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ABSTRACT  

High-performance, cost-effective and stable electrocatalysts are critical for hydrogen evolution 

reaction (HER) via water splitting in alkaline media. Herein a unique hetero-nanostructured 

Ni/NiFe-layered double oxide (Ni/NiFe-LDO) on Ni foam (NF) has been successfully constructed 

through phase-transition and controlled in-situ reduction process. Because the two-dimensional 

(2D) morphology of NiFe-LDO nanosheets can stabilize uniform in-situ formed nano-Ni sites, the 

prepared Ni/NiFe-LDO on NF displays a high catalytic activity for HER in 1.0 M KOH solution, 

which requires an extremely low overpotential of 29 mV to afford a current density at 10 mA cm-2, 

achieves a Tafel slope of 82 mV dec-1 and maintains an excellent stability of electrolysis for at 

least 24 hours. Detail characterizations reveal that the synergistic effect between nano-Ni and 

NiFe-LDO nanosheets contributes to the prominent HER activity. In NiFe-LDO, Fe2O3 facilitates 

the adsorption of H2O on the interface region of Ni-Fe2O3, which is beneficial for water activation, 

then NiO offers the active sites for hydroxyl adsorption (*OH), meanwhile nano-Ni sites are active 

to adsorb hydrogen intermediates (H*). All of the above accelerates the water dissociation in 

Volmer-step reaction. 

1. INTRODUCTION 

Hydrogen, an eco-friendly and clean resource for fuel, has been recognized as one of the best 

alternatives to traditional energy sources.[1,2] Among various hydrogen production strategies, 
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hydrogen evolution reaction (HER) by electrochemical water splitting in an alkaline medium is an 

efficient way due to its inherent advantages (including accessible reactants, stable output, and 

feasibility for large-scale production,[3,4]), and has been considered as one of the most promising 

approaches for hydrogen production.[5,6] Generally, the mechanisms for HER in an alkaline 

solution include Volmer reaction (𝐻2𝑂 + 𝑒− → 𝐻∗ + 𝑂𝐻−) and the subsequent electrochemical 

Heyrovsky reaction (𝐻2O + 𝑒_ + 𝐻∗ → 𝐻2 + 𝑂𝐻−) or chemical Tafel reaction (𝐻∗ + 𝐻∗ → 𝐻2).[7-

9] There are key challenges for the HER kinetics in an alkaline solution, because it is usually 

affected by the requirements of appropriate adsorption and dissociation of H2O molecules in the 

Volmer reaction, which doesn’t occur for the HER in an acidic solution.[10] So, even Pt has limited 

activity in alkaline media, because it lacks of optimal active sites for cleavage of H-OH bonds 

during the splitting of H2O molecules.[8,11] Therefore, it becomes a critical issue to develop cost-

effective electrocatalysts for the HER in alkaline media, in order to overcome the large energy 

barrier of H2O adsorption, especially during the H2O dissociation in the Volmer reaction. 

Recently, electrocatalysts with heterostructure have been applied successfully for HER in the 

alkaline media, in which one active component is designed as efficient promoter for water 

dissociation and the other for adsorbing H* species to H2.
[4,8] Among these promoters, transition-

metal oxides, e.g., NiO, have been explored as one of candidates for the promoting cleavage of H-

OH bonds, because the *OH generated by H2O splitting could be preferentially attached to the 

metal oxide sites based on its strong electrostatic affinity to the locally positively charged metal 

species.[3,6,10] For example, Ni/NiO shows good HER performance in an alkaline medium, in which 

the NiO and Ni act as the *OH and H* acceptors, respectively.[12-14] However, this singer metallic 

system suffers limitations including undesired catalytic activity and instability of NiO (which can 

be reduced to metallic Ni in an alkaline conditions).[14,15] Therefore, some efforts were made to 
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incorporate another metal element into the NiO/Ni system in order to achieve an enhanced HER 

catalytic activity, and these include Ni/NiO-Cr2O3 and Ni/NiO/MoOx.
[16,17] What’s more, the 

layered 2D structure is of particular feature, and its layers are held together by weak interactions 

via van der Waals forces, and the layer-layer distances are widely tunable from tenths to several 

nanometers, which make them excellent hosts for a large variety of small species such as alkali 

metal ions and water molecules.[18-23] The HER activity of heterostructured catalysts could be 

further enhanced by applying 2D materials with abundant positively charged and exposed species 

in order to effectively adsorb *OH.[24,25] For this reason, when coupled with active HER materials, 

the layered double hydroxides (LDHs) have been reported to effectively adsorb *OH species and 

thus synergistically facilitate HER kinetics in an alkaline media, and the examples include 

MoS2/NiCo-LDH[26] and Pt-loaded NiFe-LDH[27]. The layered double oxides (LDOs), which are 

derived from the LDHs, can provide more abundant positively charged species to absorb the *OH 

species, because they have stronger electrostatic affinity to the positively charged metals.[24,25,28,29] 

Therefore, designing catalysts by the integration of LDOs and bimetallic heterostructure should be 

a promising approach to accelerate the HER in an alkaline medium. 

In this work, a new hetero-nanostructure of Ni/NiFe-LDO on Ni Foam (NF) (Ni/NiFe-LDO/NF) 

is explored by phase-transition of NiFe-LDH with subsequently controlled in-situ reduction 

treatment. Its electrocatalytic HER performance and mechanisms in an alkaline media are 

investigated in details. The following unique features contribute to the outstanding electrocatalytic 

performance for HER. (i) The 2D structure of NiFe-LDO nanosheets can stabilize a large amount 

of uniformly dispersed nano-Ni sites, which ensure high atom utilization in catalytical 

reactions.[30,31] (ii) The synergistic effect between nano-Ni and NiFe-LDO contributes to the 

prominent HER activity, which was confirmed by the calculation results based on density 
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functional theory (DFT). We found that Fe2O3 in interfacial regions of Ni-Fe2O3 boosts the 

adsorption of H2O for the benefit of water activation, meanwhile in-situ nano-Ni and NiO, 

respectively act as the key H* and *OH acceptors, which accelerate the Volmer-step reaction rate 

in HER. All the above reasons ensure that the Ni/NiFe-LDO/NF achieve a superior HER 

performance with a low overpotential, small Tafel slope and good stability in the alkaline media, 

which show its potential as an efficient catalyst for HER. 

2. EXPERIMENTAL DETAILS 

2.1. Preparation of Ni/NiFe-LDO/NF catalyst 

Ni/NiFe-LDO/NF catalyst was converted from NiFe-LDH to NiFe-LDO on the NF through a 

partial reduction by H2. First of all, a piece of NF (1 × 1 cm2) was soaked in the HCl solution (2 

M) for 40 min and washed with deionized water and ethanol for three times. In a typical synthetic 

process, 0.15 mmol Ni(CH3COO)2·4H2O, 0.05 mmol Fe(NO3)3·9H2O, 1.5 mmol urea, 0.01 mmol 

sodium citrate and a piece of NF were added into 20 mL of distilled water at room temperature. 

The mixture was stirred for 30 min until the mixture was clear. It was then transferred to a 25 mL 

Teflon-lined stainless-steel autoclave, which was sealed and kept at 160 °C for 12 hours (hrs). 

After naturally cooled down to room temperature and washed with deionized water and ethanol 

for three times, the product was then dried in a vacuum dryer at 60 °C for 4 hrs. Then the obtained 

NiFe-LDH/NF was positioned in a porcelain boat in the tube furnace and calcinated at 400 °C for 

4 hrs under N2, in order to produce NiFe-LDO/NF. The heating rate to 400 °C was 10 °C/min. 

Finally, the H2 treatment of NiFe-LDO/NF was performed at 300 °C for 1 hr with a heating rate of 

5 °C/min to produce the Ni/NiFe-LDO/NF. For obtaining various compositions, NiFe-LDH/NF 

products with different Ni and Fe molar ratios of 2:1, 1:1 and 1:0 were obtained by adding different 
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contents of Ni(CH3COO)2·4H2O (0.13, 0.1 and 0.2 mmol) and Fe(NO3)2·9H2O (0.07, 0.1 mmol, 

and 0 mmol), respectively. The Ni/NiFe-LDO/NF products with the different reduction times were 

obtained by applying H2 reduction times of 30 min and 2 hrs, respectively, while keeping the other 

parameters constant. 

2.2. Characterization 

Morphology and microstructures of the products were characterized using a field emission 

scanning electron microscope (FE-SEM, JEOL, S-4800, Japan), a Transmission electron 

microscope (TEM) and high-resolution TEM (HRTEM, JEM-2100EX microscopy, Japan). 

Crystalline structure was evaluated by X-ray diffraction (XRD) patterns recorded using a Bruker 

D8 advanced (German) diffractometer with a Cu Kα radiation source (γ=0.154056 nm). Elements 

analysis were carried out using an energy disperse X-ray spectroscopy (EDS) conducted at 15 keV 

on a TN5400 EDS instrument (Oxford). Elemental and chemical binding information were 

investigated using the X-ray photoelectron spectroscopy (XPS, PHI-5000C ESCA system, Perkin 

Elmer) with Al Kα radiation (hv=1486.6 eV). The survey spectrum (0-1100 eV) and high-

resolution spectra were recorded using a RBD 147 interface XPS (RBD Enterprises, USA) and 

Auger Scan 3.21 software. Binding energies were calibrated using the contaminate carbon (C 

1s=284.6 eV). The Brunauer-Emmett-Teller (BET) surface areas were measured using the 

Micromeritics TRISTAR 3020. 

2.3. Electrochemical measurements 

Using an electrochemical workstation with a standard three-electrode setup (CHI 760E, 

Shanghai Chenhua). The as-prepared catalysts on NF (a size of 1 × 1 cm2) were used as the free-

standing working electrode, an Ag/AgCl (3M KCl solution) as the reference electrode, and a 
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graphite rod (Alfa Aesar, 99.9995%) as the counter electrode. All the measurements were carried 

out in a 1 M KOH aqueous solution and all the HER and oxygen evolution reaction (OER) 

measurements were conducted in N2-saturated and O2-saturated solutions at the ambient 

temperature. All the measurements were referred to the reversible hydrogen electrode (RHE) by 

using the following relationship (Equation (1)):   

 E(RHE)  =  E(Ag/AgCl) ＋ EΘ(Ag/AgCl) ＋ 0.059V ×  pH (1) 

Before the data collection, 20 cycles of cyclic voltammetry (CV) was conducted between 0.2 ~ 0.6 

V (vs. RHE). Linear sweep voltammetry (LSV) was used to examine the electrochemical activities 

and carried out from 0.3 to -0.5 V (vs. RHE) of these samples at a scan rate of 2 mV s-1. All 

polarization curves were presented with iR correction. The compensated potential was determined 

using Equation (2): 

 Ecompensated  =  Emeasured － i ×  Rs (2) 

where Rs is the series resistance determined by an electrochemical impedance spectroscopy (EIS). 

EIS measurements were carried out in a frequency range from 105 to 0.01 Hz, with an amplitude 

of 5 mV. For the determination of double layer capacitance (Cdl) for HER, CV scans between 0.2 

~ 0.6 V (vs. RHE) were conducted at scan rates of 20, 40, 60, 80 and 100 mV s-1. Turnover 

frequency (TOF) was evaluated by the CV tests in an electrolyte of 1M phosphate buffered solution 

(PBS, pH = 7.0) at a scan rate of 50 mV s-1 in the potential range from -0.2 ~ 0.6 V versus RHE. 

Additionally, chronoamperometry durability tests were conducted at 30 mV to investigate the 

electrochemical HER stability of catalysts for 24 hrs. 

2.4. Theoretical Section 

All calculations were performed by means of spin polarized DFT methods using the Vienna Ab 

initio Simulation Package (VASP).[32] The projector augmented wave (PAW) method was adopted 



 8 

to describe electron-ion interaction.[33] While the Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functional within a generalized gradient approximation (GGA) was employed, and a 

kinetic 520 eV cutoff energy for the plane-wave basis set was used for the valence electrons. All 

the structures, including the atom positions and cell parameters, were fully optimized with the 

conjugant gradient method until the total energy was less than 10−5 eV and the force on each atom 

was less than 0.02 eV Å-1. A DFT-D3 schem[34] of dispersion correction was used to describe the 

van der Waals (vdW) interactions in the molecule adsorption. The intrinsic dipole correction was 

also considered in all DFT calculations. The DFT+U method with U-J = 5.3 and 3.0 eV was used 

to describe the strong correlation of the localized Fe-3d and Ni-3d states, respectively.[35] The 

Brillouin zone was sampled using the 2×2×1 Monkhorst-Pack k-point mesh in structure 

optimization for the Ni (111), NiO and Fe2O3 slab supercells. To avoid the interactions between 

two adjacent periodic images, the vacuum thickness was set to be 15 Å. The atomic structures 

were analyzed using the VESTA code.[36] Spin-polarization was considered in all cases. The Gibbs 

free energy of the adsorption of the intermediate hydrogen on a catalyst (ΔGH) is the key descriptor 

of the HER activity of the catalyst, and is obtained by (Equation (3)):   

 ∆G𝐻  =  ∆E𝐻＋ ΔZPE –  TΔS (3) 

where ΔEH, ΔZPE and ΔS are the binding energy, zero-point energy changes and entropy change 

of H adsorption, respectively. Herein, the value of ΔZPE−TΔS is about 0.24 eV calculated by 

Norskov et al.,[37] and the value of ΔEH is calculated using Equation (4):  

 ∆E𝐻  =  E (surface +  H) −  E (surface)  − 0.5 × E(𝐻2) (4) 

where E (surface + H) is the total energy of the system with one adsorbed H atom, E (surface + H) 

and E (H2) represent the energy of the pristine surface and H2 gas molecule, respectively. 
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3. RESULTS and DISCUSSION 

3.1. Morphologies and Structures 

The 2D hetero-nanostructure of Ni/NiFe-LDO/NF was constructed by phase-transition and 

controlled in-situ reduction process as illustrated in Fig. 1A. Firstly, the predecessor of 2D NiFe-

LDH nanosheets was grown on NF through hydrothermal reaction by using Ni(CH3COO)2·4H2O, 

Fe(NO3)2·9H2O, urea and sodium citrate as the reactants (Fig. S1A). In this process, CO3
2- and 

OH- derived from decomposition of urea were formed in a hydrothermal system at 160 °C, which 

provided the possibility for the Ni2+ and Fe3+ ions coprecipitated to form the NiFe-LDH. After that, 

a calcining treatment was performed at 400 °C for 4 hrs, and the NiFe-LDH nanosheets were 

transfered into NiFe-LDO nanosheets (Fig. S1B). The following controlled reduction process was 

carried out under H2 treatment at 300 °C for 30 min, which resulted in the in-situ formed nano-Ni 

uniformly dispersed on both sides of the NiFe-LDO surface, and a 2D hetero-nanostructured 

Ni/NiFe-LDO/NF was finally obtained. The macroscopic images of the prepared bare NF and the 

ones modified by NiFe-LDH, NiFe-LDO and Ni/NiFe-LDO are shown in set of Fig. 1A. The color 

changes of the products are replaced from silver to yellow, brownish, and reddish black, which 

indicates the formations of the different products deposited on NF.  
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Fig. 1. (A) Schematic illustration of fabrication with inset of the macroscopic images for prepared samples and 

(B) Catalytic mechanism for Ni/NiFe-LDO/NF. 

Fig. 2 presents the morphology and microstructure of the synthesized Ni/NiFe-LDO/NF 

catalyst. The NF with macropores and three-dimensional (3D) conductive network and a smooth 

surface was adopted as the substrate for the growth of catalysts (Fig. 2A and inset). The Ni/NiFe-

LDO nanosheets are uniformly grown onto the surface of NF and have layered morphology with 

a lateral size of 1-2 μm from SEM images (Figs. 2B and C). TEM images (Fig. 2D and inset) show 

that the in-situ formed nano-Ni are uniformly distributed on the NiFe-LDO nanosheets, with a 

narrow distribution of crystal diameters of 4-6 nm (inset of Fig. 2D). The Ni:Fe ratio and reduction 

time are 3:1 and 1 hr, which produce good morphology of 2D support with uniformly distributed 

nano-Ni (Figs. S2 and S3). The Ni/NiFe-LDO nanosheets on NF show much less serious 

agglomeration compared with the Ni/NiO ones (Fig. S2D), which indicates that involvement of 
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Fe2O3 plays an importance role to in formation of a 2D structure. From the N2 

adsorption/desorption isotherms results, the BET surface area of Ni/NiFe-LDO is 68 m2 g-1, which 

is much larger than that of Ni/NiO (11 m2 g-1) (Fig. S4). The main reason is the preservation of 2D 

layered morphology through the reduction process for the Ni/NiFe-LDO.  

 

Fig. 2. Morphology and microstructure characterization: (A, B) SEM images of NF and synthesized Ni/NiFe-

LDO/NF; (C-E) SEM, TEM (Inset: particle size distribution), and HRTEM images of Ni/NiFe-LDO; (F) 

HRTEM image of oxygen vacancies (marked with yellow circles); (G) HRTEM image of the area marked using 

red box in F (indicating the distinct dislocation of lattice fringes); (H) SAED pattern and (I-L) SEM-EDS 

elemental mapping of Ni/NiFe-LDO. 

A HRTEM image shows a mixture of crystalline structures with different lattice spacings of 

0.2031 nm for Ni (111) plane, 0.2398 nm for NiO (111) planes, and 0.1467 nm for Fe2O3 (4 0 12) 
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planes (Fig. 2E). Meanwhile, the formation of amorphous areas (marked with yellow circles in 

Fig. 2F) are due to the generation of oxygen vacancies (Ovs).[38] Fig. 2G shows the distinct 

dislocations of lattice fringes, which can be revealed from the area marked using a red box in Fig. 

2F. The above phenomena reveal the presence of abundant surface defects in the obtained Ni/NiFe-

LDO nanostructures.[39] A selected area electron diffraction (SAED) pattern shows mixed 

diffraction results of (111) and (400) facets from Ni, (111) and (222) from NiO, and (4 0 12) from 

Fe2O3 (Fig. 2H). Element mappings based on EDS reveal that Ni, Fe and O elements are 

homogeneously distributed throughout the Ni/NiFe-LDO nanosheets (Figs. 2I-L). 

 

Fig. 3. (A) XRD patterns of Ni/NiFe-LDO and NiFe-LDO ultrasonically separated from NF; (B-D) XPS analysis 

of Ni 2p, Fe 2p and O 1s for Ni/NiFe-LDO (upper) and NiFe-LDO (bottom), respectively. 
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Fig. 3 illustrates the phase analysis and elemental valance state information for as-prepared 

samples. The XRD patterns are shown in Fig. 3A and Fig. S5A for samples of Ni/NiFe-LDO, 

NiFe-LDO and NiFe-LDH, which are ultrasonically separated from the NF in order to obviate the 

influences of NF, because only the inconspicuous XRD peaks appear for those samples as obtained 

on NF (Fig. S5B). The NiFe-LDO shows clear diffraction peaks of NiO (PDF# 47-1049) and Fe2O3 

(PDF# 25-1402), which confirms the phase conversion from NiFe-LDH (PDF# 40-0215) to NiFe-

LDO. After in-situ controlled reduction at 300 °C for 1h, apart from those diffraction peaks of NiO 

and Fe2O3, the Ni/NiFe-LDO sample presents three other peaks at 2Θ values of 44.5, 51.8 and 

76.4, which can be indexed to (111), (200), and (220) planes of Ni (PDF# 65-2865). These are 

consistent with results from the SAED and HRTEM analysis. In addition, the NiFe-LDO has been 

completely transformed into NiFe alloy when the reduction temperature is increased to 400 °C 

(Fig. S5C). The EDS elemental analysis indicates that the Ni/NiFe-LDO has an atomic ratio of 

Ni:Fe at ~3:1, corresponding to the feed ratio (Fig. S6). Furthermore, the XPS was used to acquire 

chemical and elemental binding information. The survey spectrum of Ni/NiFe-LDO shows peaks 

of O 1s, Ni 2p, and Fe 2p (Fig. S7). In Fig. 3B, the high resolution spectrum of Ni 2p of NiFe-

LDO shows that apart from the satellite peaks (denoted as sat.), the peaks centered at 854.1 and 

871.8 eV can be ascribed to Ni2+, while those at 855.7 and 873.2 eV should be attributed to Ni3+, 

unveiling the mixed valence state nature of Ni in NiFe-LDO.[12,40] By comparisons, in Ni/NiFe-

LDO, the doublet weak peaks of 852.5 and 870.2 eV are assigned to the Ni(0), and the rest of the 

peaks at 854.3 and 872.0 eV are assigned to Ni2+, and 855.6 and 873.1 eV are assigned to Ni3+.[13] 

These results clearly reveal low amounts of metallic-Ni on NiFe-LDO, which is consistent with 

results of XRD and TEM patterns. For Fe 2p spectra of NiFe-LDO (Fig. 3C), apart from a peak at 

704.3 eV (which is the pre-peak of Fe 2p3/2),
[40,41] the peaks located at 711.3 (Fe 2p3/2) and 724.4 
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eV (Fe 2p1/2) are indexed to those of Fe3+, evidenced by the satellite peaks of Fe3+ at 718.2 and 

732.8 eV.[41,32] In contrast, the Fe 2p spectra of NiFe-LDO also can be ascribed to Fe 2p3/2 and Fe 

2p1/2 with peak positions at 711.2 and 724.3 eV, while the satellite peaks of Fe3+ can be assigned 

to centered at 717.8 and 732.4 eV, indicating that the binding states of Fe has not been apparently 

changed during the reduction process. In Fig. 3D, the O 1s spectra of Ni/NiFe-LDO can be 

deconvoluted into three peaks of 529.8, 531.2 and 532.0 eV, which are corresponding to metal-

oxygen bond in metal oxides, OVs and surface adsorbed water molecules, respectively. [41-44] The 

peaks of OVs are mainly caused by the highly distorted local structures induced by the in-situ 

partial reduction,[38,45] and they are not observed in the XPS results of NiFe-LDO. Therefore, we 

can confirm that after reduction, the NiFe-LDO is converted to Ni/NiFe-LDO with rich OVs. 

3.2. Catalytic Performance 

To evaluate the electrocatalytic activity for HER, the Ni/NiFe-LDO/NF was tested as a binder-

free integrate electrode in 1.0 M KOH solution. For comparisons, the bare NF, NiFe-LDO/NF, 

NiFe-LDH/NF and commercial 20% commercial PtC on NF were also tested under the same 

condition. Fig. 4A shows the LSV polarization curves of the electrocatalysts with iR 

compensation. Undoubtedly, the NF shows a poor activity for HER in an alkaline solution, since 

a large overpotential of 248 mV is required to maintain 10 mA cm-2, indicating the inert catalysis 

of NF. It is remarkable that the overpotential of Ni/NiFe-LDO/NF is extremely low, only ~29 mV, 

which is smaller than 30 mV of 20% commercial PtC on NF at a current density of 10 mA cm-2. 

To our best knowledge, such an extremely small overpotential at 10 mA cm-2 is superior to those 

of reported HER electrocatalysts, such as NiFe2O4/NiFe-LDH/NF, NiFe-NiCoO2 and Fe-Ni3S2/NF 

as listed in Table S1. As contrast, the overpotentials of NiFe-LDO/NF and NiFe-LDH/NF required 

to achieve 10 mA cm-2 are 228 and 185 mV, both of which are worse than that of Ni/NiFe-
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LDO/NF. In addition, the optimum reduction time of 1 hr for the Ni/NiFe-LDO/NF displays the 

best alkaline HER activity (Fig. S8). The above results reveal that both the in-situ nano-Ni and 

NiFe-LDO play important roles for the excellent performance of the Ni/NiFe-LDO/NF. The 

sample with the Ni:Fe ratio of 3:1 in the Ni/NiFe-LDO/NF exhibits a lower overpotential than 

those with the other Ni:Fe ratios, which proves that a certain amount of Fe2O3 is necessary and 

responsible for the good HER activity in the alkaline solution (Fig. S9). Here it is worth noting 

that Ni/NiO/NF (Ni:Fe ratio of 1:0) shows the worst HER activity, which indicate the 2D structure 

of Ni/NiFe-LDO/NF is vital to improve catalytic performance. 

The Tafel slope of the corresponding polarization curve is commonly used to discern the rate-

determining step and the possible HER reaction pathway.[46] This slope follows the Tafel equation 

(Equation (5)): 

 η =  b log i +  a (5) 

where η is the overpotential, b is the Tafel slope, and i is the current density.[47] As shown in Fig. 

4B, the Tafel slopes of Ni/NiFe-LDO/NF, 20% PtC on NF, NiFe-LDO/NF, NiFe-LDH/NF and NF 

are 82, 64, 135, 184, and 130 mV per decade (mV dec-1), respectively, which demonstrates that 

the Ni/NiFe-LDO has the best reaction kinetics, apart from 20% PtC. Generally, the HER in the 

alkaline electrolytes consists three reactions[48] (Equation (6)-(8)): 

The Volmer step: 

 𝐻2O + 𝑒_ → 𝐻∗ + 𝑂𝐻− (6) 

The Heyrovsky step: 

 𝐻2O + 𝑒_ + 𝐻∗ → 𝐻2 + 𝑂𝐻− (7) 

The Tafel step: 

 𝐻∗ + 𝐻∗ → 𝐻2 (8) 
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Theoretically, Tafel slopes are 120 mV dec-1, 40 mV dec-1 or 30 mV dec-1 when the reactions 

follow Volmer, Volmer-Heyrovsky and Volmer-Tafel mechanisms, respectively.[49] Hence, the 

Ni/NiFe-LDO/NF follows the Volmer-Heyrovsky reaction mechanism. By contrast, for NiFe-

LDO/NF, NiFe-LDH/NF and bare NF, the Volmer reaction should be the rate-limiting step 

because their Tafel slopes are close to 120 mV dec-1. Therefore, it is reasonable to believe that the 

Volmer step is facilitated in the Ni/NiFe-LDO/NF catalyst and the in-situ reduction of nano-Ni 

accelerates the dissociation of adsorbed H2O on the NiFe-LDO/NF.[50] 

 

Fig. 4. Electrochemical catalytic performance for HER: (A) Polarization curves, (B) Tafel plots, (C) Nyquist 

plots (Inset: the equivalent circuit diagram to fit all the EIS data) and (D) Dependence of capacitive current on 

scan rates of the prepared samples; (E, F) TOF and chronopotentiometry curve of Ni/NiFe-LDO/NF at 10 mA 

cm-2 in 1.0 M KOH solution, and the NF with dimensions of 1 × 1 cm2 was directly used as the working electrode. 

Studies using the EIS were done under the same overpotential of 182 mV (vs. RHE) for the 

catalysts mentioned above. Fig. 4C shows that the obtained charge-transfer resistance (Rct) of 

Ni/NiFe-LDO/NF is 2.56 Ω, which is lower than those of NiFe-LDO/NF (296.26 Ω), NiFe-
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LDH/NF (2.79 Ω) and NF (11.86 Ω), suggesting its higher conductivity and faster charge 

transfer.[42] The equivalent circuit diagram to fit all the EIS data has shown as inset in Fig. 4C and 

the series resistance (Rs) and Rct values of these catalysis for HER are illustrated in Table S2. The 

EIS experiments were further carried out at different applied overpotentials for the Ni/NiFe-

LDO/NF (Fig. S10). The Rct can be fitted as 10.74 Ω at an overpotential of 2 mV. It sharply 

decreases to 3.95 Ω at 52 mV, and then to 2.56 Ω at 182 mV, indicating that the charge transfer 

kinetics is significantly accelerated upon increasing the overpotential.[51] To estimate the 

electrochemically active surface area (ECSA) of electrocatalysts under the working conditions, the 

electrochemical Cdl was measured by CV in a non-redox potential region (Fig. S11). As depicted 

in Fig. 4D, the Cdl of Ni/NiFe-LDO/NF was calculated to be 29.01 mF cm-2, which is much higher 

than those of NiFe-LDO/NF (2.17 mF cm-2), NiFe-LDH/NF (1.5 mF cm-2) and NF (1.4 mF cm-2). 

It is obvious that the designed 2D structure of Ni/NiFe-LDO nanosheets has the largest ECSA 

value and abundant catalytic active sites for HER. What’s more, the TOF value of the Ni/NiFe-

LDO/NF was calculated to be 2.68 s-1 at an overpotential of 100 mV at pH = 7 (Fig. 4E and Fig. 

S12), which confirms the high intrinsically catalytic HER activity of the Ni/NiFe-LDO/NF. The 

long-term stability is another critical factor for the practical HER electrocatalysts, which can be 

evaluated using the chronoamperometry. As shown in Fig. 4F, the Ni/NiFe-LDO/NF exhibits a 

stable electric current density (10 mA cm-2) at a static overpotential of 30 mV, and its morphology 

has not apparently changed after the chronoamperometry durability test (Fig. S13). In addition, 

after the chronoamperometry at the higher electric current density (100 mA cm-2, Fig. S14A), 

although there is a tendency to fell off the NF for Ni/NiFe-LDO, the 2D morphology has 

maintained basically, suggesting an outstanding stability during the HER process (Figs. S14B and 

C). 
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In the water splitting process, OER often suffers from intrinsically sluggish kinetics and thus 

restricts the overall efficiency of the energy conversion at the anode.[52] Here, the OER 

performance using the prepared catalysts of Ni/NiFe-LDO/NF, bare NF, NiFe-LDO/NF and NiFe-

LDH/NF was also studied and conducted in O2-saturated 1 M KOH aqueous solution. For the CV 

curves shown in Fig. 5A, the overpotential of the Ni/NiFe-LDO/NF (280 mV) is smaller than those 

of NiFe-LDO/NF (310 mV), NiFe-LDH/NF (300 mV) and bare NF (417 mV) at a current density 

of 10 mA cm-2. As a result, the in-situ formed nano-Ni on NiFe-LDO can also improve the OER 

activity. In particular, the Ni/NiFe-LDO/NF with a Ni:Fe ratio of 1:1 has shown the best OER 

performance (Fig. S15), which is different with the best Ni:Fe ratio of 3:1 for the HER 

performance. Hence, the higher Fe content is more beneficial for OER activity of Ni/NiFe-

LDO/NF, which was also reported in a previous study.[53] The intrinsic reaction mechanism of 

OER can also be understood from the kinetic parameter such as Tafel slope.[54] As shown in Fig. 

5B, the Tafel slopes verify the enhanced kinetics on the Ni/NiFe-LDO/NF (42 mV dec-1), which 

is much smaller than those of NiFe-LDO/NF (63 mV dec-1), NiFe-LDH/NF (99 mV dec-1) and 

bare NF (117 mV dec-1). Both the overpotential and Tafel slope are low making Ni/NiFe-LDO/NF 

one of the best NiFe-layered hydroxide OER catalysts reported in literature (Table S3). EIS results 

show that the Ni/NiFe-LDO/NF gives the smallest Rct of 2.44 Ω, suggesting the fastest charger 

transfer process during OER electrolysis, if compared with those of the NiFe-LDO/NF (8.69 Ω), 

NiFe-LDH/NF (5.93 Ω) and bare NF (240 Ω) (Fig. 5C).[55] The equivalent circuit diagram to fit 

all the EIS data has shown as inset in Fig. 5C and the Rs and Rct values of these catalysis for OER 

are illustrated in Table S4. Besides, the Ni/NiFe-LDO/NF has a Cdl of 19.7 mF cm-2, which is the 

highest among NiFe-LDO/NF (10.6 mF cm-2), NiFe-LDH/NF (8.25 mF cm-2) and bare NF (1.37 

mF cm-2), revealing its superior OER activity (Fig. 5D and Fig. S16). 
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Fig. 5. Electrochemical catalytic performance for OER: (A) CV curves, (B) Tafel plots, (C) Nyquist plots (Inset: 

the equivalent circuit diagram to fit all the EIS data) and (D) Dependence of capacitive current on scan rates of 

the prepared samples in 1.0 M KOH solution. 

3.3. DFT calculations 

To fully understand the origin of superior HER performance of the Ni/NiFe-LDO, first-

principles DFT calculations were conducted. According to thermodynamics, the Gibbs free energy 

of hydrogen adsorption (ΔGH) is an activity descriptor for the HER reaction. For an optimal 

catalyst, the ΔGH should be close to zero,[56-58] which ensures a fast adsorbed hydrogen formation 

and provide a rapid concomitant hydrogen release. Here, the ΔGH on pristine Ni, NiO and Fe2O3 

are investigated using the DFT analysis are shown in Figs. 6A-C. All the possible adsorption sites 

on the surface were determined based on the symmetry of surface geometry. It is found that ΔGH 

on Ni-111 surface is 0.163 eV on top sites, which is close to optimal value thus showing its high 

HER performance (Fig. 6A). The NiO (Fig. 6B) shows compatible values for H adsorption, which 

is better than that of Fe2O3 (Fig. 6C). This suggests that both the interfacial O and Ni atoms have 
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optimal activities and also demonstrates that Ni sites may act as main *H acceptors for composite 

Ni/NiFe-LDO in HER reaction. Besides, ΔGH  on NiO-Ov and Fe2O3-Ov structures are also 

clarified for considering influence of Ovs (Fig. S17). It is obvious that ΔGH on NiO-Ov is -0.13 

eV on O sites (Fig. S17A), which is much closer to zero than that on the NiO-111 surface. For 

Fe2O3-Ov structure, ΔGH on Ov sites is 0.38eV, suggesting the presence of Ovs could strengthen 

the adsorption of H for Fe2O3 (Fig. S17B). Moreover, we calculated the adsorption energies for 

hydroxyl molecule on these three surfaces, and the adsorption energies (ΔE) are defined as follows 

(Equation (9)):  

 ∆E = E(substrate +  adsorbate) − E(substrate) − E(adsorbate) (9) 

Given that the state of the hydroxyl molecule is poorly described in the DFT calculations,[59] the 

total energy of the OH molecule can be derived according to Equation (10):  

 E(𝑂𝐻) = E(𝐻2𝑂) − 0.5 × E(𝐻2) (10) 

The adsorption energy of *OH is -0.601 eV for Ni, and it is -0.702 eV for Fe2O3 facets. Notably, 

the ΔEOH are -1.620 eV for NiO (Fig. 6D), which has a stronger adsorption ability as OH acceptors 

and thus a better water dissociation capability. As expected, the ΔEOH for Fe2O3-Ov structure (-

3.22eV, Fig. S18) is much lower than -0.702 eV for Fe2O3 facets, indicating a stronger adsorption 

of *OH for Fe2O3 due to existence of Ovs. Owing to the complexity of Ni/NiFe-LDO structures, 

we simplified the cases to simulate the Ni-cluster, Ni-NiO, Ni-Fe2O3 structures and compared the 

adsorption energies of H2O molecules in their interfacial regions. The adsorption energies of *H2O 

are -0.632 eV, -0.957 eV, -1.285 eV, -1.814 eV and -1.392 eV for Ni-cluster, Ni-NiO, Ni-NiO-Ov, 

Ni-Fe2O3 and Ni-Fe2O3-Ov structures, respectively (Fig. 6E and Fig. S19). These results show that 

both the NiO and Fe2O3 facilitate the adsorption of H2O, and the large negative value of ∆E𝐻2𝑂 
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indicates that there is a strong interaction in Ni-Fe2O3 interface region, which is benefical for water 

activation and guarantees a better HER performance.  

 

Fig. 6. The calculated Gibbs free energy for H adsorbed on active sites of (A) Ni-111 surface, (B) NiO-001 

surface and (C) Fe2O3-111 surface. (D) The adsorption energies for *OH (ΔE, eV) on Ni-111, NiO-001 and 

Fe2O3-111 surfaces. (E) Comparison of adsorption energies (ΔE, eV) between H2O molecule and Ni-cluster, Ni-

NiO and Ni-Fe2O3 composite structures. 
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Base on the results of above theoretical analysis, (i) Ni sites and NiO may act as main H* and 

*OH acceptors for composite Ni/NiFe-LDO in HER reaction. (ii) the recombination of Fe2O3 

facilitates the adsorption of H2O in interface region and thus benefits for water activation. 

Furthermore, DFT simulation also shows that the addition of Ovs tunes the electronic structure of 

NiO and Fe2O3 nanocrystals and promotes the adsorption of reactant molecules, especially *OH 

and H2O molecules, which support that Ovs excite Ni/NiFe-LDO to boost the catalytic activity in 

the hydrogen reduction process.[60] 

4. CONCLUSIONS 

In summary, a novel electrocatalyst of hetero-nanostructured Ni/NiFe-LDO/NF has been 

prepared through phase-transition of NiFe-LDH precursor followed by controlled in-situ reduction 

in H2 treatment. Due to the synergistic effect between nano-Ni and NiFe-LDO, together with the 

advantage of 2D morphology NiFe-LDO nanosheets to stabilize nano-Ni sites, the as-prepared 

Ni/NiFe-LDO/NF exhibits a superior and stable HER performance with an extremely low 

overpotential of 29 mV at 10 mA cm-2, Tafel slope of 82 mV dec-1, and a long-term stability in 1.0 

M KOH solution. DFT calculations further demonstrate the synergistic effect mechanism of nano-

Ni and NiFe-LDO: nano-Ni and NiO act as H* and *OH acceptors to accelerate Volmer-step 

reaction, while Fe2O3 enhance the water adsorption and activation. This study provides a new 

strategy which can be applied to high efficiency electrochemical water splitting in an alkaline 

media. 
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