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Abstract: Exploring materials with regulated local structures and understanding how 
the atomic motifs govern the reactivity and durability of catalysts are a critical 
challenge for designing advanced catalysts. Here we report the tuning of the local 
atomic structure of nickel-iron layered double hydroxides (NiFe-LDHs) by partially 



substituting Ni2+ with Fe2+ to introduce Fe-O-Fe moieties. These Fe2+-containing 
NiFe-LDHs exhibit enhanced oxygen evolution reaction (OER) activity with an 
ultralow overpotential of 195 mV at the current density of 10 mA/cm2, which is 
among the best OER catalytic performance reported to date. In-situ X-ray absorption, 
Raman, and electrochemical analysis jointly reveal that the Fe-O-Fe motifs could 
stabilize high-valent metal sites at low overpotentials, thereby enhancing the OER 
activity. These results reveal the importance of tuning the local atomic structure for 
designing high efficiency electrocatalysts. 
 
Catalysts are typically multicomponent materials with complicated interactions[1]. To 
tune the local structure of active components has shown great potential to alter the 
performance besides components optimization[2]. For instance, in gas-phase catalytic 
reactions, different oxygen-bridged metal motifs (OBMM) exhibited various 
impacts[3]. Despite several recent studies on local structure modulation of single-atom 
Au/NiFe LDH and Fe-doped NiOOH, similar demonstration of OBMM in 
liquid-phase electrocatalysis is still rare[4]. Therefore, regulating local structures and 
the consequent atomic interactions inside an electrocatalyst to pursue unprecedented 
intrinsic activity is highly challenging, but intriguing and useful. 
NiFe-LDH material, as a benchmark OER catalyst actively studied over the past 
decades[5], is a typical multicomponent system with Fe3+ centers surrounded and 
atomically isolated by Ni2+ sites, forming the OBMM of only Ni-O-Fe. In spite of the 
debates on the active sites (Ni vs. Fe) for OER[6], it is increasingly convinced that the 
combination/interactions of both Ni and Fe (Ni-O-Fe) play a vital role on optimizing 
the OER performance[7]. It would be informative and intriguing to introduce double 
sites of Fe to form Fe-O-Fe OBMM into Ni-based LDH matrix to see the local 
structure effects (Ni-O-Fe vs. Fe-O-Fe) with Ni/Fe ratio unchanged. However, the 
LDH expressed in the formula of M2+

1-xM3+
x(OH)2(An-

x/n)•mH2O (An-: interlayer 
anion) typically has their M3+ ions atomically isolated by M2+ sites due to static 
repulsions[8], it is forbidden to form Fe3+-O-Fe3+ motif inside LDH during synthesis. 
Hence, constructing Fe-O-Fe motifs within NiFe-LDH structure and understanding 
their role on electrocatalysis at atomic level is a challenging puzzle. 
Herein, we employ mixture of Fe2+ and Fe3+ salts for coprecipitation with Ni2+ salt. 
By this, M2+-positioned Ni could be replaced as Fe to form Fe-O-Fe motifs in 
NiFe-LDH and the local structure effect on OER activity could be investigated. Our 
electrochemical and Raman analysis demonstrate the Fe-O-Fe couple concentration in 
NiFe electrocatalyst ties closely with the OER performance, and growing them into 
array structure can further push the OER overpotential down to 195 mV (10 mA/cm2), 
which is comparable to the best NiFe OER catalysts reported so far. In-situ 
spectroscopic characterization, together with density functional theory (DFT) studies 
further reveal that the Fe-O-Fe motifs would make high-valent metal sites stable at 
atomic-level, hence enhancing the OER performance. These results clearly 
demonstrate the important role of local atomic structure on optimizing NiFe-based 
OER electrocatalyst, which should be inspiring for other catalyst design or synthesis. 
Computational study was firstly performed to foresee if the Fe-O-Fe OBMM has 



beneficial effect on the OER catalysis theoretically. In LDH structure, trivalent metal 
sites are surrounded and atomically isolated by divalent metal atoms[8a, 8c]. As to NiFe 
LDH (Figure 1a), a central Fe3+ site is surrounded by six neighboring Ni atoms 
(Ni:Fe=2:1), thus only Ni-O-Fe couples present in traditional NiFe LDH. To introduce 
Ni-sited Fe atoms into NiFe LDH without altering the Ni/Fe ratio, we moved half of 
Fe atoms by one lattice to make them connected with neighboring Fe and let their 
own position occupied by Ni. Thus, by switching the positions of a Ni and Fe, 
Fe-O-Fe couple can be artificially constructed (Figure 1b). A typical OER process of 
NiFe catalyst in alkaline conditions goes through four elementary stages: M*, M-OH, 
M-O, and M-OOH (Figure 1c and S1). Figure 1d and Table S1 compare the calculated 
free energy of each OER elementary step occurring at corresponding metal sites in 
NiFe LDH structure. For the Ni site, the deprotonation of OH* to O* is a limiting step, 
resulting in calculated overpotential of 0.48 V. When Fe atom is considered as the 
active site, the formation of O* is facilitated with overpotential of 0.36 V, 
demonstrating Fe as the active site in NiFe LDH system, in agreement with previous 
reports[9]. When Ni-sited Fe atom is introduced, the overpotential is decreased (0.32 
V), suggesting a further improvement on the OER activity. Therefore, by modulating 
the local atomic structure, we achieve a higher theoretical OER activity. 
 

 
Figure 1. Atomic model of (a) traditional NiFe LDH and (b) NiFe LDH with Ni-sited 
Fe introduced. (c) Proposed OER pathway for NiFe LDH catalyst. (d) The calculated 



OER free energy diagram on the three sites in NiFe LDH model. The lower free 
energy value suggests the higher OER intrinsic activity. 
 
Inspired by the theoretical results, we sought to devise a controlled process to 
introduce Ni-sited Fe atoms into NiFe LDH structure but keep the Ni/Fe ratio (2:1) 
unchanged. Since Fe(OH)2 are easy to be oxidized to Fe3+ when exposed to water and 
air (oxygen) conditions, we fully bubbled all the salt solutions with N2 and sulfite was 
used as guest anion during co-precipitation procedure to bring Fe2+ into the host layer 
of NiFe LDH with strict feeding ratio. Transmission electron microscopy (TEM) 
demonstrates a nanosheet morphology of the Fe2+-containing NiFe LDH 
(Fe2+/Fe3+=1:9 to 9:1, Figure 2a and Figure S2). High-resolution TEM (Figure S3) 
indicates that the typical sample with Fe2+/Fe3+=1:1 (here denoted as Fe2+-NiFe LDH) 
shared thickness of ~2.4 nm, suggesting the ultrathin nature, similar to the traditional 
NiFe LDH (Figure S4). We note that the color of Fe2+-NiFe LDH is changed upon 
Fe2+ addition even by naked eye. With the increasing Fe2+-doping amount, the color of 
Fe2+-NiFe LDH (Figure 2a inset) turned greener, indicating conversion from ferric 
hydroxide (reddish brown) to fougèrite or trébeurdenite (dark green)[10]. Meanwhile, 
with the increasing Fe2+ concentration, the optical band gap of Fe2+-NiFe LDH 
catalyst turned smaller monotonously (Figure S5), indicating the better 
electro-conductivity. X-ray diffraction (XRD) exhibits the same Bragg reflections of 
Fe2+-NiFe LDH and traditional NiFe LDH (Figure 2b), implying no structural 
deformation caused by Fe2+ substitution. The X-ray photoelectron spectroscopy (XPS) 
2p scans of Ni for both NiFe LDH and Fe2+-NiFe LDH exhibit the same oxidation 
states of +2 (Figure S6). Moreover, the binding energies of Fe2+ 2p3/2 and Fe3+ 2p3/2 
peaks are respectively recorded at ~713.3 and 711.3 eV[11], where we can determine 
the Fe2+/Fe3+ ratio as ~1:1, matched well with the feeding ratio of Fe2+-NiFe LDH. In 
addition, the Fe2+/Fe ratio based on XPS results is almost the same as the feeding ratio 
with different Fe2+ concentration (Figure 2d, S7-S8, and Table S2). Meanwhile, the 
zeta potentials[12] of Fe2+-NiFe LDH colloid decrease with Fe2+/Fe ratio increase 
(Figure 2d). All these results suggest that Fe2+ had been quantitatively introduced into 
NiFe LDH through our controlled synthesis. 
 

 



Figure 2. (a) TEM image of Fe2+-NiFe LDH. Scale bar, 200 nm. The inset shows a 
digital image of as-prepared Fe2+-NiFe LDH with different Fe2+ concentration. (b) 
XRD patterns of the traditional NiFe LDH and Fe2+-NiFe LDH. (c) XPS analysis of 
Fe 2p in NiFe LDH and Fe2+-NiFe LDH. (d) Zeta potential and Fe2+/Fe XPS ratio of 
Fe2+-NiFe LDHs with different Fe2+ concentrations, suggesting the quantitative 
introduction of Fe2+ sites. 
 
IR-corrected OER polarization curves in Figure 3a exhibit a low overpotential of 249 
mV at 10 mA/cm2 for the Fe2+-NiFe LDH, which is 79 mV lower than that of 
traditional NiFe LDH, suggesting an enhanced OER activity. The smaller Tafel slope 
(40.3 mV/dec, Figure 3a inset) and higher turnover frequency (TOF) at ƞ = 300 mV 
(0.09 s-1, Figure S9) further reveal the improved OER performance. In Nyquist plots 
(Figure S10), the Fe2+-NiFe LDH shows a much smaller charge transfer resistance 
(3.8 Ω) than NiFe LDH (9.2 Ω), demonstrating an accelerated OER kinetics[13]. A 
stable current for Fe2+-NiFe LDH catalyst is observed for 15 h operating, indicating a 
good long-term stability (Figure S11). The unchanged morphology and XRD pattern 
of Fe2+-NiFe LDH after electrocatalysis further confirms the durability (Figure S12 
and S13). The Ni/Fe ratio of Fe2+-NiFe LDH after OER turned out to be 1.99:1, which 
is nearly the same as that before OER, evidencing no obvious leaching happens. 
Besides, the Fe2+-NiFe LDHs with different Fe2+ concentrations showed nearly the 
same electrochemical active surface area (ECSA)[14] as NiFe LDH (Figure S14 and 
Table S3). Since their chemical composition, morphology, size, crystal structure 
(Figure S15) and ECSA had little difference, we attributed the enhanced OER activity 
of Fe2+-NiFe LDH to the modulated local structure. 
 

 
Figure 3. (a) Polarization curves of NiFe LDH and Fe2+-NiFe LDH. The inset shows 



the Tafel slopes of the two NiFe catalysts; (b) CV curves of Fe2+-NiFe LDH with 
different Fe2+/Fe ratio. (c) Electrons transferred per Ni atom and catalytic TOF at ƞ = 
300 mV of Fe2+-NiFe LDH with different Fe2+/Fe ratio. (d) Raman spectra and (e) 
OER overpotential at 10 mA/cm2 vs. Fe-O-Fe concentration of Fe2+-NiFe LDH with 
different Fe2+/Fe ratios, demonstrating the Fe-O-Fe concentration-activity relationship. 
(f) Comparison of the OER overpotential at 10 mA/cm2 of Fe2+-NiFe LDH with 
reported NiFe-based OER catalysts. 
 
The recyclable Ni2+/Ni3+ oxidation peak at ~1.42 V[15] can be altered by their chemical 
environments and thus be a chemical index. The NiFe LDH with different Fe2+/Fe 
ratio (xFe2+-NiFe LDH, x=nFe2+/nFe) were further analyzed to reveal the local 
structure-activity correlation. Comparing to traditional NiFe LDH, with the 
introduction of Fe2+ sites, 10%, 30%, and 50% Fe2+-NiFe LDH exhibit improved 
OER activity gradually, meanwhile the Ni2+/Ni3+ oxidation peak shifted to lower 
overpotentials (Figure 3b). But the higher Fe2+ concentration (Fe2+/Fe3+ ratio > 1, i.e. 
70% and 90% Fe2+-NiFe LDH) means less central Fe3+ sites in LDH structure and is 
unfavorable to construct Fe-O-Fe linkages, leading to higher OER overpotential and 
positively-shifted Ni2+/Ni3+ oxidation peak. After carefully studying the Ni2+/Ni3+ 
oxidation electrons (i.e. e- per Ni atom) and the OER intrinsic activity (i.e. TOF at ƞ = 
300 mV), we uncover the trend of the OER activity with respect to Ni oxidation state 
is quite similar (Figure 3c). This implies the introduction of Ni-sited Fe has regulated 
the local structure and made high-valent metal sites stable at low overpotentials. 
Raman characterization using Fe-O-Fe characteristic vibrations[16] at ~ 537 cm-1 
(Figure 3d) as an index clearly indicates a strong positive correlation between the 
OER activity (i.e. overpotential at 10 mA/cm2) and Fe-O-Fe concentration: the 
highest Fe-O-Fe concentration at 50% Fe2+-NiFe LDH induces the strongest vibration, 
which is in coincidence with the lowest OER overpotential (Figure 3e). This makes 
clear that the introduction of Ni-sited Fe results in the construction of Fe-O-Fe linkage 
and the enhancement of the OER performance. Guided by the above results, we 
assemble the Fe2+-NiFe LDH on Ni foam to further optimize the OER performance 
(Figure S16). The Fe2+-NiFe LDH array electrode exhibits an impressively low OER 
overpotential of 195 mV at 10 mA/cm2 (Figure 3f), which is so far among the best 
NiFe-based OER catalyst (Table S4), and much more active than the state-of-the-art 
IrO2/C catalyst (Figure S17). 
Operando X-ray Absorption spectrum (XAS)[17] was used to get further insight to the 
correlations between the local structure (Fe-O-Fe) and the enhanced OER activity. In 
Figure 4a, the X-ray absorption near edge structure (XANES) spectra of the Ni 
K-edge shows a valance state of +2 for Ni before catalysis. It shifts to +3 when a 
potential of 1.5 V is applied. When lowering the potential back to 0 V, Ni valence 
state turned back to +2 again. While for the Fe K-edge (Figure 4b), the Fe species in 
Fe2+-NiFe LDH before applying potential (0 V) exhibits a mixed valance state of both 
+2 and +3. This matches well with our XPS results (Figure 2c). Noticeably, the iron’s 
valance in Fe2+-NiFe LDH turned +3 at 1.5 V, and kept the +3 state even when the 
potential went back to 0 V. By zooming in Figure 4b, the XANES edges of the 



catalyst at 1.5 V are slightly at the right of that of Fe2O3 reference, indicating a 
valence state of Fe a bit higher than +3 (i.e. Fe(3+δ)+, where δ>0). Moreover, the δ is 
calculated to be 0.22 though the integral method[18], demonstrating 22% of the total Fe 
species turned out to be Fe4+ during OER (Figure S18). This is in accord with 
previous finding using Mössbauer spectroscopy that partial Fe4+ existed during 
steady-state water oxidation[6c]. 
 

 
Figure 4. In situ-XANES spectra of (a) the Ni K-edge and (b) the Fe K-edge for the 
Fe2+-NiFe LDH catalyst. The inset of (a) and (b): the enlarged absorption edge, 
demonstrating the Ni/Fe valance change. (c) the k2-weighted Fourier-transformed data 
of Fe2+-NiFe LDH catalyst under OER working condition, demonstrating the Fe-O 
bond length variation. 
 
Recent studies have proposed that high-valent metal species (e.g. Fe4+ with unusual 
shorter Fe-O bonds) are the possible OER active site in NiFe system[2b, 6a, 6c]. In 
contrast to the Fe3.22+ for Fe2+-NiFe LDH at 1.5 V vs. RHE, the Fe species in 
traditional NiFe LDH show little valence change during OER (Figure S19). This 
revealed the redox behavior difference between Fe-O-Fe motifs with isolated Fe[6a, 6b]. 
To further confirm the local coordination environment, especially the Fe local 
structure, we analyzed the extended X-ray absorption fine structure (EXAFS) of 
Fe2+-NiFe LDH (Figure 4c). The R-space EXAFS curve of Fe2+-NiFe LDH after CV 
activation overlays with the simulated R-space curve using the atomic structure 
shown in Figure 1b. Similar agreement is also found in the K-space (Figure S20 and 
Table S5). This indicates that activated Fe2+-NiFe LDH catalyst is the as-designed 
LDH atomic structure with typical M-O coordination. Under OER working condition, 
the Fe-O bond turned obviously shorter, which should be attributed to the 
high-valence Fe(3+δ)+ species and might contribute to the high OER performance. 
When the potential went back to 0 V, the Fe-O bond is still shorter than the starting 
case, in consist with the XANES results that the valence state of Fe is still higher than 
+3 in a short time after OER. 
 
In summary, we demonstrate modulating local structure within LDH structure as an 



effective strategy to improve the OER activity of NiFe catalyst. By means of 
electrochemical analysis, in-situ XAS, and DFT studies, we show the introduction of 
Ni-sited Fe atoms into NiFe LDH results in the formation of Fe-O-Fe couples, which 
act as stable high-valent motifs and are responsible for the significantly improved 
OER intrinsic activity. Our work reveals the important role of local structure on 
tuning the surface coordination environment for electrocatalysis optimization. The 
approach should be general and have implications for designing advanced 
electrocatalysts with favorable atomic arrangement. 
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