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ABSTRACT  

Obtaining deep insight into the relationship between the optimal composition and 

high oxygen-evolving ability of multi-metal layered double hydroxides (LDHs) at the 

microscopic level is of great importance. Herein, we report experimental and density 

functional theory (DFT) investigations into the oxygen evolution reaction (OER) of nickel 

(Ni)-vanadium (V) LDHs to obtain an optimal electrocatalyst via changing the 

composition ratio. The DFT calculations elucidate that catalytically active oxygen (O) 

binding sites play an essential role in facilitating the initiation of the OER process, thereby 

leading to enhanced conductivity due to their significant contribution to the bands around 
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the Fermi level. The optimized Ni0.75V0.25 LDH has not only a lower hydrogen desorption 

energy but also the most open O sites, thereby promoting initiation of the OER reaction. 

OER performance evaluation of Ni-V LDHs reveals that the Ni0.75V0.25 LDH 

electrocatalyst shows the best OER properties, which is consistent with the theoretical 

prediction.  

 

Keywords: electrocatalysis, water splitting, oxygen evolution reaction, Ni1-xVx LDH, energy 

generation 

  

1. Introduction 

Hydrogen is the most abundant element on Earth and an ideal energy source that could 

substitute for conventional fossil fuels to sustain the rapid increase in energy consumption 

required in everyday life [1-3]. Harvesting clean hydrogen and oxygen gases for use as energy 

sources in fuel cells and rechargeable metal-air batteries via electrochemically splitting water 

has attracted considerable attention because it has become economically viable and is 

environment-friendly [4-6]. Electrochemical water splitting is based on two different 

electrocatalytic reactions: the hydrogen evolution reaction (HER) and the oxygen evolution 

reaction (OER). Especially, the OER half-reaction using novel anode materials has been more 

intensively investigated due to its sluggish reaction kinetics [7-9]. In practical water splitting 

systems, unavoidable competing side reactions occur resulting in reduced ideal Faradaic 

efficiency. Thus, electrocatalysis in water electrolysis requires excess energy in the form of 

overpotential to overcome the various activation barriers. The theoretical potential required to 

split water into hydrogen and oxygen gases is 1.23 V [10]. Even though precious inert metals 

such as platinum (Pt), iridium (Ir), and ruthenium (Ru) and their alloys are commonly used in 

electrocatalysis, there are considerable challenges, such as their high cost and relative scarcity, 

when using them in large-scale applications [11-13].  
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 Recently, a tremendous amount of research has been carried out on fabricating efficient 

OER catalysts using layered double hydroxides (LDHs) of nickel (Ni), iron (Fe), and cobalt 

(Co), and their complex compounds [14-24]. A survey of the available literature on the current 

status of electrochemical water splitting technology for OER based on transition metal oxides 

and hybrid transition metal complexes, along with our work, is presented in Fig. 1 (a). From 

the literature review, it seems obvious that LDHs have outstanding oxygen-evolving 

characteristics due to their large specific surface area, unique layered structure, tunable 

elemental composition, etc. Especially, the incorporation of Fe or Co into the matrix of nickel 

(II) oxide (NiO)/hydroxide (Ni(OH)2) is one of the most popular routes for achieving high 

catalytic performance. The idea behind multi-metal LDHs is to enhance the number of active 

sites and intrinsic catalytic activity by varying the relative ratio of the constituent metals. 

However, based on the literature survey, searching for earth-abundant materials based LDHs 

with excellent activity for water electrolysis superior to that of Ni-Fe LDH is still challenging.  

Density functional theory (DFT) calculations enable the practical design of complex 

catalytic materials, including multi-metal hydroxides, via a comprehensive understanding of 

the mechanism of water oxidation at the atomic level as well as key performance factors.[30-33] 

Although significant efforts and advances have been made to elucidate the high OER activity 

of state-of-the-art multi-metal oxides and hydroxides, particularly in the calculation of the 

electronic structures and electrocatalytic mechanism, comparing the theoretical effects of the 

composition of the constituent metals on the oxygen-evolving activity with experimental data 

has not been rigorously carried out. Furthermore, as the metal composition changes, the active 

site structure also varies, leading to significant uncertainty in the relationship between the active 

site structure and the catalytic mechanism. Therefore, it is of great importance to theoretically 

explore this relationship to predict the optimal performance of new catalysts.  

 In this work, we present comprehensive research on the synthesis, electrochemical 

properties and oxygen evolution reaction of Ni-vanadium (V) LDH electrocatalysts, elucidating 
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the correlation between OER performance and Ni/V compositional ratio through state-of-the-

art DFT calculations and electrochemical analysis. A series of Ni1-xVx LDH (0 ≤ x ≤ 1) 

electrocatalysts were fabricated on stainless-steel substrates via chemical bath deposition 

(CBD). Fig. 1 (b) shows a schematic of the CBD method and the evolution of the surface 

morphology of the Ni1-xVx LDH films with increasing V content. The best optimized Ni0.75V0.25 

LDH catalyst attained a very low overpotential of 200 mV for OER at 10 mA cm-2 and exhibited 

outstanding stability for more than 100 hours, while the obtained low Tafel slope of 48.1 

mVdec-1 indicates a faster mass and electron transfer rate at the catalyst/electrolyte interface 

than those of other LDHs. Moreover, according to the DFT calculations, the enhanced catalytic 

activity of the best Ni0.75V0.25 LDH can be attributed to the existence of the highest number of 

active OVNN sites (where subscripts N and V represent nickel and vanadium respectively), 

lowest hydrogen desorption energy (HDE), and enhanced conductivity.  

 

2. Experimental Section  

2.1. Preparation of Ni(OH)2 and Ni1-xVx LDH thin films 

 A CBD method was used to synthesize the LDH thin films on stainless-steel substrates. 

Supplementary Information Fig. 1(b) provides a schematic representation of the CBD 

technique employed for Ni1-xVx LDH synthesis. Precursor chemicals nickel chloride 

(NiCl2×6H2O), sodium orthovanadate (Na3VO4), and ammonia solution were purchased from 

Sigma-Aldrich and used without further purification. Different molar ratios of Ni to V 

(0.95:0.05, 0.90:0.10, 0.80:0.20, 0.75:0.25, 0.50:0.50, and 0.25:0.75) were used. For 

comparison, pure Ni(OH)2 and vanadium hydroxide (V(OH)2) were synthesized using 1:0 and 

0:1 molar ratios, respectively. Precursor solutions were prepared in 60 ml of distilled water. 

Afterwards, 10 ml of ammonia solution was added to adjust the pH value to 11.4. The mixture 

solution was transferred to a glass beaker and heated at 80 �C for 10 h while continuously 
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stirring using a magnetic stirring bar during the deposition. After the deposition, the films were 

rinsed with distilled water and dried under N2 gas.  

 

2.2. Material characterization 

XRD patterns of the films were recorded using an X-ray diffractometer with Ni-filtered 

Cu–Ka radiation (Ka α–1.54056 Å) (X pert PRO, Panalytical, Netherlands). Raman spectra 

were recorded with a LabRam Armis (Horiba Jobin Yvon, USA) with an Ar–ion laser beam (λ 

= 514.5 nm). The surface morphology was observed using field emission SEM (JSM–6701F, 

JEOL, Japan). The chemical states of the films were investigated using XPS (Versaprobe II, 

Ulvac–phi, Inc., Japan). The microscopic structural properties of the samples were investigated 

using TEM, HAADF-STEM with an Oxford EDX detector (Oxford Instruments Plc., UK), HR–

TEM, and SAED on a JEOL 3000F (JEOL, Japan) at 300 kV. 

 

2.3. Electrochemical measurements 

These were carried out using the three-electrode configuration consisting of a working 

electrode (Ni1-xVx LDHs), a counter electrode (Pt wire), and a reference electrode (saturated 

calomel electrode, SCE). 1 M KOH electrolyte was used in all of the electrochemical 

experiments. The applied potential was converted to potential with respect to the reversible 

hydrogen electrode (RHE) using the standard conversion formula. The electrochemical 

measurements were carried out using a Versa–stat–3 electrochemical workstation (Princeton 

Applied Research, USA). The electrodes were initially cycled using a CV technique until a 

stable potential was observed. After the LSV had been measured in a potential window of 0 to 

0.7 versus SCE at a scan rate of 5 mV/s, the stability of the electrode was measured using 

chronopotentiometry at a fixed current density (j) of 10 mA cm-2.  The ECSAs of the electrodes 
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were estimated from their CV curves measured at different scan rates of 10, 20, 30, 40, and 50 

mVs-1. The Tafel slopes were determined using plots of overpotential (h) against log (j).  

 

3. Results and discussion  

3.1. DFT calculations and theoretical model  

We propose a theoretical guideline for developing highly active OER electrocatalysts 

by incorporating transition metals (TMs) into the Ni-TM LDH structure (Fig. 2a). To rationally 

design Ni1-xTMx LDH (0 ≤ x ≤ 1) structures and investigate their OER catalytic activities, we 

preferentially constructed a series of Ni1-xFex LDHs (0 ≤ x ≤ 1) by systematically varying the 

Ni/Fe ratio and investigated the optimal structure for each combination of the ratio 

(Supplementary Information Fig. S1). Next, we evaluated their hydrogen desorption energy 

(HDE) values because it is an essential indicator in judging the initiation of the OER process in 

the LDH system. Even though there is still controversy about whether TM or oxygen (O) 

comprises the OER active sites, it is undisputed that oxide binding to the TM sites is not 

desirable due to severe steric hindrance, especially in the basal plane. Hence, we reasonably 

considered the O sites to be the OER active sites and systematically explored HDE values of 

all possible O binding sites (ONNN, OFNN, OFFN, and OFFF, where subscripts N = Ni and F = Fe) 

to ascertain favorable open O sites for oxide binding. The calculated HDE values in Fig. S2 

(Supplementary Information) reveal that the Ni0.75Fe0.25 LDH structure has the lowest HDE 

value except for that of Fe(OH)2, which is structurally unstable due to severe hydrogen (H) 

shedding [25,26]. Furthermore, only this atomic configuration can lead to well-dispersed V 

atoms that efficiently reduce the number of ONNN sites while maintaining the highest HDE 

(Supplementary Information Fig. S2). From these observations, one can envisage that the 

Ni0.75Fe0.25 LDH structure would be more catalytically active because the active formation of 

open O sites plays a vital role in facilitating the initiation of the OER process. Based on this 
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theoretical evaluation, we then constructed all possible TM-incorporated LDH structures 

(Ni0.75TM0.25 LDHs) using the confirmed Ni0.75Fe0.25 LDH structure with dispersed Fe atoms. 

From the Ni0.75TM0.25 LDH structures designed using each of the 28 TMs, we attempted 

to evaluate the OER overpotential (ηOER) values for all possible open O active sites based on 

the two-step reaction pathway associated with the O* intermediate  [27,28] (detailed derivation 

of the free energy relationship is described in the Supplementary Information). Using the 

calculated reaction Gibbs free energy values of the O binding sites (ΔGO*), we created an OER 

volcano plot (Fig. 2b) that represents the apparent activity correlation between -ηOER and ΔGO* 

and found that there are many attractive OER catalyst candidates with remarkably low ηOER. 

Above all, the Ni0.75V0.25 LDH with dispersed V atoms has the lowest ηOER of 0.23 V, which 

indicates that it has much better catalytic performance than that of conventional ruthenium (IV) 

oxide (RuO2; 0.42 V). To verify the reliability of the remarkable catalytic activity of the specific 

Ni0.75V0.25 LDH composition, we additionally conducted comparative studies for all possible 

compositions of Ni1-xVx LDHs (0 ≤ x ≤ 1). According to our calculations, interpretation of the 

constructed free energy diagrams (FEDs) and the volcano plot led us to infer that the Ni0.75V0.25 

LDH is still the best structure and exhibits exceptional OER performance because it has the 

optimal ΔGO* (Fig. 2c and Supplementary Information Fig. S3). These findings also validate 

the reliability of our proposed approach when screening the OER activities of the TM-doped 

LDH system.  

To understand the dependence of OER activities on the V-incorporated Ni-based LDH 

structures, we explored their geometric and electronic features because these play crucial roles 

in enhancing inherent OER activity (Figs. 2d–f and Supplementary Information Figs. S4–S7). 

When considering the geometric effect, one expects that different V doping ratios will lead to 

various local structural environments in the Ni1-xVx LDHs due to different arrangements of the 

V dopant. Therefore, the O active sites can be classified into ONNN, OVNN, OVVN, and OVVV sites 

(Supplementary Information Fig. S4), depending on the TM environment. This allows us to 
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clearly understand how the environment around the O sites affects the OER catalytic activity. 

Based on this structural viewpoint, we systematically investigated the HDE values according 

to the different O sites mentioned above (Supplementary Information Fig. S5); it is noteworthy 

that the OVNN site is the most energetically favorable. Moreover, the Ni0.75V0.25 LDH has not 

only the lowest HDE value but also the highest OVNN ratio (Fig. 2d). Hence, we can assert that 

Ni0.75V0.25 LDH has the most open O sites which help to facilitate the initiation of the OER 

process better than in the other Ni-V LDH structures. 

To obtain insight into the difference in H desorption between the different O sites, we 

analyzed their p-band centers using the partial density of states (PDOS) because H binding 

strength is generally evaluated through the p-level of the O site that hybridizes with the H atoms 

state. Analysis results of p-band centers, shown in Fig. 2e and Supplementary Information 

Fig. S6, reveal that the OVNN site has the lowest value based on the following order: OVNN (-6.7 

eV) < OVVN (-5.8 eV) < OVVV (-5.1 eV) < ONNN (-2.9 eV). This result implies that the lower-

lying p-level can lead to an inactive chemical bond by ineffectively hybridizing with the H 

atomic state, so that the OVNN site yields the most favorable H desorption with the improved 

OER initial reaction. Next, we paid attention to changes in the total O charge attributed to V 

atoms in Ni0.75V0.25 LDH through a comparison with Ni1.0 LDH, because the catalytic activity 

can be significantly affected by variation of electron concentration on active sites. Interestingly, 

the results shown in Supplementary Information Fig. S7 indicate efficient electron transfer from 

V to O atoms, and this accepting of electrons results in a metallic property by shifting the band 

structure down via n-type doping effect.  

To obtain deeper understanding of the electronic structure, we decomposed the 

elemental band structures of Ni1-xVx LDHs (x = 0 and 0.25) and focused on the O active sites 

(Fig. 2f) because the activity improvement is strongly correlated with the contribution of the 

active sites to the frontier bands around the Fermi level [29]. The analysis results indicate, 

unusually, that O sites in Ni0.75V0.25 LDH predominantly contribute to the bands around the 
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Fermi level, while they contribute to bands below the Fermi level in Ni1.0 LDH. Besides this, 

when considering the compositional abundance of O sites in the LDH system, Ni0.75V0.25 LDH 

shows enhanced conductivity because the O sites significantly contribute to the bands around 

the Fermi level. In particular, it should be noted that Ni0.75V0.25 LDH has a substantial OVNN 

ratio (see Fig. 2d), so that most of the active sites are located at the Fermi level, which can 

effectively boost the OER. These theoretical insights reveal that the OVNN site plays an essential 

role in facilitating the initial OER process and, strikingly, that Ni0.75V0.25 LDH exhibits superior 

OER performance in alkaline media due to synergy between its geometry and the electronic 

activity.  

 

3.2. Structural analysis and morphological characterization of Ni1-xVx LDHs  

Figure 3a shows X-ray diffraction (XRD) spectra of the Ni1-xVx LDH electrocatalysts, 

in which systematic evolution of the XRD patterns can be observed upon V incorporation into 

the Ni(OH)2 matrix. First, the XRD spectrum of pure Ni(OH)2 matches well with that of b-

Ni(OH)2 phase (JCPDS 14-0117) [30], with corresponding (001), (100), (101), (102), (110), 

(111), and (202) reflection planes exhibiting a layered structure. Moreover, the diffraction peak 

intensities are reduced by incorporating V into the Ni(OH)2 matrix. A characteristic feature 

upon V incorporation into the Ni(OH)2 matrix is the appearance of a low intense broad peak 

around 34.23° in the XRD spectrum of Ni0.8V0.2 and Ni0.75V0.25 LDHs, which corresponds to 

the characteristic (009) facet of NiV LDH (PDF 52-1627), revealing that Ni0.8V0.2 and 

Ni0.75V0.25  LDHs are isomorphous, like layered b-Ni(OH)2. On the other hand, the pure 

vanadium (II) hydroxide V(OH)2 film is amorphous. It is clear that the incorporation of V into 

the Ni(OH)2 matrix deteriorates the crystallinity due to strain-induced lattice distortion and 

reduction in crystal symmetry [31].  
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The chemical bonding state of the NiV LDH films was examined via Raman 

spectroscopy (Fig. 3b). The peaks observed at 314 and 449.8 cm-1 in the spectrum for pure 

Ni(OH)2 are attributed to Raman–active vibrations of the Eg and A1g modes of β–Ni(OH)2, 

respectively [32]. As V is incorporated into the Ni(OH)2 matrix, the Raman spectrum changes 

dramatically, showing a reduction in intensity of the Eg and A1g modes. The feature of multiple 

broad peaks of Ni1-xVx LDHs ranging between 700 and 900 cm-1 is due to the second-order 

lattice mode of Ni(OH)2 and the symmetric-stretching vibrational modes of the [V2O7]4− and 

[V4O12]4−[32]. The systematic shift in peak position and the peak broadening are clear indicators 

of the incorporation of V into the Ni(OH)2 matrix which causes lattice distortion and reduction 

in crystal symmetry. The Raman spectrum of pure V(OH)2 shows peaks in the range of 700–

1100 cm-1, which are mainly due to stretching modes of the (VO4)3- tetrahedron [33,34].   

Microstructural and structural analysis of the Ni(OH)2 and Ni1-xVx LDH catalyst films 

were performed using scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) techniques; SEM, TEM, high-resolution TEM (HRTEM), selected area 

electron diffraction (SAED), and high-angle annular dark field-scanning transmission electron 

microscopy (HAADF-STEM) images of the Ni(OH)2 electrocatalyst are provided and discussed 

in detail in Supplementary Information Fig. S8. As V atoms are incorporated into the Ni(OH)2 

matrix, the surface morphology changes dramatically (Supplementary Information Fig. S9a–f). 

The compositional Ni/V ratio plays a critical role in determining the morphology of the Ni1-xVx 

LDHs because the incorporation of V atoms changes the growth kinetics. Vanadium (50.94 

amu), having a lower atomic weight in the precursor solution, affects the reaction rate and leads 

to the different surface morphologies. The atomic molar ratios determined from the energy-

dispersive X-ray spectroscopy (EDX) analysis are close to those used in the precursor solution 

for the Ni1-xVx LDHs with x £ 0.5 (Supplementary Information Table S1 and Figs. S10 and 

S11).  
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Figures 3c and 3d show SEM and TEM images of the Ni0.75V0.25 LDH film, 

respectively, which clearly exhibits a thin silk-like morphology. The HRTEM image in Fig. 3e 

reveals the lattice fringes of the Ni0.75V0.25 LDH sample with lattice spacings of 0.22 and 0.26 

nm, which correspond to the (015) and (101) planes of NiV LDH (JCPDS-38-0715), 

respectively [30]. The measured SAED pattern in Fig. 3f shows broad diffuse rings, which 

indicate that the film is a combination of amorphous and polycrystalline structures [35]. The 

HAADF-STEM and EDX mapping images of Ni0.75V0.25 LDH in Fig. 3g–j reveal that the 

constituent elements Ni, V, and O are uniformly distributed over the sample. STEM elemental 

line scans in Supplementary Information Fig. S12a-d also demonstrate the uniform distribution 

of Ni, V, and O even at micrometer length scales. 

 

3.3 Chemical valance states 

The evolution of the chemical and electronic states of the constituent elements in the 

Ni(OH)2 and Ni1-xVx LDH films was investigated using X-ray photoelectron spectroscopy 

(XPS) measurements. Figure 4 shows the XPS spectra of the Ni(OH)2 and Ni0.75V0.25 LDH 

samples. The XPS survey spectra in Fig. 4a reveal the presence of Ni, V, and O in the films. 

Meanwhile, the core-level Ni 2p spectra in Fig. 4b show main peaks at 855.87 eV and 873.62 

eV, along with their satellite peaks, which are associated with the Ni2+ binding states of Ni 2p3/2 

and Ni 2p1/2, respectively. The binding energy difference between these two peaks is 17.75 eV, 

revealing the formation of Ni2+ oxidation states [36,37]. For the Ni0.75V0.25 LDH film, the Ni 

2p3/2 and Ni 2p1/2 peaks shift slightly toward the lower binding energy side (indicated with 

dotted lines) due to the electronic interaction between Ni to V and interfacial charge transfer 

upon V doping [38]. Furthermore, the V 2p spectrum of the Ni0.75V0.25 LDH film (see 

Supplementary Information Fig. S13 and Fig. 4c) exhibits two peaks at 516.5 and 524 eV, 

which are associated with V 2p3/2 and V3p1/2, respectively; their binding energy difference is 

7.5 eV, which can be attributed to spin-orbit splitting [39]. The deconvoluted V 2p3/2 spectrum 
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in Fig. 4c consists of two peaks at 516.51 (purple) and 517.95 eV (green), associated with the 

V4+ and V5+ oxidation states, respectively4, and these higher oxidation states are catalytically 

active [40]. The deconvoluted peaks at 529.3, 530.5, 531.9, and 533.15 eV in the O 1s spectrum 

(Fig. 4d) are linked with VO2, Ni(OH)2, nickel oxyhydroxide (NiOOH), and H2O, respectively.                  

 

3.4. OER electrocatalytic performance 

The electrocatalytic activities of the Ni1-xVx LDH (0 ≤ x ≤ 1) electrodes were measured 

by linear sweep voltammetry (LSV) in a 1 M KOH electrolyte at a scan rate of 5 mVs-1. Prior 

to the LSV, the catalyst films were activated by carrying out cyclic voltammetry (CV) 

measurements for 1000 cycles, after which the electrocatalytic water oxidation parameters were 

measured. Details about the initial activation of the electrocatalyst are provided in 

Supplementary Information Fig. S14 a–c. Full-scale LSV curves of the catalysts are shown in 

Fig. 5a, and their enlarged LSV curves at a current density of 10 mA cm-2 are shown in Fig. 

5b. For comparison, the LSV curves of the Ni(OH)2 and V(OH)2 films are also presented. The 

measured LSV curves clearly demonstrate that the incorporation of V in the Ni(OH)2 matrix 

plays an important role in determining the catalytic activity of the Ni1-xVx LDHs. The Ni0.75V0.25 

LDH catalyst exhibits an excellent oxygen-evolving reaction with the lowest overpotential of 

200 mV at 10 mA cm-2 (292 mV at 400 mA cm-2). Furthermore, the OER electrocatalytic 

reaction kinetics were evaluated by measuring the Tafel slopes of the Ni1-xVx LDHs catalysts 

from the LSV curves (Fig. 5c). The measured Tafel slope values range from 48.1 to 84.79 

mVdec-1. The Ni0.75V0.25 LDH sample attains the smallest Tafel slope value of 48.1 mVdec-1, 

revealing its superior OER kinetics and efficient electron transport [41,42]. The steady-state 

catalytic properties of the Ni1-xVx LDH samples were measured using chronopotentiometry 

with multiple current steps from 10 mA cm-2 to 100 mA cm-2 (Supplementary Information Fig. 

S15); the Ni0.75V0.25 LDH catalyst also shows superior overpotential under continuously 
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elevated current density. Figure 5d presents the OER onset potential, overpotential at 10 mA 

cm-2, and Tafel slope values obtained from the Ni1-xVx LDH catalysts. The measured 

overpotential and Tafel slope curves are consistent with increasing V content, demonstrating 

that the Ni0.75V0.25 LDH has an electrocatalytically optimized Ni/V ratio, as theoretically 

anticipated in Fig. 2c. The best optimized Ni0.75V0.25 LDH catalyst for the OER activity is 

associated with synergy between the increased number of catalytically active sites, enhanced 

conductivity, and multiple oxidation states caused by V incorporation [19,22,39,43]. The 

consistent Tafel slope and onset potential results support that the optimized LDH sample has a 

superior intrinsic catalytic activity compared with the other LDH samples [41,42].  

The OER catalytic activity of the Ni1-xVx LDHs was further elucidated via geometric 

(electrochemically active surface area: ECSA) and electrical (Electrochemical Impedance 

Spectroscopy: EIS) analyses. First, the ECSA values of the catalysts were estimated by 

measuring the scan-rate-dependent CV curves in the non-faradaic voltage region. Figure 6a 

shows the CV curves of the Ni0.75V0.25 LDH catalyst measured at various scan rates. The ECSA 

of the catalyst is calculated using the following expression [44, 45].  

ECSA = CDL/CS                                                            (4) 

where Cs is the specific capacitance in alkaline medium (0.040 mF cm–2 for the KOH 

electrolyte) and CDL is the specific capacitance of the double-layer region. Figure 6b shows the 

non-faradaic capacitive current at 0.3 V as a function of scan rate (n) for the NiV LDH samples. 

The slope of the capacitive current (Dj) measured at a non-faradaic voltage of 0.3 V versus scan 

rate is used to obtain the ECSA of the catalyst. As shown in Figure 6c, the largest ECSA value 

(460.75 cm2) was obtained from the Ni0.75V0.25 LDH sample. As anticipated from the DFT 

calculations, the highest number of O active sites in the Ni0.75V0.25 LDH structure contributes to 

its superior ECSA. [39,46].  
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EIS measurements were carried out to further elucidate the electrocatalytic activity of 

Ni1-xVx LDHs. Figure 6d shows the Nyquist curves of the LDHs samples, some of which 

exhibit a small semi-circle feature in the high-frequency region (Fig. 6e), which is associated 

with the charge-transfer resistance (Rct). The Nyquist curves are modelled using the equivalent 

circuit diagram (inset in Figure 6e), in which Rs is the solution resistance and W0 is the Warburg 

impedance. The main calculated parameters Rct and Rs are shown in Figure 6f. The Rct value of 

Ni0.75V0.25 LDH is 0.207 Ω, which is much smaller than those of the other catalysts. The increase 

in charge-transfer resistance of the Ni-V LDH samples with high V content (x > 0.25) could be 

due to the partial oxidation of V4+ to V5+ at the surface of the catalyst. The lowest charge-

transfer resistance and fastest kinetics of the Ni0.75V0.25 LDH are in accordance with its superior 

OER activity.  

  The long-term stability of the Ni1-xVx LDH catalysts was tested using a 

chronopotentiometry (CP) technique. Figure 7a shows the chronopotentiometry curves 

(without iR-correction) of the Ni1-xVx LDH catalysts at 10 mA cm-2 under the same conditions 

used for the LSV measurements. All CP curves remain stable even for a very long time up to 

100 h. Figures 7b, c show the LSV and CP curves of the best optimized Ni0.75V0.25 LDH sample 

before and after the long 100 h stability test. The overpotential values before and after the 

stability test at 10 mA cm-2 are 200 mV (before) and 206 mV (after), and remain almost 

unchanged even at a high current density of 400 mAcm-2 (Supplementary Information Fig. 16). 

The electrocatalytic properties of the Ni1-xVx LDHs are summarized in Supplementary 

Information Table S2. The best overall electrocatalytic performance is obtained from the 

Ni0.75V0.25 LDH catalyst. 

To clarify the effect of long-term OER operation on the structural and chemical 

robustness of the best Ni0.75V0.25 LDH catalyst, we performed SEM, EDX, electrochemical 

impedance spectroscopy (EIS), and Raman spectroscopy measurements after the long-term 
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stability test. It is found that the catalyst retains its silk-like morphology (inset of Fig. 7a), 

revealing its excellent structural stability under vigorous oxygen bubbling. On the other hand, 

noticeable changes before and after the 100 h OER stability test are detected in the EDX (Fig. 

8a), Raman spectra (Fig. 8b) and EIS analysis (Supplementary Information Fig. S17), and can 

be attributed to the transformation of the catalytically active phase during the long-term OER. 

After the long-term OER test, V deficiency is evident in the EDX analysis (Fig. 8a) and the 

existence of NiOOH is detected (475 cm-1 and 556 cm-1 in the Raman spectrum (Fig. 8b)) [47].  

The transformation of NiV(OH)2 to NiOOH at the surface causes V deficiency on the surface 

of the NiV LDH catalyst. Thus, it is reasonable to presume that the OER of the Ni1-xVx LDHs 

is mediated through the formation of NiOOH at the surface of the catalyst.  

 

4. Conclusions  

In summary, we have comprehensively elucidated the electrocatalytic activities of 

Ni1-xVx LDHs, both theoretically and experimentally, providing optimal rule-of-thumb design 

of dual-transition-metal layered double hydroxides for efficient oxygen evolution reaction. DFT 

calculations show that the enhanced conductivity due to the significant contribution of 

catalytically active oxygen (O) binding sites to the bands around the Fermi level facilitates the 

initiation of the OER process. The alteration of the local structural environment upon V doping 

(O charge attributed to V atoms) reduces the Gibbs free energy of O binding (ΔGO*). The 

optimized Ni0.75V0.25 LDH has a lower hydrogen desorption energy and the most open O 

catalytically active sites. Ultra-low overpotentials of 200 and 292 mV at current densities of 10 

and 400 mA cm-2, respectively, are obtained for Ni0.75V0.25 LDH. This material also exhibits 

outstanding long-term durability for over 100 hours at 10 mA cm-2, and a very low Tafel slope 

of 48.3 mV dec-1. This work demonstrates a potential route for the design of state-of-the-art 

water oxidation catalysts for high performance and large-scale practical applications.  
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Figures  

 

 

 
Fig. 1. (a) Literature survey results and comparison of reported overpotentials at 10 mA cm−2 

and Tafel slopes for various electrocatalysts, supplimentary references[1-39], including our 

sample, (b) Schematic showing the growth processes of the NixV1-x layered double hydroxides 

(LDHs) using chemical bath deposition (CBD), along with their morphologies. 
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Fig. 2. Theoretical evaluation of the oxygen evolution reaction (OER) catalytic activities of Ni-

transition metal (TM) layered double hydroxide (LDH) structures. (a) Schematic of the OER 

activity screening of the Ni-TM LDH structures. (b) OER volcano plots of (b) the Ni0.75TM0.25 

LDH and (c) the Ni1-xVx LDH (0 ≤ x ≤ 1) structures. (d) Schematic of the OER active site and 

reaction mechanism of the Ni0.75V0.25 LDH structure. (e) p-band centers of the oxygen (O) 

active sites (OVNN and ONNN, where V = vanadium and N = nickel) analyzed using the partial 

density of states (PDOS) method on the Ni0.75V0.25 LDH and Ni1.0 LDH structures. (f) Elemental 

decomposition band structures of the O active sites in the Ni1.0 LDH and Ni0.75V0.25 LDH 

structures. The Fermi levels are indicated by black dashed lines. Blue-grey, grey, red, and white 

colors represent Ni, V, O, and hydrogen (H), respectively. 
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Fig. 3 (a) X-ray diffraction (XRD) pattern of the Ni1-xVx layered double hydroxide (LDH) 

electrodes along with the standard JCPDS (14-0117) data (* indicates the signal from the 

stainless-steel substrate). (b) Raman spectra of the Ni1-xVx LDH electrodes. (c) High 

magnification scanning electron microscopy (SEM) image of the silk-like structure of the 

Ni0.75V0.25 LDH. (d) Transmission electron microscopy (TEM) image of Ni0.75V0.25 LDH. (e) 

High-resolution TEM images of the selected area in (d) showing lattice fringes with distances 

of 0.22 and 0.26 nm in the inset. (f) SAED pattern showing the diffuse ring feature of the 

Ni0.75V0.25 LDH. (g–j) High-angle annular dark field-scanning transmission electron 

microscopy (HAADF-STEM) image and EDX elemental mapping of the Ni0.75V0.25 LDH silk-

like structure under TEM mode revealing the homogeneous distribution of Ni (red), V (green), 

and O (yellow) in the sample. 
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Fig. 4 (a) Overlapping X-ray photoelectron spectroscopy (XPS) survey spectra of the nickel 

hydroxide (Ni(OH)2) and Ni0.75V0.25 layered double hydroxide (LDH) electrodes revealing the 

existence of Ni, V, and O as the constituent elements. (b) Overlapping Ni 2p peaks of Ni(OH)2 

and Ni0.75V0.25 LDH, (c) deconvoluted V 2p3/2 peak of Ni0.75V0.25 LDH, and (d) O 1s peaks of 

Ni(OH)2 and Ni0.75V0.25 LDHs. The circles and lines represent the experimental data and fitted 

curves, respectively. 
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Fig. 5 Electrochemical characterization of the Ni1-xVx layered double hydroxide (LDH) 

electrodes. (a) Polarization curves of the LDH catalysts and (b) the enlarged region of the curves 

in (a). The LSV curves are iR-corrected. (c) Tafel plots. (d) Summary of the measured onset 

potential, overpotential at 10 mA cm-2, and Tafel slope values.   

 

 

 

 

 

 

 

 



  

29 
 

 

 
Fig. 6 (a) Typical cyclic voltammetry (CV) curves of Ni0.75V0.25 LDH recorded at different scan 

rates of 10, 20, 30, 40, and 50 mVs-1. (b) Plot of current density (Dj) versus scan rate (mVs-1), 

from which the electrochemically active surface areas (ECSAs) were determined. (c) Calculated 

ECSA values. (d) Nyquist plots of the catalysts measured at zero biasing. (e ) enlarged view of 

the Nyquist plots (f) Summary of the extracted EIS parameters.  
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Fig. 7 (a) Chronopotentiometric curves obtained from Ni1-xVx layered double hydroxide (LDH) 

catalysts in 1 M potassium hydroxide (KOH) at a constant current density of 10 mA cm-2. The 

inset shows scanning electron microscopy (SEM) images of the optimized Ni0.75V0.25 LDH 

catalyst before and after long-term stability testing, revealing its mechanical robustness during 

the oxygen evolution reaction (OER) electrocatalysis. (b) Linear sweep voltammetry (LSV) 

curves of the Ni0.75V0.25 LDH electrode before and after 100 h stability testing. (c) Multi-current 

process obtained for Ni0.75V0.25 LDH before and after 100 h stability testing. 
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Fig. 8. (a) Energy-dispersive X-ray spectroscopy (EDX) data obtained before and after 100 h 

stability testing for the best Ni0.75V0.25 layered double hydroxide (LDH) sample. (b) Raman 

spectra of Ni0.75V0.25 LDH before and after the long-term stability test.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


