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ABSTRACT  

Hydrogen production via electrochemical water splitting is a clean and secure 

technology. Water electrolysis consists of two main reactions, i.e., Hydrogen Evolution 

Reaction (HER) and Oxygen Evolution Reaction (OER). However, the sluggish OER 

kinetics and high-cost of commercial nobel metal based catalysts such as Pt and RuO2 

based ones limit the practical application of this technology. Especially, to meet the 

practical industrial-scale requirements, the electrocatalysts should be operated at a high 

current density to achieve a high hydrogen production rate under long-term operation. 

Besides, using seawater directly to replace freshwater for the hydrogen production is 

attracting more and more attention for sustainable energy development because 

seawater is abundant. However, utilizing seawater based electrolyte remains great 

challenge due to the existence of competitive reactions between chlorine evolution 

reaction (ClER) and OER at the anode in the presence of Cl- in the seawater, which 

always results in catalyst degradation and serious electrode erosion. In this dissertation 

study, the objective is to develop highly efficient electrode for water splitting with 

minimized operation cost, especially at a high current density even in a natural seawater 

based solution.   

Firstly, CuVOx nanobelt@NiO nanosheet is successfully synthesized using a facile 

one-step hydrothermal process combined with a calcination method. The obtained 

CuVOx@NiO composite electrode exhibits remarkable HER activity in alkaline 

freshwater solution with an overpotential as low as 74 mV at 10 mA cm-2, which also 

shows excellent stability and a fast kinetic reaction with a Tafel slope of 60.8 mVdec-1. 

Moreover, it can maintain the potentials at difference constant current densities up to 

300 mA cm-2. Such a higher electrocatalytic performance could be attributed to the 

generation of real active (VOx-Cu2O) species during HER with increased O vacancies. 

Besides, lamellar NiO shell could also provides a large number of active sites and super-

hydrophilic surface, which effectively facilitates the H2O adsorption and decomposition 

to Hads intermediates. It is found that the intrinsic reaction activity for the conversion of 

Hads to H2 could be improved by the VOx-Cu2O core with rich O vacancy defects. This 

pioneer work provides a novel catalyst structure and superb properties for the HER in 

the alkaline electrolyzer.  
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Secondly, in-situ growing of FeNiSx/NiFe(OH)x on nickel form (NF) is successfully 

realized using a facile corrosion engineering followed by a fast and mild sulfurization 

process. The obtained electrode requires only a low overpotential of 270 mV at a high 

current density of 100 mA cm-2 in alkaline simulated seawater (1 M KOH + 0.5 M 

NaCl) and maintains mechanical stability at an industrial-level current density of 1 A 

cm-2 without catalyst corrosion. Density functional theory (DFT) calculations reveals 

that the FeNiSx/NiFe(OH)x has high oxygen evolution reaction (OER) against chlorine 

evolution reaction (ClER) since S substitution on O site can effectively decrease the 

free energy gap between *OH to *O, making OER more efficient. For overall seawater 

electrolysis using it as the bifunctional electrocatalyst, the electrolyzer only requires a 

low cell voltage of 1.60 V at 10 mA cm-2 and can sustain stable at the industrial-level 

current density of 1 A/cm2 with a cell voltage of 2.81 V for 100 h, achieving a high 

hydrogen productivity without the catalyst deterioration. 

Lastly, a MnCo2O4 nanowire coated with NiFe-Layered Double Hydroxide (NiFe-

LDH) layer (MnCo2O4@NiFe-LDH) composite electrocatalyst prepared by a simple 

two-step hydrothermal method is applied for the seawater electrolysis, which exhibits 

low overpotentials of 219 and 245 mV for OER at a high current density of 100 mA 

cm-2 in alkaline simulated and natural seawaters, respectively. It is found that the NiFe-

LDH layer on the MnCo2O4 nanowire can serve as Cl- protective layer to hinder the 

ClER and anode erosion and simultaneously improve the active surface area and 

intrinsic properties of MnCo2O4 nanowires, allowing for faster kinetics. While, the high 

valence states of Mn3+, Co3+, Ni3+and Fe3+ play a crutial role for OER. In addition, when 

it is used as the bifunctional electrocatalyst for the overall natural seawater splitting, 

the MnCo2O4 @NiFe-LDH (-)||MnCo2O4 @NiFe-LDH(+) pair in a two-electrode cell 

only requires a low voltage of 1.56 V@10 mA cm-2 and simultaneously maintains 

excellent stability at a high current density of 100 mA cm-2 for over 100 h. Such an 

electrocatalyst could be a promising candidate for practical seawater splitting. 
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CHAPTER 1 Introduction 

A most promising energy carriy for a decarbonized global energy system is 

hydrogen. As reported by International Renewable Energy Agency, the hydrogen 

market will reach $ 155 billion by 2022, and the market share of water electrolysis for 

hydrogen production is expected to reach 22% by 2050 [1]. Especially, the hydrogen 

production via water electrolysis is a promising option in the environmental friendly 

way without green house gas emission. The reaction takes place in a unit called an 

electrolyzer. There are many types of electrolyzers categorized by charge carrier, 

operation temperature and electrolytes including alkaline electrolysis, polymer 

electrolyte membrane electrolysis (PEMWE) and solid oxide electrolysis (SOE) [2]. In 

this study, the electrochemical decomposition of water at a low temperature (below 

100oC) with an aqueous electrolyte is chosen due to its low operating cost and safety. 

Theoretically, water electrolysis involves two half-cell reactions, i.e., hydrogen 

evolution reaction (HER) at the cathode and oxygen evolution reaction (OER) at the 

anode , in which HER and OER have thermodynamic quilibrium potentials of 0 V and 

1.23 V vs. RHE, respectively (Figure 1.1). Because water splitting is not a spontaneous 

reaction, the input voltage should be high enough to overcome the overpotentials of the 

HER/OER reactions in order to split water molecule into hydrogen and oxygen [3].  

Precious metals (e.g., Ir, Ru) and their oxide compounds (e.g., IrO2, and RuO2) are 

currently used as the benchmark electrocatalysts on the anode side in water splitting. 

While, Pt based ones is widely used on the cathode side. However, their scarcity, high 

cost and poor durability from metal dissolution after long-term operation limit their 

large-scale applications [4, 5]. Therefore, non-precious metal-based catalysts with 

superior performance and low price are required.  

The major obstacle of electrolyzer efficiency is the overvoltage or overpotential 
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for OER at the anode because of the sluggish kinetics caused by the 4-electron transfer 

step. Thus, it is more important to develop OER electrocatalysts. To date, only a few 

electrodes can meet the criteria for an industrial application, by which OER can work 

stably at an extremely high current density (≥500 mA cm-2) with a low overpotential 

(≤  300 mV) for a long-period [6]. Many electrocatalytic systems based on acidic, 

alkaline, and neutral freshwater electrolytes have been explored. Recently, utilizing the 

earth abundant seawater (96.5% water resouces on earth) to replace freshwater attracts 

more and more interests for promoting the sustainable energy development goals 

(SDGs). However, it is full of challenges relating to high energy cost and serious 

chlorine erosion in seawater environment. More than 3.5% of salts consisting of Na+, 

Cl– , Ca2+, Mg2+, and so on in the seawater, which could affect both HER and OER. In 

the alkaline condition, the formation of insoluble compounds can poison the 

electrocatalysts at both the cathode and anode, resulting in catalyst deterioration and 

deactivation, lowering electrocatalytic activity and stability [7].  

The barrier for utilizing the natural seawater is that the aggressive Cl- anions can 

lead to chlorine evolution reaction (ClER) with the formation of hypochlorite at an 

overpotential about 480 mV in an alkaline electrolyte. As such, the competitive reaction 

between OER and ClER always occur since ClER is more kinetically favorable via a 

two-electron transfer pathway [8, 9]. The competitive reaction between OER and ClER 

on the anode site can be suppressed by limitimg the OER overpotential lower than 480 

mV under alkaline condition (pH >7.5) [10]. To date, long-term stability at an industrial 

current density of ~1 A cm-2 is still not applied in seawater splitting [9]. While, it is 

expected to have ideal bifunctional electrocatalysts with low-cost, highly activity, long-

term durability for HER/OER and cost-effective preparation method for practical 

application [29].  
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Figure 1.1 Schematic illustration of water electrolyzer with two half-reactions under 

acidic and alkaline conditions. 

 

1.1 REACTION MECHANISM OF WATER ELECTROCATALYSIS 

1.1.1 Theoretical of hydrogen evolution reaction (HER) 

HER is kinetically favourable in acidic solution because of high proton concentration. 

In acidic solution, HER performance is related with hydrogen adsorption (Had), which 

follows Volmer/Heyrovsky or Volmer/Tafel steps as indicated below [11] 

𝑉𝑜𝑙𝑚𝑒𝑟 𝑠𝑡𝑒𝑝 ∶  𝐻ା + 𝑒ି → 𝐻௔ௗ   (Eq.1) 

𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 ∶  𝐻ା + 𝑒ି + 𝐻௔ௗ → 𝐻ଶ   (Eq.2) 

𝑇𝑎𝑓𝑒𝑙 𝑠𝑡𝑒𝑝 ∶  2𝐻௔ௗ → 𝐻ଶ    (Eq.3) 

In the alkaline solution, The Volmer step refers to the reduction of water molecule on 

the catalyst surface to form adsorbed hydrogen atoms and hydroxide anion. 

Consequently, two possible mechanisms could occur : (i) Heyrovsky step, in which the 

adsorbed hydrogen (𝐻௔ௗ ) atom from the volmer step is reacted with another water 

molecule, producing a H2 molecule and a OH- (Volmer-Heyrovsky) and (ii) Tafel step, 

in which two adsorbed hydrogen atoms from volmer step can be combined to generate 
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a H2 molecule (Volmer-Tafel) as shown in the following equations [12, 13]: 

𝑉𝑜𝑙𝑚𝑒𝑟 𝑠𝑡𝑒𝑝 ∶  𝐻ଶ𝑂 + 𝑒ି → 𝐻௔ௗ + 𝑂𝐻ି  (Eq.4) 

𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 ∶  𝐻ଶ𝑂 + 𝐻௔ௗ + 𝑒ି → 𝐻ଶ + 𝑂𝐻ି  (Eq.5) 

𝑇𝑎𝑓𝑒𝑙 𝑠𝑡𝑒𝑝 ∶  2𝐻௔ௗ → 𝐻ଶ    (Eq.6) 

The whole reaction rate is mostly based on the the hydrogen adsorption free energy 

(ΔGH). The adsorption (Volmer) step will hinder the whole reaction rate if the H2 

molecule weakly adsorbs on the surface of catalyst. On the other hand, the desorption 

via Heyrovsky or Tafel step will reduce the reaction rate if the hydrogen binding is so 

strong on the surface of catalyst. Therefore, the highly active HER catalyst should have 

ΔGH ≈ 0 (but inadequate) with optimal binding energy between reaction intermediate 

and catalyst surface [14]. 

1.1.2 Theoretical of oxygen evolution reaction (OER) 

A 4-proton-coupling electron transfer step is involved in OER, which is always the 

bottleneck for water splitting. There are two possibles mechansims for OER, including 

(i) adsorbate evolution mechanism (AEM) and (ii) lattice-oxygen-mediated mechanism 

(LOM) [15].  

The conventional AEM has been proved by the Sabatier principle, that is, the oxygen 

adsorption energy on catalyst surface [16]. AEM is being considered to be involved in 

4-electron transfer pathway on the active metal sites. For this mechanism, the H2O 

molecule is first binded on the metal active sites with the generating of an adsorbed 

𝑂𝐻∗ on the metal sites (*). Subsequently, *OH couples with proton with an electron 

removal process to generate *O intermediates. Following the formation of O-O bond, 

*O can combine with another H2O molecule to generate *OOH, which will be finally, 
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oxidized, leading to the O2 release and the regeneration of the initial Metal active sites 

as illustrated in the following equations:   

𝐻ଶ𝑂 +∗ →∗ 𝑂𝐻 + 𝐻ା + 𝑒ି        ;   ∆𝐺ଵ   (Eq.7) 

𝑂𝐻∗ → 𝑂∗ + 𝐻ା + 𝑒ି                       ;   ∆𝐺ଶ   (Eq.8) 

𝑂∗ + 𝐻ଶ𝑂 → 𝑂𝑂𝐻∗ + 𝐻ା + 𝑒ି    ;   ∆𝐺ଷ    (Eq.9) 

𝑂𝑂𝐻∗ →∗ + 𝑂ଶ + 𝐻ା + 𝑒ି          ;   ∆𝐺ସ   (Eq.10) 

Where, the * denotes as a catalytic active sites on the catalyst surface while 𝑂𝑂𝐻∗, 𝑂∗ 

and 𝑂𝐻∗ represent three adsorption intermediates. Theoretical OER potential is 1.23 

V at the standard condition with the overall reaction Gibbs free energy (∆𝐺) of 4.92 

eV. In the equilibrium state, however, from the above equations, each step should be 

related to a specific binding energy corresponding to the intermediates.The rate-

determining step (RDS) is the step with the largest free energy gap (∆𝐺  = max 

[ ∆𝐺ଵ, ∆𝐺ଶ, ∆𝐺ଷ, ∆𝐺ସ  ]), and the theoretical overpotential of the reaction can be 

calculated by ηைாோ =
∆ீ೘ೌೣ

௘
− 1.23𝑉 equation [17, 18].  

Lattice-oxygen-mediated mechanism (LOM) is attributed to the dynamic catalyst 

surface, not only active sites at the metal centers but also lattice oxygen. The first two 

steps of LOM are similar to AEM by forming 𝑂∗ . Then, 𝑂∗  will interact with the 

lattice oxygen to generate a O2 molecule, forming a lattice oxygen vacancy. Finally, the 

migration of 𝑂𝐻ିfrom the solution can refill the oxygen vacancy. According to this 

mechanism, oxygen species in the lattice functions as the intermediate and thereby, 

there is no 𝑂𝑂𝐻∗ to be formed in this pathway. Thus, the lattice oxygen evolved in 

OER plays a crutial role for boosting the OER activity. Theoretically, the ∆𝐺ைாோ =

1.23 𝑒𝑉, however, there is a difference between theoretical and experimental values 

caused by inappropiate electrocatalyst O-bonding forces, which makes OER more 

sluggish. The RDS for OER can be investigated from the Tafel slope. The first reaction 
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is the rate-controlling step if Tafel slope is around 120 mV dec-1 (Eq. 7). At the same 

time, if the Tafel slope is approximately 40 mV dec-1, the second reaction performs as 

a rate-determining step (Eq. 8) [19]. 

In acidic solution 

Overall oxidation reaction under the standard condition (pressure = 1 bar and T = 298.15 

K ) in acidic solution ca be expressed as below ; 

𝐻ଶ𝑂 → 𝑂ଶ + 4𝐻ା + 4𝑒ି                   ;   ∆𝐺଴ = 4.92 𝑒𝑉 (Eq.11) 

where ∆𝐺 refers to Gibbs free energy. The reaction mechanism consists of 4 steps ; 

𝐻ଶ𝑂 +∗ →∗ 𝑂𝐻 + 𝐻ା + 𝑒ି          ;   ∆𝐺ଵ   (Eq.12) 

𝑂𝐻∗ → 𝑂∗ + 𝐻ା + 𝑒ି                        ;   ∆𝐺ଶ   (Eq.13) 

𝑂∗ + 𝐻ଶ𝑂 → 𝑂𝑂𝐻∗ + 𝐻ା + 𝑒ି     ;   ∆𝐺ଷ    (Eq.14) 

𝑂𝑂𝐻∗ →∗ + 𝑂ଶ + 𝐻ା + 𝑒ି           ;   ∆𝐺ସ   (Eq.15) 

where the * denotes catalytic active sites on the catalyst surface, and 𝑂𝑂𝐻∗, 𝑂∗ and 

𝑂𝐻∗ represent adsorption intermediates. 

In alkaline solution 

 Overall oxidation reaction under standard condition (pressure = 1 bar and T = 298.15 

K ) in alkaline solution can be given by [20] 

4𝑂𝐻ି → 𝑂ଶ + 2𝐻ଶ𝑂 + 4𝑒ି                    (Eq.16) 

In this case, the OER mechanism under alkaline condition can be described by 4 steps 

using the equations below [20]: 

𝑂𝐻ି +∗ → 𝑂𝐻∗ + 𝑒ି     (Eq.17) 

𝑂𝐻∗ + 𝑂𝐻ି → 𝑂∗ + 𝐻ଶ𝑂 + 𝑒ି    (Eq.18) 
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𝑂∗ + 𝑂𝐻ି → 𝑂𝑂𝐻∗ + 𝑒ି     (Eq.19) 

𝑂𝑂𝐻∗ + 𝑂𝐻ି →∗ + 𝑂ଶ + 𝐻ଶ𝑂 + 𝑒ି   (Eq.20) 

According, OER is more kinetically sluggish in a water electrolysis cell, and OER is 

always a crucial reaction in controlling the overall efficiency of overall water splitting 

[21].  

1.1.3 Overall water splitting 

To complete the overall water splitting reaction, electrocatalysts must perform well 

on both cathode and anode sides. The overall reaction can be described in the following 

equations[22]: 

Overall reaction ; 

𝐻ଶ𝑂 → 𝐻ଶ +
ଵ

ଶ
𝑂ଶ  ; ∆𝐺଴ = +237.2 𝑘𝐽/𝑚𝑜𝑙  (Eq.21) 

In acidic solution ; 

HER (Cathode) : 2𝐻ା + 2𝑒ି → 𝐻ଶ   (Eq.22) 

OER (Anode): 𝐻ଶ𝑂 +
ଵ

ଶ
𝑂ଶ → 2𝐻ା + 2𝑒ି   (Eq.23) 

In alkaline solution ; 

HER (Cathode) : 2𝐻ଶ𝑂 + 2𝑒ି → 𝐻ଶ + 2𝑂𝐻ି  (Eq.24) 

OER (Anode) : 2𝑂𝐻ି →
ଵ

ଶ
𝑂ଶ + 𝐻ଶ𝑂 + 2𝑒ି  (Eq.25) 

The thermodynamic equilibrium potential for the overall water splitting is 1.23 V 

under standard temperature and pressure (STP) conditions ( T = 25oC and P = 1 atm) 

with 0 and 1.23 V vs. RHE for cathodic and anodic, respectively. Nevertheless, the 

practical cell voltage (Voc) of water electrolysis is far from this theoretical potential. 

Thus, the overpotentials for cathode (c) and anode (a), and the extra potential to 

compensate for internal resistance loss (Ω) need to be considered as indicated in Eq. 

26: 
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V୭ୡ = 1.23 V + ห
ୡ
ห + 

ୟ
+ 

ఆ
   (Eq.26) 

1.1.4 Chlorine Evolution reaction (ClER) 

In the seawater splitting, two-electron transfer reaction of ClER is more kinetically 

favorable than OER. Thus, directly using seawater remains challenge. Pourbaix 

diagram is commonly used to explain the thermodynamic behavior of chlorine species 

in various pH values [23], in which the thermodynamic gap in each pH value should be 

considered in order to avoid the occurring of ClER.  

1.1.4.1 Seawater electrolysis at low pH value 

The competitive reaction between OER and ClER at the anode side must be taken 

into account especially in the acidic solution (pH<3). In this case, the formation of 

chlorine is illustrated in Eq. (27). As shown in Figure 1.2, the overpotential gap between 

OER and ClER is less than 330 mV, and it is obvious that the chlorine is more easily 

generated in the electrolyte with a low pH. 

1.1.4.2 Seawater electrolysis at neutral pH value 

As shown in Figure 1.2, increasing the pH of the solution ( 3 < pH < 7.5) causes the 

formation of hypochlorous acid (Eq. (28)). However, because of the sluggish kinetics 

of water dissociation in neutral/near-neutral solutions, improving catalytic performance 

and OER selectivity at this pH range is more difficult. 

1.1.4.3 Seawater electrolysis at high pH value 

In alkaline solution, the thermodynamic gap between potentials required for OER 

and formation of ClO- is about 480 mV for ClER, with a larger gap than the case with 

a lower pH value (Figure 1.2). In summary, the formation of HClO/ClO- is commonly 

simplified as described below [24]: 

(i) Chloride migration to the anode, where it is oxidized to gaseous chlorine 

 2𝐶𝑙௔௤
ି → 𝐶𝑙ଶ(௚) + 2𝑒ି       (Eq.27) 
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(ii) Chlorine hydrolysis results in the formation of hypochlorous acid ( pH <3) 

𝐶𝑙ଶ + 𝐻ଶ𝑂 → 𝐻𝐶𝑙𝑂 + 𝐻ା + 𝐶𝑙ି     (Eq.28) 

(iii) pH-dependent equilibrium between hypochlorous and hypochlorite ion ( 3 

<pH<7.5) 

𝐻𝐶𝑙𝑂 →  𝐶𝑙𝑂ି + 𝐻ା        (Eq.29) 

(iv) Competive reaction between OER and ClER at the anode side in alkaline 

solution ( 7.5 <pH<14) ; [25] 

𝐶𝑙ି + 2𝑂𝐻ି = 𝐶𝑙𝑂ି + 𝐻ଶ𝑂 + 2𝑒ି ; 𝐸଴ = 1.72𝑉 − 0.059 ∗ 𝑝𝐻 (Eq.30) 

4𝑂𝐻ି = 4𝑒ି + 2𝐻ଶ𝑂 + 𝑂ଶ ; 𝐸଴ = 1.23𝑉 − 0.059 ∗ 𝑝𝐻  (Eq.31) 

According to Eqs. (30) and (31), the potential difference between OER and ClER in 

the alkaline solution is ca. 480 mV at the pH range of 7.5-14. Hence, if OER 

overpotential is lower than 480 mV, ClER could be avoided. The ClER generation 

mechanisms in various pH values can be found in Table 1.1.  

 

Figure 1.2 Computed Pourbaix diagram for artificial seawater model [9]. 
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Table 1.1 Reaction mechanism in a different conditions[26]. 

Electrolyte pH values Half-cell reaction E0 (V) 

Acid solution pH < 3 2𝐶𝑙ି → 𝐶𝑙ଶ + 2𝑒ି +1.36 

Neutral solution 3 < pH<7.5 𝐶𝑙ି + 𝐻ଶ𝑂 → 𝐻𝐶𝑙𝑂 + 𝐻ା + 2𝑒ି +1.61 

 

Alkaline solution pH ~14 𝐶𝑙ି + 2𝑂𝐻ି → 𝐶𝑙𝑂ି+𝐻ଶ𝑂 + 2𝑒ି +0.89 

  

The presence of chloride ions in natural seawater have an effect on both anode and 

cathode. Chloride ions on the anode may hinder HER by adsorption on the catalyst 

active sites, promoting catalyst degradation. On the other hand, high OER selectivity 

need to be considered for designing the potential electrode for OER at the anode. As a 

result, developing highly efficient bifunctional electrocatalysts for seawater splitting 

remains challenging. 

 

1.2 CATHODE MATERIAL DESIGN FOR HER 

1.2.1 Transition metal oxides (TMOs) and Hydroxides (TMOHs) 

Transition metal oxides have been applied for HER owing to their abundant crystal 

structures and excellent activity. For example, Gong et al. [27] mentioned that 

Ni@NiO/Cr2O3 had excellent HER activity and stability comparable to Pt based 

electrocatalysts since the chemically stable Cr2O3 can prevent oxidation and 

aggregation of Ni core, and maintain abundant NiO/Ni active sites for HER in alkaline 

solution. Lu et al. [28] reported that Mn-doped nickle oxide/Ni (Mn-NiO/Ni) 

heterostructure also had Pt-like performance with a low onset potential even in natural 

seawater ( pH ~8.2 ). Wu et al. [29] demonstrated that incorporating Ru into CoOx/NF 

can effectively improve catalytic activity at large current densities. This electrode 

required only 252 mV overpotential at a large current density of 1 A cm-2, which is 

better than that of Pt/C (444 mV). Moreover, the catalytic activity remains constant for 
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100 h, indicating that it is a highly durable electrode [29]. Jiang et al. [30] prepared 

NiFe-LDH/FeOOH on nickel foam substrate via an electrodeposition process, which 

showed a low overpontential of 181.9 mV @10 mA cm-2 for HER in 1 M KOH + 0.5 

M NaCl solution. The results proved that the formation of NiOOH species during 

reaction and strong interaction between FeOOH and NiFe-LDH are able to improve 

catalytic activity.  

1.2.2 Transition metal alloys (TMAs) 

Precious metals and their alloys like Pt and Pd alloys have been studied for HER in 

alkaline solution due to excellent catalytic activity and electrical conductivity. However, 

high cost limits their large-scale application. As such, cost reduction through the the 

modification of nobel metals with transition metal alloys is widely considered. 

According to Brewer-Engel theory, d-orbital atoms in a half- or full-space state should 

be more beneficial for the adsorption of H atom, and electrons are able to activate H2O 

molecule via the d orbitals so that the O-H bond is broken. Thus, alloying of Pt with 

various transition metals could vary the performance of HER [31, 32]. As indicated 

above, the HER activity in seawater splitting is extremely challenging since its intrinsic 

corrosive nature [28]. Thus, many strategies have been studied for improving the 

electrocatalytic activity and stability in seawater solution. For example, It was 

discovered that altering the nobel metal catalyst electronic structure by doping foreign 

atoms like Ni, Fe, Mo, Co, Cr and so on could mitigate the influence of Cl2 on Pt 

performace effectively with the enhanced stability While, it can also facilitate the 

charge transfer process and effectively enhance the activity, particularly in seawater 

solution [33]. Zheng et al. [34] reported that Ti supported PtPd alloy electrode exhibited 

an onset potential of 52 mV with an excellent efficiency for HER because the alloying 

of Ni with Pt has a potential to tune electronical structure and change the transfer of 
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charge while more active sites could be exposed on the nanostructure, thereby 

improving HER performance. While, the Ti/PtMo electrode showed a low overpotential 

of 254.6 mV to achieve 10 mA cm-2 in seawater solution. Moreover, it is found that the 

the competitive dissolution reaction between Mo and Pt in seawater that produces Cl2 

is advantageous for increasing the durability of PtM alloy electrodes. As such, the 

optimized PtMo alloy catalyst maintained the initial current density about 91.13%  

over 172 h in seawater. Besides, PtNi5 electrode was used to catalyze the HER reaction 

in seawater solution, which displayed the most excellent performance with a minimum 

starting potential of 380 mV and maintained stable for more than 12 h [35]. Ros et al. 

[36] proposed an electrocatalyst of Ni-Mo-Fe trimetallic coated on graphitic carbon felt 

for HER in real seawater, by which a two-electrode cell required 1.58 and 2.16 V at 10 

and 100 mA cm-2, respectively.  

1.2.3 Transition metal sulfides (TMS) 

Theoretically, in the layered MS2 with a sandwich structure, one metal layer bonds 

to two sulfur layers. Because van der Waals forces are relatively weak, each MS2 unit 

cell is vertically stacks on top of others, allowing MS2 to be exfoliated down to single 

layers. They are calssified into several phase types including 1T, 2H, and 3R phases 

(here, the digit represents the number of layer; T, H and R respectively refer to 

tetragonal, hexagonal and trigonal lattices) based on MS2 bonding configurations. The 

electronical structure of MS2 varies with the configuration [37]. Transition metal 

sulphides with high electrical conductivity can be utilized for HER. In this case, to 

achieve higher electrocatalytic activity, the synthesis method and various modified 

strategies have been proposed. For example, doping a transition metal into sulphide-

based materials can effectively increase active sites and optimize the 3d electronic 

configuration [38]. He et al. [39] used a cationic doping strategy to tune 
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electrocatalyst`s electronical structure as well as the free energy of the adsorbed 

intermediate. They synthesized Zn-doped Ni3S2, which displayed a low overpotential 

of 78 mA @10 mA cm-2 and maintained stably for at least 18 h in alkaline solution, 

implying its  high HER activity and durability. To explore the reaction mechanism 

during HER, DFT calculations are always applied to investigate the 

adsorption/desorption ability of intermediates on the active sites during the reaction. 

For example, Zhang et al. [40] studied the electrocatalytic activity of Ni3S2 toward HER, 

and DFT calculation results demonstrated that S-rich surfaces and several 

stoichiometric of Ni3S2 surfaces are thermodynamically stable, thereby increasing HER 

activity. Pan et al. [41] synthesized pentagonal 2D transition metal sulphide monolayer 

such as FeS, MnS and VS. Among them, FeS and VS monolayers exhibited superior 

activity for HER in acidic electrolyte, and it is found that they had lower Gibbs free 

energies when compared to other materials. Xie et al. [42] synthesized MoS2 using a 

defect engineering strategy and found that the molar concentration of Mo to S played a 

significant role in the determing of the number of active sites. Thus, the defect-abundant 

MoS2 demonstrated remarkable HER activity with an onset potential as low as 120 mV. 

However, it is found that there was limited the active sites in the bulk MoS2. To solve 

this issue, they tried to expose more active sites of MoS2 by incorporating oxygen into 

MoS2 nanosheets, by which a large number of defects were generated. Notably, the 

generation of defects could provide more active sites whereas the O doping could 

increase electrical conductivity [43]. Duraisamy et al. [44] synthesized MoS2/MoO3 by 

a one-step hydrothermal synthesis. It is found that the 1T/2H-MoS2 and 1T-MoS2/MoO3 

have rich defects, which effectively enhanced the HER activity in acidic solution. 

Moreover, rich S vacancies in substoichiometric MoS2-x and rich O-vacancies in 

substoichiometric MoO3-x edge sites of nanosheets serve as active sites for HER.   
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1.2.4 Transition metal phosphides (TMPs) 

TMPs have been applied for hydrogen production due to their excellent conductivity, 

high corrosion resistance and high catalytic activity. Herein, the electronegative P atoms 

can accelerate H2 dissociation and the optimal atomic ration between metal and P can 

improve condiuctivity and P alloying can enhance the corrosion resistance and chemical 

stability for HER [45, 46]. Moreover, bimetallic phosphides (such as NiCoP, CoFeP, 

and CoMoP) are more active than monometallic phosphides. For example, Pan et al. 

[47] mentioned that multi-phase heterostructure CoNiP/CoxP/NF catalysts exhibited an 

overpotential as low as 36 mV@10 mA cm-2, outperforming commercial Pt/C. 

According to DFT calculations, the strong electronical interaction at CoNiP/CoP 

heterointerface could be attained by transferring of electron from CoNiP to the 

heterointerface, which can promote water dissociation at the heterointerface and 

enhance the desorption of hydrogen from CoNiP, resulting in high activity and stability 

under alkaline seawater solutions. Wu et al. [48] proposed a Ni2P-Fe2P/NF electrode 

for alkaline seawater splitting, which needed only low overpotentials of 252 and 389 

mV at 0.1 and 1A/cm2, respectively. This 2D nanosheet structure contained abundant 

of active sites, which played a crutial function for improving the activity. Furthermore, 

the Ni and Fe species could help to improve stability and corrosion resistance, which is 

advantageous for seawater solutions. 

Many strategies such as interface engineering, doping, and defect engineering are 

usually applied to modify the electronical structures of TMPs in order to improve 

catalytic activity. Especially, interface engineering is immensely used to optimize 

activity by tuning the electronical structure of catalyst, increasing active sites, and 

promoting mass transfer [49]. Recently, it is reported that TMPs had superior activity 

and stability in seawater splitting. For example, Chang et al. [50] successfully 
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synthesized Fe, P-NiSe2 electrocatalyst, which required only 120 and 180 mV at 0.1 

and 0.5 A/cm2, respectively, in 0.5 M KOH + seawater solution with 90% IR correction. 

Herein, the P-NiSe2 active sites should be formed by Fe cation doping whereas the P 

anions resulted in the formation of a passivation layer containing P-O bonds, improving 

electronical conductivity and preventing selenide dissolution. Yu et al. [51] prepared a 

sandwich-like NiCoN|NixP|NiCoN microsheet array based electrode, which also 

displayed superior HER performance with a low overpotential of 165 mV @10 mA cm–

2 in natural seawater electrolyte, and can be operated for 24 hour under seawater 

electrolysis (@10 mA cm-2 ). Herein, the superior performance and stability could be 

attributed to (i) high chlorine-corrosion resistance from NixP skeleton and (ii) anti-

corrosive NiCoN nanoparticles [51].   

1.2.5 Transition metal carbides and nitrides (MXenes) 

The new class materials of 2D transition metal carbides, nitrides and carbonitrides 

are named as MXenes, which are especially suitable for engineering in order to achieve 

multi-functional catalytic interfaces with high active surface area [52]. MXenes is 

generally expressed as Mn + 1XnTx (n = 1-4), where M represents early transition metal 

atoms ( i.e. Ti, Zr, Nb, and V ), X is C or N, Tx is the surface termination group ( i.e. –

F, –OH, –O, –Cl or –Se ) and M layers cover the X layers in [MX]nM arrangement [53]. 

MXene interlayer spacing is typically in the 1 nm range and it can be determined by the 

value of n in MXenes (Mn + 1XnTx) [54]. The surface termination groups can induce 

hydrophilic surface and the layered structure could provide a large surface area. Thus, 

it has been suggested as a potential candidate for water electrolysis [55]. Moreover, the 

molecular sheets produced from transition metals carbides and nitrides can offer a high 

carrier mobility and intrinsic layered structure, indicating inherently superior 

conductivity and excellent volumetric capacitance. As such, the electrocatalytic 
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performance of MXene should depend on transition metal type, morphology, surface 

termination groups, adsorption and desorption ΔGH values, and elemental doping state. 

Recently, it is reported that MXenes have great potentials as the electrocatalysts for 

water electrolysis because of its some special advantages including large surface area, 

excellent metallic conductivity (up to 10,000 S cm−1), good hydrophilicity and 

adjustable structure [56]. For example, Tian et al.[57] synthesized FeCo-LDHs on a 

single-layered MXene (Ti3C2Tx), which showed an overpotential as low as 268 mV 

@10 mA cm−2 for OER in alkaline solution. Herein, the MXene effectively stabilized 

the LDH structure against aggregation with a synergistic effect with FeCo-LDH  and 

especially, the high conductivity of MXene sheet can accelerate the redox process 

during the OER reaction, thereby leading to an excellent electrocatalytic 

activity.  Haiyuan et al. [58] synthesized a hirerarchical porous NiCuS/Ti3C2Tx 

electrocatalyst using a metal-organic framework (MOF) precursor. It is found that the 

interfacial interaction between NiCuS and Ti-MXene sheets effectively increased active 

sites, enhanced charge transfer rate and facilitated the electrolyte diffusion in the open 

structure. As a result, outstanding OER activity with an overpotential of 365 mV @ 10 

mA cm−2 was achieved. Sun et al. [1] used a NiCo@C/MXene on CF anode coupling 

with a hydrazine degradation to generate H2. This electrode exhibited a best HER 

activity with low overpotentials of 49 and 235 mV at 10 and 500 mA cm-2, respectively. 

The higher performance could be attributed to (i) the superior conductivity of Ti3C2Tx 

MXene, (ii) the abundance -O and -OH groups on MXene surface, which can effectively 

facilitate the water as well as hydrazine molecules attractions onto the interface via 

hydrogen bonding, and (iii) hydrophilic properties, which can accelerate the overall 

kinetics. Moreover, it can work stably and produce H2 gas at a rate of 9.2 mol h–1 gcat
–1 

for 140 h at 0.5 A cm–2 with an excellent Faradaic efficiency, implying high mechanical 
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robustness in corrosive seawater splitting with 30-52% cost reduction at the hight 

current density. To impove HER performance in natural seawater, Wu et al. [59] 

designed a multifunctional CoxMo2-xC/MXene/NC electrode by using a cooperative 

catalytic interface strategy, which only requiresd the overpotentials of 81, 126 and 75 

mV at 10 mA cm-2 for HER in 0.5 M H2SO4 (pH 0.3), 0.1 M phosphate buffer (PBS, 

pH 7.01) and 1.0M KOH (pH 13.8), respestively. Herein, the extremely conductive 

MXene can accelerate the transportation of charges across the triple-phases interface 

(catalyst-electrolyte-gas) and enhance H+ /water adsorption on the catalyst with a lower 

kinetic barrier for water dissociation. While, the CoxMo2-xC provided highly exposed 

active surface area with substantial exposure active sites for promoting the HER. 

Therefore, the collaborative interface between CoxMo2-xC, hybridized carbon and 

MXene can effectively enhance the kinetics of initial Volmer step balance 

adsorption/desorption ( H* and H2) and maintain the stability in a wide pH range and 

natural seawater with 98% Faradaic efficiency. 

1.3 ANODE MATERIAL DESIGN FOR OER 

1.3.1 Transition metal oxides/hydroxides/ oxyhydroxides  

Transition metal oxides or (oxy) hydroxides, especially first-row of transition metals 

(e.g., Mn, Fe, Co and Ni) base ones have been intensively studied for a OER since 

oxygen in the metal oxides and (oxy)hydroxides lattices could associate with the surface 

reaction and play a crutial role for modulating the catalytic performance [60]. For 

example, in the alkaline condition, it was mentioned that an amorphous NiFe(OH)x/CP 

electrode exhibited a low overpotential of 303 mV @ 0.1 A cm-2 with a small Tafel 

slope of 33.8 mV dec-1 [61]. Herein, the superior activity toward OER could be 

attributed from the generation of oxygen vacancies, synergistic function between Ni 

and Fe species with an optimal Ni/Fe ratio. Recently, He et al. [62] reported that Mo 
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doing in NiFe (oxy)hydroxide can effectively improve oxygen activity via a lattice-

oxygen-mediated (LOM) pathway. By using the metal-oxygen bond strength as a 

representative of oxygen activity for DFT calculation, it is proved that doping of Mo 

can weaken the metal-oxygen bonds and activated the lattice oxygen due to the upshift 

of O 2p, refering to deeper penetration of Fermi level into the O 2p band, which 

enhances the electron movement from oxygen sites, allowing lattice oxygen to be 

released from lattice more easily, thereby promoting the formation of oxygen vacancies. 

Jana et al. [63] developed ZnO/Ni(OH)2 composite via a polyvinylpyrrolidone and 

dopamine (PVP -DA) assisted hydrothermal method, which showed a low overpotential 

of 170 mV @ 10 mA cm-2 in alkaline solution. Notably, the current density increased 

during the first 4 hours due to the generation of oxy(hydroxide) real active species. 

During OER, some irreversible/reversible reactions were found to occur on the surface 

of the catalyst due to the harsh condition on the anode side. As a result, the real active 

species could be generated after surface evolution or self-reconstruction during the 

oxidation reaction [64]. Similarly, the generation of oxy(hydroxide) active species 

during OER has also been reported by Yuan et al. [65]. It revealed that hybrid 

NiFeOOH/NF electrode had exceptional performance in the alkaline solution by using 

cell voltages of 1.51 and 1.55 V at 0.5 and 1 A cm-2, respectively. Herein, the active Fe-

OOH and Ni-OOH phases involved in the OER process were identified by using in situ 

electrochemical Raman spectroscopy. According to the XPS analysis results, the 

oxidation state of Ni was altered from Ni2+ to Ni3+ during the OER reaction, indicating 

that NiOOH acted as active centers for OER. In addition, the experimental results from 

Babar et al. [66] reported that the NiFe-OOH/NF electrode had a higher performance 

than NiFe-OH/NF electrode. Particularly, the NiFeOOH/NF electrode reached 0.4 

A cm−2 at 280 mV, 10 times greater than that of NiFe-OH/NF electrode (40 mA cm−2). 
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Moreover, the overpotential exhibited negligible change after continue the reaction for 

75 h at 50 mA cm-2, indicating its high mechanical robustness. Herein, the nanosheet 

NiFeOOH electrocatalysts enhanced the catalytic performance due to the metastable 

structure and long-range disorder atomic arrangement with rich defects and vacancies 

including void spaces,cation and anion vacancies and cluster gaps, which are 

advantageous for rapid diffusion of protons and fast transferring of charge. In addition, 

the abundant intrinsic defects generated by those randomly oriented bonds with high-

energy can promote the adsorbing of intermediates on the surface of catalyst, and the 

amorphous structure's high flexibility can effectively improve electrocatalytic 

performance [66]. 

1.3.2 Transition metal layered double hydroxides (TM-LDHs) 

Transition metal layered double hydroxides (TM-LDHs) have a basic formula of 

[ 𝑀ଵି௫
ଶା   𝑀௫

ଷା(𝑂𝐻)ଶ ]  (𝐴௡ି)𝑥/𝑛௫
ା ∙ m 𝐻ଶ O, where M2+ represents a bivalent, M3+ 

represents a trivalent TM cation and An- refer to charge balancing anion [67]. TM-LDHs 

like NiCo-LDH, NiFe-LDH, NiMn-LDH and NiV-LDH always have a flexible open 

structure with chemical versatility and remarkable electrocatalytic properties, which are 

commonly used as an electrode for water electrolysis. For example, 2D ultrathin 

nanosheet NiCo-LDH/NiCoS was synthesized via a MOF-involving sulfidation [68]. 

The synthesized electrode exhibited a low overpotential of 308 mV@0.1 A cm-2 with a 

low Tafel slope (48 mV dec-1) value in alkaline solution. The hydrid arrays with rich 

interfaces between NiCo-LDH and NiCoS can promote the generation of oxygen 

containing intermediates, accelerating OER kinetics, thereby allowing this electrode to 

operate for 25 h without degradation. Herein, the in situ growth technique can minimize 

charge transfer resistance, provide more active sites and improve the interactions among 

solid, liquid and gas phases on the electrode surface, thereby increasing OER activity.  
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Currently, many studies on the modified TM-LDHs for seawater electrolysis have 

recently been reported. For example, Strasser et al. [69] firstly reported that NiFe-LDH 

electrocatalyst should meet the above alkaline design criterion. As a result, it achieved 

a high Faradaic efficiency of ~100% for OER in imitated seawater solution (0.1 M 

KOH+0.5 M NaCl ; pH = 13) [69]. Dong et al. [70] used a mild chemical technique to 

produce NiFe-LDH on O2-plasma-treated carbon cloth (NiFe-LDH/CC). This electrode 

required a low overpotential of 252 mV @ 0.1 A cm-2 in alkaline solution, which is 

inferior than that of commercial RuO2 for OER. It is considered that such a high OER 

activity should be attributed to partial redistribution among Ni and Fe atoms caused by 

bridging O2-, resulting in the formation of rich active sites, which can facilitate 

electronical transferring and improve the adsorption/desorption capacity of oxygenated 

intermediates on the surface of catalyst. As a result, there was no chlorine detected 

during the reaction, suggesting ClER was completely suppressed by strong interaction 

between NiFe-LDH and carbon cloth (CC) substrate. Besides, NiFe-LDH/CC 

maintained its initial potential for 450 and 165 hours for fresh water (pH = 13.8) and 

seawater (pH = 13.5) based electrolytes at a current density of 0.1 A cm-2, respectively. 

Cheng et al. utilized CoFe-LDH/Ti for seawater electrolysis ( pH = 8.0). This electrode 

require an overpotential of ~530 mV@10 mA cm-2 for OER [71]. Liu et al. [72] 

modified CoFe-LDH with a high-valence state of Zr4+, which improved the electronic 

structure, optimized the O intermediates, increased the electrochemical active surface 

area and reduced crystallinity, allowing the low overpotential as 159 and 233 mV at 10 

mA cm-2 for HER and OER in alkaline electrolyte, respectively. Furthermore, in 

alkaline imitated seawater (1 M KOH+0.5 M NaCl), this catalyst needed a low 

overpotential of 303 mV @ 0.1 A cm-2. You et al. [73] also found that doping Ir into 

Ni(OH)2 remarkably changed the electron density of Ir and Ni sites, accelerating the 
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generation of *O and *OOH intermediates, thereby resulting in a high seawater splitting 

performance. In alkaline seawater, the monolayer NiIr-LDH worked stably for 650 

hours at 0.5A cm-2 without noticeable change with ~99% Faradaic efficiency, indicating 

that it is applicable for large-scale application. Moreover, multimetallic LDH (NiFe-

CuCo-LDH) was proposed as a potential candidate for highly efficient seawater 

oxidation (e.g., for 6 M KOH seawater electrolyte), which required overpotentials of 

259 and 283 mV at 0.1 and 0.5 A cm-2, respectively. This electrode exhibited high OER 

selectivity (97.4 % Faradaic efficiency for O2 production at 500 mA cm-2) and good 

durability for 500 hours in 6 M KOH electrolyte at 0.5 A cm-2 [74].  

1.3.3 Spinel family 

In a spinel oxide with a formula of AB2O4 (A,B = Fe, Co, Mn, Ni, Cu, etc.), A is a 

divalent cation at tetrahedral sites, B is a trivalent cation at octahedral sites and O is an 

anion. Spinel oxide's crystal structure is made up of metallic ions in tetrahedral and 

octahedral site centers and oxygen anions arranged at the polyhedral vertexes. Spinel 

oxide-based electrocatalysts are widely used due to their controllable composition, 

structure, valence, and morphology. Especially, this structure provides surface redox 

centers for oxygen adsorption, which is beneficial for OER [75]. Notably, the metal 

cation in the octahedral site plays a crutial function for OER because of substantially 

overlapping of highly layed 3d orbital in the octahedrally coordinating metal ions with 

an O 2p orbital and the weakly overlapped 3d orbital in the tetrahedrally coordinating 

metal ions with an oxygen atom. Furthermore, the surface of octahedral cation is more 

easily exposed, implying that it is easier to contact with the reactants [76, 77]. In 

addition, spinel compounds are excellent electrical conductor with active sites and 

stable in base solution at a high potential [78]. Generally, multimetallic spinel oxides 

(MFe2O4 ; M = Co,Ni,Cu, etc.) have higher OER activity than monometallic one [79]. 
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Among spinel oxide family, cobalt-based binary spinel-type metal oxides such as 

MnCo2O4, CuCo2O4, NiCo2O4, etc., have been proposed for OER owing to their redox 

stability and synergistic interaction between the metal species and mixed variance states 

of metals. It was discovered that the distribution balance of M3+/M2+ species in 

octahedral and tetrahedral sites as well as bond strength between M and oxygen atoms 

can control active sites [80]. For example, Li et al. [81] reported that spinel Co2MnO4 

had low activation barrier comparable to IrO2 benchmark due to the ideal binding 

energies of oxygen evolution reaction intermediates. Moreover, it is found that this 

catalyst can suppress the catalyst dissolution during long-term operation for over 1,500 

hours at 200 mA cm-2.     

However, some spinal oxides such as MnCo2O4 have low electrical conductivity. To 

solve this issue, various strategies such as hetero-atom doping, incorporation of O 

vacancy and deposition of it on the conductive material have been considered. For 

example, Yang et al. [82] found that MnCo2O4-rGO nanocomposites generated from 

bimetal-MOFs had a low onset potential of 1.56 V vs RHE with high electron transfer 

number, which is comparable to that of Pt/C [82]. Bahadur et al. [83] also sulfurized 

CoMn2O4 to improve electrical conductivity and to lower the oxidation state of cobalt, 

leading to excellent activity and stability with a low overpotential of 300 mV@10 mA 

cm-2. Wang et al. [84] improved the conductivity and ion diffution rate of cobalt ferrite 

(CoFe2O4) by incorporating NiO. In alkaline solution, the obtained NiO-CoFe2O4/NF 

electrode required only a low overpotential of 157 mV@10 mA cm-2. Herein, the 

outstanding OER activity can be attributed to the presence of bimetallic active sites of 

CoFe2O4 and NiO. Wen et al. [85] recently immobilized iridium-single atoms (Ir-SAs) 

in spinel NixMn3-xO4 for alkaline seawater electrolysis. At 0.1 and 0.2 A cm-2, this 

electrocatalyst achieved low overpotentials of 330 and 350 mV, respectively. Herein, 
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the immobilized Ir-SAs not only improved the intrinsic activity, facilitated surface 

charge kinetics and stabilized *OOH intermediate but also destabilized chloride ions 

adsorption on the electrode surface.  

1.3.4 Transition metal sulfides (TMS) 

Transition metal sulfides (TMS)-based electrocatalysts have been investigated for 

water electrolysis, especially for OER due to their distinctive structure with abundant 

exposed active sites, high activity, high conductivity and excellent durability. There are 

distinct classes of TMSs including layered TMS (MS2) and non-layered TMS (MxSy). 

Corresponding to the periodic table, TMSs in groups 4-7 (M=Mo,W, Mn, Nb, etc.) 

always crystallize with a graphite-like layered structure where as TMSs in groups 8-12 

(M=Fe, Co, Ni, Zn, etc.) crystallize as a non-layered structure. The different 

configurations could affect the electronic and electrochemical properties [19]. 

Generally, the layered ones can be employeed as excellent HER electrocatalysts 

because of their well-exposed edge sites with high electrical conductivity and high 

intrinsic activity. While, the non-layered ones are effective for OER. Generally, the 

basal plane and edge plane of the layered TMS have anisotropic properties. The in-

plane electrical conductivity of layered MS2 is approximately 2200 times higher than 

that of the interlayer one, while the edge plane contributes to fast electron transfer, 

resulting in an improved electrocatalytic performance [86, 87]. Among TMSs, Ni/Fe-

based ones such as NiS and FeS are more efficient for overall water splitting. For 

instance, Zhang et al. [88] reported that the FeS/NiS in-situ growing on the nickel foam 

exhibied low overpotentials of 144 and 203 mV at10 mA cm-2 in 1 M KOH solution for 

HER and OER, respectively. According to the high conductivity of FeS and NiS with 

the high active surface area, only a cell voltage of 1.618 V@10 mA cm-2 was required 

for overall water splitting. Pan et al. [89] enhanced the performance of layered MoS2 
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catalyst by covalent Ni and P doping into 1T-enriched MoS2. By this way, it efficiently 

activated the basal planes, expanded the interlayer spacing, and increased the edge 

density of MoS2 in 2D nanostructure. Moreover, ternary and quaternary non-layered 

TMSs such as Ni-Co-S, Fe-Co-S and Ni-Fe-S with higher electrical conductivity and 

faster redox reactions also exhibited excellent activity [90]. For example, Li et al. [91] 

successfully synthesized 3D trimetallic sulfide FeCo2S4-NiCo2S4 on the Ti mesh. This 

electrode exhibited a low overpotential as 230 mV at 10 mA cm-2 for OER. Herein, the 

synergistic between FeCo2S4 and NiCo2S4 can significantly facilitate the charge transfer 

whereas the NiCoFe-S formation results in abundant active sites and increased 

conductivity. Notably, for the TMSs, there are many strategies such as modification 

with transition metal based oxides, heteroatomic doping and edge sites engineering to 

expose more active sites, thereby improving intrinsic activity. For example. Ghouri 

et.al.[92] synthesized hybrid graphene MnFeCoO4/Mn2S2(CO)7 by a one-step 

hydrothermal way, which diplayed good performance with a low overpotential as ~310 

mV at 10 mA cm-2 toward OER in neutral seawater solution (1 M PB + 0.6 M NaCl, pH 

7.0). Chen et al. [93] applied a one-step calcination step to dope N anions on Ni3S2 (N-

Ni3S2/NF). To achieve a current density of 0.1 A cm-2, the prepared electrode needed a 

low overpotential of 330 mV. Herein, the introduction of N anions can improve 

electrical conductivity, optimize hydrogen and water adsorption energies, and increase 

abundant active sites, resulting in high activity as well as durability. 

Many reports have mentioned that TMSs are unstable at an oxidizing potential and 

easily converted to oxides/(oxy)hydroxide during the OER process. Surprisingly, the 

post-oxidized catalyst is more stable with higher catalytic activity than the initial fresh 

catalyst [94]. For instance, Hu et al. [95] mentioned that FeCo2S4/NF electrode required 

only 290 mV@100 mA cm-2 due to formation of CoFe-(oxy)hydroxides layer on the 
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surface, which acted as a real active species, leading to high activity and stability. Yang 

et al. [96] also reported that Ni(Fe) OOH-FeSx electrocatalyst displayed excellent 

activity with a low overpotential of 220 mV@10 mA cm-2. Herein, the incorporation of 

Fe-S on the Ni(Fe)OOH can strengthen the bond between Fe and the active *O 

intermediate, which is the rate-controlling step, and significantly reduce the adsorption 

free energy gap. 

1.3.5 Transition metal phosphides (TMPs) 

TMPs always demonstrate excellent OER performance owing to the high conductivity, 

corrosion resistance and catalytic activity. Recently, TMPs have received more 

attentions because they have shown excellent properties and high durability for 

seawater electrolysis application. For instance, Ren et al. [48] proposed a Ni2P-Fe2P/NF 

electrode for alkaline seawater splitting, which required only low overpotentials of 305 

and 431 mV at 0.1 and 1 A cm-2, respectively. Such a bimetallic phosphide with a high 

transfer coefficient always performs a phase transformation during OER to form Ni/Fe 

oxide/hydroxide phases on the surface, which can optimize adsorption intermediates. 

While, alloying Ni and Fe with P atoms improved the corrosion resistance in seawater 

solution. Yang et al. [50] designed iron and phosphor dual-doped nickel selenide (Fe,P-

NiSe2 NFs) for seawater electrolysis. Herein, doping with Fe cations increased OER 

selectivity and faradaic efficiency whereas doping with P anions improved the 

conductivity and prevented catalyst dissolution during long-term operation by 

generating a passivation layer containing P-O species. In a natural seawater electrolyzer, 

this catalyat required only 1.8 V@0.8A cm-2 and worked consistently for over 200 hours 

[50]. Qi et al. [97] fabricated NiFeP/P-rGO on the nickel foam, which displayed a low 

overpotential of 290 mV@100 mA cm-2 with a Tafel slope of 71.9 mA dec-1 in seawater 

solution (1 M KOH+1 M NaCl). In addition, this catalyst exhibited high durability for 
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more than 450 hours at 35 mA cm-2 without current loss. Herein, the highly active NiFeP 

and conductive rGO could be responsible for the high activity and stability.  

1.4 Bifunctional electrocatalyst design for overall water splitting  

Designing bifunctional electrocatalysts for overall water especially seawater splitting 

is difficult because most electrocatalysts can be only effective at anode or cathode. 

Recently, some bifunctional electrodes were developed for overall water seawater 

splitting in various conditions. 

1.4.1 Transition metal sulfide (TMS) based electrocatalysts  

  Transition metal sulfides (TMS) based electrocatalysts could be applied as the 

bifunctional electrocatalysts for overall water especially seawater electrolysis. For 

example, Zhao et al. [98] revealed that Ni3N/Ni3S2 should be a promising candidate for 

large-scale water/seawater electrolysis due to the existence of interfacial NiNS between 

Ni3N/Ni3S2 which can act as the real active species for accelerate dissociative 

adsorption water molecule, resulting high overall catalytic activity as the bifunctional 

electrocatalysts. Li et al. [99] synthesized Ni3S2-1 T-MoS2-Ni3S2 multi-layered 

electrocatalyst coated on Ni foam substrate using a two-step hydrothermal process, 

which required a stable cell voltage of 1.82 V @ 100 mA cm-2 for 100 hours in an 

electrolyte solution containing 1 M KOH + seawater. Herein, the Ni3S2 sandwiched 

structure provided a protective layer against chloride anions, enhancing the durability 

of this electrode. While, the MoS2 interlayer can improve electrocatalytic performance 

[99]. Wang et al. [100] fabricated S-NiMoO4@NiFe-LDH core-shell structure on the 

Ni foam, in which the NiFe-LDH and S-NiMoO4 are beneficial for OER and HER in 

imitated alkaline seawater, respectively. By using this bifunctional electrocatalyst, the 

two-electrode cell needed a voltage of 1.68 V @ 0.1 A cm-2. Seenivasan et al. [101] 

mentioned that multimetallic transition metal sulfide-based electrocatalyst such as 
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NiCo2S4/NiMo2S4/NiO (NCMS/NiO) can effectively against chloride corrosion 

without hypochlorite formation under seawater electrolysis because dual active sites of 

M-S and M-OOH have remarkable corrosion resistance to chloride ions during seawater 

electrolysis. 

1.4.2 Transition metal phosphide (TMP)-based electrocatalysts 

Transition metal phosphide (TMP)-based electrocatalysts could be also utilized as the 

bifunctional electrocatalysts for overall water splitting especially for seawater splitting. 

For example, a heterogeneous bimetallic phosphide of Ni2P-Fe2P supported on NF 

represented excellent electrocatalytic activity and durability for overall seawater 

splitting, which required only ~ 1.81 and 2.00 V cell voltages at 0.1 and 0.5 A cm-2 in 

alkaline seawater, respectively. Herein, the heterointerfaces between two phases can 

improve exposed active sites, thereby enhancing intrinsic activity as well as corrosion 

resistance [48]. Chang et al. [102] doped Fe and P on the nickel selenide (Fe, P-NiSe2) 

to improve the electronical structure and surface composition, resulting in increased 

activity as well as stability over 200 hours in natural seawater electrolysis. Wang et al. 

[103] doped Co on the Fe2P electrocatalyst (Co-Fe2P) to change the electronical 

structure of P for making it more negatively charged, which especially improved HER 

activity by making it easier to attract protons during HER. As a result, a cell with this 

bifunctional electrocatalyst (Co-Fe2P // Co-Fe2P) showed excellent activity with a cell 

voltage of 1.69V@100 mA cm-2 for overall seawater electrolysis. Liu et al. [47] 

synthesized CoNiP/CoxP composite bifunctional electrocatalyst on NF 

(CoNiP/CoxP/NF) by combining electrodeposition and chemical vapor deposition 

technique, which showed a strong corrosion resistance and abundant exposed active 

sites, allowing for better catalytic performance and durability for long-term operation. 

According to the DFT calculations, such a catalyst (CoNiP) has optimal thermodynamic 
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properties for hydrogen desorption/adsorption, accelerating water dissociation. 

1.4.3 Transition metal nitride (TMN) based electrocatalysts 

Recently, transition metal nitrides (TMNs) have been reported as the bifunctional 

electrocatalysts for overall seawater electrolysis application because their high 

corrosion-resistance, high electrical conductivity and strong mechanical property [104]. 

For example, the obtained NiMoN@NiFeN core-shell structure required low cell 

voltages of 1.608 and 1.709 V at 0.5 and 1 A cm-2, respectively, in alkaline seawater 

solution [105]. Li et al. [106] successfully synthesized NiCoN for HER and NiFeN 

nanosheets for OER anchored on NiTe nanorod arrays by electrodeposition followed 

by nitridation. The two-electrode cell (NiTe-NiCoN(-) || NiTe-NiFeN (+)) required only 

a voltage of 1.84 V@0.5 A cm-2 for overall seawater splitting. 

Table 1.2 Summary of recent studies on the electrocatalysts for HER in alkaline 

freshwater and alkaline seawater solutions  

Catalyst Electrolyte η (mV@ mA cm-2) Durability (h) Ref. 

V-Ni3S2/CC 1M KOH 81@10 30 [107] 

Ce@NiCo-LDH 1M KOH 134@50 36 [108] 

PtMo/Ti mesh SeawaterF 254.6@10 172 [35] 

S-NiMoO4@NiFe-LDH 1 M KOH + 0.5 M NaCl 

1 M KOH + 0.5 M NaCl 

1 M KOH + seawatera 

46@10 

170 @100 

220@100 

20 

20 

20 

[100] 

Ni2P-Fe2P/NF 1 M KOH + seawaterb 252@100 36 [48] 

Mo5N6 Natural seawaterc 257@10 100 [109] 

Ni-SA/NC 1 M KOH + seawaterd 139@10 14 [110] 

CoPx@FeOOH 1 M KOH + seawaterb 190@100 80 [111] 

NiCoN|NixP|NiCoN Natural seawatere 165@10 24 [51] 

Ni5P4@Nickel 

hydr(oxy)oxide 

1M KOH 

Seawater 

87@10 

144@10 

50 [112] 

Note ; a : The natural seawater was collected from Stone Oldman sea area of Fushan Bay, Qingdao, China ; b : Natural seawater 

was collected from Galveston Bay, Galveston, Texas, USA; c : Natural seawater was collected from Henley Beach, Adelaide, 

Australia ; d : Natural seawater was collected from Sentosa beach, Singapore ; e : Natural seawater was collected from Galveston 

Bay near Houston, Texas, USA. 
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Table 1.3 Summary of recent studies on the electrocatalysts for OER in alkaline 

freshwater solutions 

Catalyst Electrolyte η (mV@ mA cm-2) η100 (mV) Durability (h) Ref. 

Ni3S2 /MnO2 1M KOH 260@10 348 48 [113] 

CoFe-OH@FeOOH 1M KOH 200 @50 230 48 [114] 

NiCo-LDH@NiCoV-LDH/NF  1M KOH - 260 40 [115] 

NiCo-LDH-VNi/CC 1M KOH 227@10 - 100 [116] 

NiCo@NiFe-LDH  1M KOH - 209  [117] 

Co3O4@ NiCo- LDH  1M KOH 279@15 - 20 [118] 

Co3O4@ NiFe- LDH  1M KOH 215@10 - 80 [119] 

Ce@NiCo-LDH 1M KOH 250@50 - 36 [108] 

C-MCO/h-BN 1M KOH 240@10 - 35 [120] 

 

Table 1.4 Summary of recent studies on electrocatalysts for OER in alkaline simulated 

seawater and natural seawater. 

Catalyst Electrolyte η10 (mV) η100 (mV) Durability 

(h) 

Ref. 

S-NiMoO4@NiFe-

LDH 

1 M KOH + 0.5 M NaCl 

1 M KOH + seawatera 

- 

- 

273 

315 

20 

20 

[100] 

Pb2Ru2O7–x Natural Simulated seawater 500 - 5 [121] 

FTO/NiO 1 M KOH + 0.5 M NaCl 340 - 100 [122] 

NiFe-LDH 0.1 M KOH + 0.5 M 

NaCl 

Borate buffer + 0.5 M NaCl 

359 

490 

- 120 

6 

[9] 

NiFe-LDH 1 M KOH + 0.5 M NaCl ~270 - 100 [123] 

CoFe-LDH Simulated seawater ( pH 8) 530 - 8 [71] 

S-(Ni,Fe)OOH 1 M KOH + 0.5 M NaCl 

1 M KOH + seawater 

 278 

300 

100 

100 

[124] 

NiFe/NiSx-Ni  1 M KOH+0.5 M NaCl  ~300 (at 400 

mA/cm2) 

1000 [125] 

NiMoN@NiFeN 1 M KOH + 0.5 M NaCl 

1 M KOH + seawater 

- 

- 

286 

307 

100 

- 

[126] 

Ni2P-Fe2P/NF 1 M KOH + seawaterb  305 36 [48] 

NiFeP/P-rGO/NF 1 M KOH + 1M NaCl - 290 450 [97] 

Ir2 0.1 M HClO4 + 3.5 wt% 

NaCl 

243  - [127] 
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CoPx@FeOOH 1 M KOH + seawaterb  283 

337(@ 500 

mA/cm2) 

 

80 [111] 

NiCo@NiFe LDH  1 M KOH + seawaterb - 222 100 [117] 

Note ; a : The natural seawater was collected from Stone Oldman sea area of Fushan Bay, Qingdao, China ; b : 

Natural seawater was collected from Galveston Bay, Galveston, Texas, USA.  
 

Table 1.5 Summary of recent studies on bifunctional electrocatalysts for overall 

seawater elecrolysis 

 

Electrode Electrolyte Voltage (V)@current 

density (mA cm-2) 

Durability (h) Ref. 

NiMoFe 0.5M KOH + seawatera 1.59 ( at 10 mA cm-2) 

 

24 [36] 

Ni2P-Fe2P/NF 1M KOH + seawaterb 1.811 ( at 100 mA cm-2) 

2.004 ( at 500 mA cm-2) 

48 

38 

[48] 

Ni3S2-MoS2-Ni3S2@Ni 

foam (NMN-NF)  

1M KOH + 0.5M NaCl 

1M KOH + seawater 

1.80 ( at 100 mA cm-2) 

1.82 ( at 100 mA cm-2) 

100 

100 

[99] 

S-NiMoO4@NiFe-

LDH 

1M KOH + 0.5M NaCl 

1M KOH + seawaterc 

1.68 ( at 100 mA cm-2) 

1.73 ( at 100 mA cm-2) 

20 

20 

[100] 

CoPx@FeOOH 1M KOH + seawaterb 1.710 ( at 100 mA cm-2) 

1.867 ( at 500 mA cm-2) 

80 [111] 

NiFe/NiSx-Ni 6M KOH + 1.5M NaCl 

1M KOH + seawaterd 

1.72 ( at 400 mA cm-2) 

2.12 ( at 400 mA cm-2) 

1000 

1000 

[125] 

S,P-(Ni,Mo,Fe)OOH/ 

NiMoP/Wood aerogel 

1M KOH + seawatere 1.86 ( at 500 mA cm-2) 

 

30 [128] 

HCl-c-NiFe 1M KOH + 0.5M NaCl 

 

1.62 ( at 100 mA cm-2) 

 

300 [129] 

NF@NiMoO4/N/P 

(NF@NM-NP) 

1M KOH + 0.5M NaCl 

 

1.46 ( at 10 mA cm-2) 

1.70 ( at 100 mA cm-2) 

- 

- 

[130] 

RuV-CoNiP/NF Alkaline seawater 1.538 ( at 20 mA cm-2) 

1.663 ( at 50 mA cm-2) 

1.841 ( at 100 mA cm-2) 

12 

12 

12 

[131] 

Note :  a : The seawater was collected from the seaside of Barcelona ; b : Natural seawater was collected from 

Galveston Bay, Galveston, Texas, USA; c : The natural seawater was taken from Stone Oldman sea area of Fushan 

Bay, Qingdao, China ; d : Seawater was collected from San Francisco Bay ; e : The natural seawater was collected 

from Fushan Bay in Qingdao, Shandong, China.  
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1.5 SUBSTRATE FOR SUPPORT ELECTROCATALYST 

  For the large-scale application, the uniformity, accuracy, precision and preparation 

cost of electrocatalysts need to be considered. There are various techniques to prepare 

the electrode, which can be divided into two main groups: (i) Preparing of powder-state 

electrocatalysts and subsequently coated them on current collector (e.g., glassy carbon, 

NF, and carbon fiber paper) applying a Nafion solution as the binder to enhance electron 

transportation, and (ii) Binder-free electrode, in which the substrates such as porous 

metal foam (Ni/Cu foam), carbon paper, carbon cloth, FTO, Ti-foil, etc are always used 

to replace glassy carbon. In general, by using the binders, it is not suitable for long-term 

operation because of the deterioration of mechanical strength, electrical conductivity 

and catalyst peeling-off during a long-term operation [132]. Therefore, directly growing 

of the electrocatalysts on the substrate is more attractive to prepare the electrode, which 

is also simple, low cost and reproducible [114]. In this case, it is important to select 

suitable substrate. In the following, two typical substrates are introduced. 

1.5.1 Carbon fiber paper (CP) 

Commercial carbon fiber paper is one of the suitable carbon substrates for water 

splitting application because it has high conductivity, chemical tolerance in 

acidic/alkaline environments, large surface area and high non-Faradaic background 

current [133].  Many studies used the carbon paper (CP) as the substrate to improve 

electrocatalytic performance. For instance, Xiong et al. [134] applied a hydrothermal 

process to synthesize Ni-Mo bimetal sulfides on Co3O4/carbon fibers (Ni-Mo-

S@Co3O4/CF). At 10 mA cm-2, this electrode displayed a small overpotentials of 85 

and 275 mV for HER and OER, respectively. Herein, the 3D hybrid hierarchical 

heterostructure on CF can be directly connected to the active materials, confirming 

good electrical conductivity and mechanical stability. A two-electrode cell by using it 
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demonstrated excellent overall water splitting with a low cell voltage of 1.57 V@10 

mA cm-2, as well as excellent durability and stability for 50 hours without noticeable 

change. Ye et al. [135] supported 3D Co-Fe oxide nanoarrays on the carbon fiber paper 

(CoxFe3-xO4 /CFP) via a facile hydrothermal method , then calcined it in air at 350oC 

for 2 h. Because of the microporous structure of CFP with high electrical properties, 

this electrode showed an excellent OER activity and stability, especially at high current 

density ( > 0.5A cm-2).  

1.5.2 Nickel foam (NF) 

NF is extensively utilized as an electrode support material since it has a large surface 

area and continuous highly conductive 3D network, which helps to improve 

electrocatalytic performance [136]. For example, Hao et al. [137] prepared FeOx-Ni3S2 

on the NF by a one-pot solvothermal reaction, which exhibited a low overpotental of 

120 (at 50 mA cm-2) and 470 mV (at 200 mA cm-2) for HER and OER, respectively in 

alkaline simulated seawater (1 M KOH + 0.5 M NaCl) since the self-supporting 

configuration achieved a large catalytic specific surface area of nanosheet arrays as well 

as fast charge transfer capability. Nowadays, in situ growing of electrocatalyst on NF 

substrate is becoming more popular because it can effectively reduce the resistance 

between the electrocatalyst and substrate, leading to better electrocatalytic performance 

with a longer stability. For example, Chen et al. [138] synthesized FeIr alloy on NF by 

using a hydrothermal process at 180oC for 12 h. As it was used as a bifunctional 

electrocatalyst for overall water splitting at a high current density, low overpotentials 

of 25.6 and 220 mV at 10 mA cm-2 were required for HER and OER, respectively. For 

overall water splitting, it required only a cell voltage of 1.51 V@10 mA cm-2. Moreover, 

this electrode showed excellent durability for 124 hours even at 1 A cm-2 in alkaline 

solution. Herein, the excellent activity and durability are related to self-supported 
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volcano-like FeIr alloy on NF, which can significantly enhance intrinsic activity and 

increase the specific surface. Shin et al. [139] successfully synthesized binder-free Fe-

Ni hydroxides on NF by a simple corrosion engineering way using a piranha solution 

(H2SO4 and H2O2) containing Fe3+ precursor, by which the porosity and electrocatalytic 

active surface area of the electrode were effectively increased while the charge transfer 

resistance was reduced. Hence, this electrode maintained the OER overpotential as low 

as 267 mV for 500 h, indicating excellent stability.  

1.6 ELECTROCATALYST PREPARATION METHODS  

   There are numerous methods for growing electrocatalysts on the substrates with 

excellent performance for water splitting application.   

1.6.1 Hydrothermal synthesis method 

The hydrothermal synthesis method is a low temperature preparation method that has 

been generally used for the preparation of metal nanoparticles, metal alloys, metal 

oxides, and chalogenides with controllable size, shape, and nanostructure. Herein, the 

morphology of nanoparticles by using this method could be determined by (i) film 

rigidity of reverse micelle in microemulsion, (ii) the kinetics of crystal growth in a 

constrained environment, (iii) the water to surfactant molar ratio, (iv) the intermiceller 

exchange rate, (v) the organic solvent, surfactant, and co-surfactant, and (vi) the 

packing parameter [140]. The various morphology, physical properties and catalytic 

activity could be achieved by using this method. For example, Marimuthu et al. [141] 

fabricated Cu2S thin film by using a hydrothermal synthesis method at 80oC at different 

reaction periods. The obtained Cu2S grown for 1 hour exhibited a lowest overpotential 

as 76 mV at 10 mA cm-2. Yu et al. [105] synthesized highly uniform NiFeN 

nanoparticles on NiMoN nanorods (NiMoN@NiFeN) by a hydrothermal synthesis 

method at 150oC for 6 h followed by a nitridation process in a tube furnace, which 
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exhibited low cell voltages of 1.608 and 1.709V at 0.5 and 1 A /cm2, respectively, for 

overall seawater electrolysis (60oC). 

1.6.2 Chemical bath deposition (CBD) method 

Zou et al. [142] reported an ultrafast strategy for growing other Ni-based bimetallic 

hydroxide (Ni–M–OH, M = Ni, Fe, Co, Mn, or Cr) films on Ni3S2/NF using a chemical 

bath deposition method. Herein, in-situ growing of amorphous Ni-Fe-OH on 

conductive Ni3S2/NF was successfully realized by using a liquid solution containing 

Fe3+ ion at 100oC for 5 s. The obtained electrode exhibited excellent activity and 

stability for OER at large current densities. Lu et al. [143] also proposed a fast 

sulfurization method to synthesize Ni-CoCHH/NF-S by using Na2S at room 

temperature. The obtain electrode displayed an overpotential as 100 mV@10 mA cm-2 

in alkaline solution for HER with almost no change for 25 h. 

1.6.3 Chemical vapor deposition (CVD) 

  Chemical vapor deposition (CVD) is commonly used for preparation of self-standing 

electrode by deposition of solid compounds onto the substrate’s surface. Herein, the key 

factors for controlling the composition and morphology of electrocatalyst include 

precursor type, gas flow rate, temperature and pressure [144]. For example, Yang et al. 

[145] prepared Ni@NiO core-shell structure on graphite using a one-step chemical 

vapor deposition from Bis(cyclopentadienyl)nickel(ii) (NiCp2) precursor. It is found 

that the deposition temperature could control the thickness of the graphite layer as well 

as the Ni content. This special core–shell microstructure displayed an overpotential of 

330 mV@10 mA cm-2 for OER.  

1.6.4 Electrodeposition  

  The electrodeposition technique has been applied for more than two centuries [146], 

which is one of the most time-saving techniques to synthesize the electrocatalyst with 
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a high performance [147]. The concept of electrodepositon starts from the reactants 

which are firstly dissolved in the electrolyte. Then, the oxidized and reduced products 

can be constantly loaded on the substrate surface by tunning the applied potential. The 

potential at the working electrode is usually monitord by using a reference electrode. 

The deposition potential and current, time, pH, temperature and additive are the 

important parameters for determining size and morphology of the obtained 

electrocatalysts [148]. Such a method can be used for the synthesis of TM alloy, TM 

oxides, LDH, TM sulfides and so on. For example, NiO, CuO and Co3O4 can be 

synthesized through electrochemical reduction of NO3
- at first in order to produce 

hydroxide precursors, which are further annealed to get transition metal oxides [149]. 

Herein, the main factors influencing electrode structure are metal salt concentrations, 

applied potential, applied current and time. However, it could be a high electrical energy 

consumption process. 

1.6.5 Aerosol-spray-assisted method 

 Kuai et al. [150] reported an aerosol-spray-assisted approach (ASAA) for producing 

amorphous mixed-metal oxides for OER. This method allows not only for control size 

of catalyst and composition but also use of low-cost inorganic salts as the precursor, 

which is economically applicable for a large-scale electrode production. They obtained 

Fe6Ni10Ox electrocatalyst by this method, which showed a low overpotential of 286 mV 

@ 10 mA cm-2 for OER. This is the best electrode among Fe-Ni-Ox series. El Emam et 

al. used such an aerosol spray drying method to dope Ni onto BaTiO3 hollow spheres 

(HS)/RGO. The charge transfer resistance was lowest in Ni doped BaTiO3 HS/RGO, 

indicating improved electrocatalytic activity toward water oxidation [151]. 
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1.7 KEY PARAMETER RELATED TO REACTION KINETIC 

  For water splitting, there are many parameters such as operation temperature, type of 

electrolyte, pH, and applied current, which will affect the activity and durability of 

electrolysis cell. Therefore, it is necessary to consider the optimum conditions to 

achieve the best electrocatalytic efficiency.  

1.7.1 Temperature 

Water electrolysis systems can be classified into two categories based on their 

operating temperatures: (i) low temperature electrolysis system (below 100oC) such as 

Proton Exchange Membrane Electrolysis Cell (PEMEC) and Alkaline Electrolysis Cell 

(AEC) and (ii) high temperature electrolysis system (500-900oC) such as solid oxide 

electrolysis cell (SOEC). On a practical or industrial scale, it should consider whether 

the system could be operated at a higher temperature to demonstrate the mechanical 

robustness of the electrode [152]. 

1.7.2 Electrolytes 

Because proton or hydroxide ions must pass through the electrolyte during the water 

electrolysis process to enable electrochemical reaction at the electrodes, electrolytes are 

one of the important parameters that affect the electrocatalytic performance. Because 

of high proton concentration in the acid solution, HER is more kinetically favorable in 

it. However, OER prefers to occur in the alkaline electrolyte. Thus, the pH value needs 

to be considered for calculating the overpotential using the Nernst equation as 

below[153, 154]: 

𝐸௘௤ = 𝐸଴ +
ோ்

௡ி
𝑙𝑛 ቀ

௔బ

௔ೃ
ቁ     (Eq.32) 

where 𝐸௘௤  represents the equilibrium potential, R represents the universal gas 

constant, T represents the temperature, and ai represents the activity of species i. When 

Equation (32) is utilized for HER and OER under standard condition, the equilibrium 
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potentials (𝐸௘௤) can be obtained on the standard hydrogen electrode (SHE) as following 

(33)-(34): 

𝐻𝐸𝑅 ∶  𝐸௘௤ =  −0.059 × 𝑝𝐻     (Eq.33) 

𝑂𝐸𝑅 ∶  𝐸௘௤ =  −0.059 × 𝑝𝐻 + 1.23    (Eq.34) 

 Therefore, the equilibrium potentials for HER and OER on the reversible hydrogen 

electrode (RHE) scale are 0 and 1.23 V, respectively.  

1.7.2.1 Acid electrolyte 

The acidic condition is commonly used for proton exchange membrane (PEM) 

electrolysis, particularly for HER, due to its high energy efficiency as well as high 

hydrogen production rate. Herein, the abundant protons in the acidic electrolyte allow 

H+ adsorption on the electrode surface for Volmer reaction, which is beneficial for HER. 

However, most efficient catalysts for OER are unable to withstand in the acidic 

condition. For the acidic solution, sulfuric acid (H2SO4) and perchloric acid (HClO4) 

are commonly used, and the pH value of acidic solution is about 0-4 such as 0.5 M 

H2SO4 solution (pH = 0.3) [155].   

1.7.2.2 Neutral electrolyte 

In neutral or near-neutral condition, 0.1 M Na2SO4 or 0.1M KClO4 is usually used to 

evaluate the water electrolysis performance at pH=7. However, phosphate-buffered 

saline ( PBS, pH ~7), carbonate buffer (CBF, pH~8.6-10.6 ) or borate-buffered saline 

(BBS, pH ~8.5-9.2) is generally used for the evalution of the electrocatalysts working 

at neutral or near-neutral condition for water splitting.  For proton generation, the HER 

rate, which is determined by the pKa of the buffering species and the pH of a solution, 

most likely acts as a proton carrier and directly involved in surface reactions [156]. 

Similarly, the presence of buffered species can improve the reaction rate of OER by 

facilitating the removal of generated proton on the electrode surface [157]. In this case, 
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due to the lower proton/hydroxyl concentration in the solution, the OER has slower 

kinetics in this condition when compared to alkaline or acidic conditions. 

1.7.2.3 Alkaline electrolyte 

Alkaline electrolyzer always operates under potassium hydroxide (KOH) or sodium 

hydroxides (NaOH) containing solutions. Because of its higher conductivity, KOH 

solution is more commonly used than NaOH to adjust the pH of the electrolyte. The 

molar ion conductivities of Na+ , K+, and OH- are 0.050, 0.073, and 0.198 S L mol-1 cm-

1, respectively [60]. Generally, the pH of alkaline aqueous solution used in alkaline 

water splitting ranges between 11 and 14, depending on the molar concentration of 

KOH or NaOH solution [7]. 

1.7.2.4 Simulated seawater electrolyte 

Addition of 0.5 M NaCl into 1 M KOH solution is usually used for simulate seawater 

condition since this NaCl concentration is almost the same as that in natural seawater 

[105, 122, 125]. Moreover, the pH of alkaline imitate seawater solution is about 13-14. 

In addition, Juodkazytė et al. [122] also mimicked the seawater solution by mixing a 

solution containing 27. 495 g NaCl, 6.912 g MgSO4, 1.1 g CaCl2 and 0.745 g KCl and 

1,000 ml of deionized water with 1.0 M KOH to obtain actual concentrations of Na+, 

Cl-, 𝑆𝑂ସ
ଶି, Mg2+, Ca2+ and K+ close to natural seawater. Herein, adding KOH is one of 

the pre-treatment steps for seawater without using a membrane because KOH aids in 

the precipitation of Mg(OH)2 and Ca(OH)2, resulting in a clear solution and preventing 

the catalyst active sites from being blocked [158]. This condition is now widely used as 

a preliminary step in the development of an electrocatalyst for seawater electrolysis. 

1.7.2.5 Natural seawater electrolyte  

Natural seawater contains a variety of ions such as 𝑁𝑎ା , 𝐶𝑙ି , 𝑆𝑂ସ
ଶି , 𝑀𝑔ଶା  and 

𝐶𝑎ଶା , and contaminants, and thus, direct seawater splitting still remains challenge.  
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The pH of natural seawater is close to a neutral state with pH values ranging between 

7.5 and 8.4 [159]. As illustrated in Table 1.6, the majority ions in the natural seawater 

are Na+ and Cl- ions, which could cause electrocatalyst corrosion and deterioration [160, 

161]. Thus, the properties of natural seawater will greatly influence the design and 

operation of water electrolysis process, and sometimes, the pre-treatment process is 

required before use. There are numerous methods for treating the seawater before it is 

used as an electrolyte. For example, Zhang et al. [162] proposed a hybrid seawater 

electrolyzer (HSE) that combines seawater electrolysis and sulfion degradation, by 

which the key development is the reduction of seawater for HER at the cathode while 

degrading of the sulfion at the anode side, avoiding anode corrosion and Cl- crossover 

and allowing fast and efficient degradation of S2- pollutants to sulfur. Sun et al. [1] also 

mentioned that coupling of chlorine-free hybrid seawater splitting with hydrazine 

degradation can effectively reduce the energy input by 48% while provide high Faradaic 

efficiency without Cl- crossover and prevent toxic hydrazine from polluting seawater. 

In this system, the cathode side is used for HER from seawater while the anode side is 

supplied with OH- crossover for hydrazine degradation to reduce salinity, which is 

separated by an anion exchange membrane (AEM).  

The electrolytes used in water water electrolysis cell are summarized in Table 1.7. 

Table 1.6 Chemical compositions of natural seawater [160, 161] 

Common Name Elements Chemical species Concentration 

(ppm) 

Chloride Cl 𝐶𝑙ି ~19500–22014 

Sodium Na 𝑁𝑎ା ~11536–14039 

Magnesium Mg 𝑀𝑔ଶା ~1290–1543 

Sulfur S 𝑆𝑂ସ
ଶି, 𝑁𝑎𝑆𝑂ସ

ା ~905–3273 

Calcium Ca 𝐶𝑎ଶା ~378–420 

Potassium K 𝐾ା ~380–470 

Bromine Br 𝐵𝑟ି ~67 
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Carbon C 𝐻𝐶𝑙𝑂ଷ
ି, 𝐶𝑂ଷ

ଶି ~28 

Nitrogen N 𝑁𝑂ଷ
ି, 𝑁𝐻ସ

ା ~12 

 

Table 1.7 Summary of the electrolytes used in electrolysis cell 

Electrolyte pH 

Alkaline solution (1M KOH, 1M NaOH) 14 

Simulated seawater solution (1M KOH+0.5M NaCl) 13.8 

Borate buffer 9.2 

Carbonate buffer 8.6 

Phosphate buffer 6.4-7 

Acidic solution (0.5M H2SO4) 3 

1.7.3 Input current 

1.7.3.1 Continuous current 

Continuous electrochemical water electrolysis is a general process for hydrogen 

production using a constant current input. Acid and alkaline freshwater solutions are 

usually used as the electrolyte in this system. However, considering the sustainability, 

using freshwater with higher cost and scarcity is not recommended. While, using 

renewable energy based electricity should be a sustainable way for water splitting. 

1.7.3.2 Intermittent current or power interruption 

Water electrolysis can be electrified by intermittent renewable energy sources like 

solar and wind powers, which can make hydrogen production more environmentally 

friendly. However, if the electrolyzer is powered by the intermittent renewable energy, 

frequent power interruption and shutting downs can hasten electrode degradation [163, 

164]. In order to simulate power interruption condition, the chronoamperometric test 

can be used by setting up the power in an on-off condition and measure the current 

density with a constant applied potential and comparing with the continuous electrolysis. 

Herein, the corresponding current density is always recorded to verify the 

electrocatalysis activity and stability.  
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1.7.3.3 High current density 

  For the large-scale water electrolyzer, it is necessary to have highly durable 

electrocatalysts which can be worked at a high current density above 0.5 A cm-2 or 1 A 

cm-2 for alkaline electrocatalytic cells or proton exchange membrance [165, 166]. To 

date, the majority of reported electrocatalysts have been reported at a relatively low 

current densities (< 0.1 A cm-2 ), which is incompatible with industrial qualification, but 

only a few works on OER electrocatalysts have been investigated under harsh 

conditions [167]. Notably, most developed electrocatalysts are always deactivated 

during the OER process at a high current density. For example, Zhou et al. [168] 

mentioned that the stability of NiFe-LDH on Cu nanowires is not good at a high current 

density ( 0.5 A cm-2 ) under alkaline condition (1 M KOH solution). Gupta et al. [169] 

used a Co-Fe-O-B electrocatalyst for OER in saline water (1 M KOH + 0.5 M NaCl), 

which exhibited high activity with a low overpotential of 294 mV@10 mAcm-2, but the 

current lost nearly 35% after stability test for 20 hours. Besides, the faradaic efficiency 

was also reduced from nearly 100% to ~74% due to Cl- oxidation at a high current 

density (e.g., 0.1 A cm-2) [169]. Therefore, seeking for a catalyst which can maintain its 

initial performance for long-term operation at a high current density is greatly desired 

for the improvement of electrolysis efficiency for large-scale water splitting.   

1.8 EVALUATING PERFORMANCE  

1.8.1 Electrocatalytic activity 

The activity of electrode is generally characterized by determining overpotential, 

Tafel slope, and exchange current density via the calculations based on the measured 

polarization curves [170]. The overpotential () is defined as the difference between 

the applied potentials required to deliver a current density and thermodynamic potential 

value, which is commonly used to estimated the catalytic activity for water splitting 



42 

 

[171]. The equilibrium potentials for HER and OER are known to be 0 and 1.23 V (both 

vs RHE), respectively. Because of the intrinsic kinetic barrier, an extra potential which 

is larger than the equilibrium potential is always needed to activate the reactions. Such 

an extra potential is defined as the overpotential. In generally, linear sweep voltammetry 

(LSV) and cyclic voltammetry (CV) test can be utilized for determine an 

electrocatalytic activity. A smaller overpotential means higher electrocatalytic activity 

[94]. Moreover, the overpotential @10 mA cm-2, which is equivalent to a 10% 

efficiency of solar-driven water electrolysis, is usually reported as the standard basis 

for comparison of different electrocatalysts [78].  

Owing to the slow kinetics of the four-electron transfer reaction, the OER is the 

hindrance for scaling-up in a water electrolysis system whereas the HER is just a two-

electron transfer reactions. Thus, OER requires more energy (higher overpotential 

value) to overcome the kinetic barrier [78]. The Tafel slope is an overpotential-

dependent criterion, which is associated with catalytic reaction mechanism for both 

HER and OER in terms of electron-transfer kinetics.The value of Tafel slope refers to 

certain pathway for the catalytic reaction. As such, if the Tafel slope (mV/decade) is 

lower meaning that less overpotential is required to get high current and faster kinetics. 

The Tafel slope can be used to identify the rate-determining step (RDS) for both HER 

and OER [172]. Theoretically, the Tafel slope for HER is about 40-120 mV dec-1. The 

rate determining step of the reaction can be determined using the Tafel slope value [173]. 

The exchange current density (i0) can be used to explain the intrinsic charge transfer 

under the equilibrium condition. A greater charge transfer rate and a lower reaction 

barrier are associated with a higher exchange current density. In conclusion, a superior 

electrocatalyst should have a lower overpotential, a smaller Tafel slope and a higher 

exchange current density [170, 174]. 
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1.8.2 Stability 

  Catalyst stability is an important criteria for predicting potential industrial-scale 

application. The commercialized electrode must be able to operate for hundreads to 

thousands of hours or cycles with negligible change [175]. The applied fixed potential 

and current can be measured using chronoamperorometry (I-t curve) and 

chronopotentiometry (E-t curve) over a period of time to determine the stability. There 

is no benchmark for the stability test, however, numerous studies have been reported 

stability for at least 10 h at 10 mA cm-2 [170]. For large-scale application, the stability 

should be maintained over 100 hours at high current densities ( >500-1000 mA cm-2) 

[1]. Furthermore, cyclic voltammetry (CV) test with over 5000 cycles, which is also 

called accelerated degradation test (ADT), is also used to investigate the overpotential 

gap between before and after the test. Currently, the stability or durability of most 

electrocatalysts are still not satisfied for the industrial scale application. Kuang et al. 

reported a highly durable electrode for seawater splitting for over 1,000 h in a solar-

driven alkaline seawater electrolysis system using the NiFe/NiSx-Ni electrocatalyst, 

which is the most longest period of time for the electrocatalysts working in an alkaline 

seawater solution [125]. Recently, sophisciated in-situ techniques has been developed 

to monitor catalyst dissolution during the long-term operation. For example, 

electrochemical flow cells or the electrochemical quartz microbalance has been applied 

for a deeper understanding of catalyst degradation mechanism [176, 177]. 

1.8.3 Faradaic efficiency 

  Faradaic efficiency is used to describe the efficiency of electron transfer involved in 

the reaction for both HER and OER. It can be measured from the amount of gas 

production during the real reaction obtained from experiment and the calculated amount 

of gas produced theoretically. Herein, the amount of generated gas H2/O2 can be 
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examined by using gas chromatography (GC) measurement or a water displacing 

technique. It is reported that the amount of O2 from OER can be defined by using a 

rotating-disk electrode (RDE) [94]. Faradaic efficiency can be evaluated from the ratio 

of experimental gas volume to the theoretical gas volume as shown in the following 

equation [178, 179]: 

𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
௏ಶೣ೛೐ೝ೔೘೐೙೟ೌ೗

௏೅೓೐೚ೝ೐೟೔೎ೌ೗
=

௏ಶೣ೛೐ೝ೔೘೐೙೟ೌ೗
భ

మ(ర)
×

ೂ

ಷ
×௏೘

 (Eq. 35) 

where, Q is charge passing through the electrode, F is Faraday’s constant (96,485.3 

C/mol), the numbers of 2 and 4 indicate mol of electrons per mole of H2 (for HER) and 

O2 (for OER), respectively, Vm is the molar volume of gas (24.5 L/mol, 298 K, 101 

KPa). The high faradaic efficiency means that the electrode can be stable against 

oxidation or reduction for HER and OER, respectively. Therefore, a higher faradaic 

efficiency means a high catalytic efficiency.  

1.8.4 Electrochemical active surface area (ECSA) 

The intrinsic activity of the electrocatalyst is able to determine by ECSA normalization 

without the metal loading effect whereas the geometrical area normalized current 

density always shows a dependence on catalyst loading [180]. There are several 

methods to investigate the ECSA of catalyst. However, estimating the ECSA from the 

double layer capacitance (Cdl) using the Cyclic voltammetery (CV) method at various 

scan rates in non-faradic region is more accurate. In this case, the charging current is 

plotted at the various scan rates [181], and the ECSA can be evaluated using Eq. 36 

[182]:  

ECSA = Cdl/CS     (Eq. 36) 

where, Cdl (mF) is double layer capacitance from CV test; CS is the estimated specific 

capacitance of 0.04 mF cm-2 in alkaline solution.  
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1.8.5 Density functional theory (DFT) calculations 

  To further deep understanding the insight electronic state, coordinate environment of 

catalytic active sites and catalytic mechanism, density function theory (DFT) 

calculation is always used [183]. The DFT calculation can understand the  

adsorption/desorption kinetics, which corresponds to the Gibb’s free energies, 

intermediates during HER/OER reaction, and energy barrier, thereby infering the rate 

determining step. Theoretically, HER and OER have different reaction mechanism 

since HER is a 2-electron pathway while OER involves in a four-electron pathway [96]. 

Therefore, the water adsorption energy and reaction intermediates are different and 

OER is considerably more complicated [184]. For HER, if adsorption free energy of 

H* closes to zero, implying higher catalytic activity. In general, the lower energy barrier 

means the improved kinetics with higher catalytic activity.  

1.8.6 Chlorine Determination 

   Due to the competitive reaction between OER and ClER in the presence of Cl- in the 

seawater solution, the formation of hydrochloric acid (HCl) and hypochlorous acid 

(HClO) as follows becomes possible [185, 186] ; 

𝐶𝑙ଶ + 2𝐻ଶ𝑂 ↔ 𝐻𝐶𝑙 + 𝐻𝐶𝑙𝑂    (Eq. 37) 

𝐶𝑙ି + 2𝑂𝐻ି → 𝐶𝑙𝑂ି + 𝐻ଶ𝑂 + 2𝑒ି ; pH =14  (Eq. 38) 

Ko et al., designed an in-situ headspace Cl2 gas detector that decoupled O2 and Cl2 

generation from a rotating disk electrode. The concentration of Cl2 is measured using 

chronoamperometry test during electrolysis [186]. For two-electrode configuration, Yu 

et al., used 1M KOH + Seawater as electrolyte using Chronopotentiometry test with a 

constant current density, then removed the gaseous product with a syringe and injected 

it into a GC-TCD instrument [124]. 
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1.9 OBJECTIVE OF THIS STUDY  

   According to the above review, for scaling up the experimental results from lab-

scale to industrial-level by using natural seawater as a water resource for water splitting, 

either the electrocatalytic performance or the catalyst preparation step as well as the 

cost of chemical substances need to be considered. Therefore, searching for earth-

abundant and cost-effective electrocatalysts with high electrocatalytic activity and 

durability, especially at a large current density for seawater electrolysis is still full of 

challenges. Besides, to meet the practical industrial-scale requirements, the 

electrocatalysts should be operated at high current density ( > 500 mA/cm2 ) to achieve 

a high hydrogen production efficiency. Therefore, the objective of this research focuses 

on developing earth-abundant and low-cost 3D transition metal-based nanostructured 

electrocatalysts for highly efficient and durable water electrolysis at a high current 

density for either HER or OER towards an industrial-scale. It is expected to prepare 

electrocatalysts with a high intrinsic activity with a low overpotential and Tafel slope, 

high electrical conductivity with fast electron transport properties, low charge transfer 

resistance, high electrocatalytic active surface area (ECSA), highly durable and close 

to theoretical Faradaic efficiency for water splitting in various electrolytes as well as 

input current densities. While, the reaction mechanism and surface adsorption enegy on 

the surface of electrodes were clarified. 

1.10 SCOPE OF THIS DESSERTATION   

Chapter 1 summarizes the reaction mechanism of water electrolysis, introduces current 

trends of anode/cathode materials, elucidates the effects of substrate and preparation 

method on the performance of electrocatalysts, emphasizes key kinetic parameters and 

performance evalution procedures. Finally, the objective of this study is given.  

 



47 

 

Chapter 2 reports that CuVOx nanobelt@NiO nanosheet with O vacancy-rich 

composite is successfully coated on the carbon paper by one-pot hydrothermal method 

followed by calcination. The morphology and oxidation state of prepared electrodes are 

examined before and after testing. In alkaline solution, the electrocatalytic activity and 

stability of HER are evaluated. The electrochemical active surface area is also 

investigated under the same condition. Furthermore, their electrochemical performance 

is evaluated and compared to a commercial nobel metal catalyst.  

Chapter 3 introduces that the FeNiSx/NiFe(OH)x on nickel form (NF) is successfully 

fabricated using a facile corrosion engineering followed by a fast and mild sulfurization 

process. In the preliminary step, the preparation time and morphology are investigated. 

The electrocatalytic performance of the obtained electrode is measured in both alkaline 

and alkaline simulated seawater solutions. The morphological and chemical states of 

initial and spent catalysts are characterized. The DFT calculations is also performed in 

order to elucidate OER mechanism and Cl- adsorption energy on the electrode surface. 

This electrode is also used as a bifunctional electrocatalyst for overall seawater splitting, 

and its electrochemical performance is compared to a commercial electrode (Pt/RuO2). 

Chapter 4 reports that the NiFe-LDH core @MnCo2O4 shell electrocatalyst is 

fabricated in order to achieve outstanding electrocatalytic performance and corrosion 

resistance in an imitate seawater solution. It is found that the synergy of a large active 

surface area, Mn species with Cl- blocking capability, and highly active NiFe-LDH can 

effectively improve activity and extend stability in chloride-containing solutions. The 

obtained electrode exhibits excellent catalytic activity for OER with low overpotentials 

of 219 and 460 mV at 100 and 500 mA/cm2, respectively. Furthermore, it can operate 

for over 25 hours without corrosion in an imitation seawater solution even at a high 

current density of 1 A/cm2 with complete OER selectivity against ClER. Furthermore, 
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the NiFe-LDH@MnCo2O4 can be used as a bifunctional electrocatalyst for overall 

seawater splitting, requiring only a low cell voltage of 1.54 V at 10 mA/cm2 and 

maintaining its initial potential for 100 hours at a high current density without catalyst 

degradation and corrosion. Such an electrocatalyst is expected to be a promising 

candidate for sustaining seawater splitting in an industrial scale.  

Chapter 5 summarizes the main results and new finding of this study and future 

perspective for large scale application is also discussed.   
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CHAPTER 2 Facile fabrication of O vacancy rich CuVOx 

nanobelt@NiO nanosheet array for hydrogen evolution 

reaction 

 

2.1. Introduction 

  Hydrogen is regarded as one of clean fuels for a sustainable future. It can be produced 

from various processes including the thermochemical conversion of organic materials 

such as fossil fuels and biomass and water electrolysis. In particular, the water 

electrolysis is a clean way for the pure hydrogen production without direct CO2 

emission [1-3]. The water electrolysis process includes two half electrode reactions, i.e., 

oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) [4]. For the 

HER in the alkaline condition, the limitation is the sluggish electrochemical reaction 

due to the Volmer step for the formation of adsorption proton (Hads) during the water 

dissociation and the Heyrovsky step for the detaching of hydrogen molecule [5, 6]. In 

the alkaline electrolyte, the reaction starts from the catalytic cleavage of H2O molecule 

into OH- and Hads (Volmer step; H2O + e- → Hads + OH-), followed by a Heyrovsky step 

with a hydrogen molecule detached from the surface of catalysts via either the 

interaction of the Hads atom and H2O (Heyrovsky/Tafel step; H2O + e- + Hads → H2+ 

OH-) or the recombination of two H atoms (Tafel step; Hads + Hads  H2). Thus, it is 

important to improve both the Volmer and Heyrovsky steps for the enhancing 

electrocatalytic performance [7].  

  Currently, noble metal based electrocatalysts (mainly Pt-based ones) are still the most 

effective catalysts for the HER. However, they are too expensive and too scarce, and 

especially, their performances are still unsatisfactory owing to their inefficient HO-H 
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bond cleavage ability, limiting their widespread applications [8, 9]. Nowadays, 

numerous efforts have been paid to develop high-performance electrocatalysts with low 

cost. To date, various transition metal oxide based electrocatalysts such as NiO, CuO, 

V2O5, MnO2, Fe2O3, Co3O4 and ZnO based ones and their mixtures have been widely 

studied since their electrocatalytic activities can be effectively improved by controllably 

adjusting their nanostructures and compositions [10-12]. Meanwhile, bi/tri-metal 

oxides have been studied as the promising HER electrocatalysts because of the 

synergistic effect from the formation of special nanostructures, the regulating of 

electronic structure, the exerting of the intrinsic properties for the enhancing 

electric/ionic conductivity, the balancing of intermediates adsorption/desorption energy 

for the hydrogen generation, the promoting of the capability towards the breaking of O-

H bond, and/or the increasing of the electrochemical stability [11, 12]. For examples, 

Hao et al. [13] prepared an electrocatalyst of Fe1.89Mo4.11O7/MoO2 with a regulated Mo 

electronic structure, by which a Mo-H bond strength similar to the Pt-H bond strength 

was exhibited and a fast kinetics for the HER was achieved. Jiang et al. [14] doped 

cobalt on two-dimensional (2D) ceria nanosheets, which effectively promoted the 

generation of oxygen vacancies on ceria oxide nanosheets for the optimizing of 

hydrogen binding/water dissociation with the increased active sites, thereby exhibiting 

an outperformance even over Pt in alkaline HER with long-term durability. Besides, 

Peng et al. [15] found that the super-hydrophilic surface should be also benefit for the 

catalytic HER since the enhanced contact area between electrode and electrolyte can 

promote hydrogen desorption from the surface of catalyst.  

  However, the pure transition metal oxides generally exhibit not so high activity for 

catalyzing HER due to the unbefitting hydrogen adsorption energy [16]. Especially, 

although the metal oxide and hydroxide based catalysts are good at the splitting of the 
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HO-H bonds, they could not efficiently converse the obtained H* intermediates to H2 

[17, 18]. On the other hand, due to their good stability within a wide range of 

electrochemical window in alkaline solution, considerable efforts have been devoted to 

overcoming these barriers, and some efficient tactics are developed to synthesize the 

high active metal oxide based HER catalysts.  

  Recently, vanadium oxides (VOx) including VO2, V2O3 , V2O5, V2O7 and V3O8 have 

gained great attention due to their high catalytic activities and excellent electrical 

properties with outstanding electronic structures, large conductivity as well as high 

charge transfer capability and multi-valence feature [19]. They have been widely 

investigated for the applications in lithium batteries and photocatalysis but seldomly 

considered for the HER since they always have low specific surface area and poor 

electronic conductivity [14, 20]. It is reported that the introduction of other metals in 

VOx could be an effective way to increase the electronic conductivity and stabilize its 

structure during the redox reaction [21]. For example, Bai et al. [22] synthesized 

CuV2O5 via a hydrothermal way, and found that the obtained CuV2O5 had good 

electrical conductivity and structure stability. Meanwhile, it is found that V2O5 can 

reactivate the deactivated Ni cathode in water electrolysis, and based on this finding, Li 

et al. [3] implanted Ni-O-VOx sites with Cu on the surface of nickel form (NF) to create 

a Ni(Cu)VOx electrocatalysts with excellent HER activity and stability in alkaline 

solution. Herein, the combination of V and Ni species promoted the charge 

redistribution from Ni to VOx, which greatly improved the kinetics for Hads atom and 

fast release of H2 from the catalyst surface. Moreover, VOx resulted in the damper of Ni 

lattice and the generation of large electrochemically active surface area. Meena et al. 

[23] also prepared V2O5/Ni(OH)2 electrocatalysts on NF (V2O5/Ni(OH)2@NF) for HER 

in alkaline solution, which showed a Pt-like activity with a overpotential as low as 39 
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mV @ 10 mA cm−2 and long-term stability. Herein, assisting by V2O5, the near-zero 

adsorption free energy (ΔGH*) for Hads atom could be achieved on the active sites owing 

to the charge transfer resulted from the adsorbed O species on Ni (111) plane together 

with high conductivity of NF. While, the weak hydrogen binding strength due the 

downshifting of the d-band center by the O-adsorption on the Ni surface could lead to 

a favorable kinetics for Hads atom and fast release of H2 on the surface of catalysts. 

Similarly, Li. et al. [24] used VOx clusters to modulate a metallic Co catalyst (denoted 

as Co(VOx)) for HER, and found that the VOx clusters can endow Co with a highly 

disordered lattice and decrease the particle size, and as a result, an optimal doping level 

of 3% effectively regulated the atomic structure, which not only provided more active 

sites and reduced the H* binding, but also enabled an efficient electron transferring 

from Co to VOx to decrease the H* adsorption on V-Co(001) for enhancing HER.    

  Besides, defect engineering, e.g., O vacancy generation, is an efficient methodology 

to boost up the HER activity as well as stability [25]. For example, An et al. [26] 

modified the electronic structure of NiMoO4 surface by doping N at the NiO6 sites to 

concomitantly generate the oxygen vacancy defects by heteroatomic exchange with the 

electrical neutrality principle between 2N3- and 3O2- species, which led to the formation 

of multiple active sites with the improved metallic conductivity as well as the lowered 

adsorption energy barrier of Heyrovsky step. Similarly, Liu et al. [27] reported that the 

introduction of oxygen vacancies in the NiCo2O4 material effectively reduced the 

adsorption energy and dissociation energy barrier of H2O, which was attributed to the 

low-coordinated metal sites derived from the oxygen vacancies, thereby promoting the 

Heyrovsky step of alkaline HER. Meanwhile, Wang et al. [28] used iridium (Ir) and 

ruthenium (Ru) to tune the electronic and atomic structure of NiV layered double 

hydroxide (LDH) to promote the water electrolysis kinetics, and found that the 
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synergistic electronic interactions existed among the Ru (Ir), V and Ni cations. 

Especially, the local coordination environments around the V and Ni cations were 

modulated, resulting in more V vacancies, which could optimize the adsorption energy 

of intermediates in the Volmer and Heyrovsky steps for the HER. Therefore, combining 

of VOx with other metal oxide and/or metal catalysts could result in some unique atomic 

structure with more oxygen vacancies, thereby achieving highly catalytic performance 

for the HER. 

  Herein, a defect rich CuVOx nanobelt @ NiO nanosheet composite was synthesized 

on the pretreated carbon paper (CP) by using a facile hydrothermal process combined 

calcination method. The obtained CuVOx-NiO electrocatalysts contained conductive a 

CuVOx layer with rich defects and active NiO nanosheets with high wettability, which 

resulted in favorable kinetics for Hads atom and fast release of H2 on the surface of 

catalysts. As a result, this novel CuVOx-NiO@CP electrode exhibited high activity and 

stability for HER in the alkaline solution. 

2.2 Experimental section 

2.2.1 Chemicals and Materials 

  Ammonium metavanadate (V) (NH4VO3, 99%), nickel (II) nitrate hexahydrate 

(Ni(NO3)26H2O, 98%), copper (II) nitrate trihydrate (Cu(NO3)23H2O, 98%), nitric 

acid (HNO3, 69%), potassium hydroxide (KOH, 85%) and ethanol (C2H5OH, 99.5%) 

were purchased from Wako, Japan. Deionized (DI) water (18.2 MΩ cm) was used to 

prepare the solution. Carbon paper (CP, TGP-H-060, thickness: 190 μm) was purchased 

from Toray, Japan.  

2.2.2 Synthesis of CuVOx@NiO based electrode 

  CuVOx@NiO composite was directly grown on CP substrate by a hydrothermal 

process combined calcination method. In brief, a piece of carbon paper (2 x 2 cm2) was 
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treated in 6 M HNO3 solution under an ultrasonic condition for 3 h, and then washed 

with ethanol and DI water consecutively for  the removal of those impurities. 

Meanwhile, the calculated amounts of NH4VO3, Cu(NO3)2 ∙ 3H2O, Ni(NO3)2∙ 6H2O, 

NH4F and CO(NH2)2 were dissolved in DI water (20 mL) under stirring for 30 min and 

then, 6 M HNO3 solution was slowly added into the above solution to adjust pH to 3. 

Thereafter, the solution was introduced into an autoclave with Teflon-line, in which the 

pretreated CP was vertically fixed. The hydrothermal reaction was performed at 180 oC 

for 12 h. Finally, the composite coated CP electrode was washed by ethanol and DI 

water consecutively for several times, and then dried at 80 oC in a vacuum oven 

overnight, and finally treated at 450 oC for 3 h with a 2 oC/min heating rate. As such, 

the CuVOx-NiO@CP electrode was obtained (Figure 2.1). Herein, the chemical 

composition of CuVOx-NiO was preliminarily optimized based on the HER 

performance and the molar ratio of Ni:Cu:V with 1:4:2.5 was selected as the optimal 

composition for further investigation. For comparison, Ni-Cu mixed oxide, Ni-V mixed 

oxide, Cu-V mixed oxide and pure V2O5 were also coated on CPs by the same 

methodology and conditions. 

 

 

 

 

 

Figure 2.1 Schematic illustration for the preparation of CuVOx-NiO@CP electrode via 

a one-step hydrothermal method. 
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2.2.3 Material Characterizations   

  Morphology and nanostructure of the as-synthesized electrocatalysts were observed 

by a scanning electron microscope (SEM, SU8010, HITACHI, JAPAN) and a 

transmission electron microscope (TEM, JEM-2100F, JEOL), respectively. Crystalline 

structure of the sample was determined by an X-ray diffraction (XRD, Rigaku Smartlab 

diffractometer, Japan) measurement in a 2θ range of 10°-80° using a Cu-Kα radiation 

source (λ = 0.15406 nm). The contact angle on the electrocatalyst surface was measured 

by a contact angle meter (DMe-201, Japan) using DI water drop. Raman spectrum 

was obtained using a JASCO NRS-5100 (λ= 632 nm). The XPS measurement was 

performed at ambient temperature on a VG Scientific ESCALab250i-XL XPS machine 

with an Al-Kα X-ray source.  

2.2.4 Electrochemical performance tests 

  Electrochemical performance test was performed on an electrochemical workstation 

(Versa STAT4, Princeton, USA) with a three-electrode system. A standard Hg/HgO 

electrode and a carbon rod were used as the reference and counter electrodes, 

respectively. HER performance of the electrocatalyst was evaluated using a linear 

sweep voltammetry (LSV) at a scan rate of 1 mV s-1 in a potential range of -0.9～-1.5 

V in 1 M KOH solution. The potential relating to the reversible hydrogen electrode 

(RHE) was determined by the following equation: E(RHE) = E(Hg/HgO) + 0.098 + 

0059 pH [29]. LSV polarization curve was recorded with iR-compensation. Meanwhile, 

EIS (electrochemical impedance spectroscopy) measurement was performed at a 

frequency range of 100 kHz-0.1 Hz in 1 M KOH solution. The cyclic voltammetry test 

was carried out in a potential range of -0.2-0 V (vs RHE) at a scan rate range of 10-100 

mVs-1 to obtain the electrochemical active surface area (ECSA). The stability test was 

performed by two methods: (i) chronopotentiometry analysis at 10 mA cm-2 for 30 h; 
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and (ii) cyclic voltammetry analysis at a potential range of 0.1~ -0.3 V (vs RHE) for 

1000 cycles. 

2.3. Results and discission 

2.3.1 Morphology and structural characterizations 

  XRD patterns of the synthesized electrocatalysts before the calcination are presented 

in Figures 2.2(a-c). One can see that all of them show a hydroxide form. For the CuVOx-

NiO@CP before the calcination, Cu3V2O7(OH)2∙2H2O with hydroxyl groups exist, 

which can be completely changed to Cu3V2O8 after the calcination at 450 oC based on 

the following equations; 

3Cu(NO3)2+2NH4VO3+5H2O→ Cu3V2O7(OH)2∙2H2O + 2NH4NO3+ 4HNO3  (1) 

Cu3V2O7(OH)2∙2H2O → Cu3V2O8 + 3H2O     (2) 

   Figures 2.3 (a-d) displays XRD patterns of CuVOx-NiO, CuVOx, V2O5 and NiO 

after the calcination, the characteristic peaks located at 2θ of 37.2o, 43.3o and 62.9o 

correspond to the (111), (200) and (220) planes of NiO (JCPDS No 71-1179), and the 

diffraction peaks at 2θ of 26.5o, 32.3o, 36.3, 37.1, 43.2o and 49.2o indicate the formation 

of monoclinic CuV2O5 phase (JCPDS No. 43-0080) while the small diffraction peaks 

at 2θ between 16.5o and 66.3o match well with those corresponding to the monoclinic 

Cu2V2O7 (JCPDS No. 73-1032) and Cu3V2O8 (JCPDS No. 74-1503) phases. Herein, in 

the crystal structures of monoclinic Cu2V2O7 and Cu3V2O8 , a Cu atom is coordinated 

with five oxygen atoms while a V atom with four oxygen atoms forms the VO4 

tetrahedral structure [30]. It should be noted that it is difficult to find the main peak at 

2θ of 26.1° corresponding to V2O5. 
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Figure 2.2 XRD patterns of all synthesized electrocatalysts before the calcination. 

 

 

 

 

 

 

 

 

 

    

 Figure 2.3 XRD patterns of (a) CuVOx-NiO, (b) CuVOx, (c) V2O5 and (d) NiO. 
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As presented in Figure 2.4a, CuVOx with a nanobelt structure (Figure 2.4b, 

thickness: ca. 0.43 µm) is formed on the CP with a smooth surface. While, pure NiO 

with a nanosheet structure (Figure 2.4c) is deposited in the CP. When Cu2+, VO3- and 

Ni2+ ions co-exist in the initial solution, the nanosheets seem to be grown on the 

nanobelt during the hydrothermal synthesis process, which could be a composite of 

CuVOx-NiO formed on the CP (Figures 2.4(d-e)). As illustrated in Figure 2.1, CuVOx 

nanobelt seems to be formed on the CP initially, followed by NiO nanosheets growing 

on the surface of the CuVOx nanobelt layer. Herein, in the acid condition, the Cu2+ and 

VO3- with higher molar concentrations than Ni2+ could react faster to form various 

compounds such as Cu3V2O7(OH)2∙2H2O with the nanobelt structure. In parallel, due 

to the hydrolysis of urea, Ni2+ ions would form Ni(OH)2 layer anchoring on the surface 

of CuVOx. After the calcination, the CuVOx-NiO composite is generated. One can see 

that the nanosheet on the nanobelt has a thickness of 0.12 µm (Figure 2.4f). EDS 

elemental mappings of Ni, Cu, O and V on the surface of CuVOx-NiO@CP are shown 

in Figures 2.5(d-h). One can see that the colour intensity of each element is fluctuating 

with the element concentration. Obviously, the purple colour corresponding to V 

element has a lower intensity than Ni due to that the V element is concentrated in the 

core part. In order to further confirm the distributions of various elements in the core 

and shell areas, EDS linear element scanning is performed. As shown in Figure 2.4 (g-

h), more Ni elements in the nanosheet region (shell) than nanobelt part (core) are 

observed, revealing the formation of the CuVOx core and NiO shell. Combining with 

the XRD analysis, it can be confirmed that the composite is consisted of CuVOx 

nanobelt core and NiO nanosheet shell. Herein, as stated in the introduction section, the 

synergistic interaction between nickel and vanadium species should play a significant 

role in affecting the growth of such a special three-dimensional (3D) nano-flake 
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structure, which could provide high surface area, easily accessible active sites and 

shortened charge transfer route during the reaction [19]. In comparison, those surface 

morphologies of the prepared NiO-CuO@CP, NiO-VOx@CP and V2O5@CP electrodes 

are presented in Figure 2.5. One can see that NiO-CuO@CP has a fluffy-like structure, 

which is different from that of CuVOx-NiO@CP (Figure 2.4d). As shown in Figure 

2.5c, the pure vanadium oxide (V2O5) grows along the carbon fiber with a denser layer 

microstructure, which should not be benefit for the electrocatalytic performance. 

However, as indicated in this study and other report [31], the coexistence of V and other 

metal species, the composite with 2D/3D structure could be more easily formed. 

 

Figure 2.4 SEM images of (a-b) CuVOx@CP, (c) NiO@CP, (d-f) CuVOx-NiO@CP at 

different magnifications; (g-h) EDS line scan of Ni, Cu, O and V on CuVOx-NiO@CP. 
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Figure 2.5 SEM images of (a) NiO-CuO@CP, (b) NiO-VOx@CP and (c) V2O5@CP 

and (d-h) EDX elemental mappings of Ni, Cu, O and V on CuVOx-NiO@CP at a scale 

bar of 500 nm.  

 

TEM analysis was carried out to investigate nanostructure of the synthesized 

electrocatalysts. When CuVOx is synthesized on the CP, the interplanar spacing of 0.28 

nm, which is assigned to the (003) plane of CuV2O5, is observed (Figure 2.6a). Herein, 

the edge dislocations, which should provide actives sites for HER, are also observed. 

Meanwhile, on the TEM image of CuVOx-NiO supported on the CP (Figures 2.6(b-c)), 

the lattice fringes of 0.24 and 0.27 nm are in good agreement with the (131) and (012) 

planes of Cu2V2O7 and Cu3V2O8, respectively. While, the lattice spacings of 0.15 and 

0.20 nm correspond to the (220) and (200) planes of NiO. It is reported that both 

Cu2V2O7 and Cu3V2O8 have highly distorted structures with rich-defects [32]. As 

illustrated in Figure 2.6d, the edge dislocation resulted from the Burgers vectors could 

be generated in these materials, which always accompanies by lots of vacancies [33]. 

In addition, the typical TEM-EDS mappings exhibit the uniform distributions of Cu, V 

and Ni on the electrocatalyst (Figures 2.6 (e-h)).  
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Figure 2.6 TEM images of (a) CuVOx; (b) CuVOx-NiO composite on CP with lattice 

fringes of CuVOx; (c) lattice fringes of NiO on CuVOx-NiO@CP; (d) Schematic 

illustrations of edge dislocations; (e-h) the corresponding EDS elemental mappings of 

Cu, V and Ni. 

 

Chemical composition and elemental valences of CuVOx-NiO on CP were further 

investigated by XPS analysis (Figure 2.7). The atomic percentages of Ni, Cu, V and O 

elements based on XPS analysis are presented in Table 2.1, which reveal that more Ni 

species exist on the surface of the electrocatalyst since NiO is anchored on the CuVOx 

surface. The peaks located at 856.1 and 873.9 eV with two satellite peaks (862.1 and 

880.3 eV) on the XPS spectra of Ni 2p3/2 and Ni 2p1/2 indicate the presence of Ni2+ [34].  

 

Table 2.1 Atomic composition of CuVOx-NiO based on XPS analysis. 

 

 

Electrocatalyst 

% Atom 

Ni Cu V O 

CuVOx-NiO 31.8 6.82 2.75 58.63 
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The peaks located at 854.9 and 872.9 eV together with two peaks at 856.8 and 874.8 

eV are indexed to the XPS spectra of Ni 2p3/2 and Ni 2p1/2, respectively, which indicate 

the presence of Ni2+ and Ni3+(Figure 2.7b). While, as shown in Figure 2.7c, the fitted 

peaks located at 935.2 and 955.3 eV relating to Cu2+ accompanying with the peaks at 

933.6 and 953.4 eV relating to Cu+ on the XPS spectra of Cu 2p3/2 and Cu 2p1/2 are also 

observed, indicating the presence of mixed valences of Cu species. Herein, the splitting 

energy between Cu 2p3/2 and Cu 2p1/2 is 20.1 eV and three satellite peaks at 941.3, 943.8 

and 962.6 eV are also found, which indicate that Cu species could be inserted into VOx 

lattice [35]. In Figure 2.7d, two peaks of V 2p3/2 (516.9 eV) and V 2p1/2 (523.9 eV) are 

assigned to V4+ while the deconvolution of the V 2p3/2 peak located at 517.5 eV and the 

satellite peak of V 2p1/2 at 524.9 eV with the spin-orbital splitting energy of about 7.4 

eV correspond to the V5+ oxidation state, which is well consistence with the XRD result 

[36]. For XPS spectrum of V 2p in V2O5@CP (Figure 2.8a), there are only two peaks 

of V 2p3/2 and V 2p1/2 at 517.3 and 524.3 eV, which correspond to V5+of V2O5. It is 

reported that V4+ ion is always associated with the oxygen vacancy coupled with the 

V5+ ion [37]. As such, the presence of V4+ in both CuVOx and CuVOx-NiO should play 

a crucial role in the generation of the defect structure associated with the oxygen 

vacancy. In other words, the recrystallization of vanadium pentoxide (V2O5) in the 

presence of Cu2+ and Ni2+ ions should have enhanced the oxygen deficiency and defect 

sites [38]. Additionally, for O 1s XPS spectrum in CuVOx-NiO, the main peak appeared 

at 530.2 eV could be assigned to the lattice O2- ions (OL). Besides, the binding energy 

gap between O 1s and V 2p of about 12.7 eV confirms the existence of V5+ species [23, 

39]. The peak at high binding energies at about 531.7 and 532.7 eV are assigned to the 

defect sites with low oxygen coordination (OV) and surface adsorbed water (OC), 

respectively [27, 40]. In order to confirm the relative ratios of oxygen vacancies, the 



88 

 

O1s peak areas between CuVOx and CuVOx-NiO are compared in the Table 2.2. After 

NiO is composited with CuVOx, the intensity of peak relating to oxygen vacancy is 

dramatically increased from 0.172 to 0.289, confirming that more O vacancies should 

be generated with the presence of NiO due to the structure reconstruction and 

recrystallization during the reaction [41]. Moreover, multivalent states of vanadium and 

rich-defect structure could either improve the electronic and ionic conductivities or 

accelerate the charge transfer kinetics for the electrochemical reactions [42]. Therefore, 

the co-existence of Cu2+, Cu+, V5+, V4+ and Ni2+ species in the CuVOx-NiO 

electrocatalyst is expected to exhibit the superior performance for HER. These results 

also correspond to the HRTEM observation.  

 

Figure 2.7 (a) Survey XPS spectrum; (b) Ni 2p XPS spectrum; (c) Cu 2p XPS spectrum; 

(d) V 2p XPS spectrum and (e) O 1s XPS spectrum of CuVOx-NiO electrocatalyst. 
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Figure 2.8 XPS spectra of (a) V 2p and (b) O 1s of V2O5, CuVOX and CuVOx-NiO. 

 

Table 2.2 The relative ratios of O1s peak areas based on XPS analysis 

 

Electrode 

Relative ratio of O1s peak areas 

Lattice oxygen 

(OL) 

Oxygen vacancies 

(OV) 

Chemisorbed oxygen 

(OC) 

V2O5@CP 0.613 - 0.387 

CuVOx @CP 0.753 0.172 0.075 

CuVOx-NiO@CP  0.459 0.289 0.252 

CuVOx-NiO@CP 

after HER 

0.280 0.447 0.273 

 

To further verify the composition of CuVOx-NiO, Raman spectroscopy was also 

measured. As shown in Figure 2.9, the main peak of V-O stretching at 998 cm-1 in pure 

V2O5 (Figure 2.9a) shifts to 895 cm-1 in CuVOx (Figure 2.9b) and 820 cm-1 in CuVOx-

NiO (Figure 2.9c), which should be attributed to the  substitution of Cu and/or Ni in 

the lattice of V2O5 [43]. In addition, the Raman scatterings at 263 and 340 cm-1 (Figure 

2.9c) correspond to Cu-O stretching whereas the peak at 538 cm-1 is ascribed to the 

vibration of Ni-O [23]. These results also indicate the successful formation of CuVOx-

NiO electrocatalysts. 
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The contact angle was examined to understand the surface wettability and 

aerophobic properties of the catalyst surface for the HER [15]. As shown in Figure 2.10, 

the water contact angles (WCAs) of bare CP, V2O5@CP, CuVOx@CP, NiO@CP and 

CuVOx-NiO@CP are 131.5 o, 124.1o, 48.3o, 0o and 0o, respectively, indicating that the 

CuVOx-NiO@CP has super-hydrophilic property with a WCA of 0o. This super-

hydrophilic surface of CuVOx-NiO@CP should be due to the good water adsorption 

ability of NiO nanosheet shell, which could promote the Volmer step of HER in alkaline 

electrolyte. Simultaneously, the generated hydrogen gas could be more easily detached 

from the electrode surface during the HER process [44]. The fast hydrogen desorption 

is also beneficial for keeping the nucleation sites free for new hydrogen generation, 

inducing more favorable contact points around the catalytic active sites, thereby leading 

to sufficient contact between the electrode and electrolyte [45, 46].  

 

 

Figure 2.9 Raman spectra of prepared catalysts (a) V2O5, (b) CuVOx and (c) CuVOx-

NiO.  
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 Figure 2.10 Contact angle measurements for (a) Bare CP, (b) V2O5 @CP, (c) CuVOx 

@CP, (d) NiO@CP and (e) CuVOx-NiO@CP. 

 

2.3.2 Catalytic HER performance and stability 

  HER performances of all fabricated electrodes were evaluated in 1 M KOH solution 

with a scan rate of 1 mVs-1 in the three-electrode system. As shown in Figure 2.11a, the 

CuVOx-NiO@CP electrode exhibits an overpotential of 74 mV@10 mAcm-2, which is 

lower than those of NiO-CuO@CP (83 mV@10 mAcm-2) and CuVOx@CP (124 

mV@10 mAcm-2). The overpotential of CuVOx-NiO@CP catalyst is not only 

comparable to that of Pt/C but also lower than those recently reported data on the similar 

materials (Table 2.3).  

  Meanwhile, from Figure 2.11b, Tafel slopes relating to the NiO-CuO@CP, NiO-

V2O5@CP, CuVOx@CP, V2O5@CP and CuVOx-NiO@CP electrodes are 75.8, 158.4, 

132.5, 163.6 and 60.8 mV dec-1, respectively. Herein, the CuVOx-NiO@CP electrode 

also exhibits the lowest Tafel slope, implying that the fastest kinetics occur on this 

electrode. Based on the Tafel slope value (60.8 mV dec-1) of CuVOx-NiO@CP 

electrode, the HER over it should obey the Volmer-Heyrovsky mechanism. As stated 

above, the NiO shell is benefit for the H2O adsorption and decomposition with the 

reduced energy barrier at the initial water dissociation step followed by a H2 desorption 

step. It is reported that the NiO (111) site could accelerate water dissociation step due 

to the strong adsorption ability and hight surface wettability, where H2O molecule can 

be easily dissociated into intermediate Hads and OH- (Volmer step ; H2O + e- → Hads + 

OH- ) [16, [47-49]]. Then, the produced Hads could be easily to absorb on the O 
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vacancies sites of VOx-Cu2O/Cu (the real active species), and subsequently combine 

with another Hads from the water dissociation with a hydrogen desorption step 

(Heyrovsky step; H2O + e- + Hads → H2+ OH-). Therefore, the oxygen vacancy defects 

could promote the Heyrovsky step of HER in alkaline solution by facilitating the 

conversion of adsorbed H intermediate to H2, and enhance electrical conductivity due 

to the electron hopping between different valence states of metal-O sites [26]. Thus, the 

synergistic effect of the NiO and CuVOX could promote water dissociation, especially 

hydrogen desorption step, thereby improving the HER activity. 

 
Figure 2.11 Electrocatalytic performances of the prepared electrodes in 1 M KOH 

solution. (a) LSV curves; (b) Corresponding Tafel plots; (c) EIS Nyquist plots; (d) 

Overpotentials at two different current densities of 10 and 50 mA cm-2. 

 

According to Butler-Volmer equation with microkinetic analysis, the Tafel slope 

value is in the range of 40-120 mV dec-1, indicating that the amount of active sites does 

not limit the reaction rate while the Heyrovsky step could be determined as the rate 



93 

 

determined step [50, 51]. Figure 2.11c shows EIS analysis results, in which the 

spectrum at the high frequency stands for the internal resistance of electrode (Rs) while 

the semicircle radius indicates the charge-transfer resistance (Rct). One can see that the 

Rs values of NiO-CuO@CP, NiO-V2O5@CP, CuVOx@CP, V2O5@CP and CuVOx-

NiO@CP are 3.73, 3.20, 1.23, 1.68 and 1.55 Ω/cm2 with the corresponding Rct values 

of 2.09, 13.80, 2.11, 33.07 and 0.72 Ω/cm2, respectively. It indicates that the CuVOx-

NiO@CP electrode has the lowest resistance for the charge transfer, which is also 

agreement with its electrocatalytic performance. These results confirm that the CuVOx 

binary metal oxides combined with the NiO lamellar nanosheets can effectively 

enhance the charge transfer properties. The synergetic coupling of the CuVOx with high 

conductivity and NiO lamellar nanosheets with a high surface area could provide 

effective electron transportation and sufficient contact area between the electrode and 

electrolyte, thereby resulting in the improved HER performance [43, 52]. In addition, 

the CuVOx-NiO@CP electrode also shows an overpotential as low as 148 mV for the 

generation of a higher current density of 50 mA/cm2 (Figure 2.11d), suggesting that it 

has the potential for the practical application. 

Cyclic voltammetry (CV) at the non-faradic potential range was conducted in order 

to measure the electrochemical active surface area (ECSA) of all prepared electrodes 

(Figure 2.12). Figure 2.13a shows the electrochemical active surface areas (ECSAs) of 

different synthesized electrodes and Table 2.4 summarizes the related other parameters. 

The normalized ECSA was calculated by setting the ECSA of carbon paper as 1. As 

such, the normalized ECSA of NiO-CuO@CP, CuVOx@CP and CuVOx-NiO@CP are 

86.2, 74.4 and 182, respectively, indicating that synergistic interaction between nickel 

and vanadium species should play a crucial role for improving the ECSA due to the 

formation of lamellar NiO nanosheets on the CuVOx layer. Obviously, the CuVOx-
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NiO@CP electrode displays 2.1 and 2.4 times higher ECSAs than those of NiO- 

CuO@CP and CuVOx@CP electrodes, respectively, proving that this electrode has 

enriched active sites and high surface roughness. Moreover, the excellent intrinsic 

activity of CuVOx-NiO@CP is further confirmed by ECSA-normalized current density. 

As shown in Figure 2.14, CuVOx-NiO@CP obviously exhibits a higher electrocatalytic 

activity than others electrode, further implying its high intrinsic activity [65, 66]. 

Table 2.3 Comparison of HER activity of CuVOx-NiO electrocatalysts with the recently 

reported data 

Electrocatalysts Electrolyte 
Overpotential at 10 

mA cm-2 (mV) 
Reference 

CuVOx-NiO@CP 1M KOH 74 This work 

In-Zn-Co ternary oxide 1M KOH 510 [53] 

V-Ni3S2/CC 1M KOH 81 [54] 

NiO/Co3O4 1M KOH 170 [55] 

NiO@CoO/CC 1M KOH 149 [34] 

Ni3(VO4)2/NiCo2O4 1M KOH 113 [56] 

MoS2/Co3S4 1M KOH 90.3 [15] 

Cu/Cu2O-CuO/rGO 1M KOH 105 [57] 

V-Ni2P 1M KOH 85 [58] 

V doped MoS2 1M KOH 206 [59] 

W-NiO/NiS2 1M KOH 116 [60] 

Mixed metal oxide 

(Co:W:Cu) 
1M KOH 103 [61] 

Ni-Mo-S@Co3O4/CF 1M KOH 85 [8] 

Mo-Doped NiCu 1M KOH 95 [12] 

PA-NiO 1M KOH 138 [62] 

CuO@Ni/NiFe hydroxide 1M KOH 125 [63] 

NiCu-P 1M KOH 175 [64] 

Figure 2.13b shows multi-step chronopotentiometry measured from 10 to 300 mA 

cm-2 with a 50 mA cm-2 increment every 500 s and then going back to 10 mA cm-2 after 

300 mA cm-2 operation for the CuVOx-NiO@CP electrode. One can see that this 

electrode maintains the potentials at different constant current densities with excellent 
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recyclability due to its good electro-conductivity, superb mass transport property and 

mechanical robustness for HER in the alkaline solution. Moreover, as can be seen in 

Figure 2.13c, the LSV curve after 1000-cycle testing has no apparent change in the 

HER activity. Meanwhile, for the chronopotentiometry measurement at a constant 

current density of 10 mA cm-2 in 30 h, the potential to achieve the standard 10 mA cm-

2 current density remains constant when the testing is performed in a continuous flowing 

1 M KOH solution (Figure 2.13d).  

 

 

Figure 2.12 Cyclic voltammograms (CV) for the double-layer capacitance 

measurements of (a) Bare carbon paper, (b) NiO-CuO@CP, (c) NiO-V2O5@CP, (d) 

CuVOx@CP, (e) V2O5@CP and (f) CuVOx-NiO@CP electrodes with a potential range 

of -0.2-0V (vs RHE) at scan rates of 10-100 mVs-1 in 1 M KOH solution. 
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Table 2.4 Calculated electrochemical active surface area (ECSA) values and Rf  of all 

electrodes 

Electrode Cdl 

(mF) 

ECSA 

( x 103 cm2) 

Rf 

( x 103) 

Normalized 

ECSA 

Carbon paper 0.5 0.01 0.01 1.0 

NiO-CuO@CP 43.1 1.08 1.08 86.2 

NiO-V2O5@CP 28.45 0.71 0.71 56.9 

CuVOx@CP 37.2 0.93 0.93 74.4 

V2O5@CP 1.4 0.04 0.04 2.80 

CuVOx-NiO@CP 91 2.28 2.28 182 

 

Figure 2.13 (a) ECSAs of the various prepared electrodes; (b) HER multi-step 

chronopotentiometric curve of  the CuVOx-NiO@CP electrode starting from a current 

density of 10 mA cm-2 and ending at 300 mA cm-2 with an increment of 50 mA cm-2 

every 500 s; (c) Polarization curves for the CuVOx-NiO@CP at the initial cycle and 

after 1000 cycles; (d) Chronopotentiometry test of CuVOx-NiO@CP carried out at a 

constant current density of 10 mA cm-2 for 30 h. 
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Figure 2.14 HER performance normalized by ECSA. 

 

Post-characterization of CuVOx-NiO@CP further supports the excellent stability of 

catalyst. As displayed in Figure 2.15a, the morphology of CuVOx-NiO@CP after the 

stability testing maintains almost unchanged, especially the lamellar nanosheet layer is 

obviously observed. Herein, one can see that some tiny spherical particles appear in the 

space among the nanosheets, suggesting that some new phases should be formed during 

the HER process, which is also confirmed by the EDX elemental mapping (Figure 2.16). 

TEM image of the electrocatalysts after the HER is presented in Figure 2.17. Herein, 

the lattice spacing of 0.20 nm corresponding to the (200) plane of NiO is retained. 

Meanwhile, the lattice fringes assigned to (111) and (200) planes of Cu2O and Cu are 

also observed, suggesting that the recrystallization of CuVOx occurred during the HER 

process. Moreover, XRD pattern of the spent CuVOx-NiO@CP after the stability test 

is displayed in Figure 2.15b, in which the diffraction peaks located at 2θ of 43.4o, 50.6o 

and 74.2o relating to (111), (200) and (220) planes of Cu (JCPDS No. 04-0836) and the 

characteristics peaks at 36.5o, 42.4o, 61.5o and 73.7o corresponding to (111), (200), 

(220) and (311) planes of Cu2O (JCPDS No 75-1531) are also found. The peaks of 
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Cu2O and Cu should be generated from partial reduction of Cu species in CuVOx in 

alkaline solution, confirming by XRD peak of CuVOx/CP after HER [67]. Meanwhile, 

the diffraction peaks of NiO are remained.  

 

 

 

 

 

 

 

 

Figure 2.15 (a) SEM image and (b) XRD pattern of CuVOx-NiO@CP after long-term   

stability test. 

 

 

Figure 2.16 SEM images of (a) CuVOx-NiO@CP ; and (b-e) the corresponding EDX  

mappings of Cu, O, Ni and V after the stability test. 
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Figure 2.17 TEM image of CuVOx-NiO@CP after the stability test. 

 

This phenomenon is further analyzed by XPS analysis. As displayed in Figure 2.18a, 

the peaks located at 954.4 and 934.9 eV relating to Cu 2p1/2 and Cu 2p3/2 of  Cu2+ still 

exist but the peak intensities of Cu 2p1/2 and Cu 2p3/2 after the stability test are increased 

sharply and shifted toward the lower binding energy, suggesting the transformation of 

CuO  to Cu2O (Cu+) or metallic copper (Cu0) at 932.9 and 952.8 eV because Cu (II) 

species can be reduced to Cu2O (I) and Cu (0) driven by electron in the redox reaction 

[68]. However, it should be noted that it is difficult to distinguish the Cu2O and metallic 

Cu with the XPS analysis results owing to the similar binding energies of Cu 2p3/2 and 

Cu 2p1/2 for the Cu2O and Cu 2p for the Cu(0). Notably, the presences of both stable 

Cu2O/Cu and/or Cu2O/CuO composites could enhance the catalytic activity, leading to 

the good stability in alkaline solution [57, 69]. Onsten et. al. [70] reported that H from 

water prefers to be adsorbed at uncoordinated oxygen sites/defects of Cu2O (111), and 

oxygen species in water can interact with the surface copper species, resulting in a 

weaker O-H bond, which can accelerate water dissociation. Hence, the presence of a 

small amount of Cu(I)/Cu(0) species with an oxophilic surface of NiO-CuVOX could 

promote water dissociation by lowering the energy barrier and enhancing the 
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recombination reaction of Hads to H2 at the metal surface, resulting in increased HER 

activity in alkaline condition [71, 72]. 

 

Figure 2.18 (a) Cu 2p XPS spectrum, (b) V 2p XPS spectrum, (c) O 1s XPS spectrum 

and (d) Ni 2p XPS spectrum of CuVOx-NiO after the long-term stability test for 30 h.  

 

Besides, the presence of metallic Cu(0) could enhance intrinsic conductivity of 

the electrode. As can be seen in Figure 2.18b, the peaks of V 2p spectra are slightly 

decreased, which can be attributed to the partial dissolution of VOx caused by the weak 

bonding between VOx and Ni species. However, the valence states of V5+ and V4+ at 

517.3 and 518.3 eV are almost remained [3]. On the O 1s spectrum, three peaks at 530.8, 

532.1 and 533.1 eV correspond to the lattice oxygen (OL), the native defects of O2- 

vacancies (OV) and the chemisorbed oxygen closely related to -OH groups on the 

surfaces of metal oxides (OC), respectively (Figure 2.18c) [71]. The intensities of peaks 

relating to the metal oxide on the surface are decreased while those corresponding to 

the oxygen vacancies and surface absorbed oxygens/hydroxide are increased, 
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confirming the transformation of CuO to Cu2O/Cu species with the loss of oxygen 

atoms after recrystallization during the HER process. In addition, the relative ratios of 

O 1s peak areas are summarized in the Table 2.5. Notably, the fraction of oxygen 

vacancies is increased from 0.289 to 0.447 after the long-term operation, which might 

be caused by the weakening of M-O bonds. Herein, the generation of O vacancies could 

promote the Heyrovsky step since the O vacancies can promote Hads adsorption kinetics 

as well as the desorption of H2. Meanwhile, Ni 2p XPS spectrum maintains unchanged, 

implying that the valence states of Ni2+ and Ni3+ maintain stable in the alkaline 

condition (Figure 2.18d). Moreover, the relative Cu content is increased from 6.82% to 

8.64%, also confirming the generation of Cu2O and Cu species during the HER in 

alkaline solution. These post characterizations prove that the VOx-Cu2O/Cu and NiO 

species should act as the real active species for the HER. In addition, it should be noted 

that the response current density of HER does not decrease during the conversion of Cu 

based species according to the long-term stability test, which might be due to that the 

reaction current of CuVOx conversion is not obvious and the formed Cu2O/Cu and VOx 

are the stable forms. Here, the robust stability still observed after a long-term operation 

should rely on the recrystallization on the Cu species sites from CuVOx-NiO to the 

stable VOx-Cu2O/Cu-NiO. As such, the presence of mixed valence states of Cu species 

and stable morphology from the strong interaction between CuVOx and NiO nanosheets 

with high surface roughness could provide an outstanding intrinsic activity with strong 

adsorption of electroactive species, which are beneficial for the HER [73, 74]. In 

addition, the hydrogen production during a certain period of water electrolysis was also 

investigated. As shown in Figure 2.19, the Faradaic efficiency of CuVOx-NiO@CP 

electrode reaches 97%. Therefore, the CuVOx-NiO@CP electrode can provide fast 
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charge transfer rate, quick hydrogen bubble releasing, thereby exhibiting good 

robustness and durability under HER in the alkaline electrolyte. 

 

Table 2.5 The relative ratios of O1s peak areas based on XPS analysis 

 

 

Electrodes 

Relative ratio of O1s peak areas 

Lattice 

oxygen (OL) 

Oxygen 

vacancies (OV) 

Chemisorbed 

oxygen (OC) 

V2O5@CP 0.613 - 0.387 

CuVOx @CP 0.753 0.172 0.075 

CuVOx-NiO@CP  0.459 0.289 0.252 

CuVOx-NiO@CP after HER 0.280 0.447 0.273 

 

Figure 2.19 Theoretical hydrogen evolution amount compared with the measured  

hydrogen evolution amount for HER over the CuVOx-NiO@CP electrode.    
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2.4 Conclusions 

By utilizing a simple hydrothermal process with a calcination step, an O 

vacancy-rich CuVOx nanobelt@NiO nanosheet composite was successfully coated on 

the carbon paper. Especially, the generation of real active species VOx-Cu2O and Cu-

NiO during the HER could further increase the intrinsic activity with the maintained 

morphology. The composite had excellent electrocatalytic HER performance in the 

alkaline solution with an overpotential as low as 74 mV at 10 mA cm -2 and a fast kinetic 

reaction with a small Tafel slope of 60.8 mVdec-1, as well as excellent stability and 

recyclability, significantly better than those reported similar bi-metal oxide based 

electrocatalysts. The outstanding catalytic performance could be attributed to the 

effective adsorption and decomposition of H2O to Hads intermediate by synergistic 

effect between hydrophilic surface of NiO and the O vacancy-rich CuVOx, allowing the 

generated Hads on the NiO to be easily adsorbed on the O vacancy of VOx-Cu2O, thereby 

converting to H2. This innovative design could be useful in the development of low-

cost electrocatalysts for the application in alkaline electrolyzers.  
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CHAPTER 3 Highly durable FeNiSx/NiFe(OH)x 

electrocatalyst for selective oxygen evolution reaction in 

alkaline simulated seawater at high current densities  

3.1 Introduction 

Hydrogen production via water electrolysis by using electricity produced from waste 

heat or renewable energy without CO2 emission is a clean and secure technology [1]. 

However, fresh water is a limited resource while the seawater is an abundant one [2]. 

Water electrolysis consists of two main reactions, i.e., Hydrogen Evolution Reaction 

(HER) and Oxygen Evolution Reaction (OER). The sluggish OER at the anode 

generally requires a large overpotential to overcome the energy barrier and energy loss 

since it involves multiple steps to cleavage water molecule (H2O) with a 4-electron 

pathway so that  the electrocatalysts with high performance are highly required [3]. 

For seawater electrolysis, two 2-electron reactions, i.e., chlorine evolution reaction 

(ClER, 2Cl-Cl2+2e-) and hypochlorite generation reaction (HGR, Cl-+2OH-ClO-

+H2O+2e-), could competitively occur on the anode with the OER in the acidic and 

alkaline conditions, respectively, especially at a high current density, owing to the 

presence of large amount of chloride ions (~0.5 M) and kinetic advantage of them 

although OER is thermodynamically favored over either ClER or HGR [4-6]. In general, 

in the alkaline solution (pH >7.5), if those obtained electrocatalysts can be operated at 

an overpotential lower than 480 mV, HGR will not occur to compete with OER. In 

addition, the chlorine in seawater could result in electrode erosion and electrode 

degradation [7]. Therefore, the electrocatalysts for seawater electrolysis should have an 

overpotential lower than 480 mV to avoid the hypochlorite formation and corrosion in 

the alkaline condition [8]. Besides, to meet the practical industrial-scale requirements, 



115 

 

the electrocatalysts should be operated at a current density as high as 1 A·cm−2 or more 

to achieve a high hydrogen production rate under long-term operation [9, 10]. 
Unfortunately, to date, only a few works on OER catalysts have been explored at such 

highly-harsh conditions and most of the developed catalysts are always deactivated 

during the OER process, particularly at a high current density. For example, Zhou et al. 

[11] measured the stability of NiFe-LDH on Cu nanowires but this catalyst is not stable 

at a high current density (500 mA cm-2 ) under alkaline solution (1 M KOH). Gupta et 

al. [12] investigated OER in saline water (1 M KOH + 0.5 M NaCl) using a bimetallic 

oxy-boride (Co-Fe-O-B) catalyst, which exhibited a low overpotential of 294 mV at 10 

mAcm-2, but the current lost nearly 35% after 20 hours of operation. While, the faradaic 

efficiency at a high current density (100 mA cm-2) was also decreased from nearly 100% 

to ~74% due to Cl- oxidation. Herein, it is considered that the lower stability and 

performance was attributed to the presence of corrosive Cl- ions in the solution.  

Among various OER electrocatalysts, Ni-Fe oxides, hydroxides, (oxy)hydroxide and 

their layered double hydroxides have been reported to be a class of electrocatalysts with 

excellent OER activity even in alkaline electrolytes [7, 13]. However, these 

electrocatalysts always have low conductivity, less active sites, insufficient intrinsic 

activity and poor stability especially in saline water at a high current density [14, 15]. 

To solve these issues, phosphorization, boronation, sulfidation and nitridation of them 

and incorporation them with other materials could tune the intrinsic activity [16]. For 

instance, Zou et al. [17] combined NiFe-LDH and NiFeSx as the electrocatalyst, which 

exhibited a low overpotential of 210 mV at 10 mA cm-2 for OER since the 

chemisorption free energy of O* (E (O*) of NiFe-LDH can be reduced from 0.90 to 

0.53 eV by the combination of it with NiFeSx. Herein, the charge redistribution on the 

interface of the two materials contributed to the improvement of OER activity through 
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the enhancement of affinity to the O* intermediates and the improvement of electrical 

conductivity by the incorporated metallic NiFeSx species. Yuan et al. [18] reported that 

sulfur doping can increase the OER activity of FeCoOOH with a lowered catalytic 

overpotential (225.3 mV at 20 mA cm-2). By density functional theory (DFT) 

calculations, it is revealed that a synergistic effect between two coordinating S and one 

adjacent Fe can optimize the electronic state of Co, resulting in the deceasing in binding 

energy of OH∗ (ΔEOH) and tuning of the electronic structure. Shuang et al. [14] prepared 

NiFe(OH)x electrocatalyst with abundant oxygen vacancy-rich amorphous structure on 

the carbon paper (CP), which demonstrated a low overpotential of 303 mV at 100 mA 

cm-2 and high durability without the degradation for 50 h. Such a superior performance 

could be attributed to the synergistic effect between Ni and Fe species. Recently, Zhang 

et al. [19] doped S into FeOOH/IF to lower the energy barrier of rate determining step 

in OER, thereby improving the electrocatalytic performance. Liu et al. [20] embedded 

Ag on the NiFe-LDH, which exhibited superior activity by requiring a low 

overpotential of 303 mV at 1,000 mA cm-2 in 1 M KOH seawater solution. DFT 

calculations showed that the Ag doping improved the phase stability of NiFe-LDH with 

triggering lattice oxygen, implying high mechanical robustness. Yu et al. [21] 

successfully synthesized S-doped Ni/Fe(oxy)hydroxide, which displayed excellent 

OER performance in the seawater electrolyte with a low overpotential of 278 mV at 

100 mA cm-2. The excellent catalytic performance could be attributed to hydrophilic 

property, highly porous nanostructure and good corrosion resistance from 

metal(oxy)hydroxide. Dionigi et al. [6] also studied the NiFe-LDH for selective 

seawater electrolysis, achieving overpotentials of 360 and 359 mV at 10 mA cm-2 in 

alkaline freshwater and saline electrolytes, respectively. For scaling up from lab scale 

to industrial level using natural seawater as a water resource, it requires consideration 
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of either electrocatalytic performance or the catalyst preparation step as well as the cost 

of chemical substances need to be considered. Thus, searching for preparation of earth-

abundant and cost-effective electrocatalysts with high durability, especially at a large 

current density for overall seawater electrolysis using a facile strategy is still full of 

challenges but necessary.  

In this study, in-situ growing of FeNiSx/NiFe(OH)x composite with a two-

dimensional (2D) nanosheet structure on nickel foam (NF) is simply realized using a 

corrosion engineering process followed by a fast and mild sulfurization step in order to 

reduce catalyst preparation cost and time and simultaneously decrease interfacial 

resistance between the electrocatalyst and the substrate, increase electrical conductivity, 

and prevent electrocatalyst peeling off from the substrate during the long-term 

operation at a high current density. The evaluation of electrocatalytic performances is 

performed in the alkaline freshwater solution at first, and then a simulated seawater is 

used to confirm its suitability as a bifunctional electrocatalyst, especially as a selective 

OER electrocatalyst for the seawater electrolysis. It is found that the obtained 

FeNiSx/NiFe(OH)x composite based electrode has excellent electrocatalytic activity 

with a low overpotential of 270 mV for the OER in alkaline simulated seawater at 100 

mA cm-2 and it can even work stably over 100 h at a current density as high as 1 A cm-

2. For the overall seawater electrolysis using a two-electrode system, it is capable to 

sustain stable up to 1 A/cm2 in the imitate seawater solution with a cell voltage of 2.81 

V, achieving a high hydrogen productivity without the catalyst deterioration while the 

faradaic efficiencies of hydrogen and oxygen production are as high as 95% and 94% 

in the electrolysis of alkaline simulated seawater, respectively. 
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3.2 Experimental section 

3.2.1 Chemical and Materials 

  Iron (III) chloride hexahydrate (FeCl3·6H2O), sodium nitrate (NaNO3, 99%), urea 

(CH4N2O), sodium sulfide (Na2S, 98%), sodium chloride (NaCl, 99%), hydrochloric 

acid (HCl, 69%), potassium hydroxide (KOH, 85%) and ethanol (C2H5OH, 99.5%) 

were purchased from Wako, Japan. deionized (DI) water (<18.2 MΩ cm) was used to 

prepare the solution. Nickel foam (NF, 1.5 mm of thickness, 0.23 g/cm3 bulk density 

and 110 pores/inch) was purchased from MTI, Japan.  

3.2.2 Synthesis of FeNiSx/NiFe(OH)x/NF electrode 

 Before fabrication of FeNiSx/NiFe(OH)x/NF electrode, NF substrate (2 x 2 cm2) was 

treated in 1 M HCl solution for 1 hour under sonication, and then washed with ethanol 

and DI water consecutively for 1 h in each step followed by drying for 1 hour in a 

vacuum oven at 60 oC to remove the oxide layer and other impurities. Thereafter, the 

treated NF was immersed into 50 ml of aqueous solution containing 0.5 mmol of 

FeCl3∙6H2O and 2.5 mmol of NaNO3 to perform the reaction at 100 oC for 2 h. Then, 

the electrode was washed with distilled water and ethanol successively for 3 times and 

dried in vacuum oven at 60oC for 12 h. As such, the obtained dark-yellow electrode is 

called NiFe(OH)x/NF. Thereafter, the NiFe(OH)x/NF electrode was mildly sulfurized 

by using 1 g of Na2S with 10 mmol of CH4N2O in aqueous solution at 25oC for 1 h and 

then, dried in vacuum oven at 60oC for 12 h. As such, the FeNiSx/NiFe(OH)x with a 

nanosheet structure in black color was uniformly coated on the NF skeleton. Herein, 

the loading amount of FeNiSx/NiFe(OH)x was estimated to be ca. 0.30 mg cm-2 by 

weighing the electrode before and after the synthesis. For comparison, NixSy/NF 

electrode was also prepared using the similar method but not using Fe species in the 

initial stage.  
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3.2.3 Material Characterizations 

Morphology and nanostructure of the electrocatalyst were determined by a scanning 

electron microscope (SEM, SU8010, Hitachi, Japan) and a transmission electron 

microscope (TEM, JEM-2100F, JEOL, Japan). Chemical valences and composition of 

the prepared electrocatalysts were characterized by XPS measurement using a VG 

Scientific ESCALab250i-XL instrument with an Al-Kα X-ray source and crystalline 

structure was analyzed by X-ray diffraction (XRD) measurement in a 2θ range of 10°-

80° with a Rigaku Smartlab diffractometer (Japan) using a Cu-Kα as the radiation 

source (λ=0.15406 nm). Raman spectrum was recorded using a JASCO NRS-5100 (λ= 

532 nm). 

3.2.4 Electrochemical measurements 

Performances of all prepared electrodes were examined using a three-electrode 

system on an electrochemical workstation (Versa STAT4, Princeton, USA). A standard 

Hg/HgO electrode was used as the reference electrode, a carbon rod was used as the 

counter electrode and the as-prepared catalysts were used directly as the working 

electrode. A linear sweep voltammetry (LSV) with a scan rate of 2 mV s-1 in a potential 

range of 0.176-1.076 V was used to evaluate the OER performance. Two different 

electrolytes including alkaline freshwater solution (1 M KOH) and alkaline-simulated 

seawater solution (1 M KOH + 0.5 M NaCl) were used in the experiment (pH ~14)[4]. 

The potential with respect to reversible hydrogen electrode (RHE) was calculated by 

the Nernst equation: E(vs RHE) = E(Hg/HgO) + 0.098 + 0.059 pH. The corresponding 

overpotential (η) for OER can also be calculated using the formula; η = E(RHE) - 1.23 

V. Electrochemical impedance spectroscopy (EIS) measurement was performed at a 

frequency range of 100 kHz-0.1 Hz. The potential range of cyclic voltammetry (CV) 

measurement at a scan rate range of 10-100 mV s-1 was - 0.2-0 V (vs. RHE), which was 
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applied to evaluate the electrochemical active surface area (ECSA). The OER durability 

test was performed for 100 hours at room temperature with constant current densities 

of 100 and 1,000 mA cm-2 in alkaline freshwater solution and alkaline simulated sea 

water solution, as well as accelerate degradation test (ADT) for 2000 cycles at a 

potential range from 0.1 to -0.3 V (vs RHE), respectively. In addition, overall seawater 

electrolysis was tested using a two-electrode system with the FeNiSx/NiFe(OH)x/NF 

electrode for both anode and cathode, where the polarization curve was measured in a 

potential range of 1.0-2.2 V at a scan rate of 2 mVs-1 without iR-compensation and long-

term durability was conducted using chronopotentiometry at 10, 100, 500 and 1,000 

mA cm-2 for 12 hours in alkaline freshwater solution (1 M KOH) and alkaline-simulated 

seawater solution (1 M KOH + 0.5 M NaCl). 

3.2.5 DFT calculation 

  The spin-polarized DFT calculations were performed using the Vienna Ab-initio 

Simulation Package (VASP) [22]. Exchange-correlation functional was expressed 

using the generalization gradient approximation of Perdew, Burke and Ernzerhof (PBE) 

functional [23]. The U-J terms of Ni and Fe were set as 3.8 and 4.0 eV, respectively 

[24]. The plane wave energy cut-offs were set at 450 eV. A Monkhorst-Pack grid was 

used and the k-point mesh was thoroughly tested for structure relaxation and energy 

calculation. The Ni/Fe ratio of NiFe(OH)x was considered to be 3:1 in construction of 

the models. The (001) facet was used as the calculation models for NiFe(OH)2 and 

NiFeS(OH)2. A vacuum region of 15 Å was applied to avoid interactions between two 

images along c axis and the layer space of 7 Å was set based on the experimental 

experience [25]. Residual forces were within 0.02 eV/Å for geometry optimizations. 

The adsorption energy relating to Cl atom is defined as follows;  
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  Eabs=Etot-Eslab-Ecl
_
atom,                 Eq. (1) 

 

where Etot, Eslab and Ecl_atom are the total energy of adsorbed system, the energy of clear 

surface and the energy of isolated Cl atom in a large cell, respectively.   

3.3 Results and discussion 

3.3.1 Characterization of FeNiSx/NiFe(OH)x/NF electrode 

As indicated in the experimental section, the NiFe(OH)x/NF electrode was prepared 

by submerging of the NF substrate in a solution containing oxidants including Fe3+, 

NO3
−  and dissolved oxygen at 100oC for 2 hours, in which the surface of NF can be 

oxidized spontaneously to NiFe(OH)x. This is an oxidation effect of NaNO3, which can 

change the near-surface chemical environment and allow more active sites to be formed 

on the NF surface. In this study, the NF was used as both nickel source and substrate. 

The effect of corrosion reaction time on the preparation of NiFe(OH)x was also studied. 

As displayed in Figure 3.1, NiFe(OH)x with a nanosheet structure was grown uniformly 

after 120-min corrosion reaction. Moreover, as shown in Figure 3.2, the optimal 

condition was chosen based on the lowest overpotential and charge transfer resistance. 

The results shows that NiFe(OH)x performs best when synthesized at 100oC for 2 hours.  

 

 

 

 

 

 

 

Figure 3.1 SEM images of (a) NiFe(OH)x-30 min, (b) NiFe(OH)x-60 min, (c) 

NiFe(OH)x-120 min and (d) NiFe(OH)x-180 min. 
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To generate FeNiSx/NiFe(OH)x on the NF, the obtained NiFe(OH)x/NF electrode 

was further submerged in a 0.1 M Na2S solution for anion-exchange. As shown in 

Figure 3.3a, in order to form the NiFe(OH)x on the NF, the 𝑁𝑂ଷ
ି ions are reduced to 

hydroxide ions on the NF surface with the aid of electrons and subsequently interacted 

with Ni2+ from the dissolution of NF substrate. Then, in the presence of Fe3+ ions from 

FeCl3 precursor, bimetallic hydroxide, i.e., NiFe(OH)x, could be formed on the NF 

surface as indicated in the following equations: [26-28] 

𝑁𝑖  → 𝑁𝑖ଶା + 2𝑒ି       Eq. (2) 

𝐹𝑒ଷା + 𝑒ି → 𝐹𝑒ଶା       Eq. (3) 

𝑁𝑂ଷ
ି + 7𝐻ଶ𝑂 + 8𝑒ି → 𝑁𝐻ସ

ା + 10𝑂𝐻ି    Eq. (4) 

𝑁𝑖ଶା + 𝐹𝑒ଷା + 𝑥𝑂𝐻ି → 𝑁𝑖𝐹𝑒(𝑂𝐻)௫     Eq. (5) 

  After the mild sulfurization with Na2S, the color of obtained electrode is changed 

from dark-yellow to black, indixating that the FeNiSx/NiFe(OH)x/NF is obtained 

( Figure 3.3a).  
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Figure 3.2 LSV polarization curves; (b) corresponding Tafel slopes; (c) Nyquist plots 

NiFe(OH)x/NF for OER in alkaline freshwater with 1.0 M KOH (corrosion time: 30, 

60, 120 and 180 min are ); and (d) overpotentials at 10 and 100 mA cm-2 of all prepared 

electrodes. 

 

As shown in Figures 3.3(b-c), NiFe(OH)x nanosheets uniformly grow on the surface 

of NF without the addition of additional nickel source, ensuring robust physical contact 

of active catalyst layer to the substrate. After the mild sulfurization by anion-exchange 

reaction between S2- (from Na2S) and OH- of NiFe(OH)x, the original morphology is 

maintained (Figure 3.3c). Herein, since the solubility constant (Ksp) of sulfide is lower 

than that of hydroxide, the S2- could partially substitute the OH- to form FeNiSx on the 

surface of NiFe(OH)x. From the EDS elemental mapping (Figures 3.3(d-e)), one can 

see that Ni, Fe, O and S exist on the NF substrate and all these elements are 

homogeneously distributed. However, due to the high intensity peak of the nickel foam 
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substrate, no diffraction peaks corresponding to both metal hydroxides and metal 

sulfides are observed in the XRD patterns of the obtained NiFe(OH)x and 

FeNiSx/NiFe(OH)x (Figure 3.4). However, from the TEM images as shown in Figures. 

3.5(a-c), it can be found that FeS, Ni(OH)2 and Fe(OH)3 exist in the electrocatalysts 

with lattice spacings of 0.28 (111), 0.26 (101) and 0.27 (102) nm, respectively. More 

interestingly, lattice distortion is observed, implying that the sulfurization allows S 

atoms incorporating into the NiFe(OH)x structure, which could improve the intrinsic 

activity of the obtained electrocatalysts. The corresponding nano-scale elemental 

mappings as shown in Figures 3.5(d-g) also confirm the uniform distribution of Ni, Fe, 

S and O elements on the nanosheets. The obtained FeNiSx/NiFe(OH)x electrocatalyst 

was further characterized by Raman analysis. As shown in Figure 3.6a, the 

representative bands at around 470 and 540 cm-1 correspond to Fe3+-Ni2+-O-Ni2+ and 

Fe3+-O-Fe3+ bonds in NiFe(OH)x, respectively. While, the Raman center-band at 

685 cm−1 could be attributed to the Fe3+-O vibration in the disordered Fe-OH clusters 

[29]. The broad peak with low intensity at 475 cm-1 also confirms the amorphous nature 

of NiFe(OH)x [30]. After the sulfurization, the peaks at 330 and 355 cm-1 corresponding 

to the mackinawite FeS are observed, indicating that the S atoms has been doped into 

NiFe(OH)x structure successfully [31].  



125 

 

 

 

Figure 3.3 (a) Schematic illustration of the FeNiSx/NiFe(OH)x/NF electrode fabrication 

procedure; (b) SEM images of the pre-treated NF; (c) surface of NiFe(OH)x/NF 

electrode; (d) surface of FeNiSx/NiFe(OH)x/NF electrode; and (e) EDS elemental 

mappings of FeNiSx/NiFe(OH)x/NF electrode.  
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  Figure 3.4 XRD patterns of as-prepared catalysts. 

 

Figure 3.5 TEM images of (a) FeNiSx/NiFe(OH)x; (b,c) HR-TEM images and (d-g) 

corresponding EDS elemental mappings of Ni, Fe, S and O on FeNiSx/NiFe(OH)x 

surface 

Figure 3.6b displays XPS survey spectrum of the obtained FeNiSx/NiFe(OH)x, which 

further demonstrates the presence of Ni, Fe, O and S elements in this electrocatalyst. 

The high-resolution Ni 2p spectrum in Figure 3.6c shows two peaks at the binding 

energies of 855.9 and 857.1 eV, which correspond to Ni2+
 and Ni3+ species, confirming 

the presence of Ni2+ and Ni3+ in FeNiSx/NiFe(OH)x. After the sulfurization, the peak 
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intensity corresponding to Ni2+ is increased when compared to that of NiFe(OH)x. 

Furthermore, compared with NiFe(OH)x (Ni2+: 856.3 eV), the Ni2+ peak position of 

FeNiSx/NiFe(OH)x (Ni2+: 855.9 eV) shifts to the lower binding energy direction since 

the electronegativity of S (2.58) is lower than that of O atom (3.44). It also indicates 

that incorporating S into NiFe(OH)x crystal lattice via O site substitution can effectively 

improve electrocatalytic activity by creating more adsorption sites with high electron 

density and asymmetric charge density distribution, lowering OER overpotential [32]. 

As can be seen in Figure 3.6d, Fe 2p3/2 and Fe 2p1/2 of Fe2+ species are ascribed to the 

two peaks at 711.7 and 721.5 eV, respectively, whereas those of Fe3+ species are 

assigned to the coexistence peaks at 714.0 and 726.2 eV, respectively. Furthermore, 

after the sulfurization, the corresponding peak intensity of Fe0 metal species at 707.0 

eV is increased while the Fe 2p spectrum shifts about 0.30 eV higher than that in the 

NiFe(OH)x, implying that the incorporating of S atoms can enhance the coordination 

ability of Fe and formation of FeS (𝐹𝑒ଶା + 𝑆ଶି → 𝐹𝑒𝑆 ) species on the surface of 

NiFe(OH)x, which could considerably improve the conductivity, thereby benefiting for 

OER. The O 1s peak can be decomposed into three peaks at 530.7, 531.4 and 532.1 eV, 

corresponding to O2- , OH and surface absorbed water/oxygen defect sites, respectively 

(Figure 3.6e) [33]. On the high-resolution S 2p spectrum, the peaks at 162.1 and 163.3 

eV correspond to 𝑆ଶି (S-S) and 𝑆ଶ
ଶି  (S-M) in FeNiSx, respectively (Figure 3.6f). 

Moreover, the peak at 168.6 eV should be attributed to surface oxidation with the 

formation of S-O bond relating to the sulfurization. As can be seen from Figure 3.6c, 

after the sulfurization, the binding energy of Ni is shifted negatively because the sulphur 

(S) has a lower electronegativity with higher polarization degree so that it is easier to 

be polarized and shares more electrons with the foreign metal in order to balance the 

strong positive field of Ni. Herein, the lowering of binding energy could make Ni 
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receive more electrons from the S after the sulfurization step. Meanwhile, in the O 1s 

spectrum, the binding energy also shifts negatively, which should be attributed to the 

partial substitution of hydroxyl anions with S anion caused by the polarization effect. 

As such, the incorporation of S into the NiFe(OH)x can effectively modulate the 

electronic structure by anionic regulation and generation of S/O hetero-anionic 

structure with the formation of FeNiSx on the surface of NiFe(OH)x, which should be 

beneficial to the electrocatalytic activity.  

 

Figure 3.6 (a) Raman spectra of NiFe(OH)x and FeNiSx/NiFe(OH)x;  (b) Survey 

spectrum; and high-resolution XPS spectra of (c) Ni 2p, (d) Fe 2p, (e) O 1s and (f) S 

2p.  

3.3.2 Electrocatalytic performance for OER in alkaline freshwater  

Performance of as-prepared electrocatalysts for OER in alkaline freshwater solution 

was investigated at first in a three-electrode system in 1 M KOH freshwater solution. 

Figure 3.7a shows the polarization curve of FeNiSx/NiFe(OH)x/NF electrode 

comparing with the related ones as well as benchmark RuO2 based electrode. To avoid 

the influence of the oxidation peak on the overpotential range of 1.3-1.5 V (vs. RHE), 

a high current density was employed for the comparison of overpotentials. As shown in 
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Figure 3.7b, the FeNiSx/NiFe(OH)x/NF electrode exhibits superior performance with a 

lowest overpotential of 277 mV at 100 mA cm-2, which is much lower than those of 

NiFe(OH)x/NF (332 mV), NixSy/NF (410 mV) and RuO2/NF (407 mV) electrodes, 

indicating that the sulfurization effectively improves the intrinsic activity of NiFe(OH)x, 

reduces the free energy between O* and OOH*, and optimizes the Ni- and/or Fe-O 

bonding, which are beneficial for the improving of OER activity. While, the 

corresponding Tafel slopes are also calculated from the LSV curves, and as shown in 

Figure 3.7c, the Tafel slope of FeNiSx/NiFe(OH)x/NF electrode is 35.3 mV dec-1, which 

is much lower than those of NiFe(OH)x/NF (40.3 mV dec-1), NixSy/NF (48.3 mV dec-

1), bare NF(70.4 mV dec-1) and RuO2/NF (46.5 mV dec-1) electrodes, suggesting that 

the FeNiSx/NiFe(OH)x/NF electrode results in a fastest kinetic reaction since the S 

incorporation effectively improves the electronic structure of electrode, thereby 

adjusting the adsorption/desorption energy on the electrode surface and reducing the 

gap between the free energy of formation of the 𝑂∗ and 𝑂𝑂𝐻∗ intermediates [31]. EIS 

analysis was further performed to determine the charge transfer resistance (Rct) on the 

electrode. Nyquist plots in Figure 3.7d reveal that the Rct of FeNiSx/NiFe(OH)x/NF 

electrode (0.4 Ω) is also much lower than those of other electrodes such as 

NiFe(OH)x/NF (0.6 Ω), indicating that the incorporation of S effectively improves the 

conductivity and the in-situ growth with sulfurization strategy also effectively reduces 

the charge transfer resistance between electrocatalyst layer and substrate. In addition, 

the electrochemical active surface areas (ECSAs) calculated from the double layer 

capacitances (Cdl) by measuring cyclic voltammetry at different scan rates (Figure 3.7e) 

show that the FeNiSx/NiFe(OH)x electrocatalyst has the highest Cdl value of 9.2 mF cm-

2 , which is approximately 1.2 times higher than those of NiFe(OH)x. This result also 
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indicates that the sulfurization improves the ECSA significantly by increasing the 

surface area and exposing/generating more active sites.  

A multi-step chronopotentiometry test was carried out to identify the stability of 

FeNiSx/NiFe(OH)x electrocatalyst. As can be seen from Figure 3.7f, the current density 

is increased from 100 mA cm-2 and ended at 1,000 mA cm-2 with an increment of 100 

mA cm-2 per 600 s, the relating potential at each condition remains constant without 

any fluctuation. Moreover, the reverse operation by changing the current density back 

to 100 mA cm-2 from 1,000 mA cm-2 also exhibits the same initial potential response as 

the initial process at the same current density, demonstrating superior mechanical 

robustness throughout a wide range of current densities, which indicates its applicable 

for a practical process.  

The durability of FeNiSx/NiFe(OH)x/NF electrode for OER in alkaline freshwater 

solution containing 1 M KOH was further investigated by cyclic voltammetry at a scan 

rate of 100 mV/s for 2000 cycles as well as chronopotentiometry at a constant current 

density of 100 mA cm-2 for 100 hours. As can be seen in Figure 3.7g, the LSV curves 

before and after the accelerated degradation test are identical after 2,000 cycles, 

suggesting high mechanical robustness. While, as indicated in Figure 3.7h, the 

FeNiSx/NiFe(OH)x/NF electrode maintains its initial potential for at least 100 h without 

the degradation, confirming its superior activity and stability of this electrocatalyst in 

alkaline solution compared to the NiFe based ones (Table 3.1). Figure 3.7i shows the 

morphology of spent electrocatalyst after the 100-h stability test. One can see that the 

nanosheet structure maintains almost unchanged after the long-time stability test. The 

presence of Ni, Fe, and S on the spent electrocatalyst is also confirmed (Figure 3.8). 

The XRD analysis indicates the amorphous nature of the spent electrocatalysts (Figure 

3.9a). Furthermore, the XPS analysis (Figure 3.10) also displays that the composition 
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and oxidation states of the main elements in the spent electrocatalyst remain almost 

unchanged. Especially, the Fe 2p profile at 708.7 eV corresponding to Fe0 is still 

retained, implying that the chemical composition and the valence state are not changed 

after the stability test. 

Figure 3.7 OER performance in alkaline freshwater solution containing 1 M KOH. (a) 

LSV curves; (b) overpotentials at 50 and 100 mA cm-2; (c) Tafel plots; (d) Nyquist plots; 

(e) capacitive current density as a function of scan rate; (f) Multiple-step 

chronopotentiometry test started from 100 mA cm-2 and ended at 1,000 mA cm-2 with 

an increment of 100 mA cm-2 in every 600 s, then returning back to 100 mA cm-2; (g) 

LSV polarization curves of FeNiSx/NiFe(OH)x/NF electrode before and after the 

accelerated durability test (ADT) for 2000 cycles; (h) durability test at a constant 

current density of 100 mA cm-2 for 100 h; and (i) SEM image of spent 

FeNiSx/NiFe(OH)x after the stability test.  
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Table 3.1 Comparison of OER activities of various NiFe based electrocatalysts for the 

electrolysis of alkaline freshwater solution (1 M KOH) 

 

Electrocatalyst 

 

Electrolyte 

Overpotential 

 at 10 mA cm-2 

(mV) 

Overpotential  

at 100 mA cm-2 

(mV) 

 

Stability Reference 

FeNiSx/NiFe(OH)x/NF  1 M KOH 164 277 100 This work 

NiFe(OH)x/CP 1 M KOH 261 303 50 [14] 

Ni–Fe–OH@Ni3S2/NF 1 M KOH 165 300 - [44] 

Ni-Co-Fe/Cu 1 M KOH 316 375 5 [45] 

Fe3O4/FeS2 1 M KOH 253 306 36 [46] 

NiFe LDH 1 M KOH 243 N/A - [39] 

NiFe LDH/CuO 1 M KOH 
270 

(at 20 mA cm-2) 

N/A - 
[47] 

(Ni-Fe)Sx/NiFe(OH)y 1 M KOH - 290 - [29] 

(Ni, Fe)S2@MoS2 1 M KOH 270 330 - [48] 

Ni–Fe–OH/Ni3S2/NF 1 M KOH 268 324 - [49] 

FeS-NiS/TM 1 M KOH 260 N/A 25 [50] 

Co–NiFe LDH 1 M KOH 278 N/A 24 [51] 

NiFe-LDH-Ni(III)Li 1 M KOH 248 N/A 24 [52] 
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Figure 3.8 Corresponding EDS elemental mapping of FeNiSx/NiFe(OH)x 

electrocatalyst after the stability test in alkaline freshwater solution for 100 h. 

 

Figure 3.9 XRD patterns of FeNiSx/NiFe(OH)x/NF electrode before and after the 

stability test in (a) alkaline freshwater and (b) alkaline simulated seawater solutions. 
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Figure 3. 10 (a) Ni 2p XPS spectrum, (b) Fe 2p XPS spectrum, (c) S 2p XPS spectrum 

and (d) O 1s XPS spectrum of FeNiSx/NiFe(OH)x electrocatalyst after long-term 

stability test for 100 h in alkaline freshwater solution. 

 

3.3.3 Selectively of OER performance in alkaline simulated seawater 

  The OER performance of the FeNiSx/NiFe(OH)x/NF electrode in an alkaline 

simulated seawater electrolyte was further investigated by adding 0.5 M NaCl into 1 M 

KOH freshwater solution [34]. As shown in Figures 3.11(a-b), only overpotentials of 

270, 440 and 614 mV are required to achieve current densities of 100, 500 and 1,000 

mA cm-2, respectively, which are even slightly better than the case using alkaline 

freshwater solution containing 1 M KOH, and better performance than those recently 

reported electrocatalysts for seawater electrolysis (Table 3.2). Multi-step 

chronopotentiometry measurements with various current density inputs were also 

performed to test its stability working at different environments such as those in the 

practical process. As shown in Figure 3.11c, notably, this electrode demonstrates a 

consistent response potential in each step, implying that this electrocatalyst has 
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excellent mass transfer and charge transfer property as well as stability in the simulated 

seawater environment over a wide range of current densities. While, as displayed in 

Figure 3.11d, the electrode can maintain its initial potential of 1.53 V vs RHE in the 

alkaline simulated seawater at 100 mA cm-2 for 100 hours without degradation and/or 

corrosion. Moreover, even at a current density of 500 mA cm-2, it also shows no obvious 

change comparing to the initial potential after 100-h stability test. In addition, no 

chlorine gas and hypochlorite are detected and no catalyst dissolution and/or the catalyst 

peeling off from NF substrate is observed during OER process. Therefore, the prepared 

FeNiSx/NiFe(OH)x/NF electrode has superior durability and high selectivity towards 

OER in the electrolysis of alkaline simulated seawater. Herein, it should be noted that 

the overpotential of this electrode is much lower than 480 mV, and the pH value after 

stability test even at a high current density is around 10, which are the favorable 

conditions to achieve high selectivity towards OER in a seawater electrolyzer [6]. 

Moreover, the nanosheet structure of the spent catalyst after the durability test for over 

100 h is still maintained (Figures 3.11(e-f)), suggesting the mechanical stability and 

anti-corrosion of this electrode in simulated seawater solution. Furthermore, as 

displayed in Figure 3.9b, the XRD pattern of the electrocatalysts after long-term OER 

stability test is similar to the initial state, showing that the amorphous nature is also 

stable in the simulated seawater solution. Moreover, as shown in Figure 3.12, except 

for S species, the chemical valence states of other main elements are essentially 

unchanged, also indicating the chemical stability of Ni and Fe species. However, for 

the EDS elemental mapping, it is confirmed that the S element is still remained in the 

spent electrocatalyst (Figure 3.13). The superior stability of this electrode could be 

attributed to the intercalating of sulfate ions into the NiFe(OH)x structure since it can 

enhance OER activity as well as corrosion resistance to chloride anions in seawater [4]. 
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The generation of multivalent anions such as sulfite during the reaction could enhance 

cation selectivity and thus block the chloride anions.  

   To investigate the possibility of this electrode used in an industrial scale condition, 

the durability test at a constant current density as high as 1 A cm-2 was also carried out 

for 100 h in the simulated seawater solution. Interestingly, as shown in Figure. 3.14a, 

the prepared FeNiSx/NiFe(OH)x/NF electrode also exhibits outstanding stability for 

over 100 hours without performance drop or catalyst corrosion. Notably, because of the 

cavitation of produced gas (O2) and Cl- in the solution caused by the high current 

density input, the surface morphology changes after the stability test, implying surface 

damage [35]. However, the TEM observation (Figure 3.14b) confirms the presence of 

FeS and NiFe(OH)x in the initial form. In the present electrocatalyst, the existing of 

FeNiSx and NiFe(OH)x should have a synergetic effect to provide stable active species 

for OER in the alkaline simulated solution, and especially FeNiSx could improve the 

electrical conductivity and prevent corrosion by chloride anions whereas the NiFe(OH)x 

accelerates water molecule dissociation step in the electrolysis of simulated seawater, 

thereby resulting in superior stability in the imitate seawater electrolysis.  
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Figure 3.11 OER performance of FeNiSx/NiFe(OH)x in imitate seawater (1M 

KOH+0.5M NaCl) electrolysis. (a) Comparison of LSV curves for OER in the alkaline 

freshwater solution containing 1 M KOH 1M KOH and the alkaline imitate seawater (1 

M KOH + 0. 5M NaCl); (b) OER overpotentials at different current densities; (c) Multi-

step chronopotentiometry measurements  started from 100 mA cm-2 and ended at 1,000 

mA cm-2 with an increment of 100 mA cm-2 in every 600 s, then returning back to 100 

mA cm-2; (d) Durability test at constant current densities of 100 and 500 mA cm-2 for 

100 h (inset: the photo showing the OER during the stability test); and (e-f) SEM images 

of FeNiSx/NiFe(OH)x after the stability test at current densities of 100 and 500 mA/cm2. 
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Figure 3.12 (a) Ni 2p XPS spectrum, (b) Fe 2p XPS spectrum, (c) S 2p XPS spectrum 

and (d) O 1s XPS spectrum of FeNiSx/NiFe(OH)x /NF after long-term stability test for 

100 h in imitate seawater solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Corresponding EDS elemental mapping of FeNiSx/NiFe(OH)x /NF after 

the stability test in simulated seawater solution for 100 h. 
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Figure 3.14 (a) Durability test in alkaline simulated seawater at a high current density  

(1 A cm-2) for 100 h (inset: SEM image after the stability test for OER) and (b) TEM 

image after the stability test for OER. 

 

Table 3.2 Comparisons of OER activities of various NiFe based electrocatalysts for the 

electrolysis of alkaline simulated seawater electrolyte 

Electrocatalyst Electrolyte 
Overpotential at 

100 mA cm-2 (mV) 

Stability 
Reference 

FeNiSx/NiFe(OH)x/NF  1 M KOH+0.5 M NaCl 270 100 This work 

NiFeN @NiMoN 1 M KOH+0.5 M NaCl 286 48 [53] 

NiFe LDH/Carbon 0.1 M KOH+0.5 M NaCl 
359 

(at 10 mA/cm2) 

2 
[6] 

Fluorine-doped tin 

oxide (FTO)/NiO 
0.1 M KOH+0.5 M NaCl 

340 ~3 
[54] 

S-(Ni,Fe)OOH 0.1 M KOH+0.5 M NaCl 278 100 [21] 

 

3.3.4 Elucidation of the OER mechanism by DFT calculations 

 The DFT calculations were also carried out to identify the OER mechanism and 

catalytic active sites on FeNiSx/NiFe(OH)x electrocatalyst. Theoretically, the OER 



140 

 

mechanism under alkaline condition can be described by four steps using the following 

equations: [36] 

𝑂𝐻ି +∗ → 𝑂𝐻∗ + 𝑒ି       Eq. (6) 

𝑂𝐻∗ + 𝑂𝐻ି → 𝑂∗ + 𝑒ି + 𝐻ଶ𝑂      Eq. (7) 

𝑂∗ + 𝑂𝐻ି → 𝐻𝑂𝑂∗ + 𝑒ି       Eq. (8) 

𝐻𝑂𝑂∗ + 𝑂𝐻ି →∗ + 𝑂ଶ + 𝑒ି + 𝐻ଶ𝑂     Eq. (9) 

 Where the * denotes catalytic active sites on the catalyst surface while 𝑂𝑂𝐻∗, 𝑂∗ and 

𝑂𝐻∗ represent adsorption intermediates.  

The catalytic active sites were studied by DFT calculations using Ni and Fe atoms 

with S substitutions on the O site. The three models are including NiFe(OH)x, FeNiSx-

NiFe(OH)x-Fe sites and FeNiSx-NiFe(OH)x-Ni sites with refer to single phase 

NiFe(OH)x, S substitution on O (Fe active sites) and S substitution on O (Ni active 

sites), respectively, are proposed (Figure 3.15). 

 

 
Figure 3.15 Structure models of (a) NiFe(OH)x; (b) FeNiSx-NiFe(OH)x-Ni sites; and 

(c) FeNiSx-NiFe(OH)x-Fe sites. 

 

 According to OER in Figure 3.16a, the intermediates *OH, *O, and *OOH bound 

to the active sites through oxygen species with a single bond should be in 

correspondence with four-electron mechanism. Basically, OER overpotential is directly 

related to the free energies of the reaction intermediates, especially at the second step 
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(*OH to *O), and the adsorption free energy difference between *OH and *O is 

proposed to be the main descriptor for the OER activity [32]. As shown in Figure 3.16b, 

the transformation of *OH to *O can be defined as a rate determining step due to its 

larger gap of free energy than other steps. As a result, the Gibbs free energy difference 

value of FeNiSx-NiFe(OH)x-(*Fe) (∆𝐺ூூ = 1.61 𝑒𝑉) is lower than those of FeNiSx-

NiFe(OH)x- (*Ni) (∆𝐺ூூ = 2.21 𝑒𝑉) and NiFe(OH)x (∆𝐺ூூ = 1.74 𝑒𝑉), suggesting that 

Fe sites should be the active sites and S substitution on the O site can effectively reduce 

the free energy, thereby enhancing the electrocatalytic properties. In other words, S 

doping can decrease free energy gap between *OH to *O, making OER more efficient 

(Figure 3.16c).  Moreover, Cl- adsorption energy on the Ni and Fe sites in FeNiSx-

NiFe(OH)x electrode were also calculated by DFT. As shown in Figure 3.16d, the free 

energy of Cl- adsorption on Ni sites ( -3.30 eV) is higher than that on Fe sites ( -3.19 

eV and -2.65 eV), indicating that Cl- adsorption on Ni sites should be more 

thermodynamically favorable since it is more negative than that of two Fe sites on 

FeNiSx-NiFe(OH)x-(*Fe). As such, more free available sites on the Fe surface could be 

provided for OER, implying higher OER selectivity against ClER on the FeNiSx-

NiFe(OH)x-(*Fe) (Figure 3.17). 
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Figure 3.16 (a) Schematic illustration for OER mechanism, (b) Gibbs free energy 

diagram; (c) The energy barrier for *OH to *O transition reaction step and, (d) the 

energy barrier for Cl- adsorption. 

 

 
Figure 3.17 Structure models of Cl- adsorption ; (a) on Ni sites and (b and c) on and Fe 

sites in FeNiSx/NiFe(OH)x.  
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3.3.5 Overall alkaline freshwater and seawater electrolysis  

Since the obtained FeNiSx/NiFe(OH)x electrocatalyst shows excellent performances 

for the OER in both alkaline freshwater and simulated seawater electrolysis processes, 

a try was performed by using it as the bifunctional electrocatalyst for the overall alkaline 

freshwater and seawater electrolysis. Figure 3.18 shows a photo of overall water 

electrolysis cell. Both HER and OER activities of FeNiSx/NiFe(OH)x electrocatalyst 

are demonstrated in Figure 3.19. It is observed that the potential differences (∆𝐸) 

between HER and OER at a current density of 100 mA cm-2 are 1.82 and 1.80 V for the 

electrolysis of alkaline freshwater and simulated seawater, respectively. Comparing to 

the theoretical decomposition voltage of 1.23 V for water electrolysis, this bifunctional 

electrode requires only 590 and 570 mV overpotentials for the electrolysis of alkaline 

freshwater and simulated seawater, respectively, which are even lower than those of the 

cell with noble metal-based catalysts (i.e., Pt/C and RuO2).  

 

 

Figure 3.18 Digital photograph show in O2 and H2 gas bubbles on the electrode surface. 
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Figure 3.19 Electrocatalytic activities of FeNiSx/NiFe(OH)x /NF electrode for OER and 

HER; (a) in alkaline freshwater and (b) in alkaline simulated solution.   

 

Due to the outstanding OER and HER activities of this catalyst, a two-electrode cell 

by using it for both cathode (+) and anode (-) (denoted as FeNiSx/NiFe(OH)x/NF || 

FeNiSx/NiFe(OH)x/NF) was investigated. As can be seen in Figures 3.20a and 3.20d, 

this electrolysis system only requires a low cell voltage of 1.58 and 1.60 V at 10 mA 

cm-2 in the alkaline freshwater and simulated seawater solutions, respectively. Notably, 

for the alkaline freshwater electrolysis, the cell with the bifunctional 

FeNiSx/NiFe(OH)x/NF electrode exhibits superior performance over other reported 

ones (Figure. 3.20c NiFe-LDH/(Ni(OH)2  (1.6 V) [30], Ar-NiCo2O4/S (1.63 V) [37], 

NiFe-(oxy)sulfide (1.64 V) [38] , NiFe-LDH ( 1.70 V) [39] NiFe-LDH/FeCoS2 (1.74 

V) [40], NiFe-LDH/Ni3S2 (1.65 V)[41] and Ni-CoS2 (1.66 V)[42]). While, for the 

simulated seawater solution electrolysis, it  also shows a comparable performance to 

those reported ones (Figure 3.20f. NiMoN//NiMoN@NiFeS (1.58 V), Karst Ni Foam 

(1.79 V) and NiFe-NiSx-Ni//Ni-NiO-Cr2O3 (1.56 V) [43] ).  

    Long-term stability test of this two-electrode system was also carried out in both 

alkaline freshwater and simulated seawater solutions at different constant current 

densities of 10, 100, 500 and 1,000 mA cm-2. As shown in Figure 3.20b, constant cell 
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voltages of 1.58, 2.00, 2.90 and 3.54 V are obtained without electrocatalyst dissolution 

and apparent degradation for 12 h in the alkaline freshwater solution. Similarly, in the 

imitate seawater solution, the cell voltages of 1.60, 1.93, 2.41 and 2.81 V are also 

remained for over 12 h (Figure 3.20e). Particularly, this two-electrode system is capable 

to sustain stable up to 1 A/cm2 in the imitate seawater solution with an overall water 

electrolysis voltage of 2.81 V, achieving a high hydrogen productivity without the 

catalyst deterioration, which should be attributed to that the polyatomic anion on the 

anode could block the Cl- and protect the corrosion of electrode. While, it is reported 

that the S incorporation into the NiFe(OH)x structure could decrease OH* adsorption 

energy as well as free energy gap between O* and OH* for the enhancing OER at a 

lower overpotential, which is consistent with the above DFT results and those in the 

literature [32]. Moreover, chronopotentiometry measurements with a power on-off 

condition was also performed to investigate the stability of this electrolysis system in 

order to mimic the practical operation condition in the large-scale application using 

intermittent energy sources such as wind and solar power. As shown in Figure 3.20g, 

the chronopotentiometry measurements were carried out in a simulated seawater 

solution by continuously applying a current density of 100 mA cm-2 for 1 h, then turning 

off the current for 0.5 h, and repeating this process for 4 cycles. As a result, the cell 

voltage remains steady at 1.82 V during the power-on period with a good recovery 

property in each cycle, implying the stability of electrocatalytic performance and 

mechanical robustness in an unstable power supply system for seawater electrolysis. 

Besides, the faradaic efficiency is calculated from theoretical and measured hydrogen 

and oxygen evolution amounts during the electrolysis in the two-electrode system for 

overall water electrolysis by using this bifunctional electrode as both cathode and anode. 

As shown in Figure 3.21, the faradaic efficiencies of hydrogen/oxygen production are 
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as high as 94/95% and 93/94% in the electrolysis of alkaline freshwater and simulated 

seawater, respectively. Therefore, it could be one of the most promising candidates for 

hydrogen production from seawater in a large-scale application using a system as  

illustrated in Figure 3.20h.  

Figure 3.20 (a) LSV curves of two-electrode systems of FeNiSx/NiFe(OH)x/NF || 

FeNiSx/NiFe(OH)x /NF and Pt/NF//RuO2/NF for alkaline freshwater electrolysis at a 

scan rate of 2 mV/s in 1 M KOH solution; (b) Stability tests at 10,100,500 and 1,000 

mA cm-2 for 12 h in alkaline freshwater solution containing 1 M KOH; (c) Comparison 

of the performances of various bifunctional electrocatalysts in electrolysis of alkaline 

freshwater solution; (d) LSV curves of alkaline freshwater solution containing 1 M 

KOH at a scan rate of 2 mV/s in alkaline imitate seawater solution; (e) Stability tests. 
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Figure 3.21 Theoretical hydrogen and oxygen evolution amounts and the measured gas 

amounts during the electrolysis in the two-electrode system for overall water 

electrolysis by using FeNiSx/NiFe(OH)x/NF electrode as both cathode and anode; (a,b) 

in alkaline freshwater (1M KOH) and (c,d) in alkaline simulated seawater (1 M 

KOH+0.5 M NaCl). 

 

3.4 Conclusions 

A FeNiSx/NiFe(OH)x electrocatalyst with a 2D nanosheet structure is successfully 

in-situ grown on nickel foam by using a facile corrosion engineering process followed 

by a fast and mild sulfurization step. This electrode exhibits excellent electrocatalytic 

performance with a low OER overpotential of 270 mV at 100 mA cm-2 and remarkable 

stability even at a large current density of 1 A cm-2 without catalyst dissolution and 

erosion for over 100 h in alkaline simulated seawater solution. Moreover, it can also be 

served as a bifunctional electrocatalysts for both HER and OER in the electrolysis of 

seawater. As a result, for the overall seawater electrolysis using a two-electrode system, 

it is capable to sustain stable up to 1 A/cm2 in the imitate seawater solution with a cell 

voltage of 2.81 V, achieving a high hydrogen productivity without the catalyst 
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deterioration while the faradaic efficiencies of  hydrogen and oxygen production are 

as high as 95% and 94% in the electrolysis of alkaline simulated seawater, respectively. 

The superior activity and durability of this electrode should be attributed to the 

synergistic interaction between highly conductive FeNiSx species and the highly 

catalytic active sites on both FeNiSx and NiFe(OH)x. In particular, the incorporated 

sulfur species could function as a protective coating layer for the blockage Cl- from the 

electrolyte, preventing catalyst degradation and/or erosion over the long-term operation 

under a high current density condition by intercalated it into the NiFe(OH)x layer 

instead of Cl-. DFT calculations proves that the low energy barrier on 

FeNiSx/NiFe(OH)x makes *OH to *O transition step more kinetically promoted and the 

bonding between Fe and OER intermediates improved. The DFT calculations reveal 

that Cl- has a high adsorption energy on the non-active Ni sites, implying that more free 

available Fe sites can be provided for OER, thereby resulting in a high OER selectivity. 

Therefore, this economical electrode could be a promising candidate for seawater 

electrolysis even in an industrial-scale application.  
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CHAPTER 4 Modification of spinel MnCo2O4 nanowire 

with NiFe-layered double hydroxide nanoflakes for stable 

seawater oxidation 

 

4.1 Introduction 

  According to the report of the International Energy Agency, the market share of 

hydrogen from water electrolysis will reach about 22% in 2050 [1]. Thus, water 

resource for the electrolysis is becoming more and more important since the fresh water 

resource is limited in our daily life. In contrast, high-salinity seawater accounts for 97% 

of total water reserves on the earth [2]. If seawater can be directly electrolyzed for the 

hydrogen production, the use of hydrogen in various equipments such as fuel cells can 

generate freshwater, which will not only save the limited fresh water resource but also 

solve the freshwater problem in the world [3]. Moreover, the seawater electrolysis is 

beneficial for the storage of those unstable ocean energy such as offshore wind power 

and tidal and wave energy [4]. However, unlike the fresh water electrolysis, in the 

seawater electrolysis, it contains competitive reactions between chlorine evolution 

reaction (ClER ; 2𝐶𝑙ି → 𝐶𝑙ଶ + 2𝑒ି, 𝐸଴ = 1.36 𝑉ோுா ) or hypochlorite generation 

reaction and oxygen evolution reaction (OER ; 4𝑂𝐻ି → 𝑂ଶ + 2𝐻ଶ𝑂 + 4𝑒ି;  𝐸଴ =

1.23𝑉ோுா  ) since ClER is more kinetically favorable than OER, especially at a high 

current density [5]. The difference in electrode thermodynamical potential between 

ClER and OER is fixed at 0.480 V. The hypochlorite will be not formed if the 

overpotential is less than 480 mV [6]. Furthermore, considering for a large-scale 

application at a high current density, catalyst corrosion and degradation should be taken 

into account. Sometimes, even though there is a lower overpotential, those accumulated 

Cl- ions would limit anode lifetime because high-concentration Cl- ions at the 
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electrode/electrolyte interface tend to accelerate the corrosion process through metal 

chloride-hydroxide formation, leading to catalyst deactivation [7]. Therefore, the 

designing criteria for the electrocatalysts in the seawater electrolysis should be (i) high 

OER selectivity and stability, (ii) high corrosion resistance, (iii) high temperature 

tolerance [8], and especially (iv) stable performance at high current density (~0.4-1 A 

cm-2).  

  Spinel-type cobalt-based binary metal oxides such as MnCo2O4 [9], CuCo2O4 

[10], and NiCo2O4 [11]  have been studied for OER because of their redox stability, 

synergy of two metals and mixed variance states of each metal. Especially, for 

MnCo2O4, it has an abundance active sites, in which the cobalt species provides a high 

oxidation potential while the manganese species affords high electron transfer ability 

along with defined morphology [12]. However, its performance is still unsatisfactory 

since it suffers from poor ionic conductivity and partial dissolution in those alkaline 

electrolytes, resulting in poor stability. Many strategies have been proposed to improve 

OER activity and stability such as modified MnCo2O4 with cation substitution [13], 

anchored on a highly conductive material [14] and surface modification [15]. To date, 

MnCo2O4 has never been used in a seawater electrolysis system [16]. In the presence 

of chlorine ions, it is reported that MnOx based catalysts always have high OER 

selectivity since MnOx can block Cl- transportation [17, 18]   While, it is found that 

some Layered Double Hydroxide (LDH) materials also have the ability to block 

chlorine ions due to higher Cl- adsorption free energy on their surfaces [19]. Among 

those LDH materials, NiFe-LDH is the most active one for the OER in alkaline 

electrolytes. However, inferior electrical activity, limited active sites, intrinsically poor 

catalytic activity, metal dissolution and instability during the OER at current densities 

higher than 100 mA cm-2 are the key barriers for industrial applications [20]. Recently, 
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it is found that uniformly coating of NiFe-LDH on a sulfide layer formed on a nickel 

substrate led to superior catalytic activity and corrosion resistance in alkaline seawater 

electrolysis [21]. Inspired by these reported results, in this study, modification of the 

MnCo2O4 nanowire with a NiFe-LDH layer was proposed in the preparation of 

electrocatalysts for the stable seawater electrolysis. It is expected that the combination 

of NiFe-LDH active material with Cl- blocking property and MnCo2O4 with rich active 

sites could significantly boost the activity and extend the stability in seawater 

electrolysis due to the synergy effect between the two materials. 

4.2 Experimental section 

4.2.1 Chemical and materials 

Manganese (II) nitrate tetrahydrate (Mn(NO3)2·4H2O, > 97%) and ruthenium (IV) 

oxide (RuO2, 99.9%) were purchased from Sigma-Aldrich, Japan. Cobalt (II) nitrate 

hexahydrate (Co(NO3)2∙6H2O, 99.5%), ammonium fluoride (NH4F, 97%), urea 

(CH4N2O, 99%), iron (III) chloride hexahydrate (FeCl3∙6H2O, 99%), sodium nitrate 

(NaNO3, 99%), sodium chloride (NaCl, 99%) hydrochloric acid (HCl, 69%), potassium 

hydroxide (KOH, 85%) and ethanol (C2H5OH, 99.5%) were purchased from Wako, 

Japan. Deionized (DI) water (18.2 MΩ cm) was used to prepare the solution. Nickel 

foam (NF; 1.5 mm of thickness, 0.23 g/cm3 bulk density and 110 pores/inch) was 

purchased from MTI, Japan.  

4.2.2 Preparation of MnCo2O4@NiFe-LDH on nickel foam (NF) 

  To remove oxide layer and other impurities, NF sheet (2 x 2 cm2) was ultrasonically 

cleaned in 1 M HCl, ethanol and deionized water consecutively for 1 h in each step, and 

then dried for 1 h in a vacuum oven at 60 oC. For the preparation of MnCO2O4@NiFe-

LDH on the NF, 1 mmol of Mn(NO3)2∙4H2O, 2 mmol of Co(NO3)2 ∙6H2O, 6 mmol of 

NH4F and 12 mmol of CH4N2O were dissolved in 30 ml of DI water, and then the pre-
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treated NF sheet was immersed into the above solution in a Teflon-lined autoclave, 

which was heated for 4 h at 120 oC followed by naturally cooling down. The resulting 

electrode was rinsed with ethanol and DI water sucessively, dried in vacuum oven at 

60 oC for 12 h, and continuously calcined in air atmosphere at 350 oC for 2 h. As such 

the MnCo2O4 nanowires were formed on the NF substrate. The obtained MnCo2O4/NF 

was then placed in an autoclave with a solution containing 2 mmol of FeCl3∙6H2O and 

2 mmol of NaNO3 in 30 ml of DI water, which was heated at 120 oC for 2 h. Thereafter, 

the obtained electrode was rinsed with DI water and ethanol sucessively for 3 times 

before being dried in a vacuum oven at 60 oC for 12 h. As such, the NiFe-LDH 

nanosheets were deposited on each MnCo2O4 nanowire was obtained, which is denoted 

as MnCo2O4@NiFe-LDH@/NF electrode. For comparison, MnCo2O4/NF and NiFe-

LDH/NF electrodes were also prepared by using the same hydrothermal method.  

4.2.3 Catalyt characterization 

 A scanning electron microscope (SEM, SU8010, HITACHI, JAPAN) and a 

transmission electron microscope (TEM, JEM-2100F, JEOL) were used to examine the 

morphology and nanostructure of the prepared electrocatalysts, respectively. The phase 

compositions and crystalline structures were characterized by an X-ray photoelectron 

spectroscopy measurement (XPS) using a VG Scientific ESCALab250i-XL instrument 

with an Al-Kα X-ray source and X-ray diffraction (XRD) measurement in a 2 range of 

10°-80° with a Rigaku Smartlab diffractometer (Japan) using a Cu-Kα radiation source 

(λ = 0.15406 nm), respectively.  

4.2.4 Electrochemical measurements 

 All prepared electrodes were examined using a three-electrode system on an 

electrochemical workstation (Versa STAT4, Princeton, USA). A standard Hg/HgO 

electrode was used as the reference electrode, a carbon rod was used as the counter 
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electrode and the as-prepared electrode was used directly as the working electrode. The 

potential with respect to reversible hydrogen electrode (RHE) was calculated by the 

Nernst equation: E(V vs. RHE) = E(V vs. Hg/HgO) + 0.098 + 0.059pH. The 

corresponding overpotential (η) for OER was calculated using the formula: η = E(vs 

RHE) - 1.23 V. The polarization curve was measured in a potential range of 0.924-2.324 

V vs RHE at a scan rate of 2 mVs-1 in both a simulated seawater alkaline solution (1 M 

KOH + 0.5 M NaCl) and a natural seawater based alkaline solution (the natural seawater 

was collected from Pacific Ocean, Aomori Prefecture, Japan) without iR-compensation. 

The electrochemical impedance spectroscopy (EIS) measurement was performed at a 

frequency range of 100 kHz-0.1 Hz. The cyclic voltammetry (CV) was conducted in a 

potential range of 0.1-0.2 V at a scan rate range of 10-100 mVs-1 to determine the 

electrochemical double layer capacitance (Cdl) for the determination of electrochemical 

active surface area (ECSA). OER durability was evaluated by using the 

chronopotentiometry testing for 20 h. at 10oC with constant high current densities of 

100 and 1,000 mA cm-2 in an alkaline simulated seawater solution (1M KOH + 0.5M 

NaCl).  

4.3 Results and discussion 

4.3.1 Characterization of MnCo2O4@NiFe-LDH electrocatalyst 

  A two-step hydrothermal method was used to prepare the MnCo2O4@NiFe-LDH 

electrocatalyst on NF (Figure 4.1a). As shown in Figure 4.1b, the MnCo2O4 nanowires 

have been successfully grown on the surface of NF substrate. Then, the NiFe-LDH layer 

has been also deposited on the MnCo2O4 nanowire via a reduction reaction between 

NaNO3 and FeCl3 : 𝑁𝑂ଷ
ି + 𝐻ଶ𝑂 + 2𝑒ି → 𝑁𝑂ଶ

ି + 2𝑂𝐻ି, where the 𝑂𝐻ି results in 

the precipitation of Ni and Fe species to form NiFe-LDH nanosheets on the surface of 

each nanowire (Figure 4.1c) [22]. One can see that the NiFe-LDH nanosheets are fully 
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covered on the surface of each MnCo2O4 nanowire (Figure 4.1d). The presences of Mn, 

Co, Ni, Fe and Ni elements on the NF have been also confirmed by the EDS elemental 

mapping (Figures. 4.1e-j). Fig. 2a shows the XRD patterns, on which the peaks at 18.8o, 

31.0o , 36.5o, 38.2o, 44.4o, 54.8o, 58.3o and 64.2o are contributed to the (111), (220), 

(311), (222), (400), (422), (511) and (440) planes of MnCo2O4 with cubic spinel 

structure (JCPDS 23-1237) whereas the peaks corresponding to the NiFe-LDH are well 

matching with the typical pattern (JCPDS 38-0715) [23]. Herein, the observed shoulder 

peaks at 10o and 78o are the main characteristic peaks of NiFe-LDH, confirming the 

generation of NiFe-LDH on the MnCo2O4.  

TEM image of the MnCo2O4@NiFe-LDH (Fig. 2b) clearly indicate a MnCo2O4 core 

with a NiFe-LDH shell structure. The lattice spacings of 0.29 and 0.23 nm in Figs. 2c-

d are consistent with the (220) and (015) planes of MnCo2O4 and NiFe-LDH, 

respectively [24]. One can see that the coating of NiFe-LDH nanoflakes on the 

MnCo2O4 nanowire causes defects on the parent MnCo2O4, which could promote 

electrochemical activity due to the generation of active sites as well as oxygen 

vacancies with the modifying of the electronic structure. Herein, the strong chemical 

bonding between metal species and absorbed oxygen species on the oxygen vacancy 

sites could facilitate oxygen activation and partial dissociation of the adsorbed H2O 

molecules [25]. 
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Figure 4.1 Fabrication and characterizations of MnCo2O4@NiFe-LDH electrocatalyst. 

(a) Schematic illustration of the fabrication route of MnCo2O4@NiFe-LDH/NF 

electrode; (b) SEM surface images of MnCo2O4/NF, (c) NiFe-LDH/NF, and (d) 

MnCo2O4@NiFe-LDH/NF; and (e-j) EDS elemental mappings of Mn, Co, Fe, Ni and 

O elements.  

 

Figure 4.2 (a) XRD patterns and (b)TEM image with a low magnification of 

MnCo2O4@NiFe-LDH; (c-d) HR-TEM images of MnCo2O4@NiFe-LDH.  
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Figure 4.3 shows the XPS spectra of as-prepared MnCo2O4@NiFe-LDH 

electrocatalyst (Figure. 4.3a). The deconvolution peaks for the parent MnCo2O4 

nanowires (Figure. 4.3b) confirm the presence of Mn2+ (641.7 and 653.0 eV) and Mn3+ 

(643.6 and 654.5 eV) species. The Co 2p spectra show two spin-orbital doublets at 

780.4 and 795.5 eV, which are attributed to Co 2p3/2 and Co 2p1/2 of Co3+, respectively 

[26]. While, the peaks at 782.5 and 797.6 eV are related to Co 2p3/2 and Co 2p1/2 of Co2+, 

respectively (Figure 4.3c). As shown in Figure 4.3d, the binding energies of 855.7 and 

873.3 eV are ascribed to Ni 2p3/2 and Ni 2p1/2, which correspond to Ni2+ of NiFe-LDH 

[27]. As summarized in Table 4.1, the relative ratio of Mn3+ was reduced with the 

increases in that of Mn2+ after the growing of NiFe-LDH nanosheets on MnCo2O4 

nanowire due to the chemical reduction process. Furthermore, the peak of Co 2p 3/2 

shifts toward the lower binding energy direction, indicating that Fe incorporation 

changs the electronic structure of Co species in comparison to the pure MnCo2O4 

(Figure 4.3c). Notably, the relative ratio of Co3+ species is increased after the growth of 

NiFe-LDH, implying an increase in OER active sites [29]. Most importantly, as 

indicated in Table 1, the MnCo2O4@NiFe-LDH has a higher Co3+/Co2+ ratio (1.32) than 

MnCo2O4 (1.21), implying a higher OER activity for the promoting of water 

dissociation to active OH* intermediate species and the accelerating of OER kinetics 

[30]. While, a higher Ni3+/Ni2+ on the MnCo2O4@NiFe-LDH (0.83) than that on the 

NiFe-LDH (0.79) could lower the overpotential of the electrode for OER because 

higher Ni3+ concentration on the electrocatalyst is beneficial for the OER with Fe3+. 

However, as shown in Figures 4.3d-e, it should be noted that the oxidation states of Ni 

and Fe species are not noticeably changed comparing to those on the initial NiFe-LDH. 

According to the report by Steven et al.[31], only those surface Fe3+ species at the 

edge/defect sites could be responsible for the enhancement of OER activity relating to 
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Ni2+ species. Based on the above XPS analysis results, the incorporation of NiFe-LDH 

could effectively improve electrocatalytic activity of MnCo2O4. In addition, the O 1s 

spectrum (Figure 4.3f) can be fitted into three characteristic peaks at 530.0, 531.1 and 

532.0 eV, which agree well with the binding energies of lattice oxygen (OL), oxygen 

vacancies  (Ov)  and surface adsorbed water (Oads), respectively [32]. Interestingly, 

the concentration of O vacancies (Ov) is increased after the incorporation of NiFe-LDH 

on MnCo2O4, implying that more O vacancies have been formed on the electrocatalyst. 

Herein, the positive shift of O 1s might be caused by the interaction between NiFe-LDH 

and MnCo2O4. Notably, the electronic configuration of MnCo2O4 is changed through 

the incorporation of NiFe-LDH, which could also significantly improve the OER 

activity due to the synergistic effect of Ni2+ and Fe3+ on the promoting of surface OER 

dynamics [19, 33]. In conclusion, the multiple oxidation states in MnCo2O4@NiFe-

LDH composite electrocatalyst should have rich redox characteristics, resulting in 

higher activity. 
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Figure 4.3 XPS spectra of the as-prepared electrocatalysts. (a) Survey spectra, (b) Mn 

2p, (c) Co 2p, (d) Ni 2p, (e) Fe 2p and (f) O 1s. 

 

Table 4.1 Elemental valence states of Mn, Co, Ni, Fe and O species of as-prepared 

electrocatalysts and their relative percentage ratios based on the deconvolution of peak 

areas. 

Catalyst 

Peak area 

ratio of Mn 

species (%) 

Peak area 

ratio of Co 

species (%) 

Peak 

area ratio 

of Ni 

species (%) 

Peak area 

ratio of Fe 

species (%) 

Relative ratio 

of O1s peak area 

(%) 

Mn
2+

/Mn
3+

 Co
2+

/Co
3+

 Ni
2+

/Ni
3+

 Fe
2+

/Fe
3+

 O2-/OH-/H-O-H 

MnCo2O4/NF 55.4/44.6 45.2/54.8 - - 47.8/25.9/26.3 

NiFe-LDH/NF - - 55.8/44.2 50.3/49.7 34.6/36.2/29.2 

MnCo2O4@Ni

Fe-LDH@ /NF 

64.6/35.4 43.0/57.0 54.5/45.5 62.0/38.0 26.1/45.8/28.1 

Note: The ratios of elemental valence states were calculated by the deconvoluted peak 

areas from XPS spectra. 
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4.3.2 Electrochemical performance for OER 

 The electrocatalytic activity was measured in 1 M KOH containing 0.5 M NaCl 

solution as the simulated seawater electrolyte [21] and compared with the RuO2 

benchmark electrocatalyst for OER. To avoid the influence of the oxidation peak at the 

potential range of 1.3-1.4 V (vs RHE), a high current density at 100 mA/cm2 is 

employed for the comparison of overpotentials in this study. As shown in Figure 4a, the 

MnCo2O4@NiFe-LDH composite electrocatalyst based electrode exhibits the superior 

performance with a lowest overpotential of 219 mV, which is lower than those of 

MnCo2O4/NF (395 mV), NiFe-LDH/NF (285 mV), and RuO2/NF (362 mV) electrodes 

at the current density of 100 mA cm-2. These results suggest that the modification of 

MnCo2O4 with NiFe-LDH greatly can improve the electrocatalytic activity for OER. 

The corresponding Tafel slopes were calculated based on the LSV curves (Fig. 4b). One 

can see that the Tafel slope of the MnCo2O4@NiFe-LDH/NF electrode is 45.4 mV dec-

1, which are lower than those of MnCo2O4/NF (115.8 mV dec-1), NiFe-LDH/NF (56.4 

mV dec-1) and RuO2/NF (75.4 mV dec-1), indicating that the OER over the 

MnCo2O4@NiFe-LDH has a fastest kinetics, and more oxygen intermediates could be 

adsorbed on it. Generally, the OER on the catalysts in the alkaline solution could occur 

as follows [34, 35]: 

𝑀 + 𝑂𝐻ି → 𝑀𝑂𝐻௔ௗ௦ + 𝑒ି  (Tafel slope = 120 mV dec-1) (1) 

𝑀𝑂𝐻௔ௗ௦ + 𝑂𝐻ି → 𝑀𝑂௔ௗ௦ + 𝑒ି + 𝐻ଶ𝑂  (Tafel slope = 40 mV dec-1) (2) 

2𝑀𝑂௔ௗ௦ →  2𝑀 + 𝑂ଶ   (Tafel slope = 15 mV dec-1) (3) 

𝑀𝑂𝐻௔ௗ௦ + 𝑂𝐻ି → 𝑀𝑂𝑂𝐻 + 𝑒ି      (4) 

𝑀𝑂𝑂𝐻 + 𝑂𝐻ି → 𝑀 + 𝑂ଶ + 𝐻ଶ𝑂 + 𝑒ି     (5) 

 For the MnCo2O4@NiFe-LDH/NF electrode, since its Tafel slope was 45.4 mV dec-1, 

the possible OER over it could follow Eqs. (1), (2), (4) and (5). That is, the reaction 
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starts with the adsorption of  𝑂𝐻ି  in alkaline solution on metal sites (𝑀 ) on the 

surface of MnCo2O4@NiFe-LDH. Then, 𝑀𝑂𝐻௔ௗ௦  undergoes a proton coupling 

electron transfer process, transforming into 𝑀𝑂௔ௗ௦. The following O-O bond formation 

step allows  𝑀𝑂௔ௗ௦  to react with another water molecule to form 𝑀𝑂𝑂𝐻 . Finally, 

𝑀𝑂𝑂𝐻 is oxidized, resulting in the release of O2 and the recovery of an initial metal 

active site on the surface of electrode. Considering for the surface adsorption sites of 

electrode, the XPS analysis reveals that more O vacancy sites are generated on the 

MnCo2O4@NiFe-LDH, which could promote the separation of H atoms from MOHads 

(Eq. 2) and the formation of FeOOH , thereby improving OER kinetics [36-38].  

In order to reveal the charge transfer resistance (Rct), the electrochemical impedance 

spectroscopy was further analysed in a frequency range of 100 kHz-0.1 Hz (Figure 4.4c). 

One can see that the charge transfer resistance (Rct) of the MnCo2O4@NiFe-LDH/NF 

electrode (0.56 Ω) is lower than those of MnCo2O4/NF (0.65 Ω) and NiFe-LDH/NF 

(0.60 Ω). In addition, the MnCo2O4@NiFe-LDH/NF electrode also showed the smallest 

solution resistance (Rs) of 0.32 Ω, demonstrating the superior conductivity over other 

electrodes. Therefore, the MnCo2O4@NiFe-LDH/NF electrode had a lowest charge 

transfer resistance with a better electronic property, which led to a faster reaction rate.      

The performances of the MnCo2O4@NiFe-LDH/NF electrode were further 

investigated at different operating temperatures. As shown in Figure 4.4d, when the 

operating temperature was increased from 10 to 80oC, the overpotential of the 

MnCo2O4@NiFe-LDH/NF electrode decreased to some extent (also see: Figure 4.5 and 

Table 4.2). Notably, this electrode can remain stable until the temperature was raised to 

80 oC. In addition, this electrode worked stably at 80 oC for 14 h at a high current density 

of 100 mA cm-2 (Figure 4.6), suggesting that it is applicable even at a high operating 

temperature as well as a large current density.  
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A multi-step chronopotentiometry test was used to assess the mechanical robustness 

of this electrode, in which the current density was increased from 100 until 1,000 mA 

cm-2 with an increment of 100 mA cm-2 every 600 seconds. As shown in Figure 4.4e, 

the response potential remaines steady without any fluctuation in each step whereas the 

reverse process also exhibites the same initial potential response as the forward process, 

indicating superior mass transport properties and mechanical robustness over a wide 

range of current densities, which is very important for a practical process. 

Additionally, the electrochemical active surface area (ECSA), which was calculated 

from the double layer capacitance (Cdl) measured using the cyclic voltammetry at 

various scan rates (Figure 4.4f). One can see that the MnCo2O4@NiFe-LDH 

electrocatalyst has a highest Cdl value of 12.0 mF cm-2, which is higher than those of 

MnCo2O4 (9.4 mF cm-2) and NiFe-LDH (6.7 mF cm-2), implying that this 

MnCo2O4@NiFe-LDH electrocatalyst has higher active surface area, allowing more 

active sites to be exposed for the facilitating the formation of more oxygen-containing 

intermediates during the OER process. 
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Figure 4.4 OER performance in simulated alkaline seawater solution (1 M KOH+0.5 

M NaCl solution). (a) LSV curves; (b) Tafel plots; (c) EIS Nyquist plots; (d) LSV curves 

of the MnCo2O4@NiFe-LDH/NF electrode  working at different temperatures; (e) 

Multiple-step chronopotentiometry test; (f) Capacitive current density as a function of 

scan rate; (g) Chronopotentiometry response at a constant current density of 100 mA 

cm-2; (h) Chronopotentiometry response at an industrial-level constant current density 

of 1,000 mA cm-2 for 20 h; and (i) SEM surface image of the spent MnCo2O4@NiFe-

LDH/NF electrode after the stability test. 
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Figure 4.5 Overpotentials of OER over MnCo2O4@NiFe-LDH electrocatalyst at room 

temperature (~10oC), 25 oC, 60 oC and 80 oC in alkaline simulated seawater solution. 

 

 

Figure 4.6 Durability test of MnCo2O4@NiFe-LDH/NF electrode for OER at 80 oC in 

alkaline simulated seawater solution for 14 h. 
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  In addition, the stability was also evaluated for 20 hours using a chronopotentiometry 

test at a constant current density of 100 mA cm-2. It is found that all the prepared 

electrodes maintain stable (Figure 4.4g). In order to examine the feasibility of such 

electrodes for an industrial process, the durability test at 1 A cm-2 were also  

investigated [39]. As shown in Figure 4h, the MnCo2O4@NiFe-LDH/NF electrode 

remains its initial potential in the alkaline simulated seawater at 1 A cm-2 for 20 h 

without degradation and potential drop. In comparison, the MnCo2O4/NF electrode 

showed unstable potential especially in the first 5-h testing (Figure 4.4h). Herein, it is 

found that the fluctuating potentials of the MnCo2O4/NF electrode were caused by the 

dissolution of MnCo2O4 in the solution containing NaCl (Figure 4.7). However, after 

the covering of NiFe-LDH nanosheets on the surface of MnCo2O4 nanowire, the 

catalyst degradation or MnCo2O4 dissolution problems can be well solved. It is 

considered that the NiFe-LDH layer on the MnCo2O4 can serve as a Cl- diffusion barrier 

to protect the MnCo2O4 nanowires from Cl- erosion while it allows the diffusion of 

other ions and O2 transportation between electrode and electrolyte. Furthermore, after 

the stability test, the spent MnCo2O4@NiFe-LDH electrocatalyst retaines its initial 

morphology (Figure 4.4i), also implying its high mechanical robustness and tolerance 

in the harsh conditions.      

Table 4.2 Electrocatalytic activity of the MnCo2O4@NiFe-LDH electrocataly at 

different temperatures in alkaline simulated seawater solution (1 M KOH+0.5 M NaCl) 

 

Temperature (oC) 
𝟏𝟎𝟎

 (mV) 
𝟓𝟎𝟎

(mV) 

RT (~10 oC) 222 478 

25 oC 154 437 

60 oC 137 331 

80 oC 124 294 
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Figure 4.7 Digital photographs of MnCo2O4/NF electrode before and after the stability 

test for 20 h in alkaline simulated seawater solution (1 M KOH + 0.5 M NaCl). 

4.3.3 Electrochemical performance for OER in alkaline natural seawater 

The OER performance of MnCo2O4@NiFe-LDH/NF electrode in an alkaline natural 

seawater (1 M KOH + Natural seawater, pH = 13.7) was also investigated (Figure 4.8). 

As presented in Figure 4.8a, the MnCo2O4@NiFe-LDH/NF electrode shows low 

overpotentials of 245 and 578 mV at current densities of 100 and 500 mA cm-2, 

respectively. Notably, as shown in Figure 4.8b, the overpotentials are slightly higher 

than those evaluated in the simulated seawater, which should be due to the existence of 

some impurities in the natural seawater, especially those insoluble precipitates such as 

Ca(OH)2 and Mg(OH)2 formed in the alkaline natural seawater condition could poison 

the electrode, resulting in the decrease in the performance for OER (Figure 4.8b) [40].  

However, this electrode is still highly durable in the alkaline natural seawater more 

than 25 h at a relatively high current density of 100 mA cm-2 (Figure 4.8c). According 

to the theoretical calculations in the previous report [19], the higher Cl- adsorption 

energy on the surface of NiFe-LDH could make ClER more difficult to occur, which 

can simultaneously prevent inner MnCo2O4  corrosion from Cl-  ions and improve 

anti-corrosion property, thereby enhancing the stability of such catalysts in the natural 

seawater based electrolytes. 
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Figure 4.8 (a) OER performances of the MnCo2O4@NiFe-LDH/NF electrode in 

simulated seawater (1 M KOH+0.5 M NaCl) and alkaline natural seawater (1 M KOH 

+ Natural seawater); (b) Comparison of overpotentials based on the results shown in 

Figure 4.8a; and (c) Chronopotentiometry response at a high current density of 100 mA 

cm-2 for 25 h in alkaline natural seawater solution. 

 

The XPS analysis of the spent electrocatalysts after the stability test was further 

performed. From the high resolution XPS spectra in the Mn 2p regions (Figure 4.9a), 

the peaks relating to the Mn2+ species decreases whereas those corresponding to Mn3+ 

species increased after the OER reaction, implying partial oxidation of the 

electrocatalyst during the OER (also see: Table 4.3). While, the relative ratio of 

Co3+/Ni3+ (Figures 4.9b-c) were slightly changed. In addition, the relative peak area of 

Fe3+ species increased, suggesting the formation of FeOOH active species during the 

OER process (Figure 4.9d). Moreover, the characteristic peaks of O 1s spectra of the 

spent catalysts in both cases corresponding to the lattice oxygen (Figure 4.9e) shift to 

higher binding energy, indicating the oxidation of lattice oxygen (OL) (Table 4.3). 

These surface lattice sites can be exposed to adsorb the intermediates, resulting in lower 

kinetic barriers, which is better for OER activity [41]. 

Similar phenomena were also reported by Huang et al., in which they implied that 

the optimal activity could be tuned via a barrier symmetry regulation between O-H bond 

cleavage and OOH* formation on the lattice oxygen sites, which can improve the OER 
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performance [42]. While, as stated above, the Mn3+, Co3+, Ni3+, and Fe3+ with higher 

oxidation states could also play an important role in maintaining the excellent durability 

in the alkaline natural seawater solution. Moreover, as indicated by Cheng et al. [43], 

chloride ions could act as a bridge ligand between Co and Fe by inserting into the 

interlayer of CoFe-LDH, which can stabilize the higher valence state of the Co element 

for retaining active sites for OER. In this study, for the NiFe-LDH, the similar function 

could also exist for the improving of OER in the alkaline natural seawater solution.  

The SEM image (Figure 4.9f) also showes that the MnCo2O4 nanowire coated with 

NiFe-LDH nanosheet structure is well maintained after the stability test, indicating its 

mechanical stability in the alkaline natural seawater solution during the OER process. 

 
Figure 4.9 XPS spectra of the MnCo2O4@NiFe-LDH electrocatalyst before and after 

OER stability test in the alkaline simulated and natural seawater solutions: (a) Mn 2p, 

(b) Co 2p, (c) Ni 2p, (d) Fe 2p, (e) O 1s; and (f) SEM image after the long-term stability 

test in alkaline natural seawater solution. 
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Moreover, TEM images (Figures 4.10(a-f)) confirm that the lattice fringe of (015) 

plane of NiFe-LDH and (220) plane of MnCo2O4 are remained. Interestingly, the crystal 

lattice of Fe-OOH can be observed due to the surface reconstruction of NiFe-LDH 

during the OER process, indicating that NiFe-LDH lattice distortion can accelerate the 

formation of Fe-OOH active species (Figures 4.10(g-i)) [44]. Based on these results, 

the present core-shell structure with two synergetic electrocatalytic components can 

effectively endow the catalyst with high activity and stability, which is ranked the top-

level in the developed OER electrocatalysts for seawater electrolysis (Table 4.4). 

 

 
Figure 4.10 TEM images of MnCo2O4@NiFe-LDH after the stability test: (a-b) 

MnCo2O4@NiFe-LDH; (c) NiFe-LDH layer; (d) lattice distance of  NiFe-LDH layer; 

(e) MnCo2O4 layer; (f) lattice distance of MnCo2O4; (g-h) Fe-OOH; and (i) Lattice 

distance of Fe-OOH. 
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Table 4.3 Elemental valence states of Mn, Co, Ni, Fe and O species of spent 

MnCo2O4@NiFe-LDH electrocatalyst after the stability test comparing with the fresh 

one and their relative percentage ratios based on the deconvolution of peak areas. 

 

Catalyst 

Peak area 

ratio of Mn 

species (%) 

Peak area ratio 

of Co species (%) 

Peak 

area ratio 

of Ni 

species (%) 

Peak area 

ratio of Fe 

species (%) 

Relative ratio 

of O1s peak 

area (%) 

Mn
2+

/Mn
3+

 Co
2+

/Co
3+

  Ni
2+

/Ni
3+

 Fe
2+

/Fe
3+

 O2-/OH-/H-O-H 

MnCo2O4@NiFe

-LDH - initial 

64.6/35.4 43.0/57.0 54.5/45.5 62.0/38.0 26.1/45.8/28.1 

MnCo2O4@NiFe

-LDH - after the 

stability test in 

alkaline 

simulated 

seawater solution 

57.0/43.0 48.2/51.8 58.7/41.3 46.5/53.5 34.9/35.9/29.2 

MnCo2O4@NiFe

-LDH - after the 

stability test in 

alkaline natural 

seawater solution 

52.3/47.7 41.5/58.5 56.9/43.1 47.9/52.1 31.6/39.6/28.8 

 

Moreover, the HER performance of MnCo2O4@NiFe-LDH was also investigated. 

As shown in Figure 4.11, MnCo2O4@NiFe-LDH exhibits the lowest overpotential as 

90 mV at the standard current density of 10 mA cm-2. Finally, overall seawater 

electrolysis was performed by using MnCo2O4@NiFe-LDH as the bifunctional 

electrocatalyst for both anode and cathode (MnCo2O4@NiFe-LDH (-) ll 

MnCo2O4@NiFe-LDH (+), which requires low cell voltages of 1.54 and 1.56 V at the 

standard current density of 10 mA cm-2 in the alkaline simulated and natural seawater 

solutions, respectively. Furthermore, its initial potentials can be maintained for 100 h at 
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a relatively high current density of 100 mA cm-2 without degradation or catalyst 

corrosion (Figures 4.12(a-c)). It confirms that such an electrocatalyst can also serve as 

the bifunctional electrocatalyst for seawater electrolysis with high stability against 

chloride corrosion.  

 

Figure 4.11 LSV curves for HER over MnCo2O4/NF, NiFe-LDH and MnCo2O4@NiFe-

LDH/NF electrocatalyst at room temperature in alkaline simulated seawater solution. 

 

 
Figure 4.12 (a) LSV curves of MnCo2O4@NiFe-LDH (-) ll MnCo2O4@NiFe-LDH (+) 

cell in the alkaline simulated and natural seawater solutions; (b) Chronopotentiometry 

test of MnCo2O4@NiFe-LDH (-) ll MnCo2O4@NiFe-LDH (+) cell at a high current 

density of 100 mA cm-2 in the alkaline simulated seawater solution (1 M KOH+0.5 M 

NaCl) and (c) in the alkaline natural seawater solution (1 M KOH + Natural seawater).  

 

 



176 

 

4.4 Conclusions 

In summary, a rational design of MnCo2O4@NiFe-LDH electrocatalyst with a 

core@shell structure was successfully performed and fabricated on NF substrate via a 

facile two-step hydrothermal method. The obtained electrode exhibited excellent 

electrocatalytic performance for OER with low overpotentials as 219 and 245 mV at a 

relatively high current density of 100 mA cm-2 in the alkaline simulated and natural 

seawater solutions, respectively.  Moreover, the MnCo2O4@NiFe-LDH/NF electrode 

exhibited high stability at different seawater conditions without corrosion even at an 

industrial scale level (> 500 mA cm-2). Besides, this electrocatalyst can also serve as 

the bifunctional electrocatalyst for the seawater electrolysis with high durability against 

chloride corrosion for over 100 h. The outstanding activity and durability of this 

electrode should be attributed to that (i) the NiFe-LDH shell on the  MnCo2O4 core 

can enhance electron transfer and act as a protective layer against Cl- erosion ; (ii) the 

MnCo2O4 core can provide rich active sites for OER with the assistance of the NiFe-

LDH shell; (iii) the incorporation of NiFe-LDH nanosheets on the MnCo2O4 core can 

effectively increase the active surface area, enhance the charge transfer property of 

MnCo2O4 nanowires, and  maintain higher valence states of the Mn, Co, Ni and Fe 

species in the electrocatalyst, which is beneficial for the retaining of rich active sites for 

long-term OER; and (iv) the generation of Fe-OOH on the lattice oxygen sites of NiFe-

LDH during the OER process can effectively promote water dissociation and reduce 

the kinetics barrier, thereby improving OER kinetics. Therefore, the synergistic effect 

between MnCo2O4 and NiFe-LDH played a crucial role for maintaining the catalytic 

activity and stability against chloride corrosion in alkaline natural seawater solution 

since Cl- could be inserted into the interlayer of NiFe-LDH, which can stabilize the 

higher valence state of the Mn3+, Co3+, Ni3+, and Fe3+ elements for retaining active sites 
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for OER and preventing the catalyst corrosion. This pioneer electrode could be a 

promising candidate for industrial-scale alkaline natural seawater electrolysis. 

Table 4.4 Comparison of OER performance of the present electrocatalyst with those 

recently reported ones for seawater electrolysis 

Electrocatalyst Electrolyte 
Overpotential at  

100 mA cm-2 (mV) 
Reference 

MnCo2O4@NiFe-LDH 
1 M KOH+0.5 M NaCl 

1 M KOH + Natural seawater 

219 

245 
This work 

NiFeN @NiMoN 1 M KOH+0.5 M NaCl 286 [37] 

NiFe-CuCo-LDH 6M KOH seawater 259 [14] 

NiFe-NiSx-Ni activated 1 M KOH+0.5 M NaCl 
~300 (at 400 

mA/cm2) 
[16] 

NiFe LDH/C 0.1 M KOH+0.5 M NaCl 359 (at 10 mA/cm2) [38] 

FTO/NiO 0.1 M KOH+0.5 M NaCl 340 [39] 

S-NiMoO4@NiFe-

LDH/NF 

1 M KOH+0.5 M NaCl 

1 M KOH + seawater 

273 

315 
[40] 
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CHAPTER 5 Conclusions and Prospects 

 

5.1 Conclusions  

Water splitting is a clean and secure process for producting hydrogen by decomposing 

water using various power sources such as electrical (current), thermal (heat) and light 

(electromagnetic radiation). In this study, electricity is used to cleave H-O-H bonds, 

resulting in the production of hydrogen and oxygen via the HER and OER. The major 

challenge to the implementation of electrochemical water splitting applications is the 

energy-efficiency loss with high overpotential during HER, OER and competitive 

reaction between OER and ClER, as well as economic inefficiencies including high-

cost nobel metal catalysts used and complicated processes. Additionally, the most 

important criteria for scaling up the application of electrocatalysts from laboratory scale 

to industrial scale is related to the catalytic activity, stability, suitability for a wide range 

of current sensities and high corrosion resistance. Therefore, minimizing the production 

cost but maximizing the performance by three different development strategies are used 

in this study, including the introduction of O vacancies on transition metal oxides by 

combining nanoengineering and defect engineering, sulfurized transition metal 

hydroxides, and nanostructured engineering for spinel oxide modification, to improve 

intrinsic activity, electrocatalytic activity and stability, especially at high and harsh 

conditions comparable to industrial scale. The key performances of all electrocatalysts 

are summarized as follows ;  

 (1) The obtained CuVOx@NiO/CP composite electrode is successfully synthesized 

via a facile hydrothermal process combined with a calcination step. This electrode 

exhibits a remarkable HER activity in alkaline solution with an overpotential as low as 

74 mV at 10 mA cm-2, which also shows excellent stability for 30 hours and a fast 
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kinetic reaction with a Tafel slope of 60.8 mVdec-1. Moreover, it can work stably in a 

wide range of current densities ( 10-300 mA cm-2). It is found that real active species 

are generated during HER due to CuVOx is reduced to VOx-Cu2O/Cu with increased O 

vacancies. Besides, the NiO shell also improved a number of active sites as well as 

super-hydrophilic surface, which effectively facilitate the H2O adsorption and 

decomposition to Hads intermediates, suggesting accelerate HER performace.    

(2) In order to reduce catalyst preparation cost and time and simultaneously decrease 

interfacial resistance between the electrocatalyst and the substrate, increase electrical 

conductivity, and prevent electrocatalyst peeling off from the substrate during the long-

term operation at a high current density in seawater solution, a simple corrosion 

engineering process followed by a fast and mild sulfurization step is used for in-situ 

growing of FeNiSx/NiFe(OH)x composite on nickel foam (NF) substrate. The obtained 

electrode has an outstanding electrocatalytic activity with a low overpotential of 277 

and 270 mV for the OER in alkaline and alkaline simulated seawater at 100 mA cm-2 , 

respectively. Furthermore, it can operate continuously for 100 hours at a current density 

of 1 A cm-2, which is comparable to industrial scale. Furthermore, this catalyst was used 

for both anode and cathode in a two-electrode system for overall seawater electrolysis, 

and it was capable of sustaining stable up to 1 A/cm2 in the imitate seawater solution 

with a cell voltage of 2.81 V, achieving a high hydrogen productivity without catalyst 

deterioration, while the faradaic efficiencies of hydrogen and oxygen production were 

as high as 95% and 94% in the electrolysis of alkaline simulated seawater. In this study, 

incorporated sulfur species could function as a protective coating layer for the blockage 

Cl- from the seawater electrolyte, preventing catalyst degradation over the long-term 

operation under a high current density condition by intercalated it into the NiFe(OH)x 

layer instead of Cl- and DFT calculations proves that S substitution on the O site 
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(NiFe(OH)x) can effectively lower energy barrier on FeNiSx/NiFe(OH)x makes *OH to 

*O transition step more kinetically promoted, implying improve OER activity. Besides, 

DFT calculations reveal that Cl- has a high adsorption energy on the non-active Ni sites, 

implying that more free available Fe sites can be provided for OER, thereby resulting 

in a high OER selectivity. Therefore, this economical electrode could be a promising 

candidate for seawater electrolysis even in an industrial-scale application.  

(3) A simple two-step hydrothermal method at low temperature is used for synthesized 

MnCo2O4 core @NiFe-LDH shell structure. This electrode exhibits low overpotentials 

of 219 and 245 mV at a high current density of 100 mA cm-2 in alkaline simulated and 

natural seawaters (collected from Pacific ocean, Aomori, Japan), respectively. It is 

found that the NiFe-LDH function as Cl- protective layer against catalyst corrosion via 

ClER and active sites for OER, while MnCo2O4 nanowires provides a high active 

surface area and stable core structure. This electrode not only works consistently at 

room temperature, but also when the temperature is raised to 80 oC for 14 hours at a 

high current density of 100 mA cm-2, implying high thermal tolerance in a harsh 

condition. Moreover, when MnCo2O4 @NiFe-LDH is utilized as the bifunctional 

electrocatalyst for overall seawater electrolysis. It shows a low cell voltages of 1.54 and 

1.56V at the standard current density of 10 mA cm-2 in the alkaline simulated and 

natural seawater solutions, respectively, and highly stable for 100 hours at a high current 

density of 100 mA cm-2 without degradation or catalyst corrosion. In conclusion, the 

incorporation of NiFe-LDH nanosheets on the MnCo2O4 core can effectively increase 

the active surface area, enhance the charge transfer property of MnCo2O4 nanowires, 

and maintain higher valence states of the Mn, Co, Ni and Fe species in the 

electrocatalyst, which is beneficial for retaining rich active sites for long-term OER. 

These outstanding results provide a promosing candidate for sustain seawater splitting.  
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5.2 Prospects 

Even though significant efforts have been performed for the developing of the 

electrocatalysts for water splitting application, most of developed electrocatalysts were 

rarely used in an industrial scale due to limitations such as durability and catalyst 

dissolution. Moreover, some parameters require further investigation in order to prove 

the reaction mechanism.  

The following points should be considered for further development of electrocatalysts 

in order to step up the water electrolysis system to a practical scale; 

(1) Alternative corrosion resistance substrates 

 Currently, carbon paper, nickel foam and copper foam are commonly used as a 

substrate for water electrolysis application. However, the durability in a wide range of 

pH values are still unsatisfied. Therefore, seeking for the alternative substrates such as 

Ti foil, FTO and Iron foam or surface modification of substrate are suggested.  

(2) Seeking for novel electrocatalysts with higher performance and low cost  

 Novel electrocatalysts with higher performance and low cost are still desired. For 

example, those carbon-based electrocatalysts like MXene and ZIF-67, which are 

commonly used in supercapacitors and lithium-ion batteries (LIBs), could be also 

applied in water electrolysis because they can work stably in acid and neutral conditions. 

While, those developed electrocatalysts such as transition metal oxides/hydroxides, 

transition metal sulfide, and transition metal phosphide could be further modified so 

that they can be more suitable for HER/OER in harsh conditions, especially for seawater 

electrolysis. 

(3) More efficient electrocatalysts for seawater electrolysis 

How to improve the selectivity and erosion resistance of electrocatalysts for seawater 

electrolysis is still full of challenges.The way for the detecting of Cl-related products in 

the seawater electrolysis should be considered for confirming the catalytic selectivity 
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the chlorine evolution (ClER) 

(4) Energy saving hydrogen production system 

  To complete the life cycle of sustainable development by utilizing abundant natural 

resources, seawater electrolysis coupling with another system such as sulfion 

degradation, hybrid seawater electrolyzer with a solar cell, combined with zinc-air 

battery are interesting for new opportunities in sustainable hydrogen production. 
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