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a b s t r a c t

The alkaline hydrogen evolution reaction (HER) is a crucial process for sustainable hydrogen production,

yet it requires efficient and stable electrocatalysts to overcome the high activation energy barrier. The

article discusses a novel strategy for enhancing the performance of Ni-Fe layered double hydroxide (Ni-

Fe LDH) in the alkaline HER by modifying it with a frustrated Lewis acid-base pair (FLP) constructed

through vacancy engineering. The study found that the modified Ni-Fe LDH exhibited improved alkaline

HER performance. Density functional theory (DFT) calculations demonstrate that the introduction of FLP

can activate water and protons more efficiently than monometallic sites, thus reducing the alkaline HER

energy barrier and overpotential. In HER under alkaline conditions, the Volmer step involves an additional

hydrolysis dissociation compared to acidic conditions, which is one of the factors contributing to the slow

reaction kinetics. This paper demonstrates that FLPs can alter the rate-determining step in alkaline HER

from the Volmer step to a step with a lower energy barrier, more suitable for hydrogen desorption. The

work provides new insights into the role of FLPs in regulating the mechanism and kinetics of HER and

opens a new direction for the design and optimization of LDH-based and other electrocatalysts.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen is a renewable and clean energy carrier with vari-

ous applications, including fuel cells, power generation, and chem-

ical synthesis [1]. However, current hydrogen production methods

primarily rely on fossil fuels, leading to environmental pollution

and greenhouse gas emissions [2]. Therefore, developing efficient

and sustainable hydrogen production technologies is crucial for the

energy and environmental sectors [3]. Water electrolysis emerges

as a promising method for hydrogen production, converting water

into hydrogen and oxygen using electricity from renewable energy

sources such as solar, wind, and hydroelectric power. This method

produces high-purity hydrogen without any polluting byproducts

[4]. There are two main categories of hydrogen production from

electrolyzed water: alkaline and acidic. The alkaline hydrogen evo-

lution reaction (HER) is an attractive option due to its low cost, low

susceptibility to corrosion, and the potential for industrial mass
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production [5]. However, challenges remain for alkaline HER. The

materials used in alkaline water electrolysis for hydrogen produc-

tion still depend on precious metals like platinum and iridium [6].

While these metals exhibit excellent activity, their scarcity and ex-

pense limit large-scale application [7]. Non-precious metal cata-

lysts, including metal alloys, metal oxides, metal sulfides, metal

phosphides, metal nitrides, and metal carbides, suffer from low ac-

tivity, poor stability, or complex synthesis processes [8]. Thus, de-

veloping low-cost and high-performance electrocatalysts for alka-

line water electrolysis is essential for promoting hydrogen produc-

tion and utilization [9].

Among the various electrocatalysts for alkaline water elec-

trolysis, layered double hydroxides (LDHs) have emerged as a

new class of non-noble metal catalysts, owing to their unique

structural and chemical properties [10]. LDHs belong to a fam-

ily of two-dimensional (2D) materials with a general formula of

[M(II)1-xM(III)x(OH)2]
x+(An-)x/n·mH2O, where M(II) and M(III) are

divalent and trivalent metal cations, respectively; An- is an inter-

layer anion; and m represents the number of water molecules [11].
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LDHs possess a positively charged brucite-like layer and a nega-

tively charged interlayer, forming a natural electric double layer

that can facilitate the adsorption and activation of water molecules

and protons [12]. Among various LDHs, Ni-Fe-layered double hy-

droxide (Ni-Fe LDH) is known as an effective electrocatalyst for

the oxygen evolution reaction (OER) in alkaline media, due to its

high activity, stability, and earth-abundance [13]. The high OER

activity of Ni-Fe LDH is mainly attributed to the synergistic ef-

fect between Ni and Fe atoms [14]. However, its slow alkaline

HER process greatly limits its practical application. Recent stud-

ies have reported that Ni-Fe LDH can exhibit a dual function for

alkaline HER/OER when its composition, structure, and morphol-

ogy are rationally controlled [15]. However, the reaction mecha-

nism and kinetic explanation for its excellent performance remain

unclear, as computational modeling considering only hydrogen ad-

sorption is inadequate. It is widely accepted that the study of al-

kaline HER requires consideration of the effects of water adsorp-

tion energy, water activation energy, and hydroxide adsorption en-

ergy, in addition to the hydrogen adsorption energy [16]. This is

due to the existence of an extra water dissociation energy barrier

in the Volmer step, which causes slow kinetics of alkaline HER

since H∗ protons can only come from the hydrolysis dissociation

process. Based on this, the strategy naturally considered when de-

signing catalysts is to create synergistic dual active sites. Ni-Fe LDH

is a promising electrocatalyst, as it has abundant and active metal

sites that can facilitate water splitting reactions [14]. At the same

time, the role of oxygen sites, such as hydroxyl groups in Ni-Fe

LDH, is often overlooked; they may also participate in the alkaline

HER process and enhance catalytic performance [17]. By investi-

gating and modifying the oxygen sites in Ni-Fe LDH [18], we can

optimize their interaction with the metal sites [19], and improve

their electronic structure and activity for the alkaline HER [20].

Therefore, the oxygen sites in Ni-Fe LDH are crucial for achiev-

ing efficient and low-cost hydrogen production from alkaline water

electrolysis.

Frustrated Lewis pairs (FLPs) are non-homogeneous catalysts

composed of Lewis acids (LA) and Lewis bases (LB) [21]. They are

spatially hindered from forming classical Lewis adducts, leading to

strong interactions between LA and LB. FLPs are widely used as

catalysts for various reactions, including hydrogenation, dehydro-

genation, and CO2 reduction, due to their ability to activate small

molecules such as H2 [22], SO2 [23], N2O [24], and CO2 [25]. FLPs

can modify the electronic structure and reactivity of substrates and

offer multiple active sites for reactions [26]. Researchers have re-

cently utilized OH defects on AlOOH layers to create Lewis acidic

Al3+ sites and Lewis basic OHv sites, forming solid frustrated Lewis

acid-base pairs [27]. Based on the innovative design of AlOOH-

based FLPs, a new approach has been conceived for the incorpo-

ration of FLP sites into Ni-Fe LDH to strategically enhance the al-

kaline HER performance. The rationale behind this design is the

potential of FLPs to introduce a synergistic effect within the Ni-Fe

LDH matrix, thereby optimizing its electronic properties and cat-

alytic activity.

In this work, we propose a novel strategy to enhance the HER

performance of Ni-Fe LDH by modifying it with FLPs. We hypoth-

esize that FLPs can synergistically enhance the HER activity of Ni-

Fe LDH by creating more active sites, improving electrical conduc-

tivity, and facilitating proton transfer. To test this hypothesis, we

utilized density-functional theory (DFT) calculations to create FLPs

by constructing hydroxide vacancies at the O site with the acidic

site as Ni and the basic site as the O site (with H removed). The

corresponding basic HER properties were then systematically ex-

plored for both pristine Ni-Fe LDH and FLP-modified Ni-Fe LDH en-

gineered with O vacancies. We found that FLP-modified Ni-Fe LDH

exhibited significantly enhanced HER activity, stability, and kinetics

compared to both FLP-unmodified and pristine Ni-Fe LDH.

All calculations were performed using the Vienna ab initio Sim-

ulation Package (VASP) code [28] with the Perdew-Burke-Ernzerhof

(PBE) functional [29] and the plane-wave DFT method. Electron-ion

interactions were described using the projector augmented wave

(PAW) method [30]. A plane-wave cutoff energy of 400 eV was

used for all calculations, with a convergence threshold of 10–5 eV

in energy and −0.01 eV/Å in force. To prepare for further dop-

ing, we constructed a 2×1×1 supercell of the FLP-LDH mono-

layer. The optimized structure resulted in superlattice dimensions

of a=12.3964 Å and b=10.7379 Å. To minimize interaction be-

tween periodic images, we inserted a vacuum space of 15 Å in the

z-direction. We used a 2×2×1 grid for the repetitive unit by the

Monkhorst–Pack scheme to obtain k-point sampling of the Bril-

louin zone. For the density of state (DOS) calculations, we em-

ployed the finer 5×4×1 k-points grid to achieve higher accuracy.

Additionally, we employed the empirical DFT-D3 correction to im-

prove the van der Waals interaction [31]. We also performed the

DFT+U method to correct for the artificial electron self-interaction

for 3d orbitals of transition metals [32]. The values of U-J were set

as 4.0 eV and 6.0 eV for Fe and Ni, respectively [33].

To evaluate the theoretical HER performance of a catalyst under

alkaline conditions, four elementary steps were considered in our

work:

∗ + H2O → H2O
∗ (1)

H2O
∗ → H∗ + OH∗ (2)

H∗ + OH∗ + e− → H∗ + OH− (3)

H∗ → ∗ + 1

2
H2 (4)

Eqs. 1 and 2 represent the water adsorption and water activa-

tion steps, respectively, followed by the desorption of OH∗ (Eq. 3)

and H2 production (Eq. 4). The thermodynamic analysis of these

steps was based on the computational standard hydrogen electrode

(CHE) model developed by the groups of Nørskov and Rossmeisl

[34]. The change in Gibbs free energy for each reaction (�G1, �G2,

�G3, �G4) can be calculated as follows [35].

�G1 = GH2O∗ − GH2O(l) (5)

�G2 = GH∗ + GOH∗ − GH2O∗ (6)

�G3 = GH2O(l) − GOH∗ − 1

2
GH2

+ �GU + �GpH (7)

�G4 = 1

2
GH2

− GH∗ (8)

The calculation of Gibbs free energies (G) involves consider-

ing both enthalpy and entropy corrections. A detailed calculation

method for Gibbs free energy is presented in Supporting informa-

tion. Additionally, �GU and �GpH are terms used for the bias effect

and pH correction, respectively, and can be calculated as follows

[36]:

�GU = −eU (9)

�GpH = −kT ln[H+] = kT ln10 × pH (10)

The electrode potential relative to the standard hydrogen elec-

trode (SHE) is represented by U, while k and T represent the

Boltzmann constant and temperature, respectively. In this case, the
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Fig. 1. (a) Top view, (b) side view of the surface crystal structure of CLP (100).

For the model, the red, white, gray, and brown balls represent O atoms, H atoms,

Ni atoms, and Fe atoms, respectively. (c) The proposed HER mechanism in alka-

line solution. (d) Free energy diagram of alkaline HER on Ni-Fe LDH at electrode

U=0.826V vs. SHE.

value of U at pH 14 was determined to be 0.828V versus SHE, ac-

cording to the Nernst equation [34]. Therefore, a negative �G value

indicates that the corresponding reaction can occur spontaneously.

To determine the kinetic barrier of water dissociation, we uti-

lized the climbing image nudged elastic band (CI-NEB) method to

construct minimum energy paths (MEPs) [37]. The initial state (IS)

was the adsorption of water molecules, while the final state (FS)

was the adsorption of OH∗ +H∗ pairs, which served as the end-

point of the water activation reaction. The transition state (TS) was

determined using vibrational frequency analysis, confirmed by the

unique negative eigenvalue of the Hessian matrix for the corre-

sponding structure at the TS. The water activation barrier (Ga) can

then be calculated using Eq. 11.

Ga = GTS − GIS (11)

GTS and GIS represent the free energy of the transition state and

initial state, respectively. A small Ga theoretically suggests a fast

rate of water activation during the catalytic reaction.

Firstly, we chose the Ni-Fe LDH (100) surface, which exposes Ni

sites as catalytic sites, as shown in Figs. 1a and b. The alkaline HER

reaction mechanism is depicted in Fig. 1c, and the Gibbs energy

diagram of alkaline HER was calculated to determine its proper-

ties. As shown in Fig. 1d, the theoretical overpotential of Ni-Fe LDH

is 0.865 eV, and the rate-determining step for alkaline HER is hy-

droxyl desorption. The �G value for water adsorption is −0.312 eV,

indicating that the water adsorption step is spontaneous. However,

the energy of the hydrolysis dissociation step showed an increas-

ing trend and the hydroxyl group after hydrolysis dissociation was

difficult to desorb, leading to active site poisoning. This has been

experimentally shown to be consistent; that is, many Ni-Fe LDHs

perform well in OER catalysis, but their catalytic activity in HER is

not so good. Therefore, we should further regulate the interaction

between adsorbates and catalytic sites to improve the performance

of alkaline HER.

We note that for basic HER, the high overpotential of Ni-Fe LDH

is attributed not only to the high desorption energy of the hydroxyl

group, but also to the lack of other catalytic sites that could facili-

tate water splitting. Subsequently, we calculated the Gibbs free en-

ergies of the basic HERs on the Ni-Fe LDH (001) and Pt (111) facets.

We found that the decisive step for the Ni-Fe LDH (001) facet is

0.823 eV, while for the Pt (111) facet, it is 0.642 eV. Although the

Fig. 2. (a) Structure of Ni-Fe LDH CLP(001) face; FLP-Ni, constructed with hydroxide

and hydrogen ion vacancies, is the structure of Ni-Fe LDH (001) face after the in-

troduction of FLP, with Ni site as Lewis acidic site and O site as Lewis basic site; its

ESPs are shown in (b) main view, reverse orientation main view. (c) The proposed

HER mechanism for FLP in alkaline solution, (d) Pt(111), CLP, FLP-Ni, their Gibbs free

energy diagrams.

decisive step for the Ni-Fe LDH (001) facet, acting as a conventional

Lewis acid-base pair (CLP), is greater than that of the reference

Pt(111) facet, its water adsorption energy is not significantly high.

Furthermore, based on the Ni-Fe LDH (001) facet, the arrangement

of metal and oxygen sites is conducive to the formation of FLP.

Thus, As shown in Fig. 2a, we introduced vacancies for hydrox-

ide and hydrogen ions through vacancy engineering, thereby in-

corporating FLP. As shown in Fig. 2b, the Ni-O potential difference

in the ESP diagram indicates that the FLP was successfully con-

structed. And the alkaline HER reaction mechanism is depicted in

Fig. 2c. As shown in Fig. 2d, the results demonstrate that with the

introduction of a suitable catalytic site, the hindered Lewis acid-

base pair (FLP-Ni) exhibits improved catalytic performance in alka-

line HER, with a rate-determining step of 0.485 eV, which is lower

than that of the reference Pt(111) with a rate-determining step

of 0.640 eV. Both its water adsorption and hydrolysis steps cor-

responded to thermodynamic decreases, with corresponding �G

values of −0.201 eV, −0.176 eV. Thus, FLP-Ni is capable of sponta-

neously cleave water based on the moderate energy of the adsor-

bate, and the theoretical overpotentials are even lower than those

of Pt (111). As shown in Figs. S5 and S6 (Supporting information),

we calculated the Gibbs free energies of the ions containing their

intercalation layers, which show a similar trend. Furthermore, as

shown in Figs. S7 and S8 (Supporting information), we calculated

the Gibbs free energy of LDH-FLP-Fe, whose rate-determining step

energy is larger than that of the FLP-Ni site. This suggests that in

FLP-Ni, the FLP (Ni-O) not only provides the catalytic site but also

activates water molecules. These two factors synergistically con-

tribute to intrinsic catalytic activity towards basic HER.

To better understand the interactions between the catalytic

sites of LDH-FLP, we analyzed its differential charge density and

density of states, with the results presented in Fig. 3. The differen-

tial charge density plot (Fig. 3a) illustrates a decrease in electrons

around the Ni ion, acting as a Lewis acid, and an accumulation of

electrons around the O ion, acting as a Lewis base. This demon-

strates a clear tendency for electron mobility within this localized

range of FLP (Ni-O). The density of states diagram (Fig. 3b) reveals

that the Ni and O ions in the LDH-FLP material exhibit semicon-

ducting properties with small gaps on either side of the Fermi

energy level. The Lewis acid Ni ions in FLP (Ni-O) exhibit spikes

above the Fermi energy level, while the Lewis base O ions in FLP

(Ni-O) show spikes primarily below the Fermi energy level. This

suggests the presence of an empty electron orbital for Ni ions and

an occupied electron orbital for O ions, confirming the successful

construction of FLP and the presence of a local charge imbalance.
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Fig. 3. (a) Differential charge diagram of FLP-Ni. (b) DOS diagram of FLP-Ni. In the

figure, O and Ni represent O element and Ni element respectively, LB-O and LA-Ni

respectively represent FLP (Ni-O) O atoms, Ni atoms. (c) Work function diagram of

FLP-Ni. (d) AIMD diagram of FLP-Ni.

Fig. 4. (a) Top view, (b) inverted top view, (c) side view of LDH-FLP activated water

structure. (d) Pt(111) surface, the water molecule of LDH-FLP dissociates the transi-

tion state energy barrier.

This imbalance can promote water cleavage and provide a catalytic

site for the cleaved intermediates, thereby improving the perfor-

mance of basic HERs. The work function, depicted in Fig. 3c, has a

value of 1.98 eV, indicating that the material is readily capable of

electron emission. To evaluate the cycling performance of the LDH-

FLP material, we conducted AIMD calculations and observed that it

maintains its energy stability after 5000 fs of cycling.

In addition, to probe the charge transfer of LDH-FLP during wa-

ter activation in alkaline HER, we further examined its charge den-

sity difference upon water molecule activation (Fig. 4). The re-

sults revealed that for LDH-FLP, the metal atom Ni, acting as a

Lewis acid, would accept electrons from hydroxide ions, display-

ing a yellow charge aggregation state (Fig. 4a). Meanwhile, the

O atom, acting as a Lewis base, would attract electron-deficient

hydrogen ions, displaying a yellow charge reduction state (Fig.

4b). This phenomenon aligns with our view that the hindered

Lewis acid accepts electrons from the water molecule, while some

electrons from the Lewis base attack the water molecule’s anti-

bonding orbitals, promoting the adsorption and activation of wa-

ter. Further, FLP (Ni-O) provides a stable catalytic attachment site

Fig. 5. (a) Top view, (b) side view of LDH-FLP-Ni dominant solvation model. (c)

Gibbs free energy diagrams made by AIMD for the dominant solvation model, and

red representing the mean stable energy (MSE).

for the activated product, crucial for stable and efficient cataly-

sis. Beyond thermodynamic considerations, studying the hydrolysis

dissociation process from a kinetic perspective is equally impor-

tant. We further calculated the water activation energy barrier (Ea)

for the LDH-FLP model using the optimized models of adsorbed

and activated water molecules as the initial state (IS) and final

state (FS), respectively, and employed the climbing image nudged

elastic band method to identify the transition state (TS). As de-

picted in Fig. 4d, the optimized Gibbs energy diagrams for wa-

ter molecule dissociation on the Pt (111) surface and LDH-FLP in-

dicate that the water activation potential barriers are 1.12 eV for

both surfaces, consistent with the thermodynamic results and the

Brønsted-Evans- Polanyi (BEP) correlation rule [38].

Based on the alkaline HER mechanism study described above,

we calculated the Gibbs free energy of dominant solvation for

LDH-FLP-Ni using ab initio molecular dynamics (AIMD) results. The

AIMD simulation was conducted at 300K with a time step of 1 fs

and a total simulation time of 5ps in the NVT system. The struc-

ture is illustrated in Figs. 5a and b. Following the AIMD modeling,

a 13 Å water layer stabilized above FLP-LDH–Ni. The reaction en-

ergies (Fig. 5c) indicate that both the interfacial water adsorption

and water activation steps of the dominant solvation model during

the AIMD process are exothermic. This suggests that the Volmer

step, commonly perceived as the rate-determining step, can pro-

ceed spontaneously, thus shifting the rate-determining step to the

desorption step-a trend similar to the reaction energy of the non-

solvated model previously described. In addition, as shown in Figs.

S9-S12, Video S1 and S2 (Supporting information), we considered

two models and show their AIMD trajectories in as a way to in-

vestigate their stability in real solutions. Besides, as shown in Figs.

S13-S15 (Supporting information), we did Gibbs free energy calcu-

lations with both methods.Similarly, as a comparison sample (Figs.

S16 and S17 in Supporting information), the Gibbs free energy of

Pt(111) in the dominant solvation model was considered, which

confirms the better catalytic performance of LDH-FLP-Ni in the ba-

sic HER mechanism.

In summary, we conducted a comprehensive study on the cat-

alytic design of Ni-Fe LDH for alkaline HER using DFT calcula-
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tions, constructing a suitable FLP through vacancy engineering to

exploit the FLP’s property for small molecule activation, achieving

efficient water adsorption and activation. Our calculations indicate

that LDH-FLP-Ni is a stable and efficient alkaline HER electrocata-

lyst that significantly reduces the reaction energy barrier, resulting

in a lower theoretical overpotential of 0.485 eV. The introduction of

the superior co-catalytic site, FLP(Ni-O), with its unique property

for small-molecule activation, can activate water molecules and

protons more efficiently than purely metal site, thereby reducing

the overpotential. Moreover, it was found that the FLP (Ni-O) active

site can shift the rate-determining step in alkaline HER from the

Volmer step, which is typically considered the determinant hinder-

ing alkaline HER activity, to a lower energy barrier. This work pro-

vides new insights into the enhanced role of FLP in regulating the

mechanism and kinetics of alkaline HER and opens a new avenue

for the design and optimization of LDH-based and other electro-

catalytic materials.
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