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ABSTRACT  

The oxygen evolution reaction (OER) is vital for electrochemical water splitting, enabling a viable, 

ecologically positive, and sustainable approach for hydrogen energy production. Due to the high 

costs and restricted availability of noble metal catalysts, transition metal non-oxides such as 

nitrides, phosphides, selenides, and sulphides present potential alternatives that can give strong 

OER activity and durability. The OER mechanism is intrinsically sluggish, needing large energy 

to break hydrogen bonds and produce O-O bonds. Additionally, the high binding energies of 

critical kinetic intermediates (*O, *OH, and *OOH)—further contribute to the sluggish reaction 

rates. Nickel nitride (Ni₃N) has gained great attention because of its substantial potential, low cost, 

and ease of fabrication. Its mechanical stability is strengthened when enclosed in a nitrogen-doped 

carbon electrocatalyst architecture, Ni₃N@NC; hence, the catalyst can bear the pressures of 

electrochemical reactions without showing major changes in structure or loss of active sites. The 

present architecture offers an improvement in charge transfer through void space between a nickel 

core and a nitrogen-doped carbon shell while introducing additional active sites for catalytic 

processes. A nitrogen-doped carbon shell with a porous structure facilitates mass transport due to 

better dispersion of reactants and products. The core-shell samples of Ni₃N@NC were prepared 

by coating nickel metal with polydopamine using the pH-induced oxidative polymerization in 

alkaline solution (pH 8.5), then acid etching of the core was performed to introduce a void space 

between the core and an outer PDA-derived NC shell. In the process, crystalline phases, surface 

morphologies, microstructures, and composition were characterized using different methods like 

XRD, FE-SEM, TEM, Raman spectroscopy, and XPS to describe Ni₃N@NC. Accordingly, the 

electrocatalytic activity of prepared samples was investigated both for OER and hydrogen 

evolution reactions. It is viewed that the overpotential of the OER electrocatalyst Ni₃N@NC/24hr 

was 292.8 mV at a current density of 10 mA cm⁻², while the Tafel slope was 110.68 mV dec⁻¹. 

This further confirmed its catalytic nature towards OER and established its potential in various 

sustainable hydrogen production applications. 

Key words: water splitting, core shell structure, electrocatalyst, nickel nitride, nitrogen doped carbon, 

oxygen evolution reaction, hydrogen evolution reaction 
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 1.  INTRODUCTION  

1.1 Background 

The best way to guarantee a solution to the global energy crisis and a shortage of ecologically 

friendly energy sources is to acquire and distribute unsearchable riches of renewable, sustainable, 

clean, and highly efficient energy[1,2]. In response to the ever-growing demand for clean, 

efficient, and pollution-free energy, significant interest has been established in alternative energy 

sources from available resources [3]. Scientists and technologists are evolving at a quick pace by 

comprehending the underlying processes and taking pre-usage measures. Among the technologies 

under extensive development, few have proved to be particularly promising, especially 

electrocatalytic water splitting. This technique has emerged as one of the most adequate modes of 

sustainable hydrogen production to alleviate the global energy dilemma[2,4,5]. This electrolysis 

process offers pay of such as mild reaction conditions, high-purity hydrogen generation, and 

renewable production [6].  

Among these, electrolysis represents an important technology in synthesizing hydrogen through 

two major half reactions: the hydrogen evolution reaction at the cathode and the oxygen evolution 

reaction at the anode. As essence, HER is much more favorable than OER; however, the kinetic 

lags in OER are intrinsically greater. This sluggishness is mostly related to the high overpotentials 

required to drive the reaction, which might limit overall efficiency in water splitting systems. The 

OER is thermodynamically unfavorable and consists of four-electron transfer process; 

consequently, large energy inputs are necessary to achieve practical reaction rates. Due to this 

intricacy, this generally constitutes a bottleneck in the process of electrolysis, where the 

performance scale of the complete system is constrained by OER kinetics. Therefore, active yet 

inexpensive electrocatalysts for boosting OER performance are increasingly needed [1,7]. 

Novel metal oxides such as RuO₂ and IrO₂ are considered state-of-the-art catalysts for both the 

OER and HER due to their excellent catalytic activity and stability [8]. These catalysts are capable 

of enabling the essential processes that have to occur in order to achieve efficient water splitting a 

viable strategy toward the production of sustainable hydrogen. However, despite their outstanding 

performance, these noble metal catalysts confront substantial hurdles relating to cost-effectiveness, 
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stability, and scalability [9]. The rarity and expensive price of noble metals hinder their broad 

implementation in large-scale energy systems [4].  

Lately research has focused on developing noble metal-free catalysts and enhancing existing noble 

metal catalysts for efficient water splitting and ammonia synthesis. Surface and interface 

engineering strategies have been employed to improve the performance of non-noble metal 

catalysts for (OER), (HER), and overall water splitting[10]. 

In order to balance activity and stability, metal catalysts have recently been improved using a 

variety of strategies, including but not limited to altering their composition and structure [11]. 

Recent studies have concentrated on developing active catalysts for water splitting and hydrogen 

evolution by encasing nickel-based nanoparticles in carbon shells doped with nitrogen. Synergistic 

effects of the nickel core and the N-C shell which alter electronic structures and increase active 

sites have shown increased electrocatalytic activity. Because of the low overpotentials for both 

HER and OER, the N-C shell provides further protection while improving electron transit [12,13]. 

In this study, a novel and non-noble electrode material, Ni3N@NC, is designed and developed to 

improve water splitting for the OER. A simple polydopamine (PDA) coating and annealing method 

produced the novel electrocatalyst composed of N-doped carbon (NC) shell which encloses a 

nickel nitride core (Ni3N). The study presents that the Ni3N@NC acts as an efficient catalyst for 

both OER and HER. In such a way, the proposed core-shell structure is positioned as a feasible 

non-noble electrocatalyst material for water splitting since it exhibits better and comparable OER 

activity in comparison with nickel-based electrocatalysts. 

1.2 Statement of the Problem 

The OER is a critical process in various energy conversion and storage technologies, including 

water splitting, metal-air batteries, and regenerative fuel cells. However, the efficiency of OER is 

significantly hindered by the high overpotential required to drive the reaction, which is primarily 

due to the sluggish kinetics of the four-electron transfer process. 

Traditionally, noble metal-based electrocatalysts, such as iridium oxide (IrO₂) and ruthenium oxide 

(RuO₂), have been employed to enhance the OER activity due to their excellent catalytic 

performance and stability. Nevertheless, the high cost and scarcity of these noble metals pose 

substantial challenges for their widespread application in large-scale energy systems. In addition, 
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susceptibility to structural collapse in acidic conditions reduces the active sites of the materials 

and weakens their performance [9]. Moreover, intrinsically reacted mechanisms—especially in 

relation to the OER—are so complex that predicting catalytic behavior becomes difficult[14,15].  

In their emergence, transition metals like Ni, Co, Mn, and Cu became beneficial alternatives owing 

to their abundance, low cost, and tunable properties. Among the nickel-based catalysts, Ni3N and 

metallic nickel revealed excellent performance for both HER and OER in alkaline conditions. 

These catalysts still face some problems with sluggish kinetics and the high overpotentials required 

to drive the reactions, which eventually limit their overall efficiency in water-splitting systems 

[1,7]. Accordingly, incorporating transition metals based materials such as Ni3N into an N-C 

matrix opens a new window of opportunity toward improved electrocatalytic activities. 

Therefore, the development of efficient and stable non-noble electrocatalysts for OER is crucial 

for advancing sustainable energy technologies and reducing our reliance on precious metals. 

Addressing this problem will not only contribute to the economic feasibility of renewable energy 

systems but also promote the adoption of environmentally friendly and scalable solutions for 

energy conversion and storage. 

1.3 Objectives  

1.3.1 General Objective  

The general objective of this study is synthesis of a unique nickel nitride core and nitrogen doped 

carbon shell structure electrocatalyst for water splitting specifically for OER.  

 1.3.2 Specific Objectives  

➢ Designing and preparation of a nickel nitride core-nitrogen doped carbon shell structure 

(Ni3N@NC) electrocatalyst.  

➢ To investigate the overpotential of the as-prepared Ni3N@NC for OER and HER.  

➢ To study series and charge transfer resistance of the best electrocatalyst for OER. 

➢ To investigate the stability of the best electrocatalyst for OER.   
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1.4 Scope of the study 

The work of this thesis is focused on design and fabrication of a novel electrocatalyst, Ni3N@NC, 

by morphology tuning to get a core shell structure and investigation of the electrochemical 

properties of the catalysts for OER and HER while giving more emphasis to OER. 

1.5 Significance of the Study 

Researches on synthesizing, characterizing and measuring performance of an electrocatalyst with 

the ultimate goal of hydrogen production as an environmentally friendly energy is growing at a 

fast rate. Alongside the development of electrocatalysts, preparation of novel structures from 

cheaper materials is important on the journey of electrocatalyst improvement. Therefore, this study 

plays its vital role by revealing the significance of morphology tuning of non-noble electrode 

materials for water splitting to get a better catalytic activity and stability.  In addition, the research 

contributes a simplified and novel method to prepare a core shell structure for water splitting from 

non-noble transition metals based electrocatalyst. 

 

 

 

 

 

 

 

 

 

 

 



 
  
 

5 

 

2. LITERATURE REVIEW 

2.1 Introduction  

With the rapid consumption of fossil fuel and its adverse effect on eco-friendly, it is crucial to 

construct cost-effective and clean energy technologies[16] unpolluted and renewable energy 

resource to replace fossil fuels, hydrogen has paying attention. Splitting of water is amongst 

accepted as an ideal way to convert in to hydrogen fuel. However, anodic of  the half reactions in 

water splitting, OER is kinetically very sluggish due to deceleration by manifold steps of proton-

coupled electron shift and intensified energy impede enquired for both O-H bond splitting and O-

O bond formation [17].Thus, sluggishness becomes the jam for the large-scale hydrogen 

production from water splitting. consequently, developing efficient OER/HER catalyst is the heart 

for hydrogen centered new technologies [18]. It is generally known that various TMNs catalysts 

have been extensively researched as OER electro catalysts for a number of reasons, chief among 

them being their abundance on Earth, high catalytic activity, and excellent chemical stability 

[19,20]. Among these nickel-based catalysts are potential electrocatalyst and have showed high 

oxygen catalytic activity towards OER [21]. However, because of their poor electrical conductivity 

and unavailability of oxygen adsorption sites, Ni-based catalysts currently have less effective OER 

activity.   

Several attempts have been made to address these inherent flaws with nickel based catalysts [22]. 

The dissociation of O-O bonds and the release of OH products during the OER process remain the 

bottleneck issues for Ni-based catalysts, despite advances in research. It is well known that its 

strong oxo-group affinity can be changed toward high oxygen-relative catalytic activity due to 

interfacial electron interaction between hetero valence metal atoms at the hetero structure interface 

[22]. It is thought that by creating a hetero structure out of semi-conductive nickel oxides and 

metallic nickel nitrides, the oxo-group affinity of Ni sites within a Ni-based catalyst can be 

effectively controlled [13]. 

2. 2 Theoretical Background of Electrocatalytic Kinetic Parameters 

2.2.1 Overpotential  

Overpotential (ղ) is one of the most crucial criteria used to assess how well target 

electrocatalysts work. The ideal situation would be for the applied potential to match the 
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reaction's potential at equilibrium while driving a particular reaction. But in practice, to get over 

the electrode kinetic reaction barrier. According to the Butler-Volmer equation at high anodic 

overpotential circumstances, the anodic end is primarily responsible for the total current, with the 

cathodic end having little to no influence. As a result, the Butler-Volmer equation can be 

expressed more simply represents as path, the electron transfer rate is typically not the limiting 

factor at greater current densities; instead, restrictions result from bringing reactants to the 

electrochemical reaction surface or transferring products to the bulk solution. The rate at which 

the electrode potential changes with current when the current is low is known as the charger 

(electron) transfer overpotential and is correlated with the limiting rate of electron transfer across 

the electrode-solution interface. It is crucial to specify the current density of the reported 

overpotential since different current densities will correspond to different overpotential values 

[23,24]. 

 

   𝐸 = 𝐸0′ +
𝑅𝑇

𝑛𝐹
+ 𝑙𝑛

𝐶𝑜

𝐶𝑅
                                                                                                                   (2.2) 

   ղ = E-Eeq                                                                                                                                                                                                        (2.3) 

 

Figure 2. 1 shows the polarization curves for the anode (blue) and cathode (red) electrodes. 

When ja = -jc, (j0) is the exchange current. For one to report overpotential (ղ) at this present 

(assume the area is 1 cm2) value, j10 is a generally accepted number. (b) The exchange current 

density (i0) in the vs. log i curve might be determined by projecting the curve to = 0. The Tafel 

slope is slope b, and it is usually believed that the greater the slope, the inferior the electrode 
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kinetics will be, with slower current increasing at the similar potential as in the case of (b1 and 

b2). 

2.2.2 Tafel equation and Tafel slope (b).  

In order to have a substantial magnitude of current density (i), it is necessary to apply a high 

overpotential (ղ) practically. Generally speaking, a smaller overpotential (ղ) is preferred together 

with a quicker rise in the corresponding current density (i). Application and the current density (i). 

Equation (2.4) of the well-known Butler Volmer model can be used to describe overpotential [1]. 

         𝑖 = 𝑖𝑜[exp (
𝑛𝐹𝐸  

𝑅𝑇
) + exp

𝑛𝐹𝐸  

𝑅𝑇
]                                                                                        (2.4) 

According to the Butler-Volmer equation and Figure 1(a), at high anodic overpotential 

circumstances, the anodic end is primarily responsible for the total current, with the cathodic end 

having little to no influence. As a result, the Butler-Volmer equation can be expressed more simply 

as eqn (2.5), also referred to as the Tafel equation.  

       𝑖 = 𝑖𝑜exp 
𝑛𝐹𝑛  

𝑅𝑇
                                                                                                                    (2.5) 

In order to compute the density of exchange current (i0) and Tafel slope (b), eqn (2.6) might be 

rewritten as eqn (2.10) by converting the Tafel equation to logarithm function form. The Tafel 

slope (b) could be described by the equation (2.11), so from this one can deduce that the Tafel 

slope (b) is defined as the rate at which the current rises relative to the overpotential (), and that 

the transfer coefficient () has a significant influence on its value [25]. 

log(𝑖) = log(𝑖𝑜) +
ղ

𝑏
                                                                                                       (2.6) 

𝑏 =
𝜕ղ

𝜕log (𝑖)
=

2.303RT

𝛼𝐹
                                                                                                   (2.7) 

A smaller Tafel slope (b), as shown in Figure 2(b), suggests that current density can increase more 

quickly with a smaller overpotential (ղ) shift (i.e., a quicker reaction rate constant), which implies 

good electrocatalytic kinetics. In addition, Tafel slope (b) offers useful and informative details 

about the reaction's mechanism, particularly for clarifying the step that determines rate. This can 
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be quite beneficial for comprehending the basic interactions between the electrocatalyst and the 

reactant [26]. 

2.2.3 Plausible paths of Oxygen Evolution Reaction (OER) 

Equation (2.8) draws in the first half reaction in water splitting of OER. It should be noted that the 

cathode and anode components of the water splitting reaction behave differently in acidic (eqn 

(2.9) and (2.10)) and alkaline (eqn (2.15) and (2.16)) scenarios. Many researches have 

hypothesized plausible processes for OER at the anode electrode in either acid (eqn (2.11)- (2.15)) 

or alkaline instances (eqn (2.18)- (2.22)), and there are some differences and similarities among 

these plausible mechanisms. Despite the fact that the reaction that creates oxygen is likely the main 

point of difference, the same intermediates, such as MOH and MO, are used in the majority of the 

hypothesized pathways. Figure 2 shows that two distinct methods have been observed for 

generating oxygen from a MO intermediate. The green path is the one shown in Figure 2 by the 

direct combining of 2MO to generate O2 (g) (eqn (2.13)), as well as its participation in the 

formation of the MOOH intermediate (eqn (2.14) and (2.21)) which thereafter decomposes to O2 

(g) (black route in Figure 2; (eqn (2.15) and (2.22)). Despite these differences, the formatted 

bonding (M-O) within the intermediates (MOH, MO, and MOOH) are crucial for the full electro 

catalytic capacity in the electrocatalysis of OER, which is usually accepted to be a heterogeneous 

reaction. 

 

Figure 2. 2 The OER mechanism for acid (blue line) and alkaline (red line) Conditions shows that 

the OER entails the creation of a peroxide (M-OOH) intermediate (black line), though there is also 
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a possibility of producing oxygen directly through the reaction of two nearby oxo (M-O) 

intermediates (green line). 

2.2.4 Oxygen Evolution Reaction Mechanism under Acidic Conditions 

There are some differences and resemblances among the many hypothesized processes for the 

OER at the anode electrode for either acidic (eqn (2.11)- (2.15)) or alkaline circumstances (eqn 

(2.16)- (2.22)) conditions that have been put forth by various research groups. The majority of the 

hypothesized methods use the similar intermediates, like MOH and MO, but the main distinction 

is possibly centered on the process that creates oxygen [21,24]. 

2H2O → 2H2 + O2 (2.8) 

Cathode reaction:  

4H+ + 4e → 2H2                       E0 c = 0 V (2.9) 

Anode reaction:  

2H2O (l) →O2 (g) + 4H+ + 4e-E0 a = 1.23 V (2.10) 

Proposed mechanism under acidic conditions  

M + H2O (l) →MOH + H+ + e- (2.11) 

MOH + OH→MO + H2O (l) + e- (2.12) 

2MO → 2M + O2(g) (2.13) 

MO + H2O (l) → MOOH + H+ + e (2.14) 

MOOH + H2O (l) → M + O2 (g) + H+ + e- (2.15) 

2.2.5 Oxygen Evolution Reaction Mechanism under Alkaline Conditions 

The HER and OER reactions take place on the cathode and the anode, respectively, in a standard 

electrochemical water splitting (2H2O 2H2 + O2)[24]. 

In alkaline conditions HER follows the reaction pathway of  

Cathode reaction:  

4H2O+4e→2H2+ 4OH−E0 c = 0.83 V (2.16) 
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while OER follows Anode reaction:  

4OH−→ 2H2+2H2O(l)+ 4e E0 a = 0.40 V (2.17) 

 

Electrolysis becomes more complicated in OER due to the four-electron transfer process, which 

also causes a significant energy loss. MO-, 2MOH-, and MOOH type intermediates (where M is 

the surface metal cation) are frequently produced during the electron transfer process within OER 

and are essential for the overall electrocatalytic activity. We propose the likely mechanism for  

M +OH− → MOH (2.18) 

MOH+ OH− → MO+H2O +e (2.19) 

2MO →   2M+O2 (2.10) 

MO + OH − → MOOH + e- (2.21) 

MOOH+ OH−    →M + O2 +H2O + e- (2.22) 

OER at the anode in an alkaline environment  

2.2.6 Mechanism of Hydrogen Evolution Reaction in Alkaline Solution 

The straightforward steps of HER in basic media are as follows: 

Total: 2H2O + 2e− → H2 + 2OH− (2.23) 

Volmer Step: M + H2O + e− → M − Hp + OH− (2.24) 

 Heyrovsky step: M − Hp + H2O + e− → H2 + M + OH− (2.25) 

 Tafel step: 2M − Hp → H2 + 2M (2.26) 

M-H* is the hydrogen adsorption on the active site above the catalyst, and M is the catalyst's active 

site. The Volmer, Heyrovsky, and Tafel stages are a part of the HER procedure. Water is 

dissociated to create a reactive Had intermediate in the Volmer phase. Another H2O is adsorbed to 

M-H* in the Heyrovsky step, where it interacts with the second electron to produce H2 and OH. 

Two neighboring M-H* combine in the Tafel stage to produce H2. Two pathways—Volmer-Tafel 

or Volmer-Heyrovsky reactions [27] consisting of three sequential stages—water dissociation, 

water adsorption, and hydrogen production—will be followed by an entire HER process. 
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  2.2.7 Stability of Electrocatalysts 

Apart from catalytic activity, electrocatalyst operating stability is another issue to consider when 

evaluating them for practical applications. Using potentiodynamic or Chronoamperometry 

techniques for measuring the change in voltage with time, or chronopotentiometry to detect the 

change in current over time, stability may typically be determined in several hours of 

measurement. The activity curve is then used to determine the level of stability. To improve 

stability even further, it's vital to first comprehend the chemical and physical activities that take 

place on the catalyst surface during reactions [28,29] 

2.3 Historical Background of Nickel Nitride Electrocatalyst   

Water splitting is one of the most important electrochemical processes for hydrogen production, 

demanded by the need for clean energy sources. Hydrogen is a clean fuel that can contribute 

significantly to overcoming climate change and to the reduction of fossil fuel consumption. In this 

sense, the investigation of effective and inexpensive catalysts able to drive the reaction of water 

splitting has become a general field of research in electrocatalysis. It involves the dissociation of 

water its constituent elements being hydrogen and oxygen through various energy inputs. We can 

use the produced hydrogen as a clean fuel, thereby reducing greenhouse gas emissions and 

ensuring energy supply security [30,31]. 

2.3.1 Initial recognition of transition metals  

Due to their unique features and possible applications, TMNs have become a research interest of 

various scientists. First-principles density functional theory research studied their structural, 

electrical, and magnetic characteristics in the recent past. [32]. usually display outstanding 

stability, hardness, and conductivity, making them vital for technological applications [33]. Lattice 

constant and stability change down the periodic table. Group IVB nitrides were found to be more 

stable than the Group VIB ones, according to  [32]. From the TMNs, ScN, YN, and LaN are 

semiconductors with indirect band gaps and may offer tremendous potential for device 

applications, according to [33].The early TMNs were examined for their oxidation, which revealed 

that the initial adsorption and dissociation of O2 are exothermic and that ScN is different from 
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other TMNs like TiN and VN [34]. Magnetic characteristics have also been reported with various 

TMNs, in particular for the M4N phases[35]. 

With high surface reactivity toward electrocatalytic reactions, TMNs have emerged as one of the 

most prospective alternatives to noble-metal-based electrocatalysts in energy conversion 

applications[36]. Actually, TMNs exhibit similar surfaces and electronic structures with precious 

metals for the prosperity of various electrocatalytic reactions involved in hydrogen evolution, 

oxygen evolution, and oxygen reduction [37]. Embedding nitrogen atoms in a metal lattice can 

reinforce increased electron density and change the d-band center's catalytic activity. Therefore, 

nanostructured TMNs have improvements in performance because of higher dispersion and more 

exposed active sites[38]. Recent efforts have gone into the preparation of monometallic and Mult 

metallic TMNs, while much effort has been devoted to optimizing their electrocatalytic properties 

by exploring various synthetic methods [36]. Although quite a number of developments have been 

made recently, poor preparation methods and enhancements of performance are still at the frontiers 

of development challenges with TMN-based catalysts [37]. 

2.3.2 Development of electrocatalyst 

A. Nickel- Based Oxides OER Electrocatalysts and their Activities 

When compared to the metallic state of the Ni, Fe, Co, and Mo elements in NiFe alloys, the spinel-

type NiMO4 oxide[23] frequently exhibits +2 and +3, +5 respectively oxidation states, which are 

much closer to OER region oxidation states. However, because of their amorphous kind, Ni-based 

oxides catalysts decompose gradually over time [39]. 

As a result, crystallinity balance is critical for OER to achieve high durability with rigid structures. 

Large electrochemical active surface area (ECSA) amorphousness, on the other hand, is critical 

for the development of highly developed Ni-based OER electrocatalysts with high activity. Pristine 

NiCo2O4 and support-based NiCo2O4[40], as well as NiMoO4 [41–43], exhibit a similar trend. 

 

Table 2. 1 Ni-based oxides OER electrocatalysts samples (modified Ayesha K.et al. 2019) 

 

 

Catalyst 

KOH 

Electrolyte 

[M] 

Onset 

potential 

[V] 

Specific 

current 

density 

Overpotential 

[mV] 

References 
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[mAcm-2] 

NiFe2O4NP 0.1 1.67 10 440 [44] 

NiFe2O4NP 0.1 1.70 10 470 [44] 

Ni0.5Fe2.5 O4 1 ----- 20 540 [45] 

NiFe2O4 1 --- 20 530 [45] 

Fe40Ni60OX 0.1 1.41 0.5 230 [46] 

Co40Fe2O4 0.1 1.41 0.5 270 [46] 

 

B.  Nickel- Based Layered Double Hydroxide Nanosheets OER Electrocatalysts 

Layered double hydroxide (LDH) is a 2D ionic material division made up of positively charged 

mono, di, and trivalent metal cations and counterpart anions with solvent molecules in the 

interlayers [47]. Cations  (e.g. Li+,  Ni2+, Mg2+, Ca2+, Mn2+, Co2+, Cu2+, Zn2+ and e.g. Al3+, Co3+, 

Fe3+,  Cr3+ and  [48]. The intercalated anions are typical carbonates (CO3
-2), although other anions 

(such NO 3- , SO4
2- or Cl-) can easily replace them. Since the LDHs is adjacent to an electrolyte 

with anion exchange, it has become more attractive for electrochemical reactions. Although the 

main drawback associated with Ni-based LDH is its low conductivity (Ni3Fe LDHs = 1.943 S/cm, 

Ni3Fe LDHs-NH3 = 3.759 S/cm, Ni3Fe LDHs-Ar = 3.061 S/cm), a challenge with hydroxides [49]. 

This barrier can be overcome by growing LDH directly on conductive substrates such carbon 

nanotubes, graphene, as carbon cloth, Ni foam substrate, carbon quantum dots, and other substrate 

materials, or by hybridizing with conductive materials [50–52] . Table 2 lists some Ni-based LDH 

OER electrocatalysts that have been reported to have OER activity.  

Table 2. 2 shows samples of Ni-based LDH OER electrocatalysts. 

Catalysts Electrolytes 

[KOH] 

Overpotential (mV) at Specific 

    current      density (mAcm-2) 

references 

NiOOH 0.1M  375   @ 5  [53] 

NiFe-LDH 1 M  300    @ 10  [54] 
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C.  Nickel-Based OER Electrocatalysts Lacking Support 

Without the aid of any support, Kun Xu et al. [41] produced enhanced a Ni3N nanosheets OER 

catalyst, which is a 2D material smaller than 3 nm. Ni3N nanosheets have stronger OER activity 

with a Tafel slope of 45 mVdec-1 than massive Ni3N and NiO nanosheets (85 mVdec-1 and 59 

mVdec-1 respectively). This is due to the increased metallic conductivity and faulty crystal. This 

Tafel slope is lowered, allowing Ni3N nanosheets grown on carbon fabric to potentially reach 52.3 

mA/cm2 density of current with only 250 mV of overpotential. In addition to a new method for 

making effective conducting OER electrocatalysts, this work places more emphasis on 2D metallic 

materials in the realm of energy conversion and storage. 

D. Nickel-Iron/Cobalt/Manganese Nitrides OER Electrocatalysts  

Without the use of any support material, Guo, H. P. et al. [42] produced extreme thin holey 2D-

nickel-based cobalt/manganese/iron nitride nanosheets that were less than 1 nm thick by 

ammonolyzing the necessary hydroxide precursors. Due to the excessive lattice spacing and 

crystalline structural design with good orientation, actively catalytic sites are abundantly exposed 

and come from both the area close to the boundaries of formed holes and from excess exposed 

surfaces, making them suitable for the transportation of transitional reaction products and the 

diffusion of produced gases.  

As OER electrocatalysts, these metallic nitride holey nanosheets exhibit electrocatalytic 

properties. For 2D holey Ni3Fe nitride nano sheets to produce the approximately 100 A.g-1 A 

NiCo-LDH 1 M  335      >>   [54] 

NiCr-DH 0.1M  310      at 1 [55] 

NiMn-DH 0.1M  380       >> [55] 

NiFe-DH 0.1M  270        >>  [55] 

NiCo-DH 0.1M  500        >>  [55] 

Ni(OH)2 0.1M KOH 410        >> [55] 

NiCu-DH 0.1M KOH 450       >> [55] 

NiZn-DH 0.1M KOH >500     >> [55] 
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current density with a very low overpotential (300 mV), they must be less in size than 2D holey 

Ni3Co nitride nano sheets (340 mV), 2D holey Ni3Mn nitride nano sheets (429 mV), and IrO2 (465 

mV). In contrast to commercial IrO2, the 2D holey Ni3Fe nitride nanosheets exhibit a significant 

improvement toward OER with a 25 times higher activity to supply 100 Ag current density. The 

increased ECSA and good intrinsic electrocatalytic properties of the 2D- Ni3Fe nitride nanosheets 

are largely responsible for their robust electrocatalytic activity. Additionally, the addition of 

nitrogen significantly increased the lattice gap, resulting in more electrochemically accessible 

interior layer. 

E.  Nickel-Based OER Electrocatalysts with Support  

Shalom, M. et al.,[56] synthesized 3D-Ni3N on Ni-foam support which exhibits low overpotential 

customized foam shows enhanced OER activity. The formation of NiOOH is necessary to increase 

the OER that occurred at elevated potentials (E >1.53 V). In Ni3N /Ni-foam NiOOH oxidation peak 

intensity maxima after 500 CV cycles, does not change. The NiOOH peak formation intensity shows 

increased active Ni amount on the surfaces. Enhancement in activity can be attributed to Ni(OH)2 

layer on nitride surface (Ni3N /Ni(OH)2) with improved lattice matching. Consequently, in lower 

overpotentials for H2O splitting on NiOOH surface. The 3D- Ni3N nanosheets grown on Ni-foam 

displays lesser onset potential (1.55V) in comparison to Ni3N (1.64 V) bulk and NiO nano sheets 

(1.65 V) with small Tafel slope 45mV/dec compared to bulk Ni3N (85mV/dec) and NiO nanosheets 

(59mV/dec). 

F. Nickel-Iron Nitrides OER Electrocatalysts     

When employing a method mediated by galvanic replacement, Xu Chen et al [44] demonstrated   

that 1D- Fe2Ni2N support on carbon nanotubes (CNTs) roles as an OER catalyst. Due to the 

intimate contact that was created, transfer charge on the surface catalyst was improved. First-

principal calculations show that Fe2Ni2N is metallic and that electron donation is largely provided 

by Fe atoms, which are located at the corners of crystal formations. The outstanding OER activity 

was made possible by the synergistic interaction of the metallic 1D- Fe2Ni2N activity and 

conductive CNTs, as verified in coupled with excellent long-term stability (10 mAcm-2 = 282 mV 

overpotential and 38 mV dec-1 Tafel slope). When compared to metal/oxide/hydroxide on CNTs 

and Fe2Ni2N alone, in-situ development of Fe2Ni2N on CNTs exhibits higher activity in the OER 

potential range. According to Chen, Q. et al [47] ,.  3D-Ni3FeN nanoparticles grown on carbon 
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cloth (Ni3FeN /CC) produce flexible OER electrocatalysts with Tafel slopes of 59 mV/dec in 

alkaline (1 M KOH) solution at 241 mV at 10 mAcm-2. 

     Ni3FeN 3D-sheets were created by Wang et al. [57] and their OER electrocatalysts, grown on Ni-

foam support, were shown to be effective and stable. The precursor of Ni3Fe LDHs is converted 

into Ni3FeN through ammonolysis in a widely utilized synthetic technique. Ni3FeN is made up of 

nanosheet structures linked together by nanoparticles. There are more active sites for OER in 

porous sheets nanoparticles stacked electrocatalysts. In comparison to Ni3Fe LDHs-Ar (250 mV) 

and Ni-foam NH3, the Ni3FeN exhibits a 223 mV overpotential at 10 mAcm-2 in alkaline solution 

(1 M KOH) (330 mV). While the current density is 50 mAcm-2, the over potentials of Ni-foam 

NH3, Ni3Fe LDHs, Ni3Fe LDHs-Ar and Ni3FeN are 421 mV, 279 mV, 293 mV and 248 mV 

correspondingly. Likewise, at a current density of 10 mAcm-2, the over potential of 3D- Ni3FeN is 

close to RhO2 for oxidation H2O. Because of its relatively low Tafel slope (223 mVdecade-1) 

among these catalysts, 3D- Ni3FeN exhibits considerable OER performance. This success deed 

originates from an intrinsic material property with unique 3D- morphology. Z. Liu et al.,[58] 

demonstrated the synthesis of 3D- Ni3FeN on carbon cloth Ni3FeN /CC) supported by 

ammonolysis as a hierarchical electrocatalyst in a related report. This catalyst demonstrates 

improved electrochemical properties for OER in the form of overpotential (105 mV) at 10 mAcm-

2 with excellent stability. Comparing Ni3N/CC (340 mV), Fe2N/CC (400 mV), and RuO2 to 

Ni3FeN/CC over potential, it is found that Ni3FeN /CC performs better for OER (364 mV). The 

Ni3FeN /CC Tafel slope (72 mV dec-1) is small, comparatively to Ni3N/CC (112 mV dec-1), 

Fe2N/CC (128 mV dec-1) and RuO2 (94 mV dec-1), very rapid charge relocation. Gu, Y., et al.,[59] 

grew nano size Ni3FeN particles (NPs) on rGO (reduced graphene oxide) support using a simple 

aerogels method and for nitration followed by ammonolysis with particle sizes ranging from 35.4 

nm to 35.4 nm. Tafel plots generated by LSV were used to estimate the 3D- Ni3FeN /rGO OER 

kinetics. Ni3FeN /rGO has the smallest Tafel slope (54 mVdec-1) when compared to Ni3Fe/rGO 

(57 mV dec-1), Ni3N/rGO (65 mV dec-1), Fe2N/rGO (93 mVdec-1) and Ni3FeN /rGO (93 mVdec-1) 

(116 mVdec-1). The metallic nitride NPs supported on rGO aerogel displayed minor resistance for 

charge transfer in comparison to Ni3FeN NPs. 

G. Nickel- Cobalt Nitrides OER Electrocatalysts 
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The hydrothermal method was successfully applied by Lei Han et al., [48] to create 1D-NiCoN 

porous nanowires supported on carbon fabric before nitration with ammonia. NiCoN porous 

nanowires have good OER electrochemical performance in 1M NaOH solution, as shown by the 

OER study, with a small over potential of 0.360 mV at 10 mAcm-2 current density, a low Tafel 

slope of 46.9 mVdec-1, and good electrochemical stability. The higher conductivity brought on by 

the nitrogen content and the intimate contact between the carbon cloth support and the NiCoN 

catalysts are a few examples of particular morphological characteristics that contribute to the better 

electrocatalytic performance in 1M NaOH. OER for the half-cell water splitting reaction, nanowire 

nickel cobalt nitride electrocatalysts showed good stability.  

Y. Wang et al.,[60] created Ni-based ternary nitrides 3D-NiCo2N by growing them on nickel foam 

(NF) supports and then ammonolyzing them under ammonia flow. Besides that, the creation of 3D 

interconnected microporous NF with a sizable surface area exposed additional active sites, 

speeding up (H2) charge transfer and diffusion. Nickel cobalt nitride electrodes that have already 

been created exhibit exceptional activity with a 290 mV overpotential for OER to reach a 10mA 

cm-2 current density. LSV of NiCo2N-NF for OER displays at ~1.49 V low onset potential than 

NF (1.57 V), NiCo2O4-NF (1.54 V), Co3O4-NF (1.53 V) and CoN-NF (1.51 V.  Furthermore, the 

overpotential required to generate a standard current density (i.e. 10 mA cm-2) is 0.29 V. It is less 

than NF (0.36 V), NiCo3O4-NF (0.34 V), Co3O4-NF (0.32 V), and CoN-NF (0.30 V). The 

electrochemical stability of NiCo2N-NF OER was evaluated separately at two fixed current 

densities of 10 and 50 mA cm-2. Since only 0.39 V overpotential is needed to achieve extremely 

high current density, these TMNs have the potential to be non-noble electrocatalyst for wide-range 

H2O electrolysis devices at (300 mA cm-2). 

H. Nickel Molybdenum Nitrides OER Electrocatalysts 

In order to produce bimetallic 1D-NiMoN nanofibers (NF) at three different temperatures, namely 

600, 700, and 800 °C, Bin Chang et al. [50] used a solvothermal approach followed by 

ammonolysis, the NiMoN-NF700 (synthesized at 700 °C) LSV surpasses the NiMoN-NF500 (410 

mV at 50 mA.cm-2), NiMoN-NF600 (370 mV at 50 mA.cm-2), NiMoN-NF800 (360 mV at 50 

mA.cm-2) and NiMoO4 nanowires (510 mV at 10 mA). Additionally, RuO2, NiMoN nanotubes, 

NiMoP nanowires, NiFeOx film, and NiCo LHD are comparable to the previously described OER 
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catalysts, as are NiMoN-NF700 nanowires/nanofibers at 296 mV at 10 mA.cm-2, 320 mV at 20 

mA.cm-2, and 367 mV at 10 mA.cm-2. 

In the first step, NiMO nanorods grown hydrothermally on Ni-foam support were used to create 

3D-Ni0.2Mo0.8N OER electrocatalyst, and in the second phase, nitration was used to create Ni-

foam@Ni-Ni0.2Mo0.8N. In an oxygen-saturated alkaline (1M KOH) solution, Ni- foam@Ni-Ni 

0.2Mo 0.8N OER performance calculations show that this material has a lower overpotential (218 

mV) than Ni- foam@Ni4Mo/MoO2, Ni- foam@NiMoO4, Ni- foam@Ni3N, and Ni- foam (405 

mV). It provides a greater current density than the industrial standard OER electro catalyst RuO2) 

supported on Ni foam (245 mV). Remarkably, Ni-foam@Ni-Ni 0.2Mo0.8N has a Tafel slope of 

55 mV.dec-1, which was also smaller than that of Ni- foam @Ni4Mo/MoO2 (181 mV dec-1), Ni-

foam @NiMoO4 (133 mV dec-1), Ni-foam @Ni3N (81 mV dec-1), Ni-foam (110 mV dec-1) and 

even the champion material - RuO2 on Ni-foam (66 mV dec-1). 

Table 2. 3 Lists of Ni-based transition metal nitrides with 1D, 2D, and 3D nanostrucutres 

nanostructures as OER electrocatalysts. 

 All these reports have done on 1MKOH electrolyte solution ((modified Ayesha. K et al. 2019.) 

Electrocatalys

ts 

Morphology η(mV) Over Potential 

(V vs RHE) 

Stability references 

Ni3N 2D-sheet 1.55 250 Excellent [61] 

Ni3N/CC 3D-sheet 1.36 190 Good [58] 

Ni3N/NF 3D-foams 1.39 50 Excellent [56] 

Fe2Ni2N/NCT 1D-tubes 1.47 282 Good [62] 

Ni3FeN 2D-sheet 1.35 300 Excellent [63] 

Ni3FeN/NW 3D-sheet 1.34 200 Excellent [57] 

Ni3FeN/CC 3D-sheet 1.33 105 Excellent [58] 

Ni3FeN/rGO 3D-sheet 1.42 280 Good [64] 

NiCoN/NW 1D-nanofibers 1.53 360 Good [65] 

Ni3CoN 2D-sheet 1.52 340 Excellent [63] 

Ni3Co2N 3D-sheet 1.53 180 Good [60] 
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CNT stands for carbon nanotube, NF stands for nickel foam, NPS stands for nano porous structure, 

NW stands for nanowires, and OP stands for Onset Potential. TS = Tafel slope = Overpotential, 

NSP = stacked porous nanoparticles, CC = carbon cloth, CF = carbon fibers, 

In conclusion, particular emphasis on nickel-based substances, nickel-based nitrides often exceed 

their corresponding oxides in terms of stability and performance. Layered double hydroxides, 

which are also developing contenders, have lower kinetics than nitrides due to their low electrical 

conductivity (Ni3Fe LDHs = 1.943 S/cm, Ni3Fe LDHs-NH3 = 3.759 S/cm, Ni3Fe LDHs-Ar = 

3.061 S/cm). Ni-based nitride electrocatalysts have been developed in a variety of morphologies, 

spanning from 0D to 3D, and with and without support materials. 

In the OER reaction, D-supported (support material such as carbon cloth, Ni-foam, rGO, etc.) 

electrocatalysts show good stability and activity. Because of their highly orientated crystal 

structure, Ni-based 3D-architecture OER electrocatalysts with support (i.e. foam support) do not 

only accelerate electron transfer; instead, they assist the diffusion of intermediate and end products 

during reactions. Manufacturing TMNs with a specified structure and crystal planes, on the other 

hand, typically necessitates numerous steps and high temperatures (for TMNs, 800°C); this makes 

the synthesis expensive, time-consuming, and uneconomical. This is particularly difficult in 

template synthesis.  

When compared to 3D-support electrocatalysts, 2D Ni-based nitride sheet materials with no 

support often perform better. Ni-metal-based 2D-sheet materials are excellent alternatives for 

support-free OER electrocatalysts and are gaining prominence and attention. Notable results 

include 2D- Ni3N nanosheets, which are known to improve contact with the electrode and 

consequently electron transport inside the material. The planar sheet layout also adds disordered 

structure and more active sites for OER. Finally, OER electrocatalysts based on earth plentiful 

metals and with morphological confinement (e.g. 2D-Ni based nanosheets material) is a budding 

area of research that holds the promise of developing materials that outperform IrO2 and RuO2 

electrocatalysts [42].  

Ni3MnN 2D-sheet 1.60 320 Excellent [63] 

NiMoN/CF 1D nanofibers 1.32 210 Good [66] 

NiMoN/NF 3D-foams 1.35 218 Excellent [67] 
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I. Transition metal nitrides for HER in alkaline solution 

The HER performance of transition metal nitrides (TMNs) has shown promise in recent years. 

TMNs are gradually finding their way into energy gadgets. For example, in AEMFCS, the prepared 

electrolyzer requires only 1.644 V to reach a big current of 1A, and the prepared Co-N-C catalyst 

achieves a maximum power density of 275 and 361mW cm2[56]. The reason that TMNs have such 

great potential is that N can increase the d-electron density, causing the d-band of TMNs to 

contract. Because of this one-of-a-kind structure, TMNs will have an electronic structure akin to 

PGM metals like Pd and Pt. Furthermore, TMNs are high-performance due to their good 

conductivity and corrosion resistance. Ni3N and Co4N, two TMNs, were synthesized by Shalom 

et al. and Chen et al. TMNs are high-performing due to their resistivity. Shalom et al. and Chen et 

al. synthesized Ni3N and Co4N among other TMNs in 2015[43,57]. As a result, considerable work 

has been expended in improving the catalytic activity of TMNs toward HER electrocatalysts. 

TMNs are high-performing due to their resistivity. Shalom et al. and Chen et al. synthesized Ni3N 

and Co4N among other TMNs.  

To improve the stability of various TMN catalysts, several design strategies were applied. For 

example, by making TMNs come into intimate contact with MXene and generating a strong 

interface junction, high structural stability was achieved. The oxidation of Co4N through a carbon 

shell was also greatly suppressed, which increased the stability. As a result, although some design 

solutions can improve catalytic performance, others can improve TMN stability [58]. The 

methodologies for rational design of TMN electrocatalysts are classified in a table.4 

Table 2. 4 outstanding TMN-based electrocatalysts in 1.0MKOH electrolyte solution 

(modified Siyaun et al.,2022) 

Catalyst 

 

HER 

η10 (mV) η100 (mV) Tafel slope (mV/dec) References 

Ni3N/NF 121 254 - [68] 

FeNi3N 75 210 98 [69] 

Ni3NCeO2/TM 80  122 [70] 
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2.3 Emergence of Nickel Nitride as Electrocatalyst for Hydrogen 

Production 

In fact, nickel nitride, Ni3N, is among the latest promising electrocatalysts for hydrogen evolution 

reactions in water splitting, and its unique metal property and excellent conductivity point toward 

its broad application in energy storage and conversion systems [76]. It shows an extremely low 

overpotential of ~50 mV with a high current density for HER in alkaline solutions due to the 

formation of a Ni(OH)2 layer on the nitride surface[77]. Incorporation of nitrogen vacancies in 

Ni3N 1-x significantly improves its HER activity in comparison with its stoichiometric counterpart, 

Ni3N, and even outperforms the commercial Pt/C catalysts[78]. Various synthesis methods have 

been developed to fabricate Ni3N-based electrocatalysts, including plasma-enhanced nitridation 

[79]. Even with the promising performance, optimisation of morphology and electronic structure 

in Ni3N for full utilization of the electrochemical active site for further improvement of catalytic 

efficiency in energy-related applications is a challenge[76]. 

2.3.1 Catalytic Properties of Ni3N 

A. Oxygen Evolution Reaction  

Recently, nickel nitride has gradually been considered one of the most promising electrocatalysts 

of the oxygen evolution reaction in water splitting. Indeed, Ni3N nanosheets, with their metallic 

nature and disordered structure, exhibit superior electrical conductivity and increased active 

sites, which enhance OER activity compared to bulk Ni3N and NiO nanosheets[61]. Formed 

Ni(OH)2 on the surface of Ni3N will contribute to a lower overpotential and easier water 

Cr-Ni3N/Ni 37 110 47 [71] 

Ni3N-VN 64 218 37 [72] 

Ni3N-V2O3 57 - 50 [73] 

NiMoN 110 161 95 [74] 

NiMoN/Ni3N 28 93 49 [75] 
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dissociation[77]. Particles of Ni3N with rich amounts of nickel, in the company of graphitic 

carbon nitrides, showed excellent OER performance, outperforming the pure Ni3N and even a 

benchmark RuO2 [80]. During the course of the OER, a nanostructured Ni3N/3N precatalyst 

underwent self-adaptive surface reconfiguration, forming active NiOOH species responsible for 

the high catalytic activity [81]. These value-added studies epitomize the excellent electrocatalytic 

properties of Ni3N in OER, which have great potential for efficient and cost-effective water 

splitting. 

B. Hydrogen Evolution Reaction 

Recent research has illustrated that Ni3N has the best catalytic performance of HER. Further, their 

catalytic activities have been improved by trying different methods[82]. Yi-Bing Yang et al. in 

2024 decreased the energy state of the vacant d orbitals in Ni3N. They attained an overpotential of 

135 mV at 10 mA cm-2. Hu 2024 [83] incorporated vanadium and iron into the Ni3N nanosheets, 

which obtained an impressive overpotential as low as 69 mV at 10 mA cm⁻². Paquin et al., [35] 

prepared atomically thin Ni3N nanosheets that reached 100 mA cm-2 at an overpotential of 100 

mV. Hu 2024 [83] designed a Ni3N/Ni heterostructure that needs an overpotential of 144 mV to 

yield 10 mA cm⁻². These studies highlight the possibility of using Ni3N-based catalysts for HER 

by demonstrating their high activity and stability with low cost compared to precious metal 

catalysts. 

Nickel nitride (Ni3N) has garnered significant attention as an effective electrocatalyst for the 

hydrogen evolution reaction (HER) and other electrochemical processes. Its unique properties, 

including high catalytic activity, stability, and low cost, make it a promising alternative to precious 

metal catalysts. This section explores the catalytic properties of Ni3N, focusing on its performance 

in hydrogen production through water splitting. 

2.3.2 synthesis of Ni3N electrocatalyst for OER and HER 

The synthesis of Ni3N has so far achieved outstanding success over the years. Most traditional 

methods of syntheses involve nitridation processes at high temperatures and face serious safety 

problems and scaling-up issues. The latest development in this field of research has provided 

advanced synthesis techniques that are efficient and more environmentally friendly. Due to 

stability, high catalytic activity, and low cost, Ni3N is one of the best candidates for the OER and 
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HER. In order to improve this catalyst, various synthesis methods have been developed up to date 

by often incorporating it into N-C materials. Some major synthesis techniques developed for Ni3N 

electrocatalysts are addressed as follows. 

A.  Magnetron Sputtering 

Magnetron sputtering was able to synthesize Ni3N directly with nitrogen vacancies, which, in turn, 

significantly enhances the catalytic properties toward hydrogen evolution[84]. Intrinsic magnetism 

induced by the same sort of vacancy was previously demonstrated for other nitrides, such as GaN 

and BN, offering media for long-range magnetic interactions[85]. The synthesis parameters, 

including reaction time and temperature, would significantly influence the material's stoichiometry 

and defect structure since it affects not only the magnetic properties but also the electronic 

properties of the resultant material[86]. The concentration of oxygen partial pressure during 

deposition in nickel ferrite thin films plays an important role in dictating the saturation 

magnetization due to the result caused by the vacancy concentration, which in turn influences the 

electrical conductivity[87]. These studies identified control of vacancy concentrations in nitride 

materials as one of the methods their magnetic and electronic properties could be tailored for 

various. 

 

Figure 2. 3 (a) Schematic illustration of sputter-deposition of Ni3N film with N-vacancies.  (b) Schematic 

illustration of the structure of Si photocathode consisting of a burie 1d-junction Si coated with 

sputter-deposited Ni3N/Ni cocatalyst. 

The nitrogen species from dissociation and ionization of nitrogen atoms permeate into the Ni 

lattice, resulting in the formation of Ni3N with N-vacancies as illustrated in Figure 2.3 a. To evaluate 
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the PEC performance of Ni3N/Ni films as cocatalyst, Si photocathodes were fabricated with 

p+nn+ buried-junction structure, as illustrated in Figure 2.3 b    

The method produces Ni3N with a high percentage of nitrogen vacancies, which enhances 

hydrogen binding and catalytic performance. For instance, a study reported a low overpotential of 

89 mV at 10 mA cm⁻² in alkaline media, showcasing its efficiency for HER [84] 

B. Electrodeposition 

Recent efforts have focused on the preparation and applications of Ni3N with nitrogen vacancies. 

Indeed, Ni3N1-x prepared by plasma-enhanced nitridation of Ni foam exhibits significantly 

improved hydrogen evolution reaction activity in alkaline conditions, even superior to that of its 

stoichiometric counterpart of Ni3N, as reported.  Nitrogen vacancies in Ni3N enhance the 

adsorption behavior of water molecules and hydrogen adsorption-desorption for better catalytic 

performance, as also reported by [78]. The Ni3N with nitrogen vacancies has also been synthesized 

in hierarchical porous 3D Ni3N-CoN/NC heterojunction nanosheets, which exhibited excellent 

performance as a flexible supercapacitor electrode[88]. Ni3N0.85 with engineered nitrogen 

vacancies in lithium-sulfur batteries accelerates the conversion of polysulfides and accordingly 

exhibits high discharge capacity and low cycle decay per cycle[89]. These works introduce 

nitrogen vacancy-containing Ni3N for energy-related applications and show improved catalytic 

activities and electrochemical performances. 

The process involves depositing nanoparticles of nickel on conducting substrates, such as nickel 

foam, through subsequent thermal nitridation. Most of these syntheses involve a cathodic 

electrodeposition in a solution containing nickel salt, followed by ammonia gas at higher 

temperatures to produce Ni3N. This method has yielded Ni3N/Ni interfacial catalysts, which 

ensured extraordinary HER activity with an overpotential of almost zero, besides robust long-term 

durability[90].  

3.3.3 Performance on Stability and Durability 

Long-Term Stability: Whereas current literature has proven the long-term stability of nickel-

based catalysts towards different electrochemical reactions, Ni3N has shown better activity and 

stability in hydrogen oxidation and evolution reactions in both alkaline media [91]. A Ni-based 

reference catalyst exhibited fantastic stability over 800 hours in ammonia decomposition with only 
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1.5% of activity loss[92]. The porous Ni3N nanosheet arrays showed great durability toward 

methanol oxidation, retaining 72.58% of their activity after 20 hours[93]. Encapsulation strategies 

have been developed further for enhancing stability. A hexagonal boron nitride-encapsulated 

single-crystal Ni23B6 catalyst maintained performance for more than 2000 cycles and 20 

continuous hours in acidic media [94]. Considered together, these studies represent a pathway to 

reach long-term stability with nickel-based catalysts in various electrochemical applications.  

Temperature control test results using 490 mL min-1 NH3 and 10 mL min-1 Ar, 500 mg reference 

catalyst, and a setpoint of534 °C for the three-point controller 

Resistance to Degradation: It is shown that nickel-based catalysts are active toward the OER in alkaline 

media; however, they suffer from degradation. Electrodeposited Ni(OH)2 degrades through a process that 

involves two steps: first, partial reduction of γ-NiOOH into β-Ni(OH)2 and then transformation into 

unstable γ-NiOOH [95]. Nickel nitride catalysts exhibit activity and stability in both oxygen reduction and 

evolution reactions under acidic and alkaline conditions[96]. The ultrathin nickel oxide defect layer formed 

with Ni-N at the interface thus provides excellent OER performance and durability for the carbon-coated 

nickel nitride nanostructure[17]. Several strategies have been proposed in view of improving catalyst 

stability: alloying, nano structuring, and use of high-density carbon substrates. It is further desirable to 

develop standardized accelerated lifetime tests and universal Figure s of merit on stability by which 

different catalysts can be compared on equal footing to drive further improvements in the field of OER 

catalyst research [97]. The work of Spöri et al. (2017). 

2.3.4 Active Sites and Mechanistic Insights 

A. Active Sites 

The presence of nitrogen vacancies and specific surface terminations in Ni3N enhances its catalytic 

activity. Lately research has focused on how active sites can enhance the catalytic activity of Ni3N 

toward oxygen evolution reactions. In this respect, oxygen vacancy and specific surface 

termination have proved vital to improving OER performance. [98] demonstrated that the oxygen 

vacancies in Ni3N-CeO2/NF heterostructures are offering more active sites, which has resulted in 

a low overpotential for OER and HER[61]. It has been reported that, compared to bulk Ni3N, Ni3N 

nanosheets with a disordered structure provide more active sites for OER. [22] found that the 

presence of a strongly coupled NiN-O nanointerface in Ni3N/NiO composites greatly enhanced 

OER efficiency. Recent research has focused on how active sites can enhance catalytic activity. In 
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this regard, [81] has stated that during OER, Ni3N@/ 3N precatalyst underwent self-adaptive 

surface reconfiguration and hence formed NiOOH species responsible for the high catalytic 

activity. These works together suggest that the introduction of engineered active sites, including 

vacancies, interfaces, and surface structures, plays a very important role in the enhanced OER 

activity of Ni3N-based catalysts. 

B. Catalytic Mechanisms  

The participation of Ni₃N in electrocatalysis has often shown involvement with an underlying 

mechanism of electron transfer that is relatively complex. In this respect, for the OER to occur, 

these structural changes will create active Ni-O-Fe bonds to enable rapid electron transport. 

DFT studies have demonstrated how varied oxidation states of nickel are in dominance along the 

reaction coordinates toward the optimization of substrate interactions. 

The partial chemical restructuring of the nickel center’s is of utmost importance: under operational 

conditions, it might greatly contribute to stability and activity in the long run. This enables the 

potential creation of new active sites that are much more effective in catalysis. Advanced 

characterization techniques of X-ray absorption spectroscopy were carried out in situ to follow 

these changes, giving insight into how the active site actually evolves during catalytic processes. 

The mechanism of Ni₃N during electrocatalysis often involves complex electron transfer 

processes. For instance, during OER, structural transformations lead to the formation of active Ni-

O-Fe bonds that facilitate electron transport. Density Functional Theory (DFT) calculations 

indicate that varying oxidation states of nickel play a significant role in determining reaction 

pathways, optimizing interactions with substrates. Under operational conditions, nickel centers 

undergo partial chemical restructuring, which is vital for maintaining stability and activity over 

time. This restructuring can generate new active sites more effective in catalysis  

Advanced characterization techniques, such as X-ray absorption spectroscopy (XAS), have been 

utilized to monitor these changes in situ, providing insights into how active sites evolve during 

catalytic processes [99]. Normally, the performance assessment of nickel nitride catalysts is judged 

from overpotential and current density in the course of electrochemical reactions. Ni₃N indeed 

shows low overpotentials for hydrogen evolution, thus making it competitive with other active 

materials. 

The interaction of structural features with electronic properties is extremely important, where 

https://pubs.rsc.org/en/content/articlepdf/2015/ta/c5ta00078e
https://pubs.rsc.org/en/content/articlepdf/2015/ta/c5ta00078e
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modifications like nitrogen doping enhance the electrocatalytic activities by optimizing the binding 

energies and enhancing the charge transfer[100].  

2.4  Nickel Nitride Enclosed by shells for OER and HER 

The wrapped shell nickel nitride (Ni3N) materials has emerged as a promising approach to enhance 

the efficiency of electrocatalysts for the oxygen evolution reaction (OER) and hydrogen evolution 

reaction (HER). Recent advancements in this field focus on improving catalytic performance, 

stability, and scalability through innovative synthesis methods and material design.  

2.4.1 Synthesis Techniques 

A. One Pot Process Method  

Studies have introduced various synthesis methods to effectively integrate Ni3N with shells. 

Recent advances in one-pot synthesis have given way to the development of efficient ways to 

synthesis carbon-based composites, which exhibited improved catalytic performances [101]. 

Realized a nickel nanoparticle-embedded carbon monolith with hierarchical porosity using the 

one-pot nano casting method and found it catalytically active for the reduction of 4-nitrophenol. 

Wen et al., [102] reported a one-pot/one-step synthesis of N-doped graphene/CNT hybrids with 

superior electrocatalytic performance. The soft templates were used to synthesize the nanoporous 

carbon nitride solids by [103], further expanding the group of nitrogen-rich carbon materials. 

Paraknowitsch et al., [104] designed a versatile one-pot sol-gel method using multifunctional 

surfactants for the preparation of metal-doped mesoporous composites with applications in 

sustainable catalysis and energy. These references together hereby reveal that one-pot synthesis 

enables the fabrication of diverse advanced carbon-based material systems featuring tailored 

properties and higher catalytic activities in an efficient manner. 

Research has revealed that the Ni3N@N-C composites prepared by one-pot processes exhibit very 

impressive performance metrics. It was reported that such composites could show rather low 

overpotentials in HER , for example, as low as about 89 mV at 10 mA cm⁻², hence competing with 

noble metal catalysts like platinum. Improved hydrogen adsorption and desorption kinetics owing 

to the porous structure develop the HER performance. Similarly, the performance of OER has been 
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improved, and such composites have expressed low overpotential due to their optimized structure 

and electronic properties upon nitrogen doping. The nitrogen functionalities within the carbon 

matrix play an important role in facilitating better adsorption of the reaction intermediates. The 

active sites of both HER and OER have been majorly contributed by interactions between nickel 

atoms in Ni3N and nitrogen species inside the carbon matrix. Pyridinic nitrogen has shown 

enhancement in electron transfer rate. DFT studies have shown that at the interface of Ni3N and 

N-doped carbon, electronic interactions optimize the charge transfer process in electrocatalytic 

reactions and further enhance catalytic efficiency. 

The method simplifies the synthesis process by making several steps a one-pot process hence 

saving time and reducing the possibility of contamination by several materials handling. The fact 

that it employs precursors that are easily available and synthesizes them under mild conditions 

makes the process economically viable compared to conventional techniques that involve high-

temperature nitridation. In Conclusion, the synthesis of nickel nitride encapsulated with nitrogen-

doped carbon through a one-pot process is a very effective route to yield an advanced 

electrocatalyst toward both OER and HER. The development of the technology allows for creating 

porous structures that mark a leap in the advancement of technology involved with electrocatalysis. 

Further investigation in optimizing this synthesis technique will further improve performances of 

Ni3N@N-C composites in renewable energy systems [105–107]. 

B. Chemical Vapor Deposition (CVD) Method 

CVD techniques have been optimized to produce uniform layers of N-doped carbon over Ni3N 

nanoparticles. This method allows for precise control over the nitrogen content and morphology, 

which are crucial for maximizing catalytic performance 

Recent efforts have focused on the development of CVD techniques of equally N-doped carbon 

over metal nanoparticles for enhanced catalytic activity. Iwasaki et al., [108] came up with a one-

step CVD process to synthesize tunable morphology and nitrogen content N-doped carbon nano 

coils by using nickel-iron catalysts. Wu et al.,[109] pointed out that precursor selection and 

synthesis chemistry have immense importance in the development of M-N-C catalysts, whereby 

the incorporation of nitrogen was believed to play a great role in nanostructures for improved ORR 

activity. Consequently,[110] successfully prepared Fe-doped Ni3C nanodots dispersed in N-doped 

carbon nanosheets that showed excellent electrocatalytic properties toward both HER and OER. 
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Li et al., [111] explained that enhanced chemical reactivity is present with metal nanoparticles 

supported on mesoporous N-doped carbons and carbon nitrides. They added that such 

enhancement is due to electronic interaction between the metal and semiconductor components, 

affording improvements in the catalytic performances. 

The evidence that such composites can realize low overpotentials for HER, around 89 mV at 10 

mA cm⁻², may place them in competition with noble metal catalysts such as platinum. The porous 

structure enhances the hydrogen adsorption and desorption kinetics, hence improving the HER 

performance. Various composites have enhanced their OER performance by realizing low 

overpotentials because of the optimized structure and electronic properties due to nitrogen doping. 

Normally, nitrogen functionalities within the carbon matrix play a crucial role in facilitating better 

adsorption of reaction intermediates. First of all, understanding the mechanism which stands 

behind the improved performance of Ni3N@N-C composites synthesized via CVD is of vital 

importance. The active sites for both HER and OER have been majorly ascribed to the interactions 

between nickel atoms in Ni3N and nitrogen species in the carbon matrix. It has been shown that 

pyridinic nitrogen enhances electron transfer rates. DFT calculations indicate that the electronic 

interactions at the interface between Ni3N and N-doped carbon optimize the charge transfer 

processes during electrocatalytic reactions, leading to further catalytic efficiency enhancement. 

In conclusion, among all the ideal methods for the synthesis of nickel nitride enclosed by nitrogen-

doped carbon materials, chemical vapor deposition stands out. The CVD is that important in 

developing electrocatalytic technologies, in that upon allowing the fabrication of porous structures, 

it increases the catalytic activity toward applications of OER and HER. Further studies of 

optimization on this synthesis route will result in higher performance improvement in systems of 

renewable energy using Ni3N@N-C composites [105,106,112–114]. 

C. Magnetron Sputtering Method  

Magnetron sputtering is a versatile physical vapor deposition technique that has so far been 

successfully utilized to develop hierarchical nanoarrays of nickel and its nitride, nickel nitride, on 

conductive substrates. It opens an avenue to integrate these materials with nitrogen-doped carbon, 

hence enhancing their electrocatalytic performances toward the oxygen evolution reaction and 

hydrogen evolution reaction. 
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Several literatures reported that the magnetron sputtering-prepared Ni/Ni3N nanoarray showed 

excellent performance metrics of OER and HER. Several performances of overpotential for HER 

have been compared. In some cases, this overpotential was comparable to the noble metal catalysts. 

This is due to increased availability of the active sites because of the hierarchical structure, thus 

improving the mass transport which enhances reaction kinetics. Similarly, OER performances have 

also been improved with optimized structural characteristics and improved electronic properties 

upon integration with N-doped carbon. The presence of nitrogen functionalities favors enhanced 

adsorption of reaction intermediates, hence further improvement in catalytic efficiencies. 

The active sites for HER and OER can be ascribed mainly to synergistic effects arising from the 

interaction of nickel atoms in Ni3N and nitrogen species residing within the carbon matrix. 

Pyridinic nitrogen was found to increase the electron transfer rate. DFT studies on the interface of 

Ni/Ni3N and N-doped carbon suggest that the electronic interactions between the two will optimize 

the processes of charge transfer during electrocatalytic reactions, thus further enhancing catalytic 

efficiency. 

In summary magnetron sputtering of hierarchical nanoarrays of nickel and its nitride on conductive 

substrates is an effective synthesis method. When these are integrated with nitrogen-doped carbon, 

their corresponding electrocatalytic performance significantly improves for both OER and HER 

applications. Further optimization of this synthesis technique will lead to further improvement in 

performance in renewable energy systems. sputtering parameters allows for the potential control 

of the morphology of deposited Ni and Ni3N species, thus enabling hierarchical structures with 

high surface area and improved catalytic activities. 

The integration of N-doped carbon can be further performed either after the deposition of Ni or 

Ni3N by subsequent CVD processes or pyrolysis of carbon precursors in a nitrogen-rich 

atmosphere. The thus-obtained composite exhibits superiorities from not only the high 

conductivity of metals but also the enhanced catalytic property provided by N-doping. 

[105,106,113,115] 

D. Hydrothermal and Solvothermal Methods 

Hydrothermal and solvothermal methods are regarded as effective routes to synthesize Ni3N within 

nitrogen-doped carbon matrices. Both the approaches utilize the specific characteristics of solvent 
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in a high-pressure environment to ultimately yield the materials with desirable structural 

properties, enhancing the catalytic activities toward OER and HER.  

Hydrothermal and solvothermal synthesis of Ni3N@N-C composites have shown fantastic metrics 

in their performances. Several reports show low overpotentials; for example, approximately 89 

mV at 10 mA cm⁻² for HER in alkaline media. Thus, these composites will be able to compete 

with noble metal catalysts such as platinum. Similarly, OER performances have been enhanced. 

With such composites having low overpotentials, it is attributed to the optimized structure and 

electronic properties due to nitrogen doping. Active Sites - Embedding nitrogen functionalities 

into the carbon matrix enhances electron transfer kinetics, an essential feature for both the HER 

and OER processes. The presence of nitrogen species improves the adsorption energies of reaction 

intermediates, allowing for faster reaction kinetics. DFT studies show that the electronic 

interactions at the interface between Ni3N and N-doped carbon further optimize the charge transfer 

processes during electrocatalytic reactions, increasing catalytic efficiency even more. 

in conclusion hydrothermal and solvothermal methods are thus considered efficient techniques for 

synthesizing nickel nitride within a nitrogen-doped carbon matrix for their porous structures, 

which enhance catalytic activity toward OER and HER. Further investigation in this area will be 

related to the optimization of synthesis techniques, which will further improve the performance of 

Ni3N@N-C composites in renewable energy technologies [84,90,116,117]. 

2.5 Electrocatalytic Performance of Non-noble materials 

2.5.1 Overpotential  

Overpotential is herein defined as the additional voltage required by the theoretical value, which 

drives the electrochemical reaction at a certain rate. It is a crucial parameter in the efficiency 

assessment of electrocatalysts with respect to both OER and HER. Theoretically, the OER process 

has a minimum overpotential of about 0.3 to 0.4 V because of the way the oxygen-containing 

intermediates (*OH, *O, and *OOH) scale with each other [118]. 

Indeed, recent efforts have been made to utilize nickel-based electrocatalysts for water splitting 

reactions; the overpotential values are varying for OER and HER. For example, the Ni 

nanoparticles encapsulated by N-doped carbon (Ni@N-C) demonstrated low overpotentials of 117 



 
  
 

32 

 

mV for HER and 325 mV for OER [12]. The core-shell structures of Ni@Ni-NC displayed an 

OER overpotential of 371 mV, surpassing that of the commercial benchmark IrO2 [119].  Nickel 

nitride (Ni3N) on Ni foam has shown excellent HER activity in alkaline solution, with an 

overpotential of ~50 mV[100]. This was explained because the "in situ" formation of a Ni(OH)2 

layer on the nitride surface occurred. The nitrogen-doped carbon encapsulation around γ-MoC/Ni 

heterostructures resulted in γ-MoC/Ni@NC, exhibiting an OER onset overpotential of 240 mV 

and an overpotential of 310 mV at 10 mA cm-2 [120]These studies highlight that these nickel-

based materials can serve as active electrocatalysts for water-splitting reactions\ 

Table 2. 5 Summar for overpotential of nickel-based materials as efficient electrocatalysts for 

water splitting, 

Electrocatalyst Reaction Overpotential 

(mV) 

Current Density 

(mA cm⁻²) 

Ref. 

Ni@N-C HER 117 10  [12]. 

Ni3N on Ni Foam HER ~50 - [100]. 

Ni@N-C OER 325 10 [12] 

Ni@Ni-NC OER 371 10 [119] 

γ-MoC/Ni@NC OER 310 10 [120] 

These findings underscore the potential of nickel-based materials as efficient electrocatalysts for 

water splitting, showcasing their effectiveness in both HER and OER applications. 

2.5.2 Over potential and Tafel slope 

Recent studies have stated the activity of a number of electrocatalysts in view of their overpotential 

and Tafel slope values concerning water splitting reactions. In the oxygen evolution reaction, the 

typical overpotential was reported for nickel nanoparticles encapsulated in nitrogen-doped carbon 

at a Tafel slope of 123 mV/dec [121]. In sharp comparison, much lower Tafel slopes are shown by 
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[110]NiCo alloy catalysts at 50.1 mV/dec, though overpotential data reported for the said catalyst 

has not been indicated. 

In the case of HER, the overpotential of Ni-NC was 263 mV with a Tafel slope of 145 mV/dec. 

For the NiCo alloy, exhibited a Tafel slope of 83.9 mV/dec, but again, the value of overpotential 

was not provided. In addition, γ-MoC/Ni@NC composite showed a promising OER performance 

with overpotential as low as 240 mV, though its Tafel slope was not mentioned (Zhang et al., 2017) 

The most recent research has focused on the development of active, noble metal-free 

electrocatalysts for both OER Several types of materials have shown promising performance, 

including FeCoNi alloy with overpotential of 400 mV for OER and with Tafel slope of 72 mV/dec 

as investigated by [122] and Ni-Co oxides displaying the dual Tafel slope behavior in [123]. 

Among them, heterostructured γ-MoC/Ni encapsulated in N-doped carbon showed an excellent 

performance toward OER with an onset overpotential of 240 mV. 

Very recently, a catalyst with bimetal Mo-Ni/NC displayed excellent activity toward OER. For the 

OER, an overpotential of 270 mV was achieved with a current density of 10 mA/cm2 and a Tafel 

slope of 64.3 mV/Dec [124]. These studies reveal the potentiality of non-precious metal catalysts 

toward improvement in water electrolysis and related energy conversion technologies by offering 

alternatives to the costly noble metal-based catalysts. On one hand, such findings could indicate 

the potential of nickel-based electrocatalysts for improving the efficiency of the water splitting 

process. 

Table 2. 6 Summary for Tafe slope as potential of nickel-based electrocatalysts for improving the 

efficiency of the water splitting process. 

Reaction Electrocatalyst Over Potential 

(mV) 

Tafel Slope 

(mV/dec) 

Reference 

OER Ni@N-C (Nickel Nano par 

ticles in N-Doped Carbon) 

325 123 [121]. 

OER NiCo Alloy - 50.1 [121]. 



 
  
 

34 

 

HER Ni-NC (Nickel Nano part -

icles in N-Doped Carbon) 

263 145 [121]. 

HER NiCo Alloy - 83.9 [121]. 

OER γ-MoC/Ni@NC 240 - - 

HER Fe-Doped Ni₃C in N-Doped 

Carbon 

~50 - [110] 

OER Ni/Fe₃O₄ Heterostructures 296 61 [125]  

OER NiCo₂O₄/NiO Hollow 

Microrods 

- - [126] 

OER FeCoNi Alloy 400 72 [122] 

OER Ni-Co Oxides - Dual Tafel 

slope 

[123] 

OER γ-MoC/Ni@NC 240 - [120] 

OER Mo-Ni/NC Bimetal 270 64.3 [124] 

2.5.3 Electrochemical Impedance Spectroscopy (EIS) 

While nickel-based nanoparticles act as bifunctional electrocatalysts toward OER, catalysts of this 

type in general exhibit very high activities, stabilities, and durability compared to noble metal 

catalysts in alkaline mediums[127–129].The doping of nitrogen into the carbon matrix, confirmed 

by different spectroscopic techniques, has improved the catalytic performances due to the 

modification of electronic properties of the material. Their excellent performance might be 

attributed to the unique three-dimensional hierarchical structure, including uniformly distributed 

metal nanoparticles encapsulated by a partially graphitized N-doped carbon shell. Several 

important parameters explaining the improved catalytic activity of these nitrogen-doped carbon 

materials, such as density of states, carrier concentration, and flat band potential, have been derived 
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using electrochemical impedance spectroscopy. The following table summarizes the 

electrochemical impedance spectroscopy (EIS) data for various non-noble electrocatalysts, 

focusing on the resistance and capacitance parameters: R1/RS, C2/CPEdl, R2/Rct, R3/Rf, and 

C2/CPEf. 

 Table 2. 7 Provide insights into the EIS electrochemical performance and characteristics of 

some selected materials. 

Electrocatalyst 

R1/RS 

(Ω) 

C2/CPEdl 

(µF/cm²) 

R2/Rct 

(Ω) 

 

R3/Rf 

(Ω) 

C2/CPEf 

(µF/cm²) Ref 

Ni@N-C 10 1.5 25 
 

15 0.8 [130] 
 

NiCo Alloy 5 2.0 30  10 1.0 [130] 
 

Ni-NC  12 1.8 20  12 0.9 [130] 
 

Fe-Doped Ni₃C in N-Doped 

Carbon 8 2.5 18 

 

14 1.2 [130] 
 

γ-MoC/Ni@NC 6 1.0 22  11 1.5 [130] 
 

Ni/Fe₃O₄ Heterostructures 9 1.7 24  13 1.3 [130] 
 

FeCoNi Alloy 15 2.3 35  16 0.7 [131] 
 

Mo-Ni/NC Bimetal 11 1.9 26  12 1.1 [132] 
 

 

2.5.4 Stability of Electrocatalyst 

 Using potentiodynamic or Chronoamperometry techniques for measuring the change in voltage 

with time, or chronopotentiometry to detect the change in current over time, stability may typically 

be determined in several hours of measurement. The activity curve is then used to determine the 

level of stability. To improve stability even further, it's vital to first comprehend the chemical and 

physical activities that take place on the catalyst surface during reactions [28,29]. 

The table below summarizes the stability and performance metrics of non-noble Ni₃N composite 

electrocatalysts  

https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://dr.ntu.edu.sg/bitstream/10356/138619/2/LXW%20Non%20Noble%20Metal%20Based%20Electrocatalysts%20Towards%20the%20Oxygen%20Evolution%20Reaction.pdf
https://pubs.rsc.org/en/content/getauthorversionpdf/d1cp02370e
https://pubs.rsc.org/en/content/getauthorversionpdf/d1cp02370e
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC107053/kjna29267enn.pdf
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC107053/kjna29267enn.pdf
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Table 2. 8 Data on Non-Noble Ni₃N Composite Electrocatalysts and Their Stability 

 

 

2.6 Summary on Challenges and Limitations of Nickel Nitride 

Based Electrocata list for OER and HER 

The nitrogen-doped carbon-supported nickel nitride-encased Ni3N has a lot of potential to be a 

very useful electrocatalyst for both OER and HER reactions. However, there are many challenges 

and limitations toward effectiveness and utilization. 

2.6.1 Stability Problems 

The structural deterioration in Ni₃N after a very long period of electrochemical cycling can occur 

and thus seriously weaken the catalytic activity. More precisely, this is realized under harsh 

conditions typical of the OERs, whereby the formation of surface oxides can change the active site 

and decrease the overall efficiency [133]. The nitrogen-doped carbon support itself may degrade 

overtime, especially at high temperatures or in aggressive electrolytes. This leads to a loss of 

structural integrity as well as catalytic performance [100]. 

Electrocatalyst Current  

Density 

(mA/cm²) 

Over 

potential 

(η) (mV) 

Stability 

Duration 

Comments/ 

Performance Highlights 

Ref. 

Ni₃N-CeO₂/NF 50 350 40 h Maintained performance with low 

overpotential for OER 

 

[98] 
 

Ni₃N/NF 20 Not 

specified 

24 h Potential drop of ~95 mV over 24 

h; stable activity post-test 

 

[133] 
 

Ni₃N-2CeO₂/NF 10 42 Not 

specified 

Optimal performance for HER 

with significant stability 

 

[98] 
 

Ni₃N/Ni(OH)₂-

NiOOH 

50 7.6 50 CV 

cycles 

Improved HER performance after 

CV cycling; stable activity 

 

[133] 
 

NiFeN@NiMo

N Core-Shell 

500 369 Not 

specified 

Excellent durability for seawater 

electrolysis; high current density 

achieved 

[134] 

  

https://www.mdpi.com/2079-4991/14/11/935
https://theory.cm.utexas.edu/henkelman/pubs/chukwuneke23_1654.pdf
https://www.mdpi.com/2079-4991/14/11/935
https://theory.cm.utexas.edu/henkelman/pubs/chukwuneke23_1654.pdf
https://www.nature.com/articles/s41467-019-13092-7
https://www.nature.com/articles/s41467-019-13092-7
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2.6.2 Kinetic Limitations  

Although Ni₃N exhibits lower overpotentials compared with some of the traditional catalysts, it 

needs a high input of energy to realize high current densities. For instance, its overpotential in 

HER may go as high as 171.9 mV at a certain current density, which is higher than in noble metal 

catalysts like platinum[90]. The kinetics of both OER and HER may be significantly controlled by 

sluggish electron transfer processes across the interface between Ni₃N and the electrolyte. This can 

impede the overall efficiency of these reactions, especially under different pH conditions[100]. 

2.6.3 Variability in Electrocatalytic Activity  

The performance of Ni₃N is sensitive to the degree of nitrogen doping in the carbon matrix. It 

requires an optimum for the enhancement of electronic properties, while the structural stability has 

to be sacrificed. Either too little or too much nitrogen might provide suboptimal catalytic behavior.  

Surface oxidation may form either Ni(OH)₂ or NiOOH layers; such a process could block the 

active sites or even change the reaction pathways during operation, thus leading to gradual loss of 

activities[90]. 

2.6.4 Environmental Sensitivity 

The performance of Ni₃N encapsulated in nitrogen-doped carbon has much dependence on the use 

of different electrolytes, such as alkaline or acidic. Limitations of this system can be less versatile 

and may require careful selection in applications based on needs [90]. Impurities of iron ions can 

be present in alkaline solutions, which affect catalytic activity. Such impurities may further 

complicate optimization by either increasing performance or acting as inhibitors [133]. Although 

nitrogen-doped carbon encapsulating nickel nitride is suitable for both OER and HER, there are 

still challenges yet to be overcome because of the stability of operational conditions, kinetic 

limitations, variations in electrocatalytic activity, and environmental sensitivities. Further research 

has to be carried out to improve the structural integrity of NQN@NCFP by controlling the optimal 

doping level, so finding the reaction mechanisms becomes a key factor in improving its 

electrocatalytic performance. 
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3. MATERIALS AND METHODS  

3.1 Materials  

The metallic-Ni powder particles, NH3 and N2 gases, 3.5 mg mL−1 of dopamine hydrochloride, 10 

× 10−3 M   tris buffer (tris (hydroxyl methyl) amino methane)), deionized (DI) water, ethanol, 

2.263 mmol thiourea and 60 mL Teflon-lined stainless-steel were used. This is a mixture of 

metallic nickel powder, ammonia, nitrogen gas atmospheres, dopamine hydrochloride, tris buffer, 

deionized water, ethanol, thiourea, and an appropriate reactor lined with Teflon along its inner 

walls made from stainless steel. Such a well-formulated combination is aimed at nanoparticles or 

catalysts for the synthesis of nickel nitride core and nitrogen doped carbon shell. Each component 

has been chosen because of the role it can play, given that it facilitates chemical reactions while 

ensuring the stability and properties of the desired material. NH3 acts as a precursor, providing 

nitrogen to the nickel nitride formed in the synthesis reaction. N2 provides an inert atmosphere, 

ensuring that no oxidation takes place and the synthesis is stable. Significance: In fact, the mixture 

of these two gases is crucial to developing the reducing atmosphere needed for the formation of 

Ni3N.  

3.2 Methods 

3.2.1. Preparation of PDA Coated Nickel 

Polydopamine was first coated on metallic Ni powder to form a uniform layer so as to enhance the 

nitridation as shown in figure 3.1. The oxidative polymerization of the dopamine hydrochloride 

was then stimulated by pH in an alkaline solution at pH 8.5, coating the nickel powder with a shell 

of PDA. Aqueous solutions of dopamine hydrochloride were prepared at various mass ratios 

relative to metallic Ni powder, namely, 1:1, 1:1.41, and 1:2.0. The concentration of DA 

hydrochloride was kept at 3.51 mg/mL in the solution of 10 mM Tris buffer. To this regard, the 

metallic Ni powder was dispersed into the DA solution prepared for a while to distribute uniformly 

in the solution. The resulting mixture was then stirred at room temperature for 24 h. With such a 

long stirring time, a thin, uniform layer of PDA can be obtained on the surface of the Ni particles. 

The ideal coating was produced when the mass ratio of the dopamine hydrochloride to the nickel 
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was 1:2, while any other combination resulted in severe PDA aggregation. The coating acted like 

a precursor to further chemical modifications with the aim of enhancing stability and reactivity for 

the nickel particle. This will further prepare the metallic Ni for successive process steps of 

annealing and nitridation, hence yielding the desired nitrogen-doped nickel nitride structure [135–

137]. 

3.2.2. Synthesis of core-shell PDA-Nickel Structure 

4 M HCl solution was used for etching PDA coated nickel, as this concentration will sufficiently 

serve in the partial removal of nickel to get core shell PDA-nickel structure. The etching was done 

for varying time intervals: 30, 45, and 60 minutes. Each time period allowed for a detailed study 

of how the etching time affects the structural and electrochemical properties of the Ni-PDA 

particles. 45 minutes was obtained to be the optimum etching time. By introducing void space 

between the nickel core and the cloth portion of the PDA shell, the Ni-PDA inner sheath's reduction 

during etching was achieved. Finally, after 45 minutes of etching, the Ni-PDA particles are washed 

with DI water and ethanol to remove residual acid and byproducts of the reaction.  

 

 

Figure 3. 1 Schematic representation for the synthesis of (Ni3N@NC 
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3.2.3 Synthesis of Nickel Nitride-Nitrogen Doped Carbon Core-Shell 

Structure 

The annealing process is thereafter performed to convert Ni-PDA into nitrogen-doped carbon-

coated metallic nickel particles (Ni-NC). Particles of Ni-PDA are taken in a high-temperature 

furnace capable of maintaining controlled atmospheres. Here, an inert atmosphere was created 

with a mixture of gases, including ammonia (NH₃) and nitrogen (N₂). Therefore, the primary role 

of this mixture was to provide the proper atmosphere for the desired annealing chemical 

transformations, nickel to nickel nitride and carbon to nitrogen doped carbon. Annealing is done 

at 500 °C for 3, 6, 12, and 24-hours. This temperature is selected to provide conditions for the 

thermal decomposition of PDA into nitrogen-doped carbon. Annealing for different periods allows 

the time effects on the properties of resulting Ni-NC particles to be systematically investigated. 

Upon attainment of 500 °C, the PDA coating starts its thermal decomposition that, in turn produces 

a layer of nitrogen-doped carbon around the metallic Ni particles. The NH3 atmosphere acts as an 

agent that helps introduce the nitrogen into the nitrogen doped carbon matrix that improves the 

properties of carbon and increases stability. At less period of nitridation and low flow rate of NH3 

and N2 there is no more formation of Ni3N started to appear. Nevertheless, a long nitridation and 

high flow rate promote the formation of more Ni3N. With increasing duration of nitridation, N2 

and (NH3) gases were gradually released, it then reacted with the metallic Ni core in the Ni–NC 

Core Shell to form Ni3N@NC Core Shell and NH3. 

The cooling of the furnace is carried out to room temperature under an inert atmosphere after the 

scheduled time for annealing, in order to avoid the oxidation of newly formed Ni-NC particles. 

The product from this step includes nitrogen-doped carbon-coated metallic nickel particles, Ni-

NC, displaying excellent electrochemical properties owing to their unique structure and 

composition. 

3.3 Material Characterization 

Raman spectroscopy was used to identify the different phases of carbon in the N-doped carbon 

shell. The alpha300 M+ system was used to excite the sample with a laser; the photons scattered 

inelastically to result in a spectrum representative of the molecular vibrations in the sample. 
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A 532 nm laser was found to work quite well for many organic compounds or material because it 

seemed to yield a good Raman signal. XRD was used to confirm the presence of characteristic 

peaks associated with the Ni3N phase. The 7500F FE-SEM (FE-SEM; JEOL, Japan) was used to 

assess the surface morphology. TEM and HR-TEM (200 kV) were used to analyze the 

microstructures of the hybrid structure. EDS elemental mapping under the scanning TEM (STEM) 

and XPS were employed to study the NiS– NC HS composition. 

The linear-sweep voltammetry with a scan rate of 1 mV∙s−1 and cyclic voltammetry in 1 M KOH 

were conducted on a CHI 660D (CH Instruments, Inc., Austin, TX) electrochemistry work station 

using a three-electrode cell. Hg/HgO (1 M NaOH) and Pt wire electrodes were used as reference 

and counter electrodes, respectively. The working electrodes were prepared by mixing the as-

prepared active materials (Ni3N@NC), Ketchen black, and poly vinylidene difluoride with a mass 

ratio of 7:2:1 in N-methyl-2-pyrrolidone. A piece of carbon paper was taken and cleaned from any 

contaminant. Carbon paper, 1cm x 1cm in dimensions was used to coat the Ni3N@NC slurry. The 

slurry was coated uniformly on one side of the carbon paper using doctor blade. The coated carbon 

paper was placed in a vacuum oven at 90 °C and dried overnight, for about 12 hours. This is to 

ensure that adequate adhesion of materials was achieved and complete elimination of solvent. The 

catalyst loading for Ni3N@NC was approximately 2.6 mg∙cm−2. Electrochemical impedance 

spectroscopy (EIS) measurements was conducted using a three-electrode system with frequency 

range 100 kHz–0.1 Hz, and amplitude of applied voltage was 5 mV. The stability of mesoporous 

Ni3N@NC was conducted in 1 M KOH by applying a static current density of 20 mA∙cm−2. 
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4. RESULTS AND DISCUSSIONS   

Raman spectroscopy was verified the nitrogen doping in carbon, reflecting both its graphitic and 

amorphous forms. XRD confirmed the efficient synthesis of the material with no loss of 

crystallinity and the phase purity of nickel nitride. TEM showed that catalysis has particles of 

uniform size. HRTEM confirmed the correct lattices of nickel nitride as being crystalline with 

negligible amorphization. In the end, it was revealed that the Ni-NC catalyst proves to be highly 

efficient in electrocatalysis under alkaline conditions and such that is characterized by fast charge 

transfer kinetics with negligible charge transfer resistance. Raman spectroscopy indicated 

nitrogen-doped carbon with the coexistence of graphitic and amorphous structures; from the 

intensity ratios, a high degree of nitrogen doping was estimated that would enhance the electronic 

properties of the catalyst. The XRD analysis indicated sharp peaks of nickel nitride phases without 

losing crystallinity or phase purity during the synthesis. TEM showed a homogeneous dispersion 

of the nickel nitride nanoparticles within the nitrogen-doped carbon matrix, which is of prime 

importance for catalytic behavior. Further detailed images of the crystalline lattice structures of 

nickel nitride with minimal amorphization upon encapsulation were further demonstrated by 

HRTEM. With performance evaluation, the catalyst Ni-NC had an overpotential of 292.28 mV 

under alkaline conditions at a current density of 10 mA·cm² for hydrogen evolution; this confirms 

high electrocatalytic efficiency due to the low overpotential. The Tafel slope revealed rapid charge 

transfer kinetics, which indicates that the catalyst is efficient in promoting the electrochemical 

reaction.  

Moreover, electrochemical impedance spectroscopy data confirmed low charge-transfer 

resistance, clearly allowing the conclusion to be drawn that this Ni-NC structure supports fast 

electron transport, responsible for the maintenance of a high catalytic performance over time. 

  4.1 Characterization of Ni3N@NC 

Nitrogen doping in carbon was verified by Raman spectroscopy, which showed peaks indicating 

graphitic and amorphous forms. High intensity ratios suggested a substantial nitrogen doping, 

which enhanced the catalyst's electrical properties even more. The effective production of the 

material was demonstrated by sharp peaks by X-ray diffraction (XRD) attributed to the crystalline 

phases of nickel nitrides. These peaks also indicated that encapsulation preserves the crystallinity 
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and phase purity of nickel nitride. A homogenous dispersion of Ni3N nanoparticles in an N-doped 

carbon matrix was observed by Transmission Electron Microscopy (TEM), which also verified the 

consistent particle size for catalysis. While EDX demonstrated effective encapsulation by 

assessing elemental composition, STEM offered high-resolution images of the encased particles. 

The precise lattice structures of nickel nitride were ascertained by HRTEM, which also 

demonstrated that the material is crystalline with very little amorphization in encapsulation. It 

provided details on the surface chemical states of nitrogen and nickel and demonstrated that strong 

interactions between nitrogen-doped carbon and nickel nitride enhance catalytic activity because 

of different nitrogen functions. 

4.1.1    X-Ray Diffraction Analysis for Phase identification and 

crystallinity 

a 

  

b 

 

 

  

 

Figure 4. 1 (a) XRD patterns of   Ni3N@NC prepared at different flow rates (b) relative 

intensities  

The XRD patterns of the Ni3N@NC structures synthesised at different ammonia flow rates are 

shown in Figure 4.1 (a). The recorded diffraction patterns indicate that the samples are not single-
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phase. All experimental Ni3N@NC samples successfully achieved highly crystalline nickel nitride 

(Ni3N) phases[18]. The characteristic XRD peaks at 2θ = 44.50, indexed to the (111) plane, were 

observed in the standard data from JCPDS 04-004-2240[138]. At a lower ammonia flow rate of 50 

sccm, the Ni phase exhibited diffraction peaks at 2θ = 520 and 760, corresponding to the (200) and 

(220) planes, respectively[139]. The presence of sharp peaks and the absence of Ni peaks—which 

would complicate the identification of pure nitride phases—demonstrate the enhanced crystallinity 

of Ni3N in the Ni3N@NC electrocatalyst. Figure 4.1 (b) shows the relative intensity of etched 

Ni3N@NC samples at different durations: PDA-24 h, PDA-12 h, and NC-Ni-6 h. It is evident that 

Ni particles were removed during the etching process to facilitate the formation of the Ni3N phase. 

While the Ni3N core phase at 2θ = 44.50 is preserved, other phases may also emerge alongside 

observable phase changes due to etching. The varying etching outcomes highlight the importance 

of both the NC shell and void space in developing an effective core shell structure that prevents 

neighboring particles from aggregating across different phases [139]. The relative intensity of 

diffraction peaks for etched PDA after 24 hours compared to those formed after 12 hours indicates 

that higher crystalline phases of Ni3N in the Ni3N@NC composite result from a higher ammonia 

flow rate. This promotes the formation of a core within the NC shell that can withstand molecular 

nitrogen removal, although it may also reduce the thickness of the NC shell. However, etching in 

both PDA-Ni 6h and NC-Ni 6h samples resulted in a decrease in spectrum intensity that was even 

lower than that observed in their unetched counterparts [140]. 

4.1.2 Raman Spectroscopic analysis for Bonds on Ni-PDA and Ni-NC 

      

Figure 4. 2 Raman spectra of (a) Ni-PDA and (b) Ni-NC 
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The creation of the PDA and its conversion into the NC were verified using Raman spectroscopy. 

Figure 4.2 depicts the Raman spectra of N-PDA and N-NC. The N-PDA displays two peaks at 

1572 and 1372 cm-1, which are the result of the PDA stretching and deforming aromatic rings, 

respectively. Correspondingly, bands at 1357 and 1581 cm-1 presented in the Ni-NC bond are 

attributed to the D-band (sp3-hybridised) and G-band (sp2-hybridised), which are related to the 

vibrational bond of dangling of the C atoms in the edge-ending plane of the disarrayed graphite 

and the sp2-hybridised C atoms in a 2D hexagonal lattice, respectively [141].  

4.1.3 Transmission Electron Microscopies for composition and 

structural analysis 

Strong proof that the anticipated core-shell structure was successfully constructed is provided by 

the TEM and scanning TEM (STEM) images in Figures 4.3 (a) and 6(c), which clearly distinguish 

the Ni3N core from the NC shell. Individual nanoparticles were characterized using high-resolution 

transmission electron microscopy (HRTEM), which revealed that the lattice fringes are different 

from the nanosheet's, as shown in Figure 4.3 (b). The measured d-spacing of 0.2078 nm for the 

111 planes of the hexagonal close-packed (hcp) structure is in good agreement with the anticipated 

values for Ni3N, which correspond to the 111 facets seen at 2θ = 44.50 in the XRD spectrum. 

Furthermore, as can be observed in the STEM photos, figures S1 (a–f) show that the Ni3N core is 

smoothly encased by the NC shell, indicating a robust contact between the core and shell. 

Figure 4.3 (a, c)'s TEM and scanning TEM (STEM) pictures demonstrate the striking contrast 

between the Ni3N core and the NC shell, providing additional evidence that the planned core-shell 

structure was successfully constructed. High-resolution Individual nanoparticles were 

characterized using TEM (HRTEM), and the lattice fringes differed from those of the nano sheet 

Figure 4.3 (b)). The (111) planes of hexagonal close packed (hcp) had a measured d-spacing of 

0.2078 nm that was in good agreement with that measurement. Ni3N   which is consistent with 

(111) facets of Ni3N corresponding to 2θ =44.50 in X-RD data spectrum. Moreover, image S1 (a-

f) for The Ni3N core is smoothly bound by the NC shell, according to TEM (STEM), demonstrating 

a strong contact between the core and shell.    
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4.1.4 Energy Dispersive Spectroscopic analysis of elemental composition 

and distribution 

Figures 4.3 (d) to 6(f) display the comparative distribution of the elements Ni, N, and C as 

determined by the EDS mapping results. These elements are evenly distributed throughout the 

Ni3N@NC structure. The bright red areas on a black backdrop in Figure 4.3 (d) represent the 

elemental mapping of Ni in the core surrounded by the NC shell. The mapping of the nickel 

element in Figure 4.3 (e) reveals that the bright, light blue regions correspond to the same nitrogen 

distribution in the shell. One can observe that a black structural image of the core in Figure 4.3 (f), 

the elemental mapping for carbon, indicates that there is no carbon present. The bright green areas 

in the carbon elemental mapping correspond to the dark areas in the nickel elemental mapping. 
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Figure 4. 3 (a) TEM, b) HR-TEM, c) STEM and (d-f) EDX elemental mapping of Ni3N@NC-24h 

4.1.5   X-Ray Photoelectron Spectroscopic analysis for elemental 

composition and chemical state 

X-ray photoelectron spectroscopy (XPS) measurements were used to further investigate the 

chemical states and surface composition of the synthesised nitrogen-doped carbon shell 

surrounding a nickel nitride core structure, Ni3N@NC. Figure 4.4 (a) XPS spectra of nickel nitride 

in the wide scan, showing the peaks for Ni, O, C, and N. Figure 4.4 (b) shows the metallic Ni 

particles in the low binding energy region at a range of 850-862 eV assigned to Ni 2p3/2 and four 

peaks in the high binding energy region at a range of 870-879 eV assigned to Ni 2p1/2. In the case 

of Ni3N@NC-24, the presence of elemental Ni is verified by the two pronounced peaks at 852.6 

and 870 eV. These correspond to XRD diffraction patterns, confirming that Ni exists in a 

monovalent oxidation state: Ni3N; this is critical in catalyst formation. The peaks for Ni 2p3/2 at 

854.5, 855.6, and 857 eV, along with corresponding peaks for Ni 2p1/2 at 872, 873, and 874 eV, 

suggest the presence of NiO, Ni(OH)₂, and NiOOH, respectively. These species likely arise from 

partial surface oxidation of the nitride that cannot be entirely avoided and are believed to be 

localised at the interface between the Ni3N core and the NC film on the surface[142,143]. 

Furthermore, Figure 4.4 (c) presents the C 1s spectra, where SP³ and SP²-hybridized carbon 

correspond to three peaks at binding energies of 284.65 eV (C-C/C=C), 286.4 eV (aromatic C-N 

bonds), and C=O bonds [4,18].Figure 4.4 (d) displays the N1s XPS spectrum, revealing two 

distinct nitrogen species present in pure Ni3N. The primary characteristic signal at 398.05 eV in 

the high-resolution N1s XPS spectra of Ni3N@NC is assigned to nitrogen atoms coordinated to 

nickel atoms. Additionally, pyrrolic nitrogen is indicated by two peaks at 399 eV, suggesting the 

formation of an NC layer [144]. Figure 4.4 (d) shows the N 1s XPS spectrum, indicating that there 

are different nitrogen species in Ni3N: a strong signal at 398.05 eV can be assigned to nitrogen 

atoms bound to nickel atoms. The contributions of pyrrolic-N are contained in two peaks at 399 

eV, which also imply the growth of an NC layer. Further comparative tests under the same  
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conditions in carbon paper and IrO2 underlined the performance of Ni3N@NC during OER 

4.2 Electrochemicalperformance measurements  

It was also concluded that the nickel nitride-nitrogen-doped carbon complex showed better activity 

of water splitting with the hydrogen evolution rate improvement. Nitrogen-doped carbon-

encapsulated nickel nitride had continuous activity for a very long period of time. Electron density 

was finely tuned, along with improved catalytic activity on account of the synergistic effect of the 

composite material. The overall electrocatalytic activity of the encapsulated materials had 

improved on account of improved current densities as well as electrocatalytic performance. 

  

  

Figure 4. 4 XPS high-resolution spectra of Ni3N@NC (a) wide spectra, (b) Ni2p (c) C 1s, (d) 

N1s 
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4.2.1 Overpotential   

 Figure 4.5 (a) shows the IR-corrected linear voltammetry (V) polarization curves, indicating that 

the electrodes realized by Ni3N@NC present different current densities and reduced OER starting 

potentials with respect to the classic electrodes made of IrO2 and carbon paper. The LSV curves 

suggest that Ni2+/Ni3+ oxidation would occur at around 1.39 V vs. RHE, which is reversible 

according to the LSV of Ni3N[17]. Compared to the Ni3N@NC samples, Ni3N@NC-24 showed 

the highest OER activity, with an onset potential of merely 1.522 V. At a current density of 10 

mA·cm⁻², it only needed an overpotential as low as 20 mV compared with IrO2 (~292.8 mV), 

whereas samples that were tested at 3hr, 6hr, and 12hr required overpotentials as high as 365.6 

mV, 365.4 mV, and 358.6 mV, respectively. These results suggest that the reduction of the 

thickness of the NC layer in Ni3N@NC increases its activity as active sites become more 

accessible. The synergistic interaction in the coating of NC and Ni3N drastically enhances the 

catalytic activity compared with pure Ni3N [145]. A performance comparison of Ni3N@NC-24h 

with IrO2 underlined the critical role of encapsulation with NC in enhancing the OER activity of 

this composite material to become one of the most efficient electrocatalysts for water oxidation 

applications. 

4.2.2 Tafel slope 

Figure 4.5 (b) depicts the Tafel plots for all catalysts, which can provide broad insight on the 

reaction kinetics of Ni3N@NC. To this end, the Tafel slopes for the electrodes Ni3N@NC-24h, 

Ni3N@NC-12h, Ni3N@NC-6h, and Ni3N@NC-3h were recorded at 110.68, 114, 153.5, and 

183.56 mV dec⁻¹, respectively. These results indicate that the optimal OER kinetics were achieved 

at 24 hours for Ni3N@NC-24h, as its Tafel slope is lower than those of single-phase Ni3N (132 

mV/dec) and Ni3N/NC (125 mV/dec) reported by  [57,146]. This significant difference in Tafel 

slope at lower potentials can be attributed to the unique core structure that enhances the specific 

surface area, facilitates interparticle porosity, and promotes the formation of NiOOH on the 

catalyst surface—an electrically active species [57,147]. This suggests that encapsulating an NC 

shell around a Ni3N core can lead to improved OER rates. Conversely, as depicted in Figures 4.5 

(d) and (f), the Ni3N@NC-24h, 12h, and 6h samples exhibited excellent HER performance with 

an overpotential of approximately 143 mV, which is only 15 mV higher than the commercial Pt/C 
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catalyst's overpotential of 128.4 mV at a current density of 10 mA cm-2. The Tafel plots associated 

with these polarization curves are shown in Figure 4.5 (b) and detail comprehensively the reaction 

path for HER on the electrocatalysts. The Tafel slope obtained for Ni3N@NC-24h was given at a 

very low value of 65.26 mV dec⁻¹, which is 17.2 mV dec⁻¹ higher than that of Pt/C (48.2 mV dec⁻¹) 

but quite higher than that of Ni foam of 190 mV dec⁻¹ [148]. 

4.3.3 Charge transfer rate evaluation 

The influence of the material's inherent features, such as charge transport and conductivity, on 

OER catalytic activity was further explored using electrochemical impedance spectroscopy (EIS) 

for Ni3N@NC-24h. The EIS findings reveal that two key parameters affect the kinetic performance 

of an OER electrocatalyst: the charge-transfer resistance at the electrode-electrolyte interface and 

the internal resistance of the thin films. Consequently, Figure 4.5 (g) displays the Nyquist curve 

for Ni3N@NC-24h fitted to an equivalent circuit model. The shortest semicircle in the Nyquist 

figure corresponds to the lowest contact and transfer impedance, which aligns with its greater OER 

activity. Table 5 displays the resistance values derived from the Nyquist plot, including the 

electrolyte resistance (Rs), charge transfer resistance at the electrode-electrolyte interface (RCT), 

and film resistance (Rf). The equivalent circuit fitting revealed that Ni3N@NC-24h displayed the 

lowest charge transfer resistance (Rct) compared to Co0.21Ni0.25Cu0.54)3Se2, Cu3Se2, CoSe, 

and NiSe, indicating a quicker kinetic charge transfer rate at its thin film-electrolyte interface than 

that of binary selenides. This improved interfacial charge transfer can allow the quick synthesis of 

intermediates at the electrocatalyst surface, thereby decreasing the OER onset potential and 

resulting in high catalytic efficiency for Ni3N@NC-24H.Similarly, charge transport inside the 

catalytic film is regulated by film resistance (Rf), which influences the overpotential at 10 mA 

cm2 and therefore impacts catalytic activity. A lower Rf value in Table 5 for the Ni3N@NC-24h 

compared to the four binary compounds points to better conductivity within the thin layer. 

Insertion of Ni atoms into the lattice enhances intrinsic conductivity and is in excellent agreement 

with reduced film resistance. The higher charge transfer resistance across the electrode-electrolyte 

interface and the thin-film resistance, both enhanced by transition metal doping inside the catalyst, 

contribute to improved OER activity found for Ni3N@NC-24h [3]. 
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4.2.4 Stability Test Using chronopotentiometry. 

The stability of Ni3N@NC-24h was further determined during water oxidation using chrono 

potentiometry. From Figure 4.5 (h), the chrono potentiometric curve illustrates that the time-

dependent overpotential on mesoporous Ni3N@NC-24 at a constant current density of 10 mA/cm2 

maintains stability for over 14 hours. Hence, it was clearly revealed that the mesoporous structure 

and unique structural features of Ni3N@NC-24h enable long durability and provide a large number 

of catalytic sites with high stability in the course of the OER reaction. It was, however, found that 

the overpotential required for the Ni3N@NC-24h to achieve a current density of 10 mA/cm2 was 

370 mV, well below the 400 mV that has been reported in the case of Ni3N/NC [18]. 
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Figure 4. 5 Electrochemical measured properties in three-electrode configuration OER polarization 

curves in 1 M KOH at a scan rate of 5 mV s-1, the accompanying Tafel plots for all electrodes 

obtained as-is, a comparison of the over potentials needed to reach j=10 mA cm-2, HER 

polarization curves, and the associated Tafel plots of Ni3N@NC are shown in (a), (b), and (c), 

respectively. (f) HER overpotential comparison (g) Nyquist plots for the OER performed at 2.5 V 

(versus. RHE); (h) Chronoamperometric responses at a constant 1.522 V (vs. RHE, Ej=10 of 

Ni3N@NC-24 for 24 h in 1 M KOH and scale bar is 200 nm). 

Table 4. 1 Equivalent circuit parameter   obtained from fitting of EIS experimental data 

 

catalyst R1/RS C2/ CPEdl R2 /Rct R3/Rf C2/ CPEf 

Ni3N@NC -24hr 0.377 8 Ohm 3.744e-3 F 0.024 28 Ohm 16.09 Ohm  

 

0.126 5 F 

(Co0.21Ni0.25Cu0.54)3Se2 4.9 11.2 0.26 147.3   0.81  

 

CoSe 5 14.2 .0.35 312.6  

 

.83 

 

Cu3Se2  5 18.4 0.48  

1021.8  

 

0.87 

 

NiSe 5 279.1 0.66 1297.0  

 

0.91  
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Rs represents electrolyte resistance; Rct represents electron transfer resistance; C1/CPEdl 

represents the constant phase element of double-layer non-ideal capacitance; Rf represents catalyst 

layer resistance; and CPEf represents capacitance. Rs represents electrolyte resistance; Rct 

represents electron transfer resistance; C1/CPEdl represents the constant phase element of double-

layer non-ideal capacitance; Rf represents catalyst layer resistance; and CPEf represents 

capacitance. 
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5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusion 

In conclusion, the oxygen evolution process in basic solution under mild conditions is being constructed 

and examined using the core shell structured Ni3N-nanoparticles-encapsulated by nitrogen doped carbon 

nano surface sheath catalyst. Intriguingly, the core shell structure nitrogen doped Ni3N@NC-24h catalyst 

shown enhanced activity and significantly better stability at 370 mV and over potential at 292.8 mV 

compared to the over potential of Ni3N/NC at 400 mV and 310 mV, respectively. This catalyst produced a 

current density of 10 mA cm-2. With a Tafel slope of 110.68 m V/dec, bringing about a noticeable difference 

in comparison to nickel foam Ni3N.  It was discovered that the NC shells and the purposefully left-

over void space between the core and shell contribute significantly to the enhancement of the 

electrochemical performances by supplying a conductive channel that accommodates the Ni3N 

particles and prevents their agglomeration. The good activity that has been seen may be attributed 

to the material's core shell structure, which increases the reaction surface area for electrocatalytic 

activity. The high stability was ascribed to Ni3N's strong resistance to oxidation, which was 

demonstrated by XPS characterizations of aged catalyst and showed only very little surface oxide 

development. 
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5.2 Recommendation 

Depending on the findings of this research the following recommendations are drawn as the 

following 

Optimize the synthesis conditions to boost structural strength in Ni₃N, with an increased tolerance 

for the circumstances normal for OER. Alternative carbon supports or protective coatings should 

be explored, which ensure resistance against degradation at high temperatures and harsh 

electrolytes in order to sustain catalytic effectiveness over time.  

Modify the structure or composition of Ni₃N by alloying or doping it in such a way that it decreases 

overpotential needs for both OER and HER. Elaborate on techniques of promoting quicker electron 

transport between Ni₃N and the electrolyte, such as surface modification or nanostructured 

materials for enhanced active surface area.  

An appropriate nitrogen doping into the carbon matrix that is able to balance electrical benefits 

with structural stability for maximum catalytic efficiency will be sought. Emphasis must be given 

on investigations around the production of surface oxides such as Ni(OH)₂ or NiOOH and their 

influence on the active sites to result in novel techniques of sustaining catalytic activity. 

Detailed investigations on the influences of various electrolytes on Ni₃N performance will be 

undertaken in view of optimum working conditions for every particular application. Development 

of ways for reducing impurities or contaminants, such as iron ions found in alkaline solutions 

inhibiting catalytic effectiveness. 

The latter should provide explanations for design options aiming at enhanced electrocatalytic 

performance in reaction processes of OER and HER on Ni₃N. The procedures for stability and 

durability testing need to be systematically applied with a variety of operational conditions and 

assure that these findings are appropriate for applications.  
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