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Abstract: Developing highly active, cost-effective and stable electrocatalysts for 

oxygen evolution reaction (OER) is critical to renewable energy systems. Herein, 

we demonstrate a H2O2-assisted etching method to synthesize mesoporous NiFe 

layered double hydroxide nanosheets (LDHs) on nickel foam (NF) (NiFe 

LDHMs/NF). The NiFe LDHMs/NF processed with 200 μL H2O2 exhibited 

excellent OER performance with an extraordinarily low overpotential of 170 mV 

at 10 mA cm-2 in 1 M KOH, as well as superior kinetics with a Tafel slope of 39.3 

mV dec-1, being the one of the best non-precious electrocatalysts reported to date. 

Density functional theory (DFT) calculations revealed that the excellent OER 

performance arose from pseudo re-oxidized meta-stable Ni3+, which evidently 

suppressed 3d-eg of Ni-site and elevated d-band center towards competitively low 

electron-transfer barrier. The Fe-sites within the system robustly preserved Ni 

oxidation state and maintained electron-transfer activities. This protocol is 

applicable to developments of high-efficiency non-precious metal OER 

electrocatalysts. 
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The increasingly global energy crisis and environmental contamination have 

stimulated intense research on the design of cost-effective and highly active catalysts 

for electrochemical water splitting, which is a promising way to realize clean and 



sustainable energy conversion and storage system [1-5]. However, the electrochemical 

process is greatly hampered by the unfavorable thermodynamics and inherent sluggish 

kinetics of the oxygen evolution reaction (OER), owing to the multistep 

proton-coupled electron transfer and rigid oxygen-oxygen bond formation at a high 

overpotential [6-8]. Currently, noble-metal oxides (RuO2 and IrO2) are the most 

effective electrocatalysts for OER but still require overpotentials of exceeding 200 

mV to drive the current density of 10 mA cm-2 [9]. Moreover, the high cost and 

scarcity of these catalysts limit their large-scale commercial applications. Therefore, 

significant efforts have been devoted to developing active and durable non-noble 

OER electrocatalysts based on earth-abundant elements under alkaline conditions, 

such as first-row (3d) transition metal (TM) oxides 10, layered double hydroxides 

(LDHs) [11-12], nitrides [13], phosphides [14], and perovskite oxides [15-16]. 

In recent years, the ultrathin NiFe LDHs nanosheets, as one of the best OER 

electrocatalysts, have attracted increasing attention due to their unique physical and 

electronic structures [11,17]. However, their limited specific surface areas and poor 

electronic conductivity have hindered their further improvement of OER 

performances and final practical applications [18]. As is well known, catalytic 

reaction commonly takes place on the surface of the catalysts, which indicates that the 

electrocatalytic activities of the catalysts strongly depends on their surface 

nanostructures [19]. According to the previous works, two methods can modify the 

surface of nanostructures. One general way is to dope a third element into the 

nanostructure [20, 21], while the other way is to introduce nanopores into the 



nanostructure , which may increase the surface area and expose more active sites, and 

can even shorten electron/ion diffusion path [22, 23]. However, very fewer studies 

have been reported on the latter strategy due to the formidable experimental difficulty 

in constructing a new mesoporous structure without changing its compositions. Duan 

and co-workers reported a graphene nanomesh prepared by using block copolymer 

lithography, which can open up a bandgap in a large sheet of graphene to enhance 

electrochemical property [24]. Up to now, the common strategies to fabricate 

mesoporous electrocatalysts require multiple complicated synthetic steps, which 

impedes large-scale preparation and application [25]. On the other hand, the electronic 

structure also plays an important role in the OER process [26]. The regulation of the 

electronic structures of the catalysts effectively optimizes the adsorption energy of 

OER intermediates, which could significantly enhance the catalytic activity [27, 28]. 

Shao-Horn, et al. [6] reported that 3d transition-metal-based electrocatalysts having a 

surface cation eg orbital occupancies such as Ni3+ (t2g
6eg

1) close to unity can enhance 

the intrinsic OER activity because of the increased covalency of transition metal- 

oxygen bonds [29]. Although these results demonstrated the introduction of Ni3+ 

could greatly enhance the performance, Ni3+ (t2g
6eg

1) is very difficult to be introduced 

into Ni-related LDHs including NiFe LDHs nanosheets. To this end, how to precisely 

construct mesoporous structures of the NiFe LDHs nanosheets and finely tailor the 

electronic configuration of surface cations by a fast, facile and green way remains a 

great challenge. 

Inspired by the above-mentioned pioneering works by Duan and Shao-Horn, it 



would be challenging yet significant to simultaneously create nanopores and introduce 

of Ni3+ on NiFe LDHs nanosheets for high-performance water oxidation. In this paper, 

we demonstrated a novel and facile approach to prepare ultrathin NiFe LDHs 

nanosheets on nickel foam (NF) with a free-standing mesoporous structure (denoted 

as NiFe LDHMs/NF) enriched in Ni3+ as a highly efficient electrocatalyst for OER via 

a H2O2 assisted etching strategy. The Ni3+-enriched NiFe LDHMs/NF treated with 

200 μL H2O2 exhibited excellent OER activity with an extraordinarily low 

overpotential of 170 mV at 10 mA cm-2 and a Tafel slope value of 39.3 mV dec-1 in 

alkaline solution, which is superior to reported NiFe LDHs/NF and outperforms many 

other state-of-the-art OER catalysts. It also displayed superb long-term durability at a 

current density of 10 mA cm-2 for 45 h. DFT calculations revealed that, competitively 

high electron-transfer rate originated from the pseudo re-oxidized metal-stable Ni3+ 

within the modified NiFe LDHMs/NF. These electronically active regions locally 

stabilized the *O preventing active sites being oxidized. Meanwhile, these regions 

further minimized the intermediating energetic cost with local reconstruction, 

illustrating the vital function for optimal OER performance. It preliminarily proposed 

a universal key for optimal OER performance.  

 

Results and Discussion 

Preparation and characterization of NiFe LDHMs/NF. The NiFe LDHMs (atomic 

ratio of Ni and Fe = 3:1) was in situ grown on NF through a one-step hydrothermal 

process accompanied by the formation of nanopores and partial oxidation of Ni2+ into 



Ni3+ using H2O2 (Fig. 1). In order to investigate the role of the H2O2, different 

amounts of H2O2 (20, 60, 200 and 300 μL) were added into 20 mL H2O containing 

Ni2+, Fe3+, NH4F and urea. The mixture was sealed in a 50 mL Teflon-lined autoclave 

and heated at 120℃ for 16 h to yield ultrathin NiFe LDHMs (NiFe LDHMs/NF-20, 

NiFe LDHMs/NF-60, NiFe LDHMs/NF-200 and NiFe LDHMs/NF-300). Compared 

with the glaze of NF (Supplementary Fig. 1), the scanning electron microscopy 

(SEM) images showed that the vertically aligned and interconnected nanosheets were 

uniformly grown on NF (Fig. 2a, Supplementary Fig. 2a, b and Fig. 3a), similar to 

the pristine NiFe LDHs/NF prepared without H2O2 (denoted as p-NiFe LDHs/NF) 

(Supplementary Fig. 4a, b). Transmission electron microscopy (TEM) images of the 

NiFe LDHMs peeled off from NF further revealed that the abundant mesopores could 

be clearly discerned on the surface of the NiFe LDHMs (Fig. 2b, c, Supplementary 

Fig 2c, d) while the surface of p-NiFe LDHs is quite smooth without mesopores 

(Supplementary Fig. 5a, b), indicating that H2O2 played an important role in the 

formation of the mesoporous structure. By adding H2O2, the adsorbed H2O2 molecules 

on the surface of the p-NiFe LDHs can partially oxidize Ni2+ into Ni3+, which 

gradually etched the surface of the p-NiFe LDHs, creating mesopores along the 

p-NiFe LDHs [30] (Supplementary Fig. 6). The mesopore size distribution 

histograms showed the average mesopore size was enlarged with the increase of the 

amount of H2O2 (Supplementary Fig. 2e, f and Supplementary Fig. 7a). 

Furthermore, excess H2O2 would expand pore size greatly so as to destroy the porous 

structure due to the over-etching in the fabrication process (Supplementary Fig. 3b, 



c). The energy dispersive X-ray spectroscopy (EDS) spectrums (Supplementary Fig. 

8) suggested the Ni/Fe ratios of the as-prepared samples were close to 3, which 

resembled the starting materials. As shown in Fig. 2d, the high-resolution TEM 

(HRTEM) image of the NiFe LDHMs-200 illustrated the interplanar spacing (012) 

was amounted to be 0.25 nm, which is the same to that of p-NiFe LDHs 

(Supplementary Fig. 5c). Simultaneously, the corresponding selected electron 

diffraction (SAED) exhibited two diffraction rings made up of discrete hexagonally 

arranged spots, which can be indexed to (012) and (110) planes of NiFe LDHMs-200 

(Supplementary Fig. 7b). The high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) image and the energy dispersive X-ray 

spectroscopy (EDX) mappings (Fig. 2e and Supplementary Fig. 5d) suggested that 

Ni, Fe and O were uniformly distributed in the whole NiFe LDHMs-200 and p-NiFe 

LDHs. In addition, the thickness of the NiFe LDHMs-200 was determined to be ca. 

1.86 nm by atomic force microscopy (AFM) (Fig. 2f). The ethanol dispersion of the 

NiFe LDHMs-200 irradiated with a laser beam displayed the Tyndall phenomenon 

(Supplementary Fig. 7c), indicating the formation of homogeneous ultrathin 

nanosheets and excellent dispersibility of the NiFe LDHMs-200. The crystal 

structures of all obtained samples were verified by powder X-ray diffraction (PXRD) 

(Fig. 2g and Supplementary Fig. 9). The well-defined diffraction peaks of the 

p-NiFe LDHs at 2θ values of 11.9°, 23.7°, 34.7°, 39.3°, 46.5°, 60.2° and 61.5° can be 

ascribed to the (003), (006), (012), (015), (018), (110) and (113) planes of NiFe LDHs 

(JCPDS# 51-0463), respectively. Interestingly, no obvious changes were observed in 



the PXRD patters of the NiFe LDHMs, indicating the main frameworks were well 

retained after impregnation using different amounts of H2O2. 

Owing to the aforementioned structure features, the nitrogen 

adsorption-desorption isotherms were used to investigate the porous structure of NiFe 

LDHMs/NF. The Brunauer-Emmett-Teller (BET) surface areas of NiFe 

LDHMs/NF-200 (Fig. 3a) were determined to be 84.7 m2 g-1, which was 2.72 times 

larger than that of p-NiFe LDHs/NF (31.1 m2 g-1). Furthermore, when the amount of 

H2O2 used were 20μL, 60μL and 300μL, respectively, the BET surface areas were 

determined to be 87.6 m2 g-1, 85.4 m2 g-1 and 83.2 m2 g-1, respectively (Fig. 3d and 

Supplementary Fig. 10). No obvious changes were observed in the pore size 

distribution curves as compared with that of NiFe LDHMs-200/NF. The compositions 

and chemical valence states of the as-fabricated samples were examined by X-ray 

photoelectron spectroscopy (XPS). The survey spectra of all the samples confirmed 

the existence of Ni, Fe and O, being consistent with the EDX results (Supplementary 

Fig. 11). For the high-resolution Ni 2p spectrum of NiFe LDHs/NF-200 (Fig. 3b), the 

binding energies of Ni 2p3/2 and Ni 2p1/2 located at 856.4 eV and 874.0 eV could be 

ascribed to Ni2+, alongside with shakeup satellites at 862.7 eV and 880.8 eV, 

respectively [31]. Compared to that of the p-NiFe LDHs/NF, two new peaks centered 

at 858.1 eV and 876.1 eV could be assigned to the Ni3+ species in NiFe LDHMs/NF 

[32] (Fig. 3b and Supplementary Fig. 12a), suggesting that a portion of Ni2+ was 

oxidized into Ni3+. Meanwhile, Ni 2p3/2 and Ni 2p1/2 peaks of NiFe LDHMs/NF were 

both positively shifted to higher binding energies (ca. 0.4 eV) compared with that of 



p-NiFe LDHs/NF, which is mainly ascribed to the formation of Ni3+. Notably, the 

ratio of Ni3+/Ni2+ on the surface of NiFe LDHMs/NF could be obtained by comparing 

the fitted curve covered. It was obvious that the ratio of Ni3+/Ni2+ on the surface of 

NiFe LDHMs/NF was increased from 22.19% to 25.97% with the increase of the 

amount of H2O2 from 20 to 200 μL (Fig. 3d and Supplementary Table 1). This result 

indicated the generation of more oxygen vacancies on the surface of the nanosheets 

after the H2O2 impregnation, which could be further confirmed by the high-resolution 

O 1s spectrum. However, when the amount of H2O2 was further increased up to 300 

μL, the ratio of Ni3+/Ni2+ on the surface got decreased to 25.77% instead. In the 

high-resolution O 1s spectrum (Fig. 3c and Supplementary Fig. 12b), p-NiFe 

LDHs/NF displayed two oxygen peaks whereas NiFe-LDHMs/NF showed three 

peaks. In detail, the component O1 at 531.2eV is typical of metal-oxygen bonds [33]. 

The component O2 at 531.8eV is attributed to surface oxygen defect/ vacancy species 

(Ovac) [34]. The component O3 at 532.3eV is corresponding to the hydroxy species of 

surface-adsorbed water molecules [35]. The absence of the component O2 in p-NiFe 

LDHs/NF spectrum indicated that p-NiFe LDHs/NF lack oxygen defects on its 

surface. The ratio of the area Ovac/O (O2/O1+O2+O3) is the highest for NiFe 

LDHMs/NF-200 among all the samples (Fig. 3d and Supplementary Table 2), which 

is also consistent with the ratio of Ni3+/Ni2+ in the Ni spectrum. In addition, as shown 

in Fe 2p spectrum (Supplementary Fig. 12c), no obvious changes were observed in all 

NiFe LDHMs. The two characteristic peaks at 712.3eV and 725.0eV were attributed 

to Fe 2p3/2 and Fe 2p1/2 of Fe3+ species. The unique structure of NiFe LDHMs/NF with 



predominance of Ni3+ may improve the electronic conductivity, create more active 

sites and thus enhance its OER activity.  

Electrocatalytic OER Catalysis. The electrochemical performance of NiFe 

LDHMs/NF-200 toward OER was evaluated in 1 M KOH solution using a typical 

three-electrode system operated at 5 mV s-1. For comparison, a set of references were 

also studied under identical test conditions. All the polarization curves are presented 

with 95% iR compensation and Non-iR-corrected polarization curves are given in 

Supplementary Fig. 13. Bare NF exhibited weak OER activity, suggesting the effect 

of NF on the overall activity of catalysts was very small (Supplementary Fig. 14). 

According to the linear sweep voltammetry (LSV), the oxidation peaks located at 1.38 

V versus a reference hydrogen electrode (RHE) correspond to the oxidation of Ni2+ to 

Ni3+ in all samples (Fig. 4a). For the anodic potential, the NiFe LDHMs/NF showed a 

significantly steeper response at lower potentials after H2O2 oxidation treatment, 

being in contrast to that of the p-NiFe LDHs/NF. In particular, NiFe LDHMs/NF-200 

displayed the best OER performance with the onset potential of 1.34 V, which is 

lower than other samples. Furthermore, as shown in Fig. 4b, with the increase of the 

amount of H2O2 from 0 to 200 μL, the overpotential at the current density of 10 mA 

cm-2 got decreased from 299 mV to 170 mV, thereby revealing the importance of 

H2O2 oxidation in promoting OER activity. However, when the dosage of H2O2 was 

raised up to 300 μL, the overpotential was increased to 186 mV, indicating the excess 

amount of H2O2 reduced the OER activity, which was probably due to the fact that 

excess H2O2 might destroy the porous structure so as to diminish the number of 



exposed active sites. The current density of NiFe LDHMs/NF-200 is 80.5 mA cm-2 at 

1.45 V, which is 40 times, 7.9 times, 5.3 times and 1.4 times higher than those of 

p-NiFe LDHs/NF (2.0 mA cm-2), NiFe LDHMs/NF-20 (10.1 mA cm-2), NiFe 

LDHMs/NF-60 (15.2 mA cm-2) and NiFe LDHMs/NF-300 (57.8 mA cm-2), 

respectively. Such an excellent OER performance of NiFe LDHMs/NF-200 is 

superior to many non-precious OER electrocatalysts reported previously 

(Supplementary Table 3). In addition, it is interesting to observe the specific activity 

(current per BET area) of the OER electrocatalysts that can be used to understand the 

synergetic role of the surface area and Ni3+. After normalizing the current by BET 

surface area, NiFe LDHMs/NF-200 still exhibited better OER performance than NiFe 

LDHMs/NF (Supplementary Fig. 15), confirming that the enhanced OER 

performance of NiFe LDHMs/NF can be mainly originated from the intrinsic activity 

of catalysts rather than only from the BET surface area. The intrinsic activity of NiFe 

LDHMs/NF can be ascribed to the higher content of Ni3+ compared with other NiFe 

LDHMs/NF, which is helpful to facilitate the OER process.  

The catalytic reaction kinetics of the electrocatalysts were studied by Tafel plots 

(Fig. 4c). The corresponding Tafel slope of NiFe LDHMs/NF-200 was measured to be 

39.3 mV dec-1, which is smaller than those of NF (115.64 mV dec-1), p-NiFe 

LDHs/NF (78.21 mV dec-1), NiFe LDHMs/NF-20 (74.39 mV dec-1), NiFe 

LDHMs/NF-60 (70.57 mV dec-1) and NiFe LDHMs/NF-300 (42.58 mV dec-1), 

suggesting a superior OER capability with decreasing overpotentials. Electrochemical 

impedance spectroscopy (EIS) (Fig. 4d) was performed to reveal that NiFe 



LDHMs/NF-200 has a smaller charge transfer resistance compared to p-NiFe 

LDHs/NF, NiFe LDHMs/NF-20, NiFe LDHMs/NF-60 and NiFe LDHMs/NF-300, 

indicating a faster electron-transfer rate during the OER process. The electrochemical 

active surface area (ESCA) (Supplementary Fig. 16) was also calculated by 

measuring the cyclic voltammetry (CV) at different scan rates within a non-faradic 

potential range of 0-0.1V. The capacitance (Cdl) of NiFe LDHMs/NF-200 is 9.53 mF 

cm-2, approximately 2.2 times larger than that of p-NiFe LDHs/NF (4.24 mF cm-2), 

implying the existence of abundant catalytically active sites. The electrocatalytic 

durability is another important criterion for evaluating the OER performance of 

electrocatalysts. After 1000 CV cycles, the CV curve of NiFe LDHMs/NF-200 is 

nearly identical to the initial one as shown in Fig. 4e. Notably, after durability test, 

SEM and TEM images (Supplementary Fig. 17) showed that the morphology and 

porous structure were maintained. The EDS spectrum (Supplementary Fig. 18) of 

NiFe LDHMs/NF-200 revealed that the Ni : Fe ratio is 19.1 : 6.4, which is similar to 

the value of 18.0 : 5.8 before test. In addition, the peak positions and relative 

intensities of Ni 2p, Fe 2p and O1s in their XPS spectra remained essentially 

unchanged after the OER electrocatalysis (Supplementary Fig. 19). Moreover, the 

long-term electrochemical stability (Fig. 4f) of NiFe LDHMs/NF-200 was also 

conducted at a fixed current density of 10 mA cm-2, revealing that the overpotential 

retained fairly stable with negligible decay even after 45 h continuous operation. As 

shown in SEM and TEM images (Supplementary Fig. 20), the porous morphology of 

NiFe LDHMs/NF-200 was well-preserved. All these results confirmed excellent 



long-term stability of NiFe LDHMs/NF-200 for OER. 

Density functional theory (DFT) calculations were carried out to interpreted 

mechanism of high OER performance of NiFe LDHMs/NF in the alkaline condition 

(See computational details). The active bonding and antibonding orbitals near the 

Fermi level (EF) have been demonstrated among NiFe-LDHMs/NF (Supplementary 

Fig. 21a), NiFe-LDHMs/NF with Ovac formed (Supplementary Fig. 21b) and 

NiFe-LDHMs/NF with re-oxidized Ni near Ovac, respectively (Supplementary Fig. 

21c). Overall, three interface systems have presented evidently spatial 

electron-transfer within NiFe-LDHMs region. The existence of oxygen vacancies and 

Ni3+ still influences the electronic distributions, especially to the redox turnover 

character of electronic orbital distribution.  

The projected partial density of states (PDOSs) analysis showed the evident 

suppression of the 3d-eg-component of the surface Ni-sites at the surface edge region. 

The dominant peaks of these t2g components of Ni-3d bands exhibited the upshifting 

trend towards EF indicating higher electronic-transfer activity and the valence state, 

while the eg-component was suppressed favorably by preparing O-2p-π electrons of 

OH docking at the initial adsorption stage. The Ni-3d center was upshifted from the 

EV = -2.0 eV towards EV = -0.8 eV (EV = 0 for EF), denoting higher bonding 

capability of OH and electron-transfer activity. The formation of oxygen vacancies is 

the key factor to promote increased concentration of Ni3+, which is supportive of the 

increased Ni3+ concentration characterized by experiments (Fig. 5a). The PDOSs 

analysis of various Fe-sites indicated a nearly pinned feature for the Fe-3d band. The 

peak positions of the t2g and eg components have been almost unchanged staying at EV 

= -2.6 eV and EV = +0.6 eV, respectively. This potentially indicated the Fe-sites within 



the system played a role of robustly preserving the Ni oxidation states and 

maintaining electron-transfer activities (Fig. 5b). The PDOSs of the adsorbed 

intermediate O-species were also analyzed. From the adsorbed *OH towards the 

*O=O, the linear scaling trend of electron-transfer were clearly exhibited and 

preserved. Especially to the adsorbing *O state, the O-2p-π band is modified across 

EF showing substantially high electronic activity (Fig. 5c). With NiFe-LDHMs/NF 

edge modified, the overall work function for various structural configurations were 

illustrated (Supplementary Fig. 21d). It showed an elevated trend of electron-transfer 

capability from the system towards O-species. Within this trend, the further high 

oxidation of the Ni site at the Ovac edge lowered the electron-transfer barrier via local 

reconstructions between Ni and Fe sites. The formation of oxygen vacancies not only 

facilitates the formation of Ni3+ but also activates the electroactivity of the region 

constructed by the pseudo re-oxidized meta-stable Ni3+ and oxygen vacancies. 

Meanwhile, the existence of Ni2+ sites also balance the valence states of the 

meta-stable Ni3+ to guarantee stability of the electrocatalysts in long-term 

applications. 

Furthermore, the overall OER pathway on the surfaces of p-NiFe LDHs/NF and 

NiFe LDHMs/NF with Ni re-oxidized near Ovac were calculated. It showed that under 

U = 0 V (standard potential), both systems showed the potential determining step 

occurring at the same step of forming *OOH. The character originated from the 

prominent electron-transfer capability of adsorbing *O states at the re-oxidized Ni 

near Ovac instead of low valence Ni-sites (Fig. 5d). At the potential of U = 1.23 V, the 

contrasting energetic evolution was evidently presented. The overbinding of *OH on 

the p-NiFe LDHs/NF resulted in a higher barrier of forming *O. Meanwhile, the *O 



formation was substantially favorable on the NiFe-LDHMs/NF with Ni re-oxidized 

near Ovac (0.02 eV vs -0.07 eV), which resulted in the diversified formation of 

*OOH+H2O+OH－ (0.27 eV vs 0.04 eV). Notably, the corresponding barrier level of 

NiFe LDHMs/NF with Ni re-oxidized near Ovac (0.11 eV) showed nearly three times 

lower than that of the p-NiFe LDHs/NF (0.26 eV). This consistently agreed the 

experiments that the formation of *O state could obviously alleviate the barrier of 

stabilizing *OOH and electron-transfer towards high reactivities (Fig. 5e). Further 

structural evolution displayed that the Ni re-oxidized near Ovac region not only 

facilitated the initial facile O-H cleavage but also stabilized *O to further oxidize the 

*OOH. Therefore, both electronic and energetic properties have been discussed and 

consistently confirmed the energetically favorable OER performance given by the 

NiFe LDHMs/NF with Ni re-oxidized near Ovac. 

According to the careful analysis of the above experimental and theoretical 

works, the substantially enhanced OER performance of p-NiFe LDHs/NF after H2O2 

oxidation may be attributed to the following reasons. First, the unique mesoporous 

structure could not only provide a large surface area, which enables a high interfacial 

contact with the electrolyte and exposes more active sites, but also accelerates the 

charge/ion transfer effectively. Second, the abundant Ni3+ surface active sites with 

occupancy of the eg orbital (t2g
6eg

1) can accelerate the formation of the hydroperoxyl 

species that are key intermediates in the evolution of O2 via the nucleophilic reaction 

with O [36]. Third, the in situ created Ni3+ and delocalized electrons on the 

mesoporous nanosheet surface can dramatically increase the conductivity of p-NiFe 



LDHs/NF. 

 

Conclusion 

In summary, NiFe LDHMs/NF were successfully prepared by a H2O2 assisted etching 

method. The NiFe LDHMs/NF treated with 200 μL H2O2 displayed an outstanding 

OER activity with an extraordinarily low overpotential of 170 mV at 10 mA cm-2 and 

a small Tafel slope of 39.3 mV dec-1 and maintained its catalytic activity for 45 h 

operation without obvious decay in alkaline media. DFT calculations revealed that, 

the high oxidation state of Ni at the edge site exhibited high elevated d-band center 

with eg-component suppressed. Such scenario uniquely preserved the co-existence of 

high and low valences of Ni-sites for fast redox rate with lower activation barrier. 

With this trend, the system not only possessed an electron-active character at the *O 

state, but also contributed an effective electron-transfer for stabilizing the *OOH. It is 

a key for optimally minimizing overall OER barriers. This strategy is anticipated to be 

applicable for creating other non-precious electrocatalysts and open up a fascinating 

way to develop high-efficiency electrocatalysts for various applications. 

 

Methods 

Materials. Nickel (II) chloride hexahydrate (NiCl2·6H2O, AR), iron (Ⅲ) chloride 

hexahydrate (FeCl3·6H2O, AR) and ammonium fluoride (NH4F, AR) were purchased 

from Sinopharm Chemical Reagent Co. Ltd (Shanghai China). Potassium hydroxide 

(KOH, 95%) was purchased from Shanghai Aladdin Biochemical Technology Co. Ltd. 



Urea (CO(NH2)2, AR) was purchased from Shanghai Yuanye Bio-Technology Co. Ltd. 

Hydrogen peroxide (H2O2, 30%) was purchased from Shanghai Lingfeng Chemical 

Reagent Co. Ltd. All the chemicals were used as received without further purification. 

Deionized water was used throughout the experimental process. 

Synthesis of NiFe LDHMs/NF. Typically, a mixture of NiCl2·6H2O (0.9 mmol), 

FeCl3·6H2O (0.3 mmol), urea (8.3 mmol) and NH4F (3.2 mmol) was dissolved in 

deionized water (20mL) with continuously stirring to obtain a clear solution. Then 

H2O2 (200 μL) was slowly added dropwise into the above solution. A piece of nickel 

foam (2.8 cm × 2cm) was cleaned with 6 M HCl solution in an ultrasonic bath for 30 

min to remove the surface NiO layer and then rinsed with deionized water, acetone 

and ethanol. The above mixture solution and nickel foam were transferred into a 50 

mL Teflon-lined stainless-steel autoclave and then heated for 16 h at 120 ℃ in a 

drying oven. After naturally cooling to room temperature, the resulting 

electrocatalysts (denoted as NiFe LDHMs/NF-200) were washed with deionized 

water and ethanol three times and dried at 60 ℃ overnight. For comparison, the 

same procedure used for the preparation of NiFe LDHMs/NF with different amounts 

of H2O2 (0, 20, 60 and 300 μL) were denoted as p-NiFe LDHs/NF, NiFe 

LDHMs/NF-20, NiFe LDHMs/NF-60 and NiFe LDHMs/NF-300, respectively.  

Characterization. Powder X-ray diffraction (XRD) patterns were collected on an 

X’Pert-Pro MPD diffractometer (Netherlands PANalytical) with a Cu Kα X-ray 

source (λ = 1.540598 Å). SEM images were performed with a HITACHI S-4700 cold 

field emission scanning electron microscope operated at 15 kV. Transmission electron 



microscopy (TEM), high-resolution TEM (HRTEM), TEM mapping and high-angel 

annular dark-field scanning TEM (HAADF-STEM) were taken with a FEI Tecnai F20 

transmission electron microscope at an acceleration voltage of 200 kV. The thickness 

of the resulting nanosheets was determined by atomic force microscopy (AFM) with a 

Dimension Icon (Bruker) AFM system with ScanAsyst. X-ray photoelectron spectrum 

(XPS) was recorded on an SSI S-Probe XPS Spectrometer. The specific surface areas 

were calculated through nitrogen adsorption-desorption measurements using the 

Brunauer-Emmett-Teller (BET) method. The corresponding pore size distributions 

were obtained by Barrett-Joyner-Halenda (BJH) method.  

Electrochemical measurements. All electrochemical measurements were carried out 

on a CHI 660E electrochemical workstation in a three-electrode system, in which the 

obtained samples were directly utilized as a working electrode, Ag/AgCl electrode as 

the reference electrode and a platinum wire as the counter electrode. All potentials 

measured were converted with respect to reversible hydrogen electrode (RHE) by 

following the equation: ERHE = EAg/AgCl + 0.059 pH + 0.197 V and overpotential η = 

ERHE-1.23 V. Before test, the working electrode was tailored as a square piece with the 

working surface area of 0.5 cm-2. The polarization curves for OER were obtained by 

linear voltammetry (LSV) sweeping with a scan rate of 5 mV s−1 in 1.0 M KOH 

medium. The long-term stability was evaluated by a chronoamperometric 

measurement. Electrochemical active surface areas (ECSA) were measured by cyclic 

voltammetry (CV) in the potential range of 0-0.1 V versus RHE, with different scan 

rates of 10, 20, 30, 40 and 50 mV s-1. Electrochemical impedance spectroscopy (EIS) 



was surveyed in the frequency range of 100 kHz - 0.01 Hz at 0.52 V versus RHE. 

Computational details. The simple density functional theory (DFT) calculations 

were used based on the CASTEP code [37]. The algorithm of 

Broyden-Fletcher-Goldfarb-Shannon (BFGS) was chosen for all related geometry 

optimization calculations. The plane-wave basis set for expressing the valence 

electronic states was used with a kinetic cutoff energy of 750 eV. The PBE functional 

was set for the calculations. During electronic-minimization process, the ensemble 

DFT (EDFT) method of Marzari et al [38] was used to guarantee the convergence and 

avoid spin-charge sloshing effect.  

Regarding the interface structural model with bonding form, NiFe LDHMs/NF, 

NiFe LDHMs/NF with O-vacancy (Ovac) formed and NiFe LDHMs/NF with 

re-oxidized Ni near Ovac were built and relaxed based the same geometry optimization 

algorithm. These three types of interface models were initially built with 216 atoms 

within the supercell and size of 26Å × 13Å × 25Å between Ni (100) and 

NiFe-LDHMs/NF (010). The vacuum thickness was set to the value larger than 15 Å 

in order to separate the other two opposite surface effect. To balance the 

computational demanding cost, the Monkhost-Pack reciprocal space integration was 

performed using Gamma-center-off special k-points with mesh of 2 × 2 × 1 [39], 

which was guided by the initial convergence test. With these settings, the overall total 

energy for each step are converged to less than 5.0 ×10-7 eV per atom. The 

Hellmann-Feynman forces on the atom were converged to less than 0.001 eV/Å. 

The Ni, Fe, O, and H norm-conserving pseudopotentials are generated using the 



OPIUM code in the Kleinman-Bylander projector form [40], and the non-linear partial 

core correction [41] and a scalar relativistic averaging scheme [42] were used to treat 

the mixed valence (Fe, Ni) spin-orbital coupling effect. We choose the projector-based 

(3d, 4s, 4p), (2s, 2p), and (1s) states to reflect the valence states of Ni, Fe, O, and H 

atoms respectively. The RRKJ method was chosen for the optimization of the 

pseudopotentials [43]. 
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Figures 

 

Fig. 1 │Schematic illustration of the synthetic process of NiFe LDHMs/NF. 

  



 

Fig. 2│Morphological and structural characterizations. (a) SEM image of NiFe 

LDHMs/NF-200. (b) low-magnification and (c) high-magnification TEM images of 

NiFe LDHMs-200 scratched off from NF. (d) HRTEM image of NiFe LDHMs-200 

scratched off from NF. (e) Typical HAADF-STEM image and its corresponding EDX 

elemental mapping images of NiFe LDHMs-200 scratched off from NF. (f) AFM 

image of NiFe LDHMs-200 scratched off from NF. (g) PXRD patterns p-NiFe LDHs 

and NiFe LDHMs-200 scratched off from NF. Scale bar: (a) 2 μm; (b) 100 nm; (c) 20 

nm; (d) 2 nm; (e) 100 nm; (f) 50 nm. 

  



 

Fig. 3│BET surface area and XPS characterizations. (a) N2 absorption-desorption 

isotherms of NiFe LDHMs/NF-200. Inset (a) is the corresponding pore size 

distribution.  High-resolution XPS spectra of (b) Ni 2p, (c) O 1s regions of NiFe 

LDHMs/NF-200, respectively. (d) BET surface areas, the ratios of Ni2+/Ni3+ and 

Ovac/O of NiFe LDHMs/NF treated with different amounts of H2O2. 

  



 

Fig. 4│Electrochemical OER performance. (a) Polarization curves recorded on 

different electrocatalysts at a scan rate of 5 mV s-1 in 1 M KOH with 95% 

iR-compensation. (b) The current density at 1.45 V (vs. RHE) and overpotential at 10 

mA cm-2. (c) The corresponding Tafel plots. (d) EIS spectra of the samples. (e) 

Polarization curves of NiFe LDHMs/NF-200 before and after 1000 CV cycles. (f) 

Chronopotentiometry curve of NiFe LDHMs/NF-200 at a current density of 10 mA 

cm-2. 

  



 

 

Fig. 5│DFT calculation on improving OER performance of NiFe LDHMs/NF. (a) 

PDOSs of Ni-3d bands from deep bulk region (Ni-bulk), towards surface Ni bonded 

with Fe-sites (Fe-Nisurf-Fe), surface Ni bonded with Fe and OH (Fe-Nisurf-OH), 

surface edge Ni-sites near Ovac bonded with Fe-sites (Fe-Ni(Ovac)-Fe) and surface 

edge Ni-site near Ovac bonded with Fe and OH (Fe-Ni(Ovac)-OH), respectively. (b) 

PDOSs of Fe-3d bands from deep bulk region (Fe-bulk) towards surface site bonded 

with OH (Fesurf-OH), surface site bonded with Ni (Fesurf-Ni) and edge site near Ovac 

(Fe(Ovac)-OH). (c) PDOSs of O-2p bands for the intermediate O-species. (d) The free 

energy diagrams for OER on p-NiFe LDHs/NF and NiFe LDHMs/NF at zero 

potential (U=0 V). (e) The free energy diagrams for OER on p-NiFe LDHs/NF and 



NiFe LDHMs/NF at equilibrium potential (U=1.23 V). (f) Local structural 

configurations of initial reactant, intermediates or final product on the NiFe 

LDHMs/NF with Ni re-oxidized near Ovac. The purple, blue, red and white atoms 

represent the Ni, Fe, O and H. 

 

 




