layers are fixed in their bulk positions. To avoid 
spurious interactions between periodic slabs, a 30 Å vacuum gap was 
used. Finally, the surface models were constructed, representing the 
structure of the NiOxHy and FeNiOxHy catalysts (Supplementary Fig. 33). 
Both Fe-doped γ-NiOOH and γ-Fe0.25Ni0.75OOH have been widely 
adopted to represent MNF hydroxide catalysts (Supplementary Fig. 33), 
and both of these were included in this study. For γ-FeOOH, we used 

the (001) surface, consistent with ref. 42. The Brillouin zones for the 
unit cell and the slab were sampled using Monkhorst–Pack meshes of 
6 × 6 × 2 and 1 × 1 × 1, respectively.

Thermodynamics under constant potential using GC-DFT
The constant-potential method within VASPsol++ was recently devel-
oped by Islam et al.67 utilizing a nonlinear, nonlocal implicit model 
within the framework of GC-DFT. In this method, the Fermi level of the 
electrode is referenced to the bulk electrolyte and can be controlled by 
tuning the number of electrons in the system. In addition to the high 
accuracy of the new electrolyte model, this approach has been success-
fully integrated into VASP, significantly enhancing the efficiency of 
GC-DFT by enabling all calculations to be performed within VASP itself. 
As a result, the constant-potential method becomes computationally 
tractable for large, complex systems, as demonstrated in this study.

Although GC-DFT based on the VASPsol66 and atomic simulation 
environment (ASE) interfaces68 has been widely applied in numerous 
scientific studies, it suffers from slow input/output of charge density, 
wavefunction and local potential files, significantly limiting its appli-
cability to large and complex systems. To overcome this challenge, 
GC-DFT at 1.53 V vs RHE using VASPsol++ was used here to model large 
systems comprising ~200 atoms, ensuring both computational effi-
ciency and accuracy.

When performing constant-potential calculations, the 
grand-canonical energy of the system (Ωtot) with only implicit solva-
tion is calculated as:

Ωtot = Atot − μe− × Ne− (2)

where Atot is the energy of the system within the implicit solvation at 
1.53 V vs RHE, μe− is the chemical potential of an electron and Ne− is the 
number of electrons added to (positive in sign) or removed from (nega-
tive in sign) the neural systems.

In contrast to systems with only implict solvation, the 
grand-canonical energy of the system with hybrid solvation (Ωsys) is 
determined by:

Ωsys = Ωtot − nH2OAH2O − nHBEHBcorr (3)

where nH2O is the number of explicit H2O molecules, AH2O is the energy 
of implicitly solvated H2O molecules, nHB is the total number of hydro-
gen bonds involving explicit waters, and EHBcorr denotes the correction 
applied to each hydrogen bond (−0.18 eV), which has been bench-
marked using the PBE functional to reproduce the self-solvation energy 
of water in the process H2O(g) + 4H2O → H2O·4H2O. In Fig. 4b, nHB = 6. 
More details regarding the hydrogen-bond correction can be found in 
ref. 67.

The Gibbs free energy (G) was calculated as:

G = Ωtot + EZPE + CpT − TS (4)

in which EZPE, Cp and S are the zero-point energy, the heat capacity 
and the entropy of each gas-phase species or surface intermediate, 
respectively, and T is the thermodynamic temperature. The EZPE, Cp 
and S values of the surface intermediates were calculated within the 
harmonic approximation. The ASE package was used to calculate the 
Gibbs free energy of gaseous and adsorbed species at 298 K and 1 atm. 
The free energy of liquid water is calculated using the vapour pressure 
of gas-phase water at 298 K (0.035 bar). The thermodynamic terms 
and corrections for gas-phase molecules and surface adsorbates are 
provided in Supplementary Table 1.

Computational hydrogen electrode under alkaline conditions
The computational hydrogen electrode was used to calculate the free 
energy changes of elementary steps in our system. The hydrogen 
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evolution reaction in alkaline aqueous solution (pH = 14) and its stand-
ard electrode potential (U0, versus the standard hydrogen electrode 
(SHE)) are shown below:

H2O(l) + e− ↔ 1
2H2(g) +OH−(aq) U 0 = −0.83V vs SHE (5)

where μi denotes the chemical potential of species i and e is the elemen-
tary charge.

The chemical potential of the hydroxyl–electron pair can be 
expressed on the RHE scale as follows:

μOH− − μe− = − 1
2μH2 + μH2O + eURHE (6)

URHE = 0.0592 × pH + USHE (7)

Data availability
Source data are provided with this paper. The atomic coordinates of the 
optimized computational models are also provided. Other data that 
support the findings of this study are available from the corresponding 
authors upon reasonable request.
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