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Abstract
Understanding the structure-activity relationship between the coordination geometry of metal sites and
electron structure is a crucial pathway to analyze the activity origin of electrocatalytic oxygen evolution
(OER). Herein, we report a conceptual advance, which presents the correlation between coordination
geometry distortion of active sites and effect of oxygen atom mediated electron interactions on OER. Ni2+

ions are introduced into FeWO4 on Ni foam via self-substitution to form Fe–O–Ni unity and manipulate
the coordination geometry as well as d-electron of the Fe sites. Structural regulation optimizes the
adsorption energy of OER intermediates on the Fe sites. Fe0.53Ni0.47WO4/NF with the optimized

coordination geometry can achieve an ultra-low overpotential of 203 mV@100 mA cm− 2 and 240
mV@1000 mA cm− 2 with robust stability for 500 hours in alkaline conditions. The research develops
novel electrocatalysts with impressive OER performance and provides new insights into the design of
highly active catalytic systems.

Introduction
Oxygen evolution reaction (OER), the limiting reaction for water splitting to produce hydrogen, is a hot
topic in electrocatalysis1–3. In particular, non-noble metal compounds, such as transition metal oxides,
chalcogenides, and phosphates, have attracted much attention as electrocatalysis with the high
e�ciency and robust stability for OER4–6. The active sites in these compounds are usually six-
coordination octahedron or four-coordination tetrahedral metal sites7–9. For the adsorbate evolution
mechanism (AEM) of OER, the common descriptors, such as d-band center and eg �lling used to predict
the catalytic activity ultimately assess the molecular orbital between the adsorbed intermediates and the
d-band of the metal sites. Therefore, the OER activity is closely associated with the d-band structure and
electron �lling10, 11. In previous reports, interfacial effects, doping, and substitution can change the d-
band structure and OER activity of the metal active centers of the compounds, which is often attributed to
the electron transfer caused by the charge interaction between the d orbitals of the metal sites12–14. The
charge interaction between the d orbitals is inseparable from the change in the coordination geometry of
the central atoms. Octahedral crystal �eld which is considered to possess high activity is widely studied.
The change of the octahedral geometry leads to the separation of metal site d orbitals, which is different
from the degenerate eg and t2g orbitals in the standard octahedral crystal �eld, thus making the outer d

orbital electrons and OER activity of the metal adjustable15, 16. Manipulating the octahedral geometric
coordination structure is a potentially effective strategy to regulate the OER activity of electrocatalysts17–

20. However, the structure-activity relationship between the coordination geometry of the metal sites and
the d-electronic structure is not clear up to now. The d-electron interaction in the compounds needs to be
further understood by analyzing the coordination geometry of the central atoms.

Transition metal oxides with identi�ed structures have been widely studied as the model for studying the
electronic structure and coordination geometry21, 22. Similarly, salt compounds, such as insoluble salts
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have important research values in electrocatalytic OER owing to their unique structure and varied
properties23–26. Previous reports have suggested that tungsten (W) with abundant chemical states has
great potential to modulate the electronic structures and coordination geometry of other materials27–29.
Based on the unique properties of W, transition metal tungstate possesses a manipulable coordination
geometry and band structure, which shows the distinctive property in OER. All the cations in the lattice of
tungstate are coordinated with six O atoms to form different MO6 (M = W, Fe) structures as the octahedral

sites without other tetrahedral cations and interlaminar structures30, 31. Therefore, tungstate is a suitable
prototype for studying the effect of octahedral coordination geometry on the active centers. It is
noticeable that wolframite (FeWO4) is an electrocatalytic material with a high potential for e�cient and

quasi-industrial OER as a typical transition metal tungstate30, 32. Due to its typical tungstate structure, the
distorted FeO6 octahedral in FeWO4 determines the electron distribution, which greatly affects the
physical and chemical properties of the material and changes its OER activity. Heteroatoms can adjust
the octahedral structure of FeO6 in highly crystalline FeWO4, resulting in some degree of lattice distortion

or vacancy defects30. However, the microscopic structure-activity relationship between the distorted FeO6

octahedron and the d electrons in FeWO4 remains unclear, and it needs further study to understand the
OER process.

In this work, we provided an advanced concept by crystal structure as well as electronic structure analysis
and a deep understanding of the relationship between coordination geometry distortion of the active sites
and OER performance. Ni2+ ions were introduced into the lattice of FeWO4 through self-substitution by the
Ni foam to manipulate the coordination geometry of the Fe sites. We further investigated the relationship
between the coordination of FeO6 octahedron and the d-band center as well as eg �lling of Fe sites. The
O-mediated electron interaction between Fe and Ni sites was achieved by changing the degree of FeO6

octahedron without altering the average Fe–O bond length. The optimized coordination geometry
structure regulated the adsorption energy of OER intermediates on the Fe sites. The self-supporting
electrode with optimized performance obtained by coordination geometry adjustment displayed OER
performance with only an overpotential of 203 mV to achieve a current density of 100 mA cm− 2, and 240
mV to achieve a high-current-density of 1000 mA cm− 2. Such exceptional catalytic performance,
especially the OER catalysis at high current density, opens an avenue for industrial application.

Results
Synthesis and structure characterization. Figure 1a demonstrates that Ni elements are introduced by the
spontaneous redox reaction of precursors with Ni foam substrates in FeWO4. The oxidation of Ni foam by

Fe3+ provides the cation sources of Ni2+ and Fe2+ for tungstate solid solution. In addition, the
spontaneous redox reaction forms rough surfaces on Ni foam, providing suitable heterogeneous
nucleation sites for tungstate deposition. This reaction facilitates the further precipitation of crystals and
the formation of intimate contacts on the surface of Ni foam. In Fig. 1b and S4, �eld-emission scanning
electron microscope (FESEM) images manifest that the Ostwald ripening promotes the gradual increase
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of grains deposited on Ni foam with the different concentrations of Fe3+ precursors. The composition of
samples with different Ni contents obtained by using different precursors was obtained by inductively
coupled plasma optical emission spectrometry (ICP-OES, Table S1). Notably, Fe0.53Ni0.47WO4 prepared
with 3 mmol FeCl3·6H2O displays a polyhedral structure with a diameter of 1 ~ 2 µm. In addition, the W,
Fe, and Ni elements are uniformly distributed in Fe0.53Ni0.47WO4, as depicted in the energy-dispersive X-
ray spectroscopy (EDS) mapping (Fig. 1c). The result indicates that the Ni element is uniformly
introduced into the lattice of the materials. According to the X-ray diffraction (XRD) pattern in Fig. 1d,
FeWO4 with a monoclinic phase (JCPDS 74-1130) can be successfully grown on Ni foam using
FeCl2·4H2O. The main diffraction peaks of Fe0.53Ni0.47WO4 have a slight shift toward a small angle,
which symbolizes a contraction of the lattice. Due to the slightly larger atomic radius of Ni than that of
Fe, the lattice contraction caused by Ni substitution is reasonable and becomes more pronounced with
increasing Ni content (Supplementary Fig. 7). Furthermore, the lattice contraction was intuitively observed
via aberration-corrected scanning transmission electron microscopy with a high-angle annular dark-�eld
detector (STEM-HAADF). The atom layers in Fig. 1e and f are derived from the ordered overlap and
arrangement of W, Fe/Ni atoms. The corresponding lattice spacing of (020), (120) and (− 111) facets can
be observed in the neatly arranged atom layers. The average lattice spacing is narrower than the original
FeWO4, which is consistent with the diffraction peak displacement in the XRD pattern according to Bragg
Formula. The above results attest that Ni elements are effectively introduced into the lattice of FeWO4

and form a replacement solid solution uniformly.

The octahedral distortion of FeO6 was realized by the substitution of partial Fe sites with Ni elements.
XRD re�nement was carried out using the Rietveld method to further study the coordination geometry
evolution of Fe0.53Ni0.47WO4 solid solution (Fig. 2a and b). According to Table S1, the cell parameters of
Fe0.53Ni0.47WO4 and the length of different Fe–O bonds in the FeO6 octahedron reveal the difference from
the pristine FeWO4. In particular, the β value of the monocline phase FeWO4 changes with the introduction

of Ni elements, and the cell volume of Fe0.53Ni0.47WO4 decreases from 134.348 to 133.728 Å3 compared
with that of FeWO4. The result is in line with the observation in ACTEM and further manifests the
contraction of the lattice created by the FeO6 octahedral distortion.

The octahedral distortion degrees of FeO6 in different samples were evaluated using Formula (1), based

on the results of XRD re�nement30:

B1, B2, and B3 are bond lengths of different Fe–O bonds, respectively. Ba is the average length of Fe–O
bonds. The octahedral distortion degree of the Fe–O–Ni unit rises from 3.24–6.19%. According to the
SEM image in Fig. 1b, the grain size of Fe0.53Ni0.47WO4 is about 1 ~ 2 µm. Thus, the diffraction peak
broadening caused by grain re�nement is negligible. The diffraction peak broadening of Fe0.53Ni0.47WO4
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is mainly attributed to the contraction strain created by the introduction of Ni elements. The microscopic
strain degree of different samples was examined by the Hall equation (Supporting Information). As
depicted in Fig. 2c, the strain degree rises from 0.20–0.28% after the Ni sites are introduced. Lattice strain
affects the d-band center of the metal active sites, thus changing its adsorption bonding state to oxygen-
containing intermediates8. The above results demonstrate that Fe–O–Ni units and lattice strain lead to
the obvious distortion of the FeO6 octahedron. In Fig. 2d and g, the distance between the Fe–O–Ni active
centers and Fe–O–Fe active centers increases with the distortion of the FeO6 octahedron. The
phenomenon further con�rms the lattice contraction caused by Ni substitution and the change of cell
parameters.

The in�uence of coordination geometry characteristics of octahedral distortion on the electronic structure
was studied by density functional theory (DFT) calculations. According to the density of states (DOS) in
Fig. 2e, the valence band maximum of FeWO4 is mainly contributed by the 3d orbital of Fe, which implies
that Fe 3d-electronic transition has a direct effect on the conductivity of FeWO4. The FeO6 octahedron in
FeWO4 exhibits partial distortion and deviation from the standard octahedral crystal �eld. Therefore, the
eg and t2g of the Fe 3d orbital are not completely degenerated. It is evident from Fig. 2h that the shape
and electron distribution of the Fe 3d orbital change signi�cantly with the increase of the distortion of the
FeO6 octahedron caused by Ni element replacement. Previous studies have reported that eg �lling is a
valid descriptor to correlate the OER process, considering that the electron �lling of the metal 3d orbital is
vital for the adsorption intermediates in the OER process. Projected density of states (PDOS, Fig. 2f and i)
reveals that the eg/t2g value of the Fe 3d orbital in Fe0.53Ni0.47WO4 increases from 0.77 to 0.86 compared
with that in FeWO4, suggesting that the distorted FeO6 octahedral sites achieve more eg orbital

occupancy33, 34. The eg orbital of Fe 3d forms a σ antibonding orbital with the 2p orbital of the oxygen

atoms in the oxygen-containing intermediate35. Therefore, more eg orbital occupancy means weaker
adsorption of OER intermediates. The signi�cantly altered 3d orbital indicates a difference in OER activity
at the octahedral position of FeO6. In addition, the variation of band structure created by Ni element
substitution can be observed. As depicted in Supplementary Fig. 8, the band gap of the solid solution
decreases from 1.73 to 1.51 eV compared to that of FeWO4, suggesting that Fe0.53Ni0.47WO4 has higher
conductivity than that of original FeWO4 and therefore has a higher OER activity. By combining with the
DOS analysis, it can be seen that the band is mainly contributed by the down spin electrons of the Fe 3d
orbital. The conduction band of down spin electrons in Fe0.53Ni0.47WO4 approaches the Fermi surface36,

37 and the corresponding d band center moves down from 3.055 to 3.035 eV. Therefore, the octahedral
distortion of FeO6 created by Ni replacement regulates the down spin electronic of Fe 3d, which results in
the downward shift of the d-band center and the eg �lling increasing of Fe 3d.

Electronic structure analysis. The distortion of the FeO6 octahedron and the transition of electron state
density around Fe elements were veri�ed by X-ray photoelectron spectroscopy (XPS). In the Ni 2p region,
Supplementary Fig. 10 depicts that Ni elements mainly exist as Ni2+ in the Fe0.53Ni0.47WO4 lattice
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prepared by FeCl3·6H2O38. However, no obvious photoelectron peak appears in the Ni 2p region of FeWO4,
which demonstrates that the samples prepared by FeCl2·4H2O do not exhibit the self-substitution
behavior. In Fig. 3a, the XPS �ne spectrum of Fe 3d veri�es that Fe elements mainly exist in the form of
Fe2+ ions in the lattice of FeWO4

39, 40. In addition, compared with FeWO4, the binding energy of Fe 2p3/2

in Fe0.53Ni0.47W O4 decreases from 711.1 to 710.6 eV. The reduced binding energy indicates that the Ni2+

ions enrich the outer electrons of Fe2+ ions with the evolution of the crystal geometry, and the density of
electron states changes whenever the eg orbital is occupied. The result is consistent with the previous
DOS and energy band structure analysis.

The local coordination environment of Fe elements was further detected by X-ray absorption
spectroscopy (XAS). In Fig. 3b, the X-ray absorption near-edge structure (XANES) shows that both FeWO4

and Fe0.53Ni0.47WO4 possess low average Fe oxidation states with their K-edges located between Fe foil
and FeO. In the inset of Fig. 3b, the shift of Fe K-edge to lower energies is more pronounced for
Fe0.53Ni0.47WO4 compared to FeWO4, which infers a more abundant density of the electronic state around

Fe2+ ions in Fe0.53Ni0.47WO4. The result is consistent with the results observed in XPS. The high-
symmetry MO6 octahedron has dipole transition inhibition. Therefore, the weak pre-K-edge is derived from
the asymmetric center produced by the octahedron distortion of the Fe–O path, and the asymmetry is
positively correlated with the strength of the pre-K-edge41. Supplementary Fig. 11 illustrates an increase in
the area of Fe0.53Ni0.47WO4 pre-K-edge, which further proves that the FeO6 octahedron distortion

augments due to Ni2+ ion replacement. The Fourier-transformed X-ray Absorption �ne structure (EXAFS)
spectra and corresponding Fourier transformed k3χ(R) spectra (Fig. 3c) reveal that the Fe–O path at 1.68
Å has no signi�cant change, which is directly re�ected in the wavelet transform in Fig. 3d and e. Thus, it
is further veri�ed that the octahedral distortion created by Ni replacement does not directly affect the
average Fe–O bond length. In addition, it is also observed that the distance of the Fe–Ni path in
Fe0.53Ni0.47WO4 is slightly increased compared with the Fe–Fe path in FeWO4. The above results are in
agreement with the XRD re�nement results.

Based on the veri�ed variations of the Fe 3d orbital electronic structure above, the effect of FeO6

octahedral distortion on the adsorption bonding state between the metal active centers and oxygen
atoms in the hydroxyl group was studied by Crystal Orbital Hamilton Population (COHP) analysis. Free
hydroxyl groups are adsorbed in the �rst step in the alkaline OER process, and their adsorption energy is
closely related to the formation energy of O* which is usually identi�ed as the decisive step in AEM of
OER. Figure 3f and g illustrate that the Fe 3d orbital mainly contributes to the antibonding orbital in Fe–O,
and the bonding of Fe–O in FeWO4 is distinct from that of Fe0.53Ni0.47WO4. Due to the high spin states of
the Fe 3d orbital electrons, integrated COHP (iCOHP) of different spin states are investigated respectively.
The up iCOHP in Fe0.53Ni0.47WO4 decreases from − 0.956 to − 0.991 compared with that in FeWO4, while
the down iCOHP decreases from − 0.917 to − 0.926. This result demonstrates that the adsorption
antibonding state of the Fe sites to the hydroxyl groups in Fe0.53Ni0.47WO4 is increased. It is proved that
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the more abundant electron state density of eg orbital caused by the FeO6 octahedron distortion weakens

the adsorption of Fe sites to OH− combined with DOS analysis 33. In addition, the contribution of Ni 3d to
Ni–O in Fe0.53Ni0.47WO4 is an antibonding component (Fig. 3h), indicating that the adsorption bonding
between the Ni sites and hydroxyl groups is weak, which may be detrimental to the adsorption of the
hydroxyl groups42, 43.

Electrocatalytic activity tests. As a proof of concept, the effect of the distorted FeO6 octahedron on the

electrocatalytic OER performance of tungstate in an alkaline medium (1 mol L− 1 KOH) was studied in a
standard three-electrode electrolytic cell. In Fig. 4a, the OER overpotential of FeWO4/NF at 10 mA cm− 2 is
210 mV. The OER activity of the FexNi1−xWO4 solid solution reveals signi�cant improvement with the

introduction of Ni2+ ions (Supplementary Fig. 14). The overpotential of Fe0.53Ni0.47WO4/NF with the

optimized activity is only 170 mV at 10 mA cm− 2, while an overpotential of 203 mV is needed to reach the
current density of 100 mA cm− 2. The overpotentials are much lower than those of RuO2/NF (270 mV at

10 mA cm− 2) and state-of-the-art non-noble metal based OER electrocatalyst (Fig. 4g and Table S4). The
Tafel slope of Fe0.53Ni0.47WO4/NF is only 35 mV dec− 1, which is lower than that of commercial RuO2/NF
and other samples in Fig. 4b. Figure 4d illustrates that the minimum radius of Fe0.53Ni0.47WO4/NF
electrochemical impedance spectroscopy (EIS) provides the lowest electrochemical impedance and the
fastest charge transfer rate. All of the above results demonstrate that the Ni-substituted
Fe0.53Ni0.47WO4/NF with a suitable geometric coordination structure possesses facile kinetics for OER.

A current density higher than 500 mA cm− 2 is required for a commercial alkaline electrolyzer.
Fe0.53Ni0.47WO4/NF can achieve electrocatalytic OER at a high current density of more than 1000 mA

cm− 2 to meet the requirements for industrial applications. Speci�cally, Fe0.53Ni0.47WO4/NF can show
more prominent electrochemical kinetic performance enhancement at high current density. Its
overpotentials at 500 mA cm− 2 and 1000 mA cm− 2 are only 223 mv and 240 mV, respectively,
manifesting superior performance of delivering high-current-densities at low overpotentials (Fig. 4g and
Table S4). The value of Δη/Δlog|j| is a descriptor of the relationship of current density to overpotential,
where η is the overpotential of OER and j is the current density. A smaller Δη/Δlog|j| signi�es the lower
hindrance of current density increase44. Figure 4c shows that, for Fe0.53Ni0.47WO4/NF, the rapid growth of

100 ~ 500 mA cm− 2 only needs 26.74 mV dec− 1, which is much smaller than that of FeWO4/NF without
structural optimization. Inspired by the excellent OER activity of Fe0.53Ni0.47WO4/NF, the two-electrode
overall water splitting cell was composed of Fe0.53Ni0.47WO4/NF and commercial Pt/C/NF. The cell

requires only 1.45 V for water splitting at 10 mA cm− 2, which is superior to most of the oxide overall water
splitting materials currently reported (Supplementary Fig. 18 and S19). Moreover, an H-type electrolytic
cell equipped with Fe0.53Ni0.47WO4/NF ‖ Pt/C/NF was employed to examine the Faraday e�ciency of the
electrode. The yields of O2 and H2 detected in the experiments are close to the theoretical values,
indicating that the Faraday e�ciency of such a water splitting system is nearly 100% (Supplementary Fig.
20).
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Noticeably, the distortion degree of FeO6 octahedron in FexNi1−xWO4 is negatively correlated with the
Tafel slope in Fig. 4f, which testi�es that the octahedral distorted coordination structure can effectively
accelerate the OER kinetics. The polarization curves were normalized by the double-layer capacitance
(Cdl) to further study the intrinsic OER activity of different materials. Supplementary Fig. 17 exhibits that
Fe0.53Ni0.47WO4 with high octahedral distortion possesses the highest intrinsic activity. However, the OER
activity of Fe0.51Ni0.49WO4/NF exhibits a signi�cant decline with a further increase of the Ni content in
FexNi1−xWO4. In line with the COHP analysis, excessive Ni sites with the weak adsorption of the hydroxyl
groups in FexNi1−xWO4 decrease the intrinsic activity of the FexNi1−xWO4 solid solution. These
electrochemical test results con�rm the predictions obtained by the COHP analysis. Subsequently, the
electrocatalytic OER stability of Fe0.53Ni0.47WO4/NF was studied by the chronopotentiometric
measurement. In Fig. 4e, Fe0.53Ni0.47WO4/NF exhibits great stability for 500 hours at the current density

of 1000 mA cm− 2 and shows strong robustness after 10000 CV cycles. It is observed that the
morphology of Fe0.53Ni0.47WO4/NF maintains well after OER (Supplementary Fig. 22). On one hand, the

rough surface of Ni foam after reacting with Fe3+ acts as an effective heterogeneous nucleation site,
making the catalyst less prone to be exfoliated during OER45, 46. On the other hand, the formation of large
grains with high crystallization through the Ostwald ripening process provides a stable structure of
tungstate47, 48. As exhibited in the Raman spectrum of Fe0.53Ni0.47WO4/NF after the OER (Supplementary

Fig. 21), a small amount of NiOOH and FeOOH is formed49. However, the Raman spectrum in the other
constituencies of Fe0.53Ni0.47WO4/NF after the OER does not show a signi�cant scattered signal of
hydroxyl oxide, indicating that such hydroxyl oxide layer is not uniform. In addition, no signi�cant
diffraction peaks corresponding to the new phase appear in the XRD pattern of Fe0.53Ni0.47WO4/NF after
the OER (Supplementary Fig. 21). The above results prove that an amorphous hydroxyl oxide layer is
formed in the outer layer of Fe0.53Ni0.47WO4. This unevenly distributed hydroxyl oxide layer provides more

e�cient active sites for the OER50–52.

First-principles calculations. With the inspiration of the unique electronic structure of the distorted FeO6

octahedron, the OER process was simulated via DFT calculation to further verify the above results. Figure
5a displays the classical four-electron transfer AEM of tungstate represented by the Fe sites for OER
intermediates (*OH, *O, and *OOH) in Fe0.53Ni0.47WO4. As exhibited in Supplementary Fig. 29, the reaction
steps of possible active sites are non-spontaneous at the potential bias of 0 V. The second step (the
generative process of *O) of these sites except the Ni sites in Fe0.53Ni0.47WO4-OOH is the rate-determining

step (RDS)53. According to the volcanic relationship (Fig. 5c) derived from free energy pro�les at 1.23 V
(Fig. 5b), the reduction of overpotential can be achieved by lowering the adsorption energy of *O54, 55. The
nucleophilic attack of hydroxyl is closely related to the adsorption energy of hydroxyl (ΔG0

*OH − ΔG0
OH

−).
Therefore, the effect of the hydroxyl group adsorption energies at different sites on the *O formation
energies are compared according to the free energy pro�les at 1.23 V equilibrium potential. The
overpotential of the Fe sites in FeWO4 is 0.68 eV at 1.23 V, revealing its high OER activity. The adsorption
energy of hydroxyl groups of the Fe sites in Fe0.53Ni0.47WO4 with high FeO6 octahedral distortion
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increases from − 0.51 to 0.01 compared with that in FeWO4, which indicates that the adsorption of
hydroxyl groups on the Fe sites in Fe0.53Ni0.47WO4 is weakened. Although the adsorption of hydroxyl on
the Fe sites in Fe0.53Ni0.47WO4 is a nonspontaneous process, it is realized only at the low energy of 0.01
eV. Figure 5d validates that the overpotential of the Fe sites in Fe0.53Ni0.47WO4 is reduced to 0.39 eV
owing to the optimized hydroxyl adsorption process. In addition, the adsorption energy of the hydroxyl
groups on the Ni sites in Fe0.53Ni0.47WO4 is 0.21 eV, resulting in an overpotential of 1.21 eV due to the
weak Ni–O bonding. The results of the above analysis are consistent with those of the COHP.

Deeper insights into the structural-activity relationship of FeO6 octahedral distortion in Fe–O–Ni units
were proposed combined with DFT calculations and previous experimental results. As shown in Fig. 5e,
with the introduction of Ni2+, the electronic interaction between Fe–O–Ni units in the tungstate con�rmed
by the change of Fe binding energy is the main reason for optimizing the OH− adsorption energy and
improving the OER performance of tungstate. Meanwhile, the electronic interaction is closely related to
the FeO6 octahedral distortion caused by Ni replacement. In addition, the low overpotential at large
current densities depends on the excellent intrinsic activity and the narrow band gap induced by Ni
substitution to achieve fast electron conduction. The Mott-Schottky tests provide the evidence for the
view. Figure 5f shows the upward shift of the Fermi energy level of Fe0.53Ni0.47WO4 compared with
FeWO4, which implies better electron transmission and makes the antibonding orbital between the Fe

sites and the adsorption intermediate easier to be �lled by electrons56. In Fig. 5g, the d-band center of the
Fe sites in Fe0.53Ni0.47WO4 displays a downward shift, which also means more antibonding orbital
electron �lling. In Fig. 5h, the strengthened octahedral distortion of FeO6 increases the density of the
electron state at the Fe sites in the Fe–O–Ni unit combined with the analysis of the electron distribution.
The d-band center and the accessorial electrons are mainly distributed in the eg orbital. The above factors
augment the antibonding state occupation between the Fe sites in Fe0.53Ni0.47WO4 with highly distorted
FeO6 octahedron and oxygen atoms in the adsorbed hydroxyl group, thus weakening the adsorption

energy57, 58. The following OER RDS (the generative process of *O) is induced to adjust appropriate free
energy to reduce OER overpotential during the nucleophilic attack of hydroxide ions. In addition, the Ni
sites in Fe0.53Ni0.47WO4 are not the direct active centers owing to their high adsorption energy of OH−.
Under the continuous oxidation potential of the alkaline medium, oxyhydroxide is partially formed on the
outer surface of Fe0.53Ni0.47WO4 during the OER, and the Fe sites in FeOOH exhibit a lower OER
overpotential compared with the pristine Fe sites in Fe0.53Ni0.47WO4. The intrinsic activity of the Ni sites in
NiOOH is signi�cantly optimized compared with that in Fe0.53Ni0.47WO4. The Fe–O–Ni unit in
Fe0.53Ni0.47WO4 as well as the Fe and Ni sites of the oxyhydroxide generated by partial surface
recon�guration construct the effective active centers for the OER.

Discussion
In summary, we innovatively revealed the activation effect of the coordination geometry distortion of the
sites on OER performance. The delicate design of self-supporting metal tungstate electrodes via this
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concept achieved excellent activity and robust stability. Bene�ting from the Fe–O–Ni unit formed by in
situ substrate self-substitution, FexNi1−xWO4 realizes the distortion of FeO6 octahedron to manipulate the
eg electron �lling and the d-band center of Fe 3d orbital. More abundant eg electrons increase the

antibonding state of oxygen-containing intermediates to optimize the adsorption energy of OH− and the
formation energy of *O, resulting in reducing the barrier of the OER. In addition, partial oxidation of the Fe
and Ni sites during the OER process further enhances their intrinsic catalytic activity synchronously.
Fe0.53Ni0.47WO4/NF only requires a low potential of 203 mV to reach the current density of 100 mA cm− 2

and achieve 500 hours long stability at 1000 mA cm− 2. The research provides a new perspective on the
structure-activity relationship analysis of electrocatalysts and expands a novel path to design highly
active catalytic systems.

Methods

Material synthesis
Preparation of FexNi1−xWO4/NF:

Firstly, Ni foam (4 cm×2.5 cm) was ultrasonicated in 2 mol L− 1 hydrochloric acid for 30 min to remove
the oxide layer on the surface. A certain amount (1 mmol, 2 mmol, 3 mmol, 4 mmol) of FeCl3·6H2O (AR,
Sigma-Aldrich) and 2 mmol L-cysteine (AR, Sigma-Aldrich) were dissolved into 25 mL deionized water (DI
water) to form Solution A, and a certain amount of Na2WO4·2H2O (AR, Sigma-Aldrich) was dissolved into
25 mL DI water to form Solution B. Then Solution B was added into Solution A with stirring for 30 min.
The molar ratio of FeCl3·6H2O to Na2WO4·2H2O was 1:1. The mixture was placed into a Te�on reactor
with a piece of Ni foam in a Te�on reactor at 170°C for 12 h. The obtained self-supporting electrodes
were dried at 80°C after being washed with DI water and absolute ethanol for 12 h. The samples were
denoted as Fe0.67Ni0.33WO4/NF, Fe0.59Ni0.41WO4/NF, Fe0.53Ni0.47WO4/NF, and Fe0.51Ni0.49WO4/NF. The
composition of different samples was determined by ICP-OES.

Preparation of FeWO4/NF:

The preparation of FeWO4/NF is similar to FexNi1−xWO4/NF. Typically, 3 mmol FeCl2·4H2O (AR, Sigma-
Aldrich) was added into 25 mL DI water to form Solution A, and 3 mmol Na2WO4·2H2O was added into 25
mL water to form Solution B. Sequentially, Solution B was dissolved into Solution A with stirring for 30
min. The mixture was placed into a Te�on reactor with Ni foam at 170°C for 12 h and the product labeled
as FeWO4/NF was dried at 80°C after being washed with DI water and absolute ethanol for 12 h.

Preparation of NiWO4/NF:

The preparation of NiWO4/NF was similar to FeWO4/NF only using NiCl2·6H2O (AR, Sigma-Aldrich) to
replace FeCl2·4H2O as the precursor.
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Material Characterizations
XRD data was acquired from Bruker D8 advance and guaranteed scanning rate of 5° min− 1. The
scanning rate of XRD data for crystal structure re�nement is 0.2° min− 1. FESEM images were taken by
Regulus 8100. Aberration-corrected transmission electron microscope (ACTEM, JEOL JEM-ARM200F)
was employed to explore the �ne structure of the materials. Transmission electron microscope images
(TEM), high-resolution TEM (HRTEM), and EDS mappings were obtained via FEI Tecnai G2 F20. The
Raman measurements were accomplished by Thermo Fischer DXR Raman micro spectrometer. Al Kα X-
ray was the excitation source of XPS (Escalab 250Xi). All narrow XPS spectra were obtained under the
condition of 20 eV pass energy and 0.05 eV energy step. The extended X-ray absorption �ne structure
(EXAFS) was measured at Taiwan Photon Source (TPS) beam line, 44A Quick-scanning X-ray absorption
spectroscopy (XAS), in National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. The
Fe K-edge XAFS spectra were collected at room temperature and analyzed by the IFEFFIT program. ICP-
OES was tested using an Optima 7300 DV instrument.

Electrochemical measurements
All the electrochemical tests were performed in an electrochemical working station (Autolab PGSTAT302).
And all of the potentials were referenced to a reversible hydrogen electrode (RHE). Both electrochemical
measurements were performed in a three-electrode electrochemical cell with the 1.0 M KOH solution. The
prepared samples were used as the working electrode and a platinum foil and an Ag/AgCl electrode as a
counter electrode and reference electrode for OER tests, respectively. In hydrogen evolution reaction (HER)
measurements, the counter electrode was a graphite rod. Cyclic voltammograms (CV) at various scan
rates were carried out in the range of 0.726 − 0.824 V vs. RHE to calculate Cdl. Linear sweep

voltammograms (LSV) were measured with a scan rate of 5 mV s− 1 with iR compensation. EIS was
carried out at a potential of 1.5 V vs. RHE with frequencies from 100 kHz to 0.01 Hz with an amplitude of
5 mV. Mott-Schottky measurements were performed at a frequency of 1000 Hz under the circuit potential
of 1 − 1.8 V vs. RHE.

Computational Methods
All DFT calculations were carried out by the Vienna Ab initio Simulation Package (VASP)59. The projector
augmented wave (PAW)60 pseudopotential with the PBE61 generalized gradient approximation (GGA)
exchange-correlation function was employed. All energetics of tungstate were calculated using the DFT
with the Hubbard-U framework (DFT + U) to account for strongly localized d-electrons for Fe and Ni. The
Hubbard-U correction terms were at Ueff (Fe) = 5.3 eV, Ueff (Ni) = 6.2 eV as obtained via linear response
theory. A Monkhorst-Pack mesh of 9×9×9 was used in K sampling and the cutoff energy of the plane
waves basis set was 500 eV. All structures were spin-polarized and all atoms were fully relaxed with the
energy convergence tolerance of 10− 6 eV per atom, and the �nal force on each atom was < 0.01 eV Å−1.

The adsorption energy of OER intermediates can be computed using the following equation:
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ΔGads = Eads − E* + ΔEZPE − TΔS (2)

Where ads = (*OH, *O, *OOH), and (Eads − E*) is the binding energy, ΔEZPE is the zero-point energy change,
ΔS is the entropy change. In this work, the values of ΔEZPE and ΔS were obtained by vibration frequency
calculation.

The Gibbs free energy of the �ve reaction steps can be calculated by the following four equations (3)−(6):

OH −+ *↔ HO*+ e−

∆G1 = ∆GHO* − ∆G*  −  GOH − − eU

3

HO*+ OH −↔O*+ H2O (l) + e−

 ∆G2 = ∆GO* − ∆GHO* − GOH − + GH2O −  eU

4

O*+ OH −↔HOO*+ e−

 ∆G3 = ∆GHOO* − ∆GO* −  GOH −  −  eU

5

OOH*+ OH −  ↔ *+ O2 + H2O (l) + e−

 ∆G4 = ∆G* − ∆GHOO* −  GOH − + GH2O + GO2
−  eU

6

In this work, ΔG1 − 4 were calculated at U = 0.

Data and materials availability:
All data are available in the main text or the supplementary materials.
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Figure 1

Synthesis procedure and structural characterization. a The fabrication of FexNi1-xWO4/NF with distorted
FeO6 octahedron. b FESEM of Fe0.53Ni0.47WO4/NF. c EDS mapping of W, Fe, and Ni elements in
Fe0.53Ni0.47WO4. d XRD patterns of FeWO4 and Fe0.53Ni0.47WO4. e-f Aberration-corrected HAADF-STEM
images and corresponding atomic structure as well as crystal plane spacing of FeWO4 and
Fe0.53Ni0.47WO4.
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Figure 2

Structure-activity relationship between coordination geometry and electronic structure changes induced
by Ni substitution. a-b XRD re�nements of FeWO4 and Fe0.53Ni0.47WO4. c The distinctions of lattice strain
degree in FeWO4 and Fe0.53Ni0.47WO4. d-f Schematic illustration of the octahedral distorted structure,
DOS as well as PDOS of Fe 3d in FeWO4, and g-i in Fe0.53Ni0.47WO4.
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Figure 3

Spectral characterizations of electron coupling effect in FexNi1-xWO4. a XPS �ne spectra of Fe 2p of
FeWO4 and Fe0.53Ni0.47WO4. b Normalized Fe K-edge XANES of Fe foil, FeO, FeWO4, and Fe0.53Ni0.47WO4.

c The corresponding k3-weighted Fourier transforms and d-e Wavelet transform for k3-weighted EXAFS
signals. f-g COHP analyses of Fe–O in FeWO4 and Fe0.53Ni0.47WO4, as well as h Ni–O in Fe0.53Ni0.47WO4.
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Figure 4

Electrocatalytic OER activity characterization. a Polarization curves of OER and b Tafel plots of
FeWO4/NF, NiWO4/NF, Fe0.53Ni0.47WO4/NF, RuO2/NF. c The ratio of Δη/Δlog|j| at different current
densities of FeWO4/NF and Fe0.53Ni0.47WO4/NF. d EIS of FeWO4/NF, NiWO4/NF, Fe0.53Ni0.47WO4/NF,
RuO2/NF. e Chronopotentiometry curves of Fe0.53Ni0.47WO4 at different current densities; the inset
displays the polarization curves of Fe0.53Ni0.47WO4/NF before and after 10000 CV cycles. f The variation
of the Tafel slope with the distortion of the FeO6 octahedron. g The comparison of overpotential with
other non-noble metal materials for electrocatalytic OER.
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Figure 5

Theoretical analysis of the relationship between coordination geometrically dependent electron coupling
and OER activity. a The adsorption transition states of different OER intermediates at the Fe sites in
Fe0.53Ni0.47WO4. b Free Energy pro�les of different OER intermediates at 1.23 V (Site-1~Site-6 represent
Fe sites in FeWO4, Ni sites in NiWO4, Fe sites in Fe0.53Ni0.47WO4, Ni sites in Fe0.53Ni0.47WO4, Fe sites in
FeOOH, Ni sites in NiOOH, respectively), and c the corresponding volcanic curves at 1.23 V. d The effect of
ΔG0

*O − ΔG0
OH

− on ΔG0
*O − ΔG0

*OH of different OER sites at 1.23 V. e Schematic diagram of the
correlation between crystal structure parameters, electrocatalytic activity and DFT calculation results of
Fe sites in FeWO4

 and Fe0.53Ni0.47WO4
 (including FeO6 octahedral distortion degree, Fe binding energy,

OER overpotential, the adsorption energy of OH−, and Fe–O bond length of adsorbed OH−). f Mott-
Schottky curves of FeWO4 and Fe0.53Ni0.47WO4. g The variation of the d-band centers of Fe 3d in FeWO4

and Fe0.53Ni0.47WO4. h The electron �lling in Fe–O–Fe and Fe–O–Ni active units.
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