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Abstract

The development of efficient electrocatalysts to reduce the overpotential for pH-universal hydrogen 

evolution reaction (HER) is necessary for the large-scale industrialization of hydrogen energy. 

Over the past several decades, a large number of preparation strategies for efficient electrocatalysts 

have been developed, and various exploration has been made to improve the mass transport and 

expose more active sites. Electrostatic potential energy at the Mott-Schottky heterojunction interface 

formed by electron transfer between metal and semiconductor can effectively regulate the electronic 

structure of the catalyst, provides more new active sites and accelerates charge transfer, in which the 

built-in electric field promotes local charge polarization at the heterojunction interface, and greatly 

improves the adsorption of the critical reaction intermediates, leading to enhanced electrocatalytic 

activity. This paper reviews the recent research progress of Mott-Schottky heterogeneous 

electrocatalysts, more detail of which can be summarized as follows: a) the formation mechanism of 

Mott-Schottky heterogeneous catalysts; b) Mott-Schottky effects on the interfacial charge distribution, 

d-band center and hydrogen adsorption energy are introduced; c) the effects of Mott-Schottky 

heterostructures on the catalytic performance are systematically discussed; d) challenges and 

prospects are given. This review can provide a deep understanding of the microscopic mechanism of 

Mott-Schottky heterogeneous catalysis and can be extended to design other transition metal-based 

catalysts.
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1

1. Introduction

Fossil fuels have traditionally been the dominant energy source for driving industrial and 

commercial growth. Considering escalating energy consumption and associated environmental 

concerns, we need to develop sustainable and eco-friendly alternatives to current fossil fuels [1]. The 

conversion and storage of renewable energy into chemically stable fuels is an important step toward 

mitigating future energy crises [2, 3]. Hydrogen (H2) is an efficient energy alternative due to its high-

quality energy carrier (142 MJ kg-1) and low carbon footprint [4-6]. Currently, about 96% of H2 

production from fossil fuels, includes steam reforming, partial oxidation, pyrolysis, and coal 

gasification. However, these techniques are severely hampered by its high cost and the emission of 

air pollutants [7, 8]. Developing sustainable and pollution-free techniques to produce high-quality H2 

is critical. Given the abundance of readily available water resources and low environmental pollution, 

electrochemical water splitting widely been regarded as a simple technology capable of converting 

and storing intermittent electricity produced by wind turbine or solar panel into valuable fuel, 

specifically hydrogen (H2), in a sustainable manner [9, 10]. As revealed in Figure 1, The water 

electrolysis system includes an electrolytic tank, which formed by a cathode and an anode. The 

cathode is the component of electrochemical cell where the hydrogen evolution process (HER) occurs, 

while anode is component of electrochemical cell where the oxygen evolution reaction (OER) occurs 

concurrently [11]. Despite being studied for over 230 years, the use of water electrolysis for hydrogen 

prodction is now limited to small-scale operations due to the electrolytic cell's high cost and energy 

requirements. Furthermore, it only accounts for about 4% of overall hydrogen production [12]. The 

theory decomposition voltage for electrolytic water is 1.23 volt. In practice, extra input voltages (η) 

are required to overcome the energy barrier of the anode and cathode, resulting in water splitting. 

Typically, the process runs at a realistic voltage range of 1.8-2.5 V, higher than the ideal value of 1.23 
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V [13-15]. As a result, high-efficiency electrocatalysts must be developed in order to reduce the 

overpotential and accelerate kinetics for energy-efficient hydrogen production[16]. 

Noble metals such as platinum (Pt), iridium (Ir), and ruthenium (Ru) are currently used as standard 

catalysts for the HER due to their favorable Gibbs free energy (ΔG) for hydrogen adsorption (e.g., 

ΔGH* = ‒0.09 eV for Pt). However, their popularity is restricted due to scarcity, expensive cost, and 

insufficient consistency [17, 18]. Furthermore, catalysts based on Pt show low HER efficiency in 

non-acidic conditions such as neutral and alkaline electrolytes. These efficiencies are often 2-3 orders 

of magnitude lower than those seen in acidic environments. This is mostly owing to the sluggish rate 

of water dissociation in neutral and alkaline solutions [19-21]. Efforts have been made to successfully 

develop electrocatalysts that are durable for HER over a broad pH renge. A variety of transition metal-

based electrocatalysts, including transition metal hydroxides[22], sulfides[23], phosphides [24], 

oxides [25], nitrides [26, 27] and selenides [28] have recently been developed aiming to replace 

expensive noble electrocatalysts. Unfortunately, while most of these catalysts are good in breaking 

H-OH bonds, they are not suitable for converting adsorbed Had species into H2 [29]. Furthermore, the 

pH of the environment affects the activity and stability of most of the transition metal electrocatalysts. 

This is due to changes in the kinetics of the HER and the catalysts' potential dissolution in strongly 

acidic or alkaline conditions [30-33], which poses significant challenges in practical application 

across a wide range of operating conditions. Determining the efficiency of catalysts across different 

pH ranges is thus an important aspect of catalyst design. This is necessary to reduce the decline in 

energy efficiency caused by the unavoidable pH changes that occur throughout the membrane-

separated chamber and/or near the electrode. Furthermore, it is critical to meet the exclusive needs of 

numerous applications, which include microbial electrolysis, chloro-alkali electrolyzers, and overall 

water splitting. Furthermore, the goal of this research is to reduce costs and simplify the processing 
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complexities of water splitting systems.

Developing effective methods for modifying compositions and structures of catalytic materials is 

a promising strategy to address their limitations in terms of activity and stability over a large pH 

range. Heterostructures consisting of interfaces of two dissimilar materials can equilibrate the Fermi 

levels to the same value to boost charge transfer and extend the region of charge depletion, which 

will regulate the electronic structures or the band structures of the components[34, 35]. Therefore, 

heterostructured catalysts exhibit higher HER activities than the single counterpart, offers a promising 

strategy to enhance the HER activity in all mediums with different pH values. In addition, the 

synergistic effect between different components also remarkable contributes to boost HER kinetics 

of the heterostructure electrocatalysts. Particularly, a Mott-Schottky junction is a well-known 

phenomenon that happens at metal-semiconductor interface. The Mott-Schottky effect at the junction 

accelerates charge transfer across the interface, redistributes charges at the interface, and modulates 

the adsorption ability of reaction intermediates. As a result, the inherent activity of catalysts increases 

(Scheme 1). Recently, there has been an ongoing focus on studying Mott-Schottky junctions as a new 

technology to improve the catalytic performance of catalysts used in energy storage, artificial 

photosynthesis, water splitting, and other applications [36-40]. For example, Su and colleagues 

developed a Mott-Schottky catalyst Co@NC via capsulating Co nanoparticles in nitrogen-rich carbon 

shells [41]. The Co/NC contact induces the Mott-Schottky effect, which drastically affects the 

electron density of Cu nanoparticles. This modification improves the catalytic performance of Cu 

nanoparticles, allowing them to efficiently oxidize alcohols without the use of a base.

To date, numerous review articles have been published on Mott-Schottky catalysts for various 

applications [42, 43]. However, no effort has been made to write a review paper that may highlight 

progressive developments about design and fabrication of diverse Mott-Schottky electrocatalysts that 
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have suitable HER activities across the entire pH range. This review explores into detail about the 

basic structure of Mott-Schottky heterojunctions, as well as the basics and reaction mechanism of 

Mott-Schottky electrocatalysts for HER over a wide pH range. We start by providing a brief 

introduction to the reaction mechanisms as well as the application for HER in various pH media. 

Furthermore, it discusses current advances in the construction and implementation of cutting-edge 

Mott-Schottky electrocatalysts for the HER process at all pH levels. Finally, the challenge and 

prospects for Mott-Schottky electrocatalysts are discussed in terms of high-performance water 

splitting. This review provides an overview for optimizing HER of Mott-Schottky catalysts, which 

may lead to future advancements in the fabrication of electrocatalysts. 

2. Fundamentals of Electrocatalytic Water Splitting

It's critical to explore the mechanism underlying the hydrogen evolution process in order to more 

clearly understand the rate of water splitting reaction. The entire water electrolysis process is 

represented by reaction step i.e., 2H2O → 2H2 + O2, which is split into two half-reactions: OER and 

HER, occurs at the anode and the cathode, respectively [44-46]. With a Gibbs free energy of +273 kJ 

mol-1, the ideal thermodynamic potential of overall water splitting under the RHE is 1.23 V [47, 48]. 

Nevertheless, the real voltage of electrolytic water is higher than the theoretical value due to 

limitations caused by dynamics' effect and undesirable system resistance (i.e., overpotential) [49]. 

Considering the different electrolytes in which water splittingtakes place, the water splitting reactions 

can be expressed as follows[50, 51]:

Total reaction:

2H2O → 2H2 + O2,                                                           (1)

In an acidic electrolyte:
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5

Cathode:4H+ + 4e- → 2H2, 

Anode:2H2O → 4H+ + O2 + 4e-                                                                                

(2)

In an alkaline electrolyte:

Cathode: 2H2O + 4e- → 2H2 +4OH-                                              (3)

Anode:  4OH → 2H2O + O2 + 4e-                                               (4)

Fundamental concepts must be investigated for purpose of optimizing the reaction system and 

address the aforementioned concerns. Because of the relatively low kinetics, the mechanism of HER 

is highly dependent on pH conditions and is primarily affected by a shift from acidic to alkaline. So, 

let us begin by quickly introducing the HER mechanism at different pH values.

2.1. HER mechanism in different pH media 

It is widely accepted that, in acidic environments, the HER at the surfaces of many catalysts occurs 

in two steps [19, 45, 52]. At the commencement of HER, an adsorbed hydrogen atom (H*) was 

formed when H+ adsorption on the catalyst surface (here * represents an active site on the catalyst 

surface). Equation (1) refers to this technique as the Volmer or discharge stage. As stated in Eq. (2), 

a H* combines with an H+ and an electron (e−) to form an H2 molecule. This approach is known as 

the Heyrovsky step or electrochemical desorption step. Alternatively, H2 could be formed by 

combining two H* on the surface of catalyst, an approach known as the Tafel step or chemical 

desorption step (Eq. (3)). 

H+ + e- → H* (Volmer step)     (5) 

H * + H+ + e− → H2 (Heyrovsky step)     (6) 

H * + H * → H2 (Tafel step)     (7)
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Based on the Sabatier principle,[53, 54] the adsorption strength between the catalyst and H* strongly 

determined the HER kinetics.[19] 

In alkaline (or neutral) solutions, HER begins with the disintegration of H2O molecules to provide 

protons due to the absence of H+. This reaction occurs in both the Heyrovsky step (Eq. (6)) and the 

Volmer step (Eq. (5)) in alkaline HER, but the Tafel step is the same as in acid solutions. 

H2O + e‒ → H* + OH‒ (Volmer step)    (8) 

H2O + e‒ + H* → H2 + OH‒ (Heyrovsky step)    (9) 

H* + H* → H2 (Tafel step)    (10) 

In alkaline electrolytes, most catalysts have slower HER kinetics because producing protons 

requires more energy in an alkaline media. Alkaline HER activity is governed by an intricate 

equilibrium between the energy required to dissociate H2O and the bonding energy of hydrogen 

intermediates (∆GH*) [55]. Thus, an excellent way to design catalysts for alkaline HER is to promote 

water dissociation while keeping an adequate hydrogen adsorption energy. Figure 2 depicts the HER 

pathways in acidic and alkaline (or neutral) media, respectively [45].

2.2 Overpotential

The overpotential is the difference between the experimental potential and the predicted 

thermodynamic equilibrium potential (ERHE = 1.23 V) of an electrochemical reaction, which is one 

of key parameters for evaluating the efficiency of water splitting [56]. Overpotential is caused by 

concentration and electrochemical polarization at the electrode [57]. The applied potential (E) for 

driving HER at a certain current (i) can be expressed by equation (7):

E = ERHE + iR – η       (11)

Here, iR indicates the ohmic potential reduction caused by the electrochemical system's series 
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resistance (R). The reaction overpotential (η) measures electrochemical reactivity. It is evident that 

more electrical energy is necessary to overcome the intrinsic activation barriers during 

electrocatalysis. The primary purpose of constructing a catalyst is to reduce the overpotential. A lower 

value of η implies that the catalyst electrode is more active, resulting in a high power transfer 

efficiency for the electrochemical water splitting system [58]. In order to reduce non-Faradic current, 

the most commonly used sweep rates are 2 mV s−1, 2 mV s−1 and 5 mV s−1. Generally, overpotential 

can be acquired form the linear sweep voltammetry (LSV) with iR-correction. Electrocatalysts are 

typically assessed with an overpotential to achieve a 10 mA cm−2 current density [59].

2.3 Tafel Slope and Exchange Current Density

The slope of the linear component of a Tafel plot, or Tafel slope, is an important feature for 

understanding the mechanism and electrocatalytic kinetics of electrocatalytic processes. Tafel slope 

can be determined directly using the electrochemical workstation or indirectly via polarization curves. 

The Tafel slope can be calculated by re-plotting polarization data as overpotential vs current density 

[60]. The indicated overpotential corresponds with Tafel slopes and current density (j), which can be 

expressed by equation (8): 

η = a +blog(j)    (12) 

The overpotential is represented by η, the Tafel slope by b, and the current density by j. The 

exchange current density (j0) of a reaction is the current density at the equilibrium potential where the 

cathodic and anodic currents level off [61]. It is readable from the intersection of the X-axis and the 

extrapolated linear component of Tafel graphs. The value of j0 represents the ability to transport 

electrons under equilibrium conditions, and it is highly correlated with catalyst intrinsic activity. The 

exchange current density primarily indicates the intrinsic activity of charge transfer between the 
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electrode and the electrolyte, and promoting the exchange current density is what it means to catalyze 

the process [62]. Catalysts with high catalytic activity commonly have a surface with a higher j0. As 

a result, the j0 reflects the inherent activity of catalysts, whereas the Tafel slope provides an in-depth 

knowledge of reaction principles. Of course, a low Tafel slope and a high j0 are required for the ideal 

electrocatalyst.

2.4 Faradaic efficiency

It is possible to determine the overall water decomposition using Faradaic efficiency. It is the ratio of 

the overall charge in an external circuit to the charge consumed by reactants [13]. To estimate FE, 

the molar amount of hydrogen produced by empirically gas chromatography is compared to the 

predicted amount produced by galvanostatic electrolysis.

2.4 Turnover Frequency 

The turnover frequency (TOF) is the number of the product molecule generated per active site inunit 

time, demonstrating the genuine activity of electrocatalysts. It can be expressed via the following 

equation: 

TOF = jA/zFn,                                                                 (13)

where “j” is current density, “A” denotes the working area of electrode, “z” represents the number 

of electron transfer per molecule generated, “F” is Faraday constant, and “n” represents the amount 

of material (mol). It is worth noted that not all active atoms are involved in catalytic reaction and the 

value of n is overestimated, leading to the inaccuracy of TOF value. Nevertheless, it can still provide 

valuable reference in catalytic activity comparison between different electrocatasts.
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2.5 Electrocatalysts stability

It is believed to be a more fundamental electrocatalyst parameter for HER. It is typically measured 

via a chronopotentiometry experiment via potential variation, or through measuring current change 

vs. reaction time at a fixed potential. Multicurrent step chronopotentiometry can determine anything 

from 10 mA cm−2 to 100 mA cm−2 or even 1000 cm−2, allowing for an in-depth assessment of 

durability. Another effective way for assessing stability is compared the LSV graphs before and after 

the electrochemical reaction, which allows for the easy identification of any apparent loss in stability. 

After 500-10,000 cycles of CV, this stability can be acquired by compared the polarization curves 

before and after each cycle.

3. Mott-Schottky junction induced by Metal/semiconductor contact 

3.1 Construction of the Mott-Schottky junction

In solid-state physics, an electric junction occurs when a metal-semiconductor comes into contact. 

The semiconductor's bands bend to match the metal's work function (Φ), which is the minimum 

energy required to extract an electron from the electronic ground state in a material [63, 64]. In 

metal/n-type semiconductors, stacking or stitching of this two materials allow electron transfer across 

the interface, leading to the development of a Mott-Schottky junction (Figure 3) [65]. Figure 3 shows 

that band bending and Schottky-barrier (ΦSB) formation when the n-type semiconductor work 

function (Φs) smaller than the metal work function (Φm). This is caused by electrons transferring from 

the semiconductor to the metal until the Fermi levels of the metal (EF, m) and semiconductor (EF, s) 

are matched. The ΦSB allows for irreversible charge transport across the heterointerface, resulting in 

electron accumulation or depletion at the metal-semiconductor interface [66]. Obviously, the 

metal/semiconductor contact may result in a built-in electric field, with the semiconductor side 
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positively charged due to electrostatic induction and the metal side having a higher electron density. 

The depletion layer surrounds the semiconductor surface and contains fewer electrons than the 

semiconductor itself. When Φs > Φm (right of Figure 3), electrons migrated from metal to 

semiconductor, accumulating near the semiconductor surface to form an accumulation layer.

In general, when EF, m is less than EF, s, the free charge is transferred to the contacting metal side, 

and conversely. So, at metal-semiconductor interfaces, surface charge density can be modified by the 

Mott-Schottky junction, a phenomenon known as the Mott-Schottky effect in solid state physics. 

Obviously, the Mott-Schottky junction will optimize electron transit and reaction intermediate 

adsorption.

3.2 Mott-Schottky Mechanism

As previously stated, electrocatalytic reactions occur on the electrocatalysts' surfaces and/or 

interfaces. As a result, the atomic configurations and surface electronic structure of electrocatalysts 

govern their catalytic potential [67]. Numerous successful strategies have been achieved to adjust 

catalysts' electronic properties in order to boost their catalytic efficiency, including heteroatom 

doping, changes crystal facets (or shape), nanoscale engineering, and hybrid approaches [68]. Until 

now, one of the most effective strategies for development of highly active catalysts is to manage the 

catalyst's surface charge distribution by precise structural engineering. 

Given that the inherent electric field at the Mott-Schottky junction facilitates electrons transfer 

across electrochemical interfaces and subsequent leads to the surface electrons redistribution, this 

presents a viable method for accelerating the electron transfer from the catalyst's surface to the 

reaction intermediate. The electron transfer can optimize the electrostatic properties at the fabricated 

interfaces as well as the catalytic performance of the heterostructure by generating extra active sites 
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with rapid charge transfer features. In the meantime, it lowers the reaction barrier of active centers to 

water dissociation and increases hydrogen binding energy. Furthermore, the Mott-Schottky interface 

significantly increases structural stability by preventing aggregation of the active nanoparticles during 

long-term electrochemical reactions—a vital component of maintaining high electrocatalytic 

efficiency. As a result, the development of Mott-Schottky heterojunction catalysts provides a strategy 

for increasing the overall efficacy and efficiency of electrochemical water splitting, especially in 

applications such as pH universal water splitting for generating hydrogen. For example, Fan and co-

workers [69] synthesized a series of Pt-based Mott−Schottky junction electrocatalysts with different 

ΔΦ (= |Φs - Φm|) by precisely controlling the oxidation state of cobalt oxide. Their found that the 

intensity value of built-in electric field increased with the enlarge difference of work function. The 

bigger built-in electric field was facilitate to accelerating the charge transfer and optimizing the 

hydrogen/hydroxide adsorption processes during HER. Hence, the inherent electric field from metal-

semiconductor heterointerfaces proposes a guidance for the development of high performance HER 

electrocatalysts. 

3.2.1 Synergistic effects of different components in heterostructure materials 

One characteristic of heterostructure that distinguishes it from single-component materials is the 

synergistic effect caused by the existence of heterointerfaces and multicomponent materials [70]. The 

synergistic effect of heterostructures can maximize the advantages of each individual component 

while also providing a practical and effective technique for developing high-performance 

electrochemical devices [71, 72]. In addition, the energy band and electronic structure of the materials 

may change as a result of interfaces formed between different components [65]. In these 

heterostructures, interfacial bonding may act as an electron transport bridge. In addition to 
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conductivity, other adjustable properties include hydrophilicity or aerophobicity, active site density, 

electrochemical stability, mechanical properties, and mass transfer efficiency. For example, Yao and 

co-workers [73] reported a novel heterostructure CeO2/Co4N electrocatalyst by fabricating oxygen 

vacancy-rich CeO2 nanoparticles based on Co4N nanorod arrays. The synergistic impact of 

CeO2/Co4N can effectively reduce ΔGH* on the catalyst surface, bringing it closer to zero. As a result, 

at all pH levels, the CeO2/Co4N catalyst displayed good HER performance. According to the them, 

improved HER electrocatlytic activity can be attributed to the synergistic interaction between oxygen-

vacancy rich CeO2 and Co4N. In addition, Dhandapani et. al. [74] used a two-step hydrothermal 

process to develop a new 2D Mott-Schottky bifunctional electrocatalyst NiFe-LDH/CuS on copper 

foam. According to them, the enhanced HER activity of NiFe-LDH/CuS/Cu could is ascribed to a 

synergistic interaction between NiFe-LDH and CuS/Cu. Impressively, this electrode only requires an 

overpotential of 28 mV to achieve a current density of 10 mA cm−2. Moreover, the fabricated 

electrode can act as both a cathode and anode catalyst in an electrolysis cell for the overall water 

splitting. The cell potential of 1.55 V vs RHE to deliver 20 mA cm−2 and is capable of withstading in 

alkaline media for up to 25 hours.

3.2.2 Effects of Mott-Schottky heterojunction on the hydrogen adsorption Gibbs Free Energy 

The initial reactant adsorption, subsequent generation of reaction intermediates and the ultimate 

desorption process, can be used to determine that the electrocatalytic process involving both the HER 

and OER proceeds. Based on the Sabatier principle [53], a crucial descriptor for HER is ΔGH* [75]. 

H* adsorbed on the catalyst’s surface will be challenging if |ΔGH*| is too high, however, if the value 

is too low, the adsorbed H* will hardly desorb to produce H2(g) [75, 76]. The adsorption energy of 

H* should be minimal for the ideal catalyst. As a result, the catalysts' chemisorption and desorption 
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free energies must be adjusted to increase activity. The current density and hydrogen adsorption Gibbs 

free energy (ΔGH*) always have a volcano-like correlation. The Volcano plot (Figure 4a) shows that 

noble-metal electrocatalysts with near-zero ΔGH* can be found at the volcano's peak [77]. According 

to the Sabatier principle, catalysts with high catalytic activity have zero ΔGH* [78, 79]. DFT 

simulations can elucidate the catalytic process and analyze binding and formation energies, as well 

as ΔGH*. The formation of a Mott-Schottky junction have been extensively investigated in order to 

improve the chemisorption and desorption behaviors of catalysts and improve their intrinsic activity 

towards electrocatalytic reactions. For instance, Xu et. al. [76] fabricated Ni-Mo2C/NC, a Mott-

Schottky array catalyst. Figure 4b-d show the optimized models for H* adsorption on the NC, 

Mo2C/NC, and Ni-Mo2C/NC. Figure 4e displays the computed values of |ΔGH*| for NC, Mo2C/NC, 

and Ni-Mo2C/NC, which were 0.438 eV, 0.134 eV, and 0.052 eV, respectively. The trends of catalytic 

activity is Ni-Mo2C/NC > Mo2C/NC > NC. This demonstrates that the Ni dopant in the Mo2C/NC 

lattice can greatly reduce ΔGH* by improving the inherent electronic structure of Mo2C/NC. In 

addition, Luu et al. [80] developed a Mott-Schottky catalyst, MoS2/CoS2, that was grown on 

conductive CC substrate. Figure 4f demonstrates that the Mo and S sites for MoS2 have ΔGH* values 

of ‒0.32 and 0.59 eV, respectively, which are deviates far from the optimal value 0 eV. The Co(5fld) 

site's positive ΔGH* values (0.20 eV) show that the binding energy of the H intermediate is too weak, 

making it difficult for H intermediates to adsorb or desorb on these sites. This slows down the HER 

kinetics (Figure 4g). The Mott-Schottky effect can optimazed adsorption of H intermediates, and 

further improving HER kinetics and electrochemica performance. This is corroborated by the optimal 

ΔGH* values of the Mo (‒0.27 eV) and S (0.51 eV) sites ascribed to the MoS2 component, and the Co 

(‒0.02 eV) and S (‒0.09 eV) sites ascribed to the CoS2 component for the MoS2/CoS2 heterojunction 

(Figure 4h).
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3.2.3 Effects of Mott-Schottky heterojunction on the d-band Center and Fermi Level

The ΔGH* value only represents the current state of the surface electron structure. The d-band center 

(Ed) is important because the interaction between an adsorbate state and the metal d states is vital for 

the interaction energy, which is required to properly understand the H* intrinsic surface adsorption 

capacity, which is directly linked to the d-orbital energy levels [81]. According to the d-band model, 

because the metal's sp bands are broad and unorganized and the d bands are narrow, moderate changes 

in the environment might have a major effect on the d states and their interactions with the adsorbate 

states. As the Ed shifts, the vacant antibonding states will shift up or down [82]. Adsorption of H* on 

metal catalyst surfaces results in the formation of the metal-hydrogen bond. The H* orbital interacts 

with the metal d-orbital, creating a partially filled anti-bonding orbital with high energy and a fully 

filled bonding orbital with low energy. The anti-bonding orbital occupancy impacts the metal-

hydrogen bonding strength [83, 84]. A lower anti-bonding orbital occupancy correlates with higher 

bonding strength. The EF, m and the location of the Ed also affect the strength of the metal-hydrogen 

bond. When the metal's anti-bonding orbital is greater, H* adsorption is stronger, reducing occupancy 

as the Fermi level (EF) approaches the Ed. Heterostructure interface engineering is a powerful method 

for changing the surface electron structure and Ed, resulting in a catalyst with the highest adsorption 

strength feasible. For example, Xu and co-works fabricated Mott-Schottky heterojunction catalyst 

NiSe2/MoSe2[36]. Obviously, the Mott-Schottky effect causes the Ed of NiSe2 and NiSe2/MoSe2 to 

deviate from the EF, as demonstrated by their respective Ed values of ‒2.38 and ‒2.67 eV. Ed's 

downward shift allows more electrons to reach the antibonding state, lowering H adsorption and 

encouraging desorption (Figure 5a). According to the authors, the Mott-Schottky heterojunction can 

improve the Ed and change the electronic structure, hence promoting HER. Similarly, Li and his co-

workers [85] reported the fabrication of MoS2@Co3S4/NC heterostructure catalyst. Figure 5b 
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indicates that the HER activity at the heterojunction is accelerated due to a lower H adsorption energy 

and a weaker contact between the catalyst surface and the adsorbed H intermediates, as estimated by 

the density of states (DOS) calculation. The Ed of MoS2@Co3S4/NC and MoS2 relative to Ef were 

found to be ‒1.77 and ‒1.67 eV, respectively. The Zhang group [86] reported a Mott−Schottky 

electrocatalyst Ni/WO3 with a hedgehog-like nanostructure decorated on Ni foam. The Ed of Ni in 

Ni/WO3 could be reduced by electron transport from Ni to WO3 across the nanointerface, as 

demonstrated by theoretical calculations and experimental analysis. This results in a moderate H 

binding strength with small |ΔGH*| value of 0.097 eV, which promotes HER kinetics (Figure 5c). 

3.2.4 Effects of Mott–Schottky heterojunction on the electronic distribution and transport

The electrocatalytic activity of catalysts depends on their atomic configurations and surface 

electronic structure [87]. Modulating the catalyst's surface charge distribution through creative 

structural design is critical for improving catalytic performance. To improve electrocatalytic 

performance, the integrated electric field at the Mott-Schottky junction allows electron transfer at the 

interface, resulting in surface charge redistribution. This is a powful method for modulating charge 

transport between the catalyst's surface and the reaction intermediate [88, 89], leading to the 

exceptional electrocatalytic activity. For example, Peng et. al. [90] constructed a conventional Ru-

WO2.72 Mott-Schottky heterojunction by painting and reducing a small number of Ru species on the 

WO2.72 substrate. At the Ru-WO2.72 heterointerface, both theoretical and experimental experiments 

showed charge density redistribution and the formation of an interfacial electric field (Figure 5d). 

This resulted in a significant increase in electron concentration at the interface, which improved H* 

sorption and HER performance. Furthermore, Ru decoration significantly enhances electron DOS at 

the Fermi level (Figure 5e), revealing electron redistribution within the Ru-WO2.72 composite 

Page 18 of 64Materials Chemistry Frontiers

M
at

er
ia

ls
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
4 

Ju
ne

 2
02

4.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

6/
19

/2
02

4 
10

:4
0:

02
 A

M
. 

View Article Online
DOI: 10.1039/D4QM00312H

https://doi.org/10.1039/d4qm00312h


16

according to charge density distributions of WO2.72 and Ru-WO2.72. Qiao et al. [91] developed a 

1D/3D trepang-like porous N-modified carbon-confined bimetal carbide electrocatalyst including 

metal cobalt nanoparticles (Co6Mo6C2/Co@NC). As seen in the left TEM images in Figure 8f, the 

hollow channel structure of 1D CNTs allows for control of the local electron environment and 

enhanced charge transfer. In middle section of the TEM image, the dual Mott-Schottky interfaces 

Co||NC and Co6Mo6C2||NC can activate electric fields which promote electron transport, providing 

three possible electron transfer highways: Co → NC, NC → Co6Mo6C2 or Mo2C, and Co → NC → 

Co6Mo6C2 or Mo2C. These electron transfer paths facilitate faster electron transmission across the 

carbon matrix, allowing for efficient regulation of the electronic density and structure of the 

Co6Mo6C2/Co@NC active sites. Despite, the Mott-Schottky effect's charge redistribution happens at 

the metal/semiconductor interface can also facilitate the HER electrocatalytic reactions. 

3.2.5 Effect of doping and morphology on the performance of Mott-Schottky electrocatalysts

Doping endows the electrocatalysts with better catalytic activity by modulating the charge transfer 

process and/or electronic structure. The electronic structure is adjusted by doping with anions, which 

further increases the number of active sites and improves the electrical conductivity. In order to 

understand the significance of transition metal element doping, Tang and co-workers [92] designed 

design Mo-doped Mott-Schottky heterostructure Mo-NiCoP@MXene for high efficient HER. The 

HER mechanisms in Mo-NiCoP@MXene alkaline electrolytes was established (Figure 6a). DFT 

calculation reveals that the ∆GH* decreases after introduction of Mo resulting in reduced 

overpotentials and improved catalytic activity (Figure 6b). Meanwhile, the Mo–NiCoP@MXene are 

more suitable for the adsorption of H2O molecules, which makes it more favorable to start the 

subsequent reaction (Figure 6c). Additionally, in order to improve the catalytic activity, oxygen 
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defects have also been used to adjust the surface electronic configuration. Additionally, researches 

show that oxygen vacancies can immensely regulate the surface electronic configuration and optimize 

the adsorption energies of the reaction intermediates, then facilitated charge transfer and grately 

boosted intrinsic activity. For example, Xu et al.[93] have produced a typical Mott-Schottky 

electrocatalyst by immobilizing Ni/CeO2 hetero-nanoparticles onto N-doped carbon nanofibers 

(Ni/CeO2@N-CNFs). Compared with Ni@N-CNFs and CeO2@N-CNFs, Ni/CeO2@N-CNFs with 

rich oxygen vacancies show superior catalytic activities in alkaline electrolyte. Surface morphology 

design is one of the essential strategies to improve catalysts’ surface performance[94]. Recently, 

Mott-Schottky nanocatalysts such as nanoparticles[95], nanosheets[39], nanowires[96], hollow 

microspheres[97] as well as nanotubes/nanowire coupled[98] and porous structures[99] have been 

developed. Generally, during the catalytic reaction, the effect of electrochemical active surface area 

on catalytic activity is greater than that of physical surface area. However, it is difficult to evaluate 

the intrinsic activity of the electrocatalysts since the geometric area of active materials can’t be 

accurately determined. In this review, we mostly focus on the progress of Mott-Schottky junction 

electrocatalysts for pH universal hydrogen evolution reaction. Recently, excellent syntheses and 

electrochemical application of Mott-Schottky catalysts for pH universal hydrogen evolution reaction 

have been made (Table 1).

Table 1. Comparison of Mott-Schottky electrocatalysts for HER in various pH values.

Catalysts Electrolytes η10 [mV]
Tafel Slope
[mV dec-1]

References

1 M KOH 55, 43.3, 

 0.5 M H2SO4 80 43.3 Ru/CeO2

neutral media 120 53.3

J. Colloid Interf. Sci., 652 
(2023) 653-62.
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1 M KOH 17 31.8 
Ru@N-CNFs

 0.5 M H2SO4 16 28.5
Small, 19 (2023) 2206781.

1 M KOH 36 37

 0.5 M H2SO4 49 41Ru@NCN

neutral media 76 54

J. Mater. Chem. A., 9 
(2021) 13958-66.

1 M KOH 30 66

 0.5 M H2SO4 33 65Vo-CeO2/Co4N

neutral media 75 112

Appl. Cata. B., 277 (2020) 
119282.

1 M KOH 53 50

 0.5 M H2SO4 32 38Co2P/Co4N

neutral media 19 26

Chem. Eng. J., 454 (2023) 
140230.

1 M KOH 53 37.9

 0.5 M H2SO4 57 38.4
Mo5N6-

MoS2/HCNRs
neutral media 59 43.5

Small, 18 (2022) 2201137

1 M KOH 122 93

 0.5 M H2SO4 146 64WS2/CoS2/CC

neutral media 175 81

ACS Sustainable Chem. 
Eng., 8 (2020) 4474-4480.

1 M KOH 158 64.42
Co/Co2P@C

0.5 M H2SO4 192 56.35

J. Colloid Interf. Sci., 565 
(2020) 513-522

1 M KOH 36 37

 0.5 M H2SO4 49 41Ru@NCN

neutral media 76 54

J. Mater. Chem. A, 9 (2021) 
13958-13966.

Mo-MoS2 MSH 1 M KOH 138 90.2
Nano Energy, 101 (2022) 

107563.
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 0.5 M H2SO4 91 61.9

neutral media 128 74.5

1 M KOH 71 58

 0.5 M H2SO4 432 68

NiCo-nitrides/ 

NiCo2O4/GF

neutral media 418 78

Adv. Sci., 6 (2019) 1801829

4. Mott–Schottky catalysts for pH universal HER 

Metal oxide-based materials have recently demonstrated great potential as HER catalysts because to 

their superior structural and compositional flexibility [100]. Noble metallic catalysts also exhibit 

improved reaction kinetics because of their high density of electronic states around the Fermi level 

and huge active surface area [101]. As previously stated, the Mott-Schottky heterojunction construct 

can change electrical topologies, give a variety of interfaces, and improve charge transfer, all of which 

considerably boost the activity of hydrogen evolution [102]. Thus, constructing Mott-Schottky with 

precious metal/metal oxide can improve electrocatalytic efficiency even more, allowing pH universal 

HER to be optimized. For example, Chen and coworkers [103] developed a Ru/CeO2 Mott-Schottky 

catalyst by simply adding a little amount of Ru on the CeO2 substrate (Figure 7a-h). The HRTEM 

image (Figure 7b) depicts that the heterostructure between Ru and CeO2 is formed by a series of 

lattice stripes representing CeO2 and Ru nanoparticles. Ru and CeO2 had work functions of 4.02 eV 

and 6.18 eV, respectively. Electrons transferred from Ru to CeO2 after Ru deposition on the CeO2 

surface, reduced the Ru/CeO2 work function to 4.51 (Figure 7c). Visualized Δρ of Ru/CeO2 (Figure 

7d) revealed a positive charge at the Ru interface and a negative charge on the CeO2 surface. This 

implies that electrons transferred from Ru to CeO2 at the interface, and the BEF can have a significant 

impact on charge redistribution, allowing for the optimal adsorption energy of hydrogen intermediates 
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at the active site. Ru/CeO2 also has more efficient water molecule adsorption and H2 reduction, mainly 

attributing to the interlayer electron control of the two materials' Mott-Schottky heterojunction. Figure 

7e shows that the estimated ΔGH* values for Ru/CeO2, CeO2 (111), and Ru (101) are ‒0.28, 1.5, and 

‒0.34 eV. Ru/CeO2 exhibits ΔGH* values closer to zero, indicating increased HER capacity. Ru/CeO2 

thus achieved highly efficient pH universal HER property with a Tafel slope of 43.3, 43.3, and 53.3 

mV dec−1, and achieves the criterion current density of 10 mA cm‒2 at overpotentials of 55, 80, and 

120 mV in alkaline, acidic, and neutral media, respectively, due to the Mott-Schottky effect and 

charges redistribution at the interface (Figure 7f-h). Furthermore, Ru/CeO2 demonstrated good HER 

durability across a wide pH range, with stability lasting 20 hours at 20 mA cm‒2 and minimal loss 

after 5000 cycles. In addition, Wang et al. [104] developed N, P-codoped graphene nanocomposites 

Ru-RuO2@NPC with Ru-RuO2 Mott-Schottky heterojunctions (Figure 8a-i). The HRTEM image 

(Figure 8b) demonstrates that the heterostructure between Ru and RuO2 is formed by stripes of Ru 

nanoparticles and RuO2. Charge transfer from electronegative metal Ru to neighboring O and Ru4+ 

sites enhance the electron density of O on the RuO2 surface for the heterojunction catalyst (Figure 

8c). Interfacial interactions between Ru and RuO2 in the Mott-Schottky heterostructure are likely to 

influence the adsorption of major catalytic intermediates and, as a result, electrocatalytic activity 

during the reaction. Figure 8d exhibits an HER diagram indicating H2O adsorption and dissociation, 

as well as H adsorption from catalyst surfaces. When compared to pristine RuO2, the computed DOS 

reveals that the heterostructure has metallic features with a zero-band gap and Ru d-states that are 

nearer to the EF (Figure 8e). The heterojunction's d band center (Ed = ‒3.28 V) is located between the 

metal Ru (Ed = ‒3.10 V) and RuO2 (Ed = ‒3.33 V) alone. This indicates that the development of a 

Mott-Schottky heterojunction Ru-RuO2 reduces the adsorption of critical reaction intermediates while 

potentially increasing catalytic performance when compared to Ru metal alone. DFT simulations 
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showed that the bare Ru and RuO2 lattices exhibited comparatively high Gibbs free energy (∆GH*) 

values of ‒0.33 eV and 0.12 eV, respectively. However, for the Ru-RuO2 heterojunction, this value 

reduced considerably to only ‒0.05 eV (Figure 8f), and significantly improved HER performance can 

be understanded [105]. This shows that the development of a Ru-RuO2 heterojunction promoted H 

adsorption/desorption [106]. Thus, in acidic, neutral, and alkaline solution, as shown in Figure 8g-i, 

Ru-RuO2@NPC demonstrates remarkable activity and no evident decrease of the current at the fixed 

working potential of ‒100 mV for more than 10 hours, indicating its strong HER stability at all pH 

values. Similarly, Zhou et. al. [107] synthesized Ru nanoclusters grown in situ on N-doped carbon 

nanofibers (Ru@N-CNFs) via a "phenolic resin-bridged" approach and employed in HER at all 

values (Figure 9a-h). The resultant electrocatalyst revealed exceptional HER performance. The work 

function difference between Ru (4.71 eV) and N-CNFs (4.87 eV) fulfill the requirements for the 

formation of a Schottky barrier [108]. After contact, charges from metal Ru will flow naturally to N-

CNFs until the EF are matched. This results in the creation of a Mott-Schottky heterojunction (Figure 

9b), which generates an orientated electron flow and an internal electric field (Figure 9c), accelerating 

the electrocatalytic HER process. The charge density difference plot of the Schottky heterostructure 

catalyst Ru@NC (Figure 9d) supports the electrons flow naturally from metallic Ru to N-doped 

carbon support. DOS confirms rapid charge transfer capability for Schottky heterojunctions during 

HER catalysis, indicating that the Ed of Ru sites in the Ru@NC heterojunction is nearer to the EF than 

in pure Ru. The Ru@NC heterostructure has a ΔGH* value of ‒0.11 eV, much lower than that of pure 

Ru (‒0.39 eV), as demonstrated in the ΔGH* graphs (Figure 9e). Ru@N-CNFs exhibit pH-universal 

HER activity in acidic and alkaline electrolytes, with small overpotentials of 16 and 17 mV at 10 mA 

cm−2 as well as low Tafel slopes of 31.8 and 28.5 mV dec−1 (Figure 9g, h). Recently, Sarkar et. al. 

[109] developed a one-step pyrolysis process to decorate ultrafine Ru nanoparticles in situ on a hollow 
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N-doped carbon nanocage (Ru@NCN) as a first-class  HER catalyst. Ru/N doped carbon exhibits 

the Mott-Schottky effect, which promotes electron transfer at the interface. Ru@NCN only needed 

overpotentials of 36, 49, and 76 mV in alkaline, acidic, and neutral environments, with Tafel slopes 

of 37, 41, and 43 mV dec−1, respectively. This enabled the material to achieve 10 mA cm−2. Metal 

nitrides have gained a lot of attention due to their remarkable catalytic activity in a range of energy-

related processes [110]. Because of the integrated electric field, the Mott-Schottky effect has been 

regarded as an effective approach to achieve high electrocatalytic activity. For instance, Yao et. al. 

[73] put forward a heterostructure CeO2/Co4N catalyst，in which the CeO2 nanoparticles with lots of 

oxygen vacancies loaded on Co4N nanorod arrays (Figure 10a-j). The TEM and HRTEM images 

demonstrate the successful construction of the Mott-Schottky heterojunction CeO2/Co4N, as 

illustrated in Figures 10b-c. Figures 10d-e show the theory models of DFT calculations for Co4N and 

Vo-CeO2/Co4N, which suggest that improved HER performance can be ascribed to the synergistic 

interaction of CeO2 and Co4N. According to DFT calculations, the H2O adsorption free energies of 

Vo-CeO2/Co4N on the CeO2 site (Vo-Ce) and Co4N on the Co4 site are ‒0.78 eV and ‒0.16 eV, 

respectively (Figure 10f). These results show that the adsorption of H2O on the Vo-CeO2 surface is 

substantially more than on the Co4N surface. Furthermore, as shown in Figure 10g, the computed 

water dissociation barrier for CeO2/Co4N and Co4N demonstrates that the water dissociation barrier 

on CeO2/Co4N is less than that on Co4N [83, 111]. As a result, by accelerating water adsorption and 

dissociation of the Volmer step in the HER process, Vo-CeO2 can improve catalytic HER ability of 

Co4N. Concurrently, the charge of Co surrounding Vo-Ce sites is higher than that of Co4N, indicating 

that H adsorption is inhibited due to positively charged hydrogen atoms. According to the computed 

d-band density of states (d-DOS) study of Co in Co4N and Vo-CeO2/Co4N, Vo-CeO2 will affect the 

electronic distribution of Co4N and shift the Ed of Co atoms further away from the EF as shown in 
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Figure 10h. Vo-CeO2/Co4N exhibits higher thermos-neutral ΔGH* compared to Co4N (Figure 10i), 

indicating superior HER performance. The ideal Vo-CeO2/Co4N showed good HER performance in 

1.0 M KOH, 0.5 M H2SO4, and neutral electrolytes, with overpotentials of 30, 33, and 75 mV, 

respectively, attaining 10 mA cm−2 (Figure 10j-l). Since phosphorus may efficiently interact with 

protons during an electrochemical process and act as a Lewis base to collect electrons from transition 

metals, transition metal phosphides exhibit excellent HER activity [112]. However, a recent study 

shows that some nitrides, such as Mo5N6 and Co4N, have good metal features [113, 114]. Thus, 

constructing a Mott-Schottky heterojunction using mixed nitrides and phosphides could be an 

excellent way to improve HER catalytic performance. As a result, we demonstrate a hybrid Mott-

Schottky electrocatalyst constituted by both of n-type semiconducting Co2P and metallic Co4N 

(Figure 11a-i) [24]. Figure 11a depicts the Co2P and Co4N structural models. Energy band diagrams 

revealed that the semiconducting Co2P (4.8 eV) had a significantly lower work function compared to 

the significantly greater 5.35 eV work function of Co4N. As a result, the Co2P/Co4N heterojunction 

formed an inherent electric field, which accelerated electron transport from the semiconductor Co2P 

side to the metallic Co4N side until equilibrium Fermi levels were achieved (Figure 11b-c). The XPS 

investigation and DFT calculation findings confirmed the aforementioned charge redistribution 

between the Co4N and Co2P contacts. The electrons at the Co2P/Co4N interface have been reallocated, 

as evidenced by blue and yellow patches (Figure 11d). The Mott-Schottky heterojunction occurs at 

the contact metallic Co4N and the semiconductor Co2P, confirming metallic nature of Co4N. DFT 

calculations reveal that the DOS spans the EF. Following subsequent calculations, the density of Co-

3d was found to exhibit substantial density states near the EF, indicating that the electrical 

conductivity of Co2P/Co4N was increased (Figure 11e). The electrocatalysts have advantages for 

water adsorption, as evidenced by the negative water adsorption energies at the Co4N, Co2P, and 
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Co2P/Co4N interfaces of the three samples, Co2P/Co4N owns the smallest water adsorption value 

[115]. The HER process in an alkaline media was determined by the water dissociation [116], whereas 

H adsorption affected the HER reaction rate in an acidic environment [117]. Figure 11f shows that 

the Co2P/Co4N has a lower hydrogen adsorption energy (‒0.36 eV) than Co2P and Co4N (‒0.84 eV 

and ‒1.19 eV), respectively. The Co2P/Co4N Mott-Schottky heterojunction enhances H* adsorption 

kinetics, as evidenced by the moderate ΔGH* (|ΔGH*| = 0) available for H2 evolution [118]. Thus, the 

extraordinary Co2P/Co4N HER activity is due to the mutually elevated ΔGH* and water dissociation, 

which permit both the Heyrovsky and Volmer phases of the HER process [73]. Theoretical and 

experimental results were consistent, with the Co2P/Co4N Mott-Schottky heterojunction catalyst 

demonstrating super HER performance. Achieving 10 mA per square centimeter current densities in 

0.5 M H2SO4, 1.0 M KOH, and neutral electrolytes required only 32, 53, and 19 mV of overpotential 

(Figure 11g-i). Chalcogenides have high activity, exceptional stability, and are free of precious metals, 

making them attractive HER catalysts [119]. Materials containing molybdenum sulfide, such as MoS2, 

have shown potential for electrochemical hydrogen production. MoS2 for HER catalysis has made 

tremendous advances in recent years, several of which have been previously reviewed [120, 121]. 

Chalcogenides can thus participate in HER effectively thanks to the Mott-Schottky effect, which 

increases their catalytic activity. Recently, Pi et al. [122] developed a Mott-Schottky heterojunction 

catalyst Mo5N6-MoS2/HCNRs by thermal nitridation of 2H-MoS2 nanosheets on HCNRs, which are 

generated by thermal assisted nitriding of 2H-MoS2/PPy in NH3 (Figure 121a-h). The work functions 

of Mo5N6 and 2H-MoS2 are 5.83 eV and 7.62 eV, respectively. Figure 12b depicts the plotted energy 

band diagrams of Mo5N6 and 2H-MoS2 before and after contact. According to the XPS results, the 

system's internal electric field leads valence electrons to flow from 2H-MoS2 to Mo5N6 until 

equilibrium is reached [89]. According to the researchers, the intrinsic electric field and electron 
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redistribution at the interface of 2H-MoS2 and Mo5N6 significantly activate the inert MoS2 basal 

planes, increasing MoS2 electrocatalytic activity and facilitating Mo5N6 water dissociation. The 

wavelet transforms intensity optimum for Mo-Mo bonding in Mo5N6-MoS2/HCNRs and 2H-

MoS2/HCNRs is around 10 Å and 9.4 Å, respectively, as shown in Figure 12c. This shows that the 

coordination of Mo-S is often unsaturated because of the synthesis of Mo5N6, which results in 

enhanced unsaturated sites [123] and defects, which enable robust catalytic activity of HER. The 

calculated Ed values of Mo5N6-MoS2 and 2H-MoS2 (Figure 12d) relative to EF are −1.75 and −0.12eV, 

respectively [124]. The Ed of the Mo5N6-MoS2 heterojunction is substantially far away from the EF, 

which indicates weaker interactions between the hydrogen adsorbate and catalytic surface, as well as 

lower antibonding energy states that enhance HER kinetics. As shown in Figure 12e, the addition of 

Mo5N6 generates active sites for hydroxyl adsorption, facilitating the dissociation of HO-H bonds and 

the formation of hydrogen intermediates. As a result, the activation barrier for H2O dissociation at 

the Mo5N6-MoS2 interface is much lower, measuring 0.18 eV. The ΔGH* of the Mo5N6-MoS2 

heterojunction coincides with the S sites on the edge plane of 2H-MoS2 at ‒0.06 eV, which is amazing. 

This suggests that coupling with Mo5N6 completely activates the basal plane sites of 2H-MoS2, 

resulting in an in-plane Mo5N6-MoS2 heterojunction. Figure 12f shows that effective water adsorption 

occurs after combining with Mo5N6, with the H2O adsorption energy at the Mo5N6-MoS2 

heterojunction (‒0.85 eV) being 6 times less than that of the MoS2 basal plane (‒0.14 eV). The Mott-

Schottky-type Mo5N6-MoS2 heterostructure produces better HER kinetics, which is helpful for 

electron shift, hydrogenolysis energy, and H2O adsorption/dissociation. The Mo5N6-MoS2/HCNRs 

Mott-Schottky catalyst has excellent pH-universal HER performances (Figure 12g-i), requiring 

extremely low overpotentials of 57, 53, and 59 mV at 10 mA cm−2 in acidic, alkaline, and neutral 

solutions with Tafel slopes of 38.4, 37.9, and 43.5 mV dec−1, respectively. This is owing to the 
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combined action of in-plane Mo5N6-MoS2 and underlying HCNRs.

Similarly, Wu et al and his co-workers [125] Wu et al. and colleagues [109] proposed a unique 

Mott-Schottky nanosheet array catalyst supported on carbon cloth (WS2/CoS2/CC) with excellent 

HER activity in all pH values (Figure 13a–f). When S bridges WS2 and CoS2 in the WS2/CoS2/CC 

catalyst, a WS2/CoS2 heterojunction is formed. A W-S-Co bond may develop at the contact (see 

Figure 13a) [124, 126]. Figure 13b shows that WS2 and CoS2 have unique work functions (i.e., 5.50 

eV and 5.89 eV, respectively) [127, 128]. It is clear that CoS2 has a higher EF than WS2, causing 

electrons to move from CoS2 to WS2 across the interface. This process continues until the EF 

equilibrium, at which point the WS2/CoS2 electrical modulation occurs. The HRTEM image (Figure 

13c) further illustrates the internal heterostructure of WS2/CoS2. Excellent HER activities of 

WS2/CoS2/CC with long-term stability in all pH values can be produced by accelerating electron 

move at the heterointerface, which is made possible by the built-in electric field at the interface due 

to Mott-Schottky effect. To achieve 10 mA cm‒2 in 0.5 M H2SO4, 1.0 M KOH and 1.0 M phosphate 

buffer solution (PBS), Figure 13d-f demonstrates that overpotentials of 146, 122, and 175 mV are 

adequate.

Sun and his co-works [129] developed Mo–MoS2 Mott–Schottky catalyst for HER in wide pH 

values by an in situ lithiation method (Figure 13g-k). The mass transfer process can be accelerated 

by adding nano-Mo to enhance in-place conductivity. According to DFT calculations, Mott-Schottky 

heterojunctions improve interfacial electron contacts and electron transport from Mo atoms to sulfur 

sites at active sites, activating the sulfur sites and substantially enhancing HER catalytic activity 

(Figure 13g). Figure 13h shows that the Mo-2 H-MoS2 and Mo-1 T-MoS2 Mott-Schottky 

heterostructures have higher ΔGH values (i.e., 0.387 and 0.243 eV, respectively) compared to Mo-

2H-MoS2 (‒0.578 eV for S site) and 1T-MoS2 (‒0.434 eV for S site). This shows that introducing 
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nano-Mo into the MoS2 lattice can have a significant impact on interfacial electron rearrangement 

and electron/proton move at sulfur sites, hence improving HER activity. As revealed in Figure 13i-k, 

the optimal Mo-MoS2 Mott-Schottky heterostructure catalyst possesses remarkable HER 

performance and durability across the pH range.

In response to the energy crisis, electrochemical water splitting has been widely concerned as a 

promising method of hydrogen production. Economic hydrogen production requires the development 

of cheap catalysts with high perofrmance and long-term stability. When it comes to water electrolysis, 

Mott-Schottky heterostructure catalysts perform better electrocatalytically with the following 

advantages: An oriented internal electric field, steady local electrophilic/nucleophilic regions, tunable 

surface chemisorption energy, spontaneous electron shift across the Schottky interface until the work 

functions on both sides reach equilibrium and form the new EF, and a well-connected electronic path 

at the atomic level. Significant step forward has been achieved in the development and production of 

Mott-Schottky catalysts in recent years. However, understanding the reaction mechanism and cutting-

edge controlled fabrication procedures remains a challenge. 

5. Some challenges and future perspectives

5.1. Widening pH with Greater Tolerance 

A significant number of currently available pH universal Mott-Schottky electrocatalysts have been 

studied as alkaline, acidic, and neutral electrolytes in mild pH conditions such as 1 M KOH, 0.5 M 

H2SO4, and 1 M PBS. Nonetheless, in practical industrial operations, electrolyzers must work in 

rugged environments with concentrations as high as 6-10 M. Tight, close-contact interfaces are 

essential for optimum interaction and stability; even more important, such interfaces must be 

chemically and corrosion resistant.
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5.2. Scalability over Long Duration 

Even though the activity of Mott-Schottky catalysts has increased dramatically, their use in water 

electrolysis devices has been severely limited due to their poor performance stability and tendency to 

degrade catalytically. A majority of HER non-noble interfacial catalysts continue to exhibit an 

average stability of 200-300 hours; very few articles reported stability of up to 1000 hours continuous 

operations [130, 131] Thus, the most significant criteria for the newly constructed Mott-Schottky 

electrocatalyst is the long-term stability. Furthermore, a majority of surveys only examine how long 

performance endures in working environments; very few investigated the reason of performance 

decline. As a result, significant efforts should be taken to develop feasible approaches to identify the 

primary causes of activity decline.

5.3. The deep mechanism of synergy effect 

Mott-Schottky heterostructure catalysts exhibit excellent catalytic activity, which is often explained 

by the synergistic effect. However, it should be emphasized that further studies are needed to properly 

understand the true synergistic effect of different heterostructure catalysts. To understand the real 

nature of the synergistic effect and how it causes the catalysts to deliver higher catalytic activity, more 

substantial evidence needs to be obtained. For a more fundamental understanding and intelligent 

heterostructure catalyst design, combining theory and experiment investigation in electrocatalysis is 

also crucial. 

5.4. Advanced Characterization Techniques and Theoretical Analysis 

Research has concentrated on the surface and structure of Mott-Schottky heterostructures. To 

measure the intermediates at different reaction periods, Ex situ analytical methods like electron 
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microscopy (TEM and FESEM) and XRD are applied. It remains uncertain which catalytic active 

areas are critical for catalyst design. In order to fully understand the fundamental concepts, electrical 

behavior, and interfacial charge transport mechanisms in Mott-Schottky catalysts catalytic processes, 

along with the real-time multi-step reaction routes, more accurate in-situ/operando characterization 

is requested. To completely understand the reaction mechanism and pathway, in-situ/in-operando 

characterization approaches for the Mott-Schottky heterostructure, such as in-situ Raman, differential 

electrochemical mass spectrometer (DEMS) and X-ray absorption spectroscopy (XAS), must be used 

[132, 133]. These methods provide a complete analysis of the change in the local electronic structure 

of the electrocatalysts, as well as the process of capturing reaction intermediates on the electrocatalyst 

surfaces. Furthermore, the majority of theoretical models (DFT, molecular dynamics, Monte Carlo, 

etc.) of the electronic structure and charge density differences in the Schottky junction may only 

predict the general direction of electrochemical activity [134, 135]. Nonetheless, the mechanisms 

behind heterostructure interfacial electron transport and their inherent interaction with Schottky 

heterojunctions for electrocatalysis are poorly understood on the molecular, atomic, and electronic 

levels. Advanced computational methods, such as operando modeling and machine learning-based 

algorithms [136] can solve these issues and accelerate the development of high-performing catalysts 

for water electrolysis applications. Academics studying electrochemistry energy conversion and 

storage certainly with the help of advanced computing device.

5.5. Scaling up and Understanding Economy 

Although green hydrogen production yields almost zero emissions, the scale-up framework is 

undermined by the application of expensive precious metals like platinum as catalysts. Nevertheless, 

as we all known that these metals are rare, expensive, and noble. Although many heterostructure 
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catalysts exhibit remarkable performance and meet the requirements of industrial applications, 

scaling up catalyst synthesis is a significant barrier to the industrial application of electrochemical 

HER catalysts, and most synthesis processes are limited to laboratory. As a result, one of the key 

challenges to commercializing Mott-Schottky catalysts is fail to establish an accessible and easily 

scalable fabrication technology. In consequence, one of the most significant challenges in 

constructing a commercial water splitting electrolyzer is producing an electrocatalyst that is highly-

efficient, affordable, and can be prepared on large scale. All in all, it can be believed that developing 

well-defined Mott-Schottky catalysts at all pH levels is a pretty prospective and unique approach to 

designing highly effective catalysts for electrochemical water splitting, and that the fast prograss of 

electrochemical water electrolysis powered by renewable energy sources will shed light on the future 

hydrogen economy.
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Scheme 1 Schematic illustration of the Mott-Schottky junction in electrocatalysts.
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Figure 1 A typical water electrolysis cell under alkaline conditions.
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Figure 2 Pathways for hydrogen evolution reaction under acidic and alkaline (or neutral) conditions. 
Reproduced with permission from Ref. [40]. Copyright 2018, Springer Nature. 
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Figure 3 Energy band diagrams of metal and n-type semiconductor contacts. Evac, vacuum energy; 
Ec, energy of conduction band minimum; Ev, energy of valence band maximum; EF, s, Fermi level; 
ϕm, metal work function; ϕs, semiconductor work function; χs, electron affinity of the semiconductor. 
Reproduced with permission.57 Copyright 2012, American Chemical Society.
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Figure 4 (a) Hydrogen free binding energy versus activity. Circles represent experimental data, and 
the curve is from microkinetic theory. Reproduced with permission.[68] Copyright 2010, American 
Association for the Advancement of Science. The most stable adsorption site of H* on (b) NC, (c) 
Mo2C/NC, and (d) Ni-Mo2C/NC. (e) The HER free energy diagram for NC, Mo2C/NC and Ni-
Mo2C/NC. Reproduced with permission.[67] Copyright 2021, Elsevier.(f)-(h) The Gibbs free energy 
diagram of HER at different H adsorption sites on the surface of MoS2, CoS2, and MoS2/CoS2, 
respectively. Reproduced with permission.[71] Copyright 2024, Elsevier.
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Figure 5 (a) The density of states of NiSe2 and NiSe2/MoSe2, and the schematic illustration of the 
bond formation between the catalyst surface and H*. The d-band centers are also shown.Reproduced 
with permission.[31] Copyright 2024, Elsevier. (b)PDOS plots of the Mo site of MoS2 and 
MoS2@Co3S4/NC heterointerfaces. Reproduced with permission.[76] Copyright 2023, Elsevier. 
(c)Dependence of free energies of hydrogen adsorption on the d-band centers (εd) of WO3, Ni, and 
Ni/WO3.Reproduced with permission.[77] Copyright 2023, American Chemical Society. (d) 
Calculated charge density difference of WO2.72 (up) and WR (down). (e) Calculated DOS of WO2.72 
and WR. Reproduced with permission.[81] Copyright 2022, Elsevier. (f) The schematic illustration of 
1D/3D-structured dual Mott-Schottky heterojunctions (Co|NC and Co6Mo6C2|NC) in 
Co6Mo6C2/Co@NC (electron transfer highway-1: Co→NC; highway-2: NC→Co6Mo6C2; highway-
3: Co→NC→Co6Mo6C2). Reproduced with permission.[82] Copyright 2023, Elsevier.
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Figure 6 (a) The HER process and optimization model for adsorbed intermediates of Mo-
NiCoP@MXene/NF. (b) Calculated ∆GH* of Mo-NiCoP@MXene/NF and comparative samples; (c) 
Adsorption energy of H2O on the NiCoP/NF, NiCoP@MXene/NF, and Mo-NiCoP@MXene/NF 
samples. Reproduced with permission.[92] Copyright 2023, Elsevier.
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Figure 7 (a) Schematic diagram of the synthesis process of Ru/CeO2. (b) HRTEM images of Ru/CeO2. 
(c) Schematic diagram of the Mott-Schottky heterojunction. (d) The planar-averaged electron density 
difference (Δρ) and corresponding side view of the electron density difference over Ru/CeO2. (e) 
Gibbs free energy diagram of the CeO2 (111) plane, Ru (101) plane, and Ru/CeO2. (f-h) LSV curves 
of different catalysts in (f) 1M KOH (g) 0.5 M H2SO4 and (h) 1 M PBS. Reproduced with 
permission.[86] Copyright 2023, Elsevier.
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Figure 8 (a) Schematic depiction of the synthesis of Ru-RuO2@NPC nanocomposites. (b) High-
resolution TEM image of the selected area in panel. (c) Projected DOS and d band of RuO2 and Ru-
RuO2. (d) energetic pathway of HER. (b) Atomic configurations of the water dissociation step on the 
surface of the Ru-RuO2 Mott–Schottky-Type heterostructure, including H2O adsorption, activated 
H2O adsorption, OH adsorption and H adsorption. (e-g) HER in (g) 0.5 M H2SO4 solution, (h) 1.0 M 
KOH solution and (i) 0.01 M PBS solution, respectively. Reproduced with permission.[88] Copyright 
2022, Elsevier.
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Figure 9 (a) Schematic illustration for the preparation of Ru@N-CNFs. (b) energy band diagrams of 
Ru and N-CNFs after rectifying contact. c) the schematic diagram for the charge transfer between Ru 
and N-CNFs. d) Charge density difference at the heterointerface between Ru and NC. d) DOSs 
distributions, e) ΔGH* iagrams of Ru and Ru@NC. (g-h)Comparison of HER performances of 
different catalysts in g) acidic and h) alkaline electrolytes. Reproduced with permission.[91] Copyright 
2023, Wiley.

. 
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Figure 10 (a) The synthetic methods of CeO2/Co4N; (b) TEM images (up) and HRTEM image (down) 
of CeO2/Co4N; (c) The geometric configuration of Co4N (111) surface and (d) Vo-CeO2 (111)/Co4N 
(111) heterogeneous structure surface; (e) The Gibbs adsorption free energies of water on Co4N and 
CeO2/Co4N (111) surface; (f) The calculated water dissociation barriers on CeO2/Co4N and Co4N, 
respectively; (g) The calculated density of states (DOS) of Co4N and CeO2/Co4N; (h) Free energy 
diagram of HER on Co4N and Vo-CeO2/Co4N; (i-k) HER in (i) 1 M KOH solution,(j) 0.5 M H2SO4 
solution and (k) 1 M PBS solution (Inset: Histogram of corresponding LSV curve at current density 
of 10 mA cm−2 ). 
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v
Figure 11 (a) HR-TEM image of Co2P/Co4N, (b and c) The proposed energy band diagrams of the 
metallic Co4N and Co2P before contact and after contact (Mott-Schottky heterojunction), where EF, 
Evac, Ev and Ec represents the Fermi energy, vacuum energy, valence band and conduction band 
potentials, respectively. (d) The charge density distribution of Co2P/Co4N, (e) the DOSs of Co2P, 
Co4N and Co2P/Co4N, (f) The calculated ΔGH* at the relative stable sites on Co2P, Co4N and 
Co2P/Co4N, (g) (h) and (i) are the Polarization curves of different catalysts in 1 M KOH, 0.5 M H2SO4 
and 1 M PBS, respectively. Reproduced with permission.[22] Copyright 2023, Elsevier.
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Figure 12 (a) Schematic diagram of the transformation from 2D MoS2 to in-plane Mo5N6-MoS2 
heterojunction (up) and the comparison of active sites to boost HER of 2D MoS2 and Mo5N6-MoS2 
heterojunction (down). (b) Schematic diagrams of energy band of Schottky-type Mo5N6-MoS2 
heterojunction. (c) WT-EXAFS of 2H-MoS2/HCNRs and Mo5N6-MoS2/HCNRs. (d) DOS plots of 
the Mo site of 2H-MoS2 and Mo5N6-MoS2 heterointerface, and schematic illustration of bond 
formation between the surface and adsorbate H*. (e) Energy profiles for water dissociation and free 
energy diagrams for HER on 2H-MoS2 basal plane, 2H-MoS2 edge plane, Mo5N6 (110), and Mo5N6-
MoS2 heterointerface. (f) H2O adsorption energy on Mo5N6-MoS2/HCNRs and 2H-MoS2/HCNRs. 
(g) (h) and (i) shown the electrocatalytic HER performances of different catalysts in 1 M KOH, 0.5 
M H2SO4 and 1 M PBS, respectively. Reproduced with permission.[106] Copyright 2022, Wiley.
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Figure 13 (a) Schematic illustration of WS2/CoS2 heterostructure. (b) Schematic energy band 
diagrams of WS2/CoS2 heterostructure in equilibrium. (c) High resolution TEM images of WS2/CoS2 
heterostructure. (d-f) IR-compensated LSV curves different catalysts after normalizing the currents 
to the geometric area in different electrolyte. Reproduced with permission.[109] Copyright 2020, 
American Chemical Society. (g) The LDOS for different S sites of 2H MoS2 and Mo-2H MoS2 MSH 
(up) and the LDOS for different S sites of 1T MoS2 and Mo-1T MoS2 MSH (down). (h) corresponding 
optimal ΔGH* for HER. (i-k)Linear sweep voltammetry curves of MoS2/CP, Mo-MoS2 MSH/CP and 
Pt/C/CP in (i) 1.0 M PBS, (j) 0.5 M H2SO4 and (k) 1.0 M KOH. Reproduced with permission.[113] 

Copyright 2020, Elsevier.
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