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Abstract 

Hydrogen fuel is a clean energy source primarily because it emits no carbon dioxide (CO2). 

Sustainable energy alternatives have attracted the scientific community and policymakers as 

concerns over global warming and depletion of fossil fuels have increased significantly. 

Substituting H2 gas as a primary source for our daily energy consumption under the guideline of 

the hydrogen economy concept has not progressed as anticipated because of inadequate efficiency 

associated with the generation (electrolyzer) and utilization (fuel cell) devices. However, there are 

challenges associated with hydrogen that must be overcome for it to become a truly sustainable 

and widespread energy source. The full potential of electrocatalysts fabricated from earth-

abundant metals has yet to be exploited to replace Pt-group metals due to inadequate efficiency 

and insufficient design strategies to meet the ever-increasing demands for renewable energies. To 

improve the electrocatalytic performance, the primary challenge is to optimize the structure and 

electronic properties by enhancing the intrinsic catalytic activity and expanding the active catalytic 

surface area. A significant overpotential limits the HER, while efficient electrocatalysts based on 

platinum group metals (PGMs) have demonstrated relatively low overpotentials across a wide pH 

range of electrolytes. However, the large-scale utilization of PGM-based electrocatalysts is 

hindered by two main factors: scarcity and high cost. This dissertation focused on developing 

alternative catalysts that could replace or reduce the reliance on PGMs. The presented work 

employed abundant and low-cost transition metals such as Ni and Mo to discover and optimize 

new materials with maintaining high catalytic activity and stability for the HER. First, we report 

synthesizing a 3D nanoarchitecture of aligned Ni5P4-Ni2P/NiS (plate/nanosheets) using a phospho-

sulfidation process. The durability and unique design of prickly pear cactus in desert environments 

by adsorbing moisture through its extensive surface and ability to bear fruits at the edges of leaves 
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inspire this study to adopt a similar 3D architecture and utilize it to design an efficient 

heterostructure catalyst for HER activity. The catalyst comprises two compartments of the 

vertically aligned Ni5P4-Ni2P plates and the NiS nanosheets, resembling the role of leaves and 

fruits in the prickly pear cactus. The Ni5P4-Ni2P plates deliver charges to the interface areas, and 

the NiS nanosheets significantly influence Had and transfer electrons for the HER activity. Indeed, 

the synergistic presence of heterointerfaces and the epitaxial NiS nanosheets can substantially 

improve the catalytic activity compared to nickel phosphide catalysts. Secondly, we report 

synthesizing a 3D structure of Mo2N-MoP@Mo heterostructured catalysts. To attain the current 

densities of 10 and 100 mA cm-2, the Ni-catalyst showed overpotentials of 75 and 115 mV, and 

Mo-catalyst exhibited 65 and 110 mV, respectively. The Tafel slopes were found to be 50 and 65 

mV dec-1 for the champions. The longevity of both catalysts was investigated, and the 

electrochemical impedance spectroscopy (EIS) revealed inducing S and N non-metals was the 

underlying reason for the modification and durability of structures. 
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Chapter 1: Application of Transition Metal Phosphides to Electrocatalysis 

1.1. INTRODUCTION 

Preserving the environment by establishing global-scale sustainable energy systems has 

emerged as one of the most vital and critical challenges for the future generation. The projection 

of energy demands required for the growing world population and industrialization expansion 

illustrates 24-26 TW under scenarios of “new policies” or “current policies”, while carbon dioxide 

emission will reach 37-44 Gt per year in 2040 (She et al. 2017). The energy supply demands 

immediate impetus to diversify energy sources, emphasizing environmental challenges aroused by 

fossil fuel consumption. The current momentum is to broaden the traditional power supply and 

narrow fossil fuel usage. The daily aggravation of demands for clean and economical energy 

resources endows excellent opportunities for designing and exploring new electrocatalysts which 

can address current global challenges regarding environment and sustainability. For instance, a 

rational strategy is to employ electrocatalysts for converting water as an environmentally abundant 

source to higher-value energy sources, including hydrogen and oxygen. Nanostructured 

transitional metal phosphides have improved electrocatalytic activity compared to many bulk 

materials (Browne, Sofer, and Pumera 2019). The efficacy of electrocatalysis is controlled by the 

electrode materials, which in turn determines the kinetics of hydrogen release and 

adsorption/desorption at the electrode-electrolyte interface. Figure 1.1 represents the schematic of 

applications of transition metal phosphides in various energy segments.  
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Figure 1-1: Schematic representation of modulated strategies for modification of transition metal 
phosphides for energy-related applications as electrocatalysts.  

 

Employing electrocatalysts for either splitting water for hydrogen evolution reaction (HER) 

and oxygen evolution reaction (OER) or operating the cathodic process of oxygen reduction 

reaction (ORR) indicates a remarkable potential to maximize energy density economically and 

efficiently in fuel cells. In this respect, the essential goal is to develop precious metal-free catalysts 

demonstrating well-controlled nanostructures that augment the number of active sites and high 

durability and sufficient intrinsic activity at each site. The application of nanostructured electrodes 

made from transition metals (Ni, Co, Mo, etc.) has been studied extensively as electrocatalysts 

because of their abundant earth reserves and active properties. In recent decades, electrocatalysts 

composed of earth-rich transition metals that are utilized for energy transformation could be 
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categorized as follows: transition metal oxides (TMO) (Cheng et al. 2009), metal nitrides (TMN) 

(M. Liu et al. 2013; Dong et al. 2013), metal dichalcogenides (TMDs) (Mahmood et al. 2013; Y. 

Sun et al. 2017; Kong et al. 2013), metal carbides (TMC) (H. bin Wu et al. 2015), and insulated 

single atoms of transition metals (TMs) (K. Jiang et al. 2018). For example, the well-known 

electrocatalysts developed for specific reactions are MoS2 for HER (Lukowski et al. 2013; 

Yanguang Li et al. 2011) and Co3O4 for OER/ORR (L. Xu et al. 2016; J. Xu, Gao, and Zhao 2012). 

Despite the current progress of noble metal-free paradigms, a few challenges, such as inadequate 

active sites and weak electron conductivity, have yet to be addressed to achieve the primary 

milestones in the development of electrocatalysts. TMPs have demonstrated significant 

physicochemical characteristics, such as desirable electronic features, because metal-rich metal 

phosphides are metallic, even acting as superconductors (Callejas et al. 2016a). Crystalline 

surfaces in TMPs provide more active sites, in contrast to 2D TMDs, where catalytic activity relies 

on the edges of stacking layers (Y. Wang et al. 2017). Broader stability in various pH conditions 

endows greater applicability to TMP structures. Due to excellent physicochemical features and 

several fabrication methods, TMP electrocatalysts surpass constraints seen in TMO, TMN, and 

TMDs and represent greater feasibility to replace noble metal catalysts. All elements known as 

transition metals in the periodic table enable to react with phosphorous to form TMPs. Phosphides 

demonstrate complex chemistry because different crystalline structures emerge from different 

stoichiometric ratios, and minor variations in the ratio of metal to phosphorous result in a 

significant alteration in physicochemical characteristics (Yang Lv and Wang 2017). Thus, it seems 

rational to record better electron conductivity and chemical stability when metal-rich or 

monophosphide TMP structures are provided because of adequate metal-metal bonds and metal-

phosphorous bonds compared to phosphorus-rich TMPs with good phosphorous-phosphorous 
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bands (Callejas et al. 2016a). Therefore, the favorable physicochemical features of TMPs can be 

tuned successfully by altering their corresponding compositions and structures (Yang Li, Dong, 

and Jiao 2020a). For instance, a key frontier in the synthesis of new structures is to tailor the 

composition and structure of electrocatalysts to operate at various conditions while researchers 

pursue improving the longevity and selectivity of catalysts to realize the prospects of replacing 

renewable energy with fossil fuels.  

The reversible reaction of hydrogen evolution, reaction 1, occurs on the electrode surface and 

requires to be catalyzed by an electronic conductor (Kibler 2006): 

 𝐻𝐻(𝑎𝑎𝑎𝑎)
+ + 𝑒𝑒− → 1

2� 𝐻𝐻2(𝑔𝑔)      (1) 

Indeed, the chemical composition and surface structure of the electrode strongly influences the 

rate of hydrogen evolution, known as electrocatalytic activity. Generally, the hydrogen evolution 

(HER) can be categorized in three steps in the acidic environment (Kibler 2006): 

1. Volmer or discharge reaction: 

𝐻𝐻(𝑎𝑎𝑎𝑎)
+ + 𝑒𝑒− → 𝐻𝐻𝑎𝑎𝑎𝑎       (2) 

2. Tafel or combination reaction: 

2𝐻𝐻𝑎𝑎𝑎𝑎 → 𝐻𝐻2,𝑎𝑎𝑎𝑎       (3) 

3. Heyrowsky or ion + atom reaction  

𝐻𝐻(𝑎𝑎𝑎𝑎)
+ + 𝐻𝐻𝑎𝑎𝑎𝑎 → 𝐻𝐻2,𝑎𝑎𝑎𝑎       (4)  

Subsequent to the reaction between electrons from electrode and protons from solution, the 

surface of the catalyst requires adsorption of 𝐻𝐻𝑎𝑎𝑎𝑎 and formation of molecular hydrogen gas. The 

electrocatalytic activity can be defined using the Butler–Volmer equation (Kibler 2006), relating 

the reaction current density j to overpotential η, and the exchange current density, 𝑗𝑗0, and is 

proportional to the reaction rate, as shown by equation (5): 
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𝑗𝑗 = 𝑗𝑗0[exp �𝛼𝛼𝛼𝛼𝛼𝛼
𝑅𝑅𝑅𝑅
� − exp �−(1−𝛼𝛼)𝛼𝛼𝛼𝛼

𝑅𝑅𝑅𝑅
�]      (5)  

Electrocatalytic activity relates to the composition, morphology, microstructure, and 

surface/interface features of the materials involved. This study summarizes the effective strategies 

to fabricate transition metal phosphides to form a significant number of exposable active sites with 

modified composition and structure. It focuses on regulations and effective approaches in 

synthesizing TMPs such as elemental doping, phase modification, structural and interfacial 

engineering, and incorporation of other effective supports like nanocarbon. The future outlook and 

prospects are presented to offer impetus for fabricating TMP electrocatalysts with robust efficacy. 

1.2.FABRICATION STRATEGIES OF TRANSITION METAL PHOSPHIDES  

The methods of preparation for transition metal phosphides are presented nowadays with new 

strategies, which endow scale-up fabrication lines for hydrogen electrocatalyst production. Several 

strategies are developed to control the size, composition, and morphology of prepared 

nanostructured TMPs. The fundamentals of fabrication methods are categorized into processes that 

are tightly associated with phosphorous sources. For instance, the preparation of active HER 

catalysts such as Ni2P nanoparticles, FeP nanosheets, and CoP nanoparticles have suffered from 

incorporating several tedious steps involving organic solvents (Popczun et al. 2014; Y. Xu et al. 

2013; Feng et al. 2014; Popczun et al. 2013a). Subsequently, studies shifted towards developing 

organic solvent-free strategies such as phosphorizing Co3O4 at 300 °C for two hours to prepare 

highly active HER catalysts of hybrid CoP nanocrystals supported by carbon nanotubes 

(CoP/CNT) (Q. Liu et al. 2014). Sun’s group has conducted pioneering studies on a series of 

nanostructured metal hydroxides (including Co, Ni, Fe, and Cu) and synthesized nanostructured 

assays of TMPs without the involvement of organic phosphorous sources (Q. Liu et al. 2014; Tian, 

Liu, Asiri, et al. 2014; Q. Li et al. 2014a; P. Jiang, Liu, and Sun 2014; Y. Liang et al. 2014; P. 
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Jiang et al. 2014; Tian, Liu, Cheng, et al. 2014). In this study, we focus on fabrication strategies 

that rely on inorganic phosphorous sources. The flammable and noxious natures of organic 

phosphorous sources have hampered the development of methods using them. However, 

implementing inorganic and elemental phosphorous sources has resulted in the progress of 

multiple eco-friendly fabrication strategies. Sun et al. fabricated CoP on carbon cloth (CC) using 

phosphorization in a porcelain boat at 300 °C for 60 min in a static Ar atmosphere (Tian, Liu, 

Asiri, et al. 2014). They also electrodeposited nanosheet arrays of 𝛼𝛼-Co(OH)2 on a Ti plate at room 

temperature followed by phosphorization in a porcelain boat with Na2H2PO2 at 300 °C for one 

hour (Pu et al. 2014). The merit of growing nanostructure arrays on the current collectors such as 

carbon cloth (CC) is to prevent using a polymer binder, while TMP arrays remain well-retained 

and coupled tightly with the electrode (Tian, Liu, Asiri, et al. 2014). 

1.2.1. Solution-Phase Reaction Methods  

This fabrication method usually proceeds in highly boiling point solvents, including 1-

octadecene and oleylamine at an elevated reaction temperature of approximately 300°C to cleave 

strong C-P bonds in organophosphorous such as trioctylphosphine (TOP), or triphenylphosphine 

(TPP) and their analogs as phosphorous sources (M. Sun et al. 2016a). For instance, metal 

acetylacetonates as the metal precursor participate in a reaction with TOP (P. Xiao, Chen, and 

Wang 2015), given by the following chemical formula: 

 (𝐶𝐶8𝐻𝐻17)3𝑃𝑃 + 𝑀𝑀(𝐴𝐴𝐴𝐴𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒)2 → 𝑀𝑀𝑃𝑃𝑥𝑥    (6) 

After cleaving C-P bonds at high temperatures, the phosphorous atoms can coordinate with metal 

atoms to create metal phosphides. This reaction route can end up producing well-defined 

crystalline and nanostructured 3d, 4d, and 5d transition metal phosphides (Callejas et al. 2016b).  
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One of the early studies to prepare TMPs through the solution-phase method reported the 

formation of single crystalline Ni2P nanowires, in which the ratio of TOP to oleic acid controlled 

the formation of one-dimensional nanowires (Y. Chen et al. 2009). For instance, the preparation 

of Ni2P nanoparticles supported on SiO2 through a reaction between Ni(AcetylAcetonate)2 and 

trioctylphosphine resulted in the formation of a uniform particle size distribution and the efficient 

evolution of H species relating to a facile transfer of H species from nickel sites to the support (K. 

Yan et al. 2015). Henkes et al. also reported a solution-mediated reaction involving TOP and 

preformed transition metal nanoparticles as precursors (Amanda E.  Henkes, Yolanda Vasquez, 

and Schaak 2007). They produced a broad range of transition metal phosphides, including Ni2P, 

Rh2P, Au2P3, PtP2, and PdP2, and could tune size, size disparity, and hollow sphere formation by 

controlling the parameters of the metal nanoparticle precursors. Stern et al. prepared highly 

uniformly distributed Ni2P nanowires by heating Ni(AcetylAcetonate)2 in a solution containing 

Oleic acid, trioctylamine, and tri-n-octylphosphine (Stern et al. 2015). They compared the catalytic 

activity of Ni2P in the two structures of nanowires and nanoparticles, which was synthesized 

through a simple thermal reaction of NaH2PO2 and NiCl2.6H2O. They found that the nanoparticles 

exhibited lower overpotentials at the same loading quantity on the carbon substrate. Therefore, the 

characteristics of TMPs can be controlled by tailoring organic solvents, the molar ratio of metal to 

phosphorous, and the reaction temperature. This method requires rigorous control of the reaction 

condition and continuous purge of inert gas to prevent leakage of flammable gases (Y. Chen et al. 

2009).  

On the other hand, electrodeposition is an eco-friendly method that will not release highly toxic 

substances into the environment. In this approach, a thin film of Ni is fabricated using the 

electrodeposition method from ethylene glycol/choline chloride (EG/ChCl), and then is 
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phosphorized into Ni-P using organic phosphorous solution (Lu et al. 2013). A 

crystalline/amorphous Co/CoP film is also prepared on Ni foam using one-step electrodeposition 

at ambient conditions (Bai et al. 2016). The obtained Co-P film shows catalytic activity and strong 

bonding with the substrate resembling low interface resistance and intensified H evolution. The 

constraints of this method are its limited applications to specific Ni-P and Co-P compositions and 

the lack of uniformity of the deposited metal phosphides, while their structures are also amorphous 

[38]. Recently, the electrodeposition process has been utilized to fabricate nanocomposite of 

NiPx/TNAs. The NiPx/TNAs composites show superior electrocatalysts activity toward HER due 

to enhanced electrocatalytic active sites from amorphous NiPx. Figure 1.2 illustrates the 

performance and preparation steps for NiPx/TNAs nanocomposite electrocatalysts. TEM and 

HRTEM images of the sample are shown in Figure 1.2. The lattice spacing of 0.35 nm relates to 

the anatase titanium oxide phase with (101) plane, while a low quantity of NiPx crystal phase is 

detected. The detailed elemental distribution of NiPx/TNAs nanocomposites is shown by EDS 

analyses of participating elements (Gao et al. 2021a).  
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Figure 1-2: (a) Illustration of the participating element in the prepared catalysts and the 
performance of the catalysts. (b) Schematic process of the NiPx/TNAs preparation 
steps. (c,d) TEM and HRTEM images of NiPx/TNAs nanocomposites. (e-k) EDS 
mapping profiles of participating elements in the NiPx/TNAs nanocomposits (Gao 

et al. 2021a). Reproduced with permission. 
 

1.2.2. Gas-Phase Reaction Methods  

Transition metal phosphides can be obtained after reaction between highly active phosphorous 

steam source and either metal vapor or nanostructured metal precursors at temperatures ranging 

from 300 to 900 °C, and the chemical formula can be expressed as 𝑀𝑀𝑃𝑃𝑥𝑥. The adverse outcome can 

be the possibility of producing P-rich metal phosphides (i.e., CoP3) and even some unstable metal 

phosphides (Callejas et al. 2016b). Besides, a much cautious approach needs to be taken at elevated 

temperatures to prevent the escape of noxious phosphorous source gases like phosphine, and the 

seal of the reaction furnace needs rigorous control. Metal hydroxides as the precursor and 

hypophosphite (NaH2PO2, NH4H2PO2) as the phosphorous source can also be used in the reaction 

furnace at the upstream and at the downstream, respectively. At temperatures over 250 °C, PH3 is 

released and reacts with the metal oxides to produce metal phosphides. Employing this strategy is 
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beneficial because the nanostructure morphology of metal oxides is most likely retained after 

reaction at a temperature of 300 °C for approximately two hours.  

Plasma assisted synthesis of TMPs also shows promising results for catalytically producing 

oxygen and hydrogen. This finding has inspired researchers to perform many interesting studies 

benefiting from PH3 plasma conditions to obtain NiFe-P, NiCo-P (H. Liang and Alshareef 2017). 

Low-temperature phosphorization of bimetallic metal-organic frameworks such as MOF-74 is an 

interesting method for controlling the synthesis of NiCo-P nanotubes as highly efficient 

electrocatalysts (L. Yan et al. 2017). Optimizing the molar ratio of Co/Ni atoms in the MOF 

structure could result in a variety of synthesized CoxNiyP catalysts. The produced nanotubes show 

good HER and OER catalytic performance in an alkaline electrolyte, offering a low overpotential 

of 129 mV for H2 and 245 mV for O2 productions at a current density of 10 mA/cm2. In a recent 

study, a multicomponent reactive low-temperature plasma assisted simultaneous MOF 

decomposition and phosphorization, offering high chemical reactivity combined with low-

temperature conditions, has been demonstrated (Guo et al. 2020). Ultrafine Ni12P5 nanoparticles 

encapsulated in a thin layer of N-doped carbon (NC) show a superior HER performance under a 

broad pH range. The crystal structure of Ni MOF-74, as shown in Figure 1.3, is grown on Ni foam 

(NF) through the solvothermal reaction. Plasma conversion is performed in a horizontal quartz 

tube furnace, as shown in Figure 1.3b. The temperature is maintained at 300 °C for evaporation of 

red phosphorous, and NH3 and H2 are introduced into the chamber. The plasma glow covers the 

entire hot zone where phosphorization of precursors takes place, and samples are treated with NH3-

plasma and H2-plasma, respectively. The SEM images reveal a comparative illustration of two 

different structures of nickel phosphide that are well dispersed in their encapsulated situations. 

XRD patterns reveal two different phases of Ni12P5 and Ni2P formed by NH3-plasma and H2-
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plasma, respectively, indicating that the phase structure is affected strongly by the plasma. The 

measurement of in situ optical emission spectroscopy (OES) reveals the presence of PH radicals 

in both the plasma assisted situations, in which the PH radicals are the main precursors for 

phosphorization at low temperatures. The ultrafine Ni12P5 particles, encapsulated in N-doped 

carbon shells, successfully show a promising performance of the hydrogen evolution reaction in a 

broad pH range. The plasma assisted phosphorization method offers exciting opportunities to 

prepare various bimetallic phosphides.  

 

Figure 1-3: Multicomponent plasma conversion of MOF-74 to ultrafine nickel phosphide 
encapsulated in carbon layers. (a) Structural representation of Ni MOF-74 unit. (b) 

Schematic of the plasma-assisted phosphorization system with precursors. (c-e) 
SEM images of pristine Ni MOF-74, NH3-plasma sample, and H2-plasma sample, 
respectively. (f) XRD patterns for structural characterization of NH3-plasma and 

H2-plasma samples. (g) Optical emission spectra (OES) of P + (H2+ Ar), P + (NH3+ 
Ar) and P + Ar plasma (Guo et al. 2020). Reproduced with permission. 
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1.2.3. Other Novel Methods  

In addition to the methods discussed in the previous section, novel strategies to synthesize 

transition metal phosphides, which are consistent with the environment, have been developed. For 

instance, using the nontoxic biomass phosphorous source has attracted significant interest. As an 

appealing phosphating reagent, phytic acid can quickly generate the phytic acid-metal cross-linked 

structure because of the intense affinity between its six phosphate groups and metal cations. The 

benefit of this method is the possibility of implementing large-scale production of transition metal 

phosphides. A nontoxic and facile method for synthesizing TMPs has been introduced by using 

phytic acid (PA) containing six phosphonic acid groups and obtained from plant sources (Pu et al. 

2017). Pu et al. have used PA for pyrolysis of metal salts in combination with melamine as 

precursors to fabricate a series of TMPs encapsulated in N,P-codoped carbon (NPC) such as Ni2P 

NPs@NPC, FeP NPs@NPC. They report that the encapsulation method enhances the catalytic 

activity in a broad range of pH. The environmentally friendly, cost-effective fabrication strategy 

of using PA opens up an avenue to prepare TMPs in large-scale production. 

Recently, carbon derived from pinecones, in combination with ultrasound (US) and 

microwave (MW) techniques, have been used to anchor CoP and enhance the associated 

electrocatalytic activity (Zuliani et al. 2021). US/MW assisted techniques have been developed 

significantly for the synthesis of electrocatalysts (Hülsey, Lim, and Yan 2020). The benefits of 

preparation of TMPs from these techniques are due to the following: (i) direct transfer of energy 

to the proceeding reaction instead of applying heat, (ii) rate of conversion reactions are 

independent of applied heat, (iii) feasibility to apply heat in greater rates compared to the routine 

process, (iv) feasibility of using material-selective heating, and obtaining volumetric, and local 

heats (Cova et al. 2018; Zuliani, Muñoz-Batista, and Luque 2018). Zuliani et al. demonstrated the 
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feasibility of preparing active CoP catalysts through conversion of biomass using MW and US 

techniques (Figure 1.4). 

 

 

Figure 1-4: (a) An overview of techniques used for promoting reaction in the media or on the 
catalyst surface (Hülsey, Lim, and Yan 2020), (b) Schematic representation of the 
preparation of low quantity cobalt catalysts, (c) SEM-EDS images with mapping 

analysis of (a) Cobalt catalysts in N-doped forms, (d-g) demonstration of the 
presence of carbon, cobalt, nitrogen, and oxygen, respectively (Zuliani et al. 2021). 

Reproduced with permission. 
 

1.3.EARTH ABUNDANT TRANSITION METAL PHOSPHIDES 

Figure 1-5 illustrates the most frequently used transition metal phosphides. We focus on their 

synthesis strategy, crystal morphology, features, and electrocatalytic performance in order to 

highlight the importance of TMPs. The successful application of nickel phosphide (Ni2P) 

nanoparticles and their excellent stability in acidic solutions confirms the use of TMPs for 

electrocatalytic HER to produce H2(g) with nearly faradaic yield (Yang Li, Dong, and Jiao 2020a). 

Recent investigations also confirm that TMPs can be employed as highly efficient catalysts in OER 

(Ryu et al. 2015; Doan-Nguyen et al. 2015), thereby broadening their applications to water 
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electrolyzers (Ledendecker et al. 2015), metal-air batteries (Qin et al. 2019), and fuel cells (Yuan 

Lv et al. 2018).  

 

Figure 1-5: Frequently used transition metal phosphides as electrocatalysts 
 

 

Covering a complete spectrum of TMPs is beyond the scope of this study. Therefore, two 

representative case studies, namely Ni and Co phosphides, are discussed in the following sections. 

It is worth mentioning that TMPs show several crystal structures, similar to different phases and 

structures already reported for transition metal oxides (TMOs) by our group (C. V.  Ramana et al. 

2006; Ramana, Mauger, and Julien 2021). The polyhedral lattice-based crystals of these 

phosphides are shown in Figure 1.6. 
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Figure 1-6: Selection of the most frequently used nickel phosphides and cobalt phosphides in 
their polyhedral lattice-based representation (Yang Li, Dong, and Jiao 2020b). 

 

A minor change in metal/phosphorous stoichiometric ratio results in a noticeable variation in 

structures, and therefore, different physicochemical characteristics are presented. Higher electron 

conductivity, chemical stability, and thermal resistivity are observed in these structures. The 

favorable physicochemical properties of TMPs can be tested by changing composition and 

structure.  



16 

1.3.1. Cobalt phosphides  

Electrocatalysts derived from CoP-based electrodes demonstrate a bifunctional catalyst. High 

HER activity of CoP has been observed over a broad range of morphologies, grain sizes, and 

preparation methods. Examples include the following: single crystals of hollow CoP nanoparticles 

with multiple facets on Ti foils (Popczun et al. 2014), films of CoP synthesized by cathodic 

deposition (Saadi et al. 2014), CoP particles on carbon cloth (Q. Li et al. 2014b) prepared using 

either reaction between pre-grown Co nanoparticles and octylphosphine, or phosphidation of 

cobalt oxide. The aforementioned HER-active CoP studies have been conducted on polycrystalline 

or multifaceted nanostructures. In contrast, no information on the proportion of different crystal 

facets with exposable and accessible sites has been provided. It can be added that cobalt phosphides 

do not show magnetic properties, unlike magnetic features in cobalt ferrite compounds (Puli, 

Adireddy, and Ramana 2015). 

To better understand the reason for the high HER activity of CoP, Popczun et al. 

synthesized nanostructured CoP with multiple branches that were formed by nanorod protrusions 

of CoP single-crystals exposing significant density of accessible (111) facets (Popczun et al. 2015). 

They compared the HER performance of multifaceted CoP nanoparticles with branched CoP 

nanorods to evaluate the role of the morphology of transition metal phosphides. Due to lack of 

adequate stability, the branched CoP nanostructures showed lower HER activity compared to 

multifaceted CoP nanoparticles. The branched CoP nanostructures showed an overpotential of 117 

mV for a current density of 20 mA/cm2, while the multifaceted nanoparticles demonstrated a lower 

overpotential of 100 mV for the same current density. Therefore, despite both surface areas being 

mutually comparable, the multi-branched CoP nanostructures showed a lower HER activity than 
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the multifaceted CoP nanoparticles. The weak stability of the branched CoP nanostructures could 

be attributed to the poor adhesion of nanostructures to a Ti electrode surface.  

 Therefore, the importance of morphology or preparation method was opted out from 

bottlenecks about the high intrinsic activity of CoP-based catalysts. The general interest is to 

design nanoscale arrays to achieve better electrocatalytic performance and compete with the 

commercial Pt- and Ru/Ir-based catalysts. Two successful examples of engineered structures are 

ultrathin and holey nanosheets of CoP, as they facilitate significant HER activity due to the high 

surface area and super hydrophilicity at the surface (Chang et al. 2016; Z. Fang et al. 2018). Dang 

et al. integrated modified ultrathin and three-dimensional (3D) holey nanostructures to produce 

CoP phase on the carbon cloth (CC) as a bifunctional electrocatalyst for HER at 0-14 pH values 

and OER in an alkaline environment (Dang et al. 2019). Figure 1.7a shows the XRD 

characterization of the orthorhombic CoP phase and the scanning electron microscopy (SEM) 

images of uniformly deposited ultrathin cobalt hydroxide nanosheets (Figure 1.7b-d), while it is 

apparent that the earlier morphology is most likely retained after phosphidation at 300 °C for 

vertically grown nanosheets of CoP phases (Figure 1.7e-g). Promising electrocatalytic activity of 

CoP reflects the importance of the synergistic effects of 3D electrochemically grown structure 

facilitating the exit of gas bubbles and greatly improved effective electrolyte diffusion. Their work 

leads to an avenue for preparing binder-free HER electrodes in the prospect of renewable energy.  
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Figure 1-7: (a) XRD analysis of CoP supported on CC. (b-d) SEM images of cobalt hydroxide 
supported on CC. (e-g) SEM images of CoP supported on CC (Dang et al. 2019). 

(h) Schematic representation of the structural transformation of cobalt hydroxides to 
cobalt phosphides (Cao et al. 2020). Reproduced with permission from the 

American Chemical Society (ACS). 

 

To produce 3D CoP porous structure, Cao et al. conducted a controllable structural 

transformation strategy on the phosphatized Ni foam (Cao et al. 2020). Removing the Zn-based 

compounds by alkali etching left porous Co-based compound arrays with nanoflake hierarchical 

structures. CoP arrays formed through the phosphorization process using NaH2PO2.H2O as the P 

h 
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source. Figure 1.7h shows a schematic of the structural transformation steps. The prepared 

CoP@NF electrode showed excellent bifunctional electrocatalytic activity for both HER and OER 

in alkaline electrolytes. The enhanced performance could be ascribed to the presence of large, 

exposed surface areas with abundant active sites. The unique morphology of CoP promoted fast 

gas release and electrolyte diffusion for modified kinetics of the catalyst. A recent study also 

reported an innovative synthesis of Fe-doped CoP nanosheets (NS) using an etching-coordination 

method, inspired by the merit of the two-dimensional NS, heteroatom doping, and defective 

structure (T. Chen et al. 2021a). The catalysts demonstrated a large number of exposable active 

sites due to the unique topography of the two-dimensional NS structure. The doping of Fe element 

influenced the regulation of electron structure between Co and P.  

The combination of doping with foreign elements and improving the morphology through 

engineered nanostructures will increase the intrinsic activity of each site and the number of active 

sites on a given electrocatalyst synergistically. Besides, one of the main challenges during the 

fabrication of cobalt phosphides is to prohibit preparation at elevated temperatures where 

agglomeration of phosphides hinders the mass and charge diffusion channels and diminishes the 

number of active sites (Vesborg, Seger, and Chorkendorff 2015). For this purpose, Han et al. 

fabricated Mo-doped porous CoP nanosheets supported by nickel foam, in which synthesizing 

porous nanostructures was originated from removing Al from CoMo(Al)-P (Han et al. 2019). The 

prepared nanocrystalline material was composed of Co0.76Mo0.24P with an average particle size of 

4.11 nm. The modification occurred on the electrocatalyst because the impingement of Mo6+ and 

Al3+ led to greater dispersion of Co2+ in its hydroxide precursors and inhibited the formation of 

agglomerated CoP nanocrystals during phosphorization at elevated temperatures. Besides, the 

incorporation of Mo into CoP modified the electronic structure and augmented the catalytic 
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activity by increasing the electrochemically active surface area and decreasing the resistance of 

the interface between catalysts and solution (Han et al. 2019). Jiang et al. also fabricated 

electrocatalysts consisting of CoMoP heterogeneous nanosheet arrays that were decorated with 

plenty of tiny CoP3 nanoparticles (D. Jiang et al. 2019). A tremendous effort was taken to form 

bimetal phosphides, with the aim to weaken the H bonds on P active sites. However, the 

modification on anion sites may cause a stronger effect on HER activity than interring the metal 

for cation sites because the active sites of TMPs for HER is P. For instance, N doping at the P sites 

of CoP2 supported on porous carbon cloth (PCC) showed a modified HER activity (L. Wang et al. 

2019). It was realized that the N doping in the anion sites could ease not only the electron transit 

but also decrease the Gibbs free energy of hydrogen adsorption (∆𝐺𝐺𝐻𝐻∗) on both Co and P sites, 

which ended up improving HER activity. Successful incorporation of a trace amount (<1%) of 

sulfur into Co2P as a doping anion also caused modification of HER/OER catalyst activity (Anjum 

et al. 2018). Fabrication of N-doped Co2P nanorod arrays, supported by carbon cloth, using a 

hydrothermal method confirmed enhanced electrical conductivity, increased exposure of active 

site number after N doping for all pH values (Men et al. 2019). Chen et al. also reported the 

fabrication of Fe-doped CoP that was inspired by the defective structure of 2D nanosheets and 

used an innovative approach of an etching-coordination strategy to prepare support for the catalysts 

(T. Chen et al. 2021b).  

 

1.3.2. Nickel phosphides 

A significant amount of research has been performed on nickel phosphide electrocatalysts, in 

which composition, morphology, and microstructures were controlled to obtain superior HER 

catalytic activity and stability in acidic and alkaline conditions. The performance of nickel 
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phosphides is primarily influenced by the P/Ni ratio (Popczun et al. 2013b; Pan et al. 2014; A. B. 

Laursen et al. 2015). Pan et al. reported a higher catalytic activity for the nanocrystals of Ni5P4 

than the nanocrystals of Ni12P5 and Ni2P (Pan et al. 2014). They ascribed the superior catalytic 

activity of Ni5P4 to the higher positive charge of Ni and a more substantial ensemble effect of P in 

nanocrystals of Ni5P4 (Rodriguez 2005). The ensemble effect is recognized in which the negatively 

charged P reduces the affinity between M-H bonds and facilitates the quicker release of H2 gas 

during desorption (Du et al. 2017). Nickel phosphides could form in several phases, including 

Ni3P, Ni5P2, Ni12P5, Ni2P, and Ni5P4 (Anders B. Laursen et al. 2018; Chung et al. 2016; A. B. 

Laursen et al. 2015; Pan et al. 2014). Laursen et al. worked on the HER activity and 

electrochemical stability of Ni3P, whose phosphorous content is the lowest among the 

thermodynamically stable nickel phosphide phases (Anders B. Laursen et al. 2018). Their work 

confirmed that the pure crystalline phase of Ni3P microparticles could show excellent HER activity 

(slightly lower than that of Ni5P4) with high corrosion resistance in both acidic and alkali solutions 

despite its low phosphorous content. Figure 1.8a shows the chronopotentiometry (CP) analysis of 

Ni3P, Ni5P4 microparticle catalysts comparatively in acidic and alkali solutions during 16 h. The 

cyclic voltammetry (CV) analysis of Ni3P, Ni5P4, and Pt in acidic and alkali conditions is shown 

in Figure 1.8b. It is apparent that the Ni3P phase could show a catalyst activity close to Ni5P4. 

Figure 1.8c depicts the plot of current density vs. overpotential for Ni3P phase in acidic and alkali 

conditions. Figure 1.8d illustrates a comparison between electrocatalyst performance metrics for 

Ni3P and other state-of-the-art HER electrocatalysts in acidic conditions. These results confirm the 

high intrinsic activity of Ni3P microparticles and the excellent corrosion tolerance under reduction 

conditions for both acidic and alkali. Due to the added effect of ionic Ni-P bonding, this extra 

bonding for the case of Ni3P causes a larger heat of formation and greater corrosion resistance. 



22 

The boosted stability of Ni3P compared to Ni(s) can be quantified by the heat of formation of Ni3P 

(∆𝐻𝐻𝑓𝑓 = −220 𝑘𝑘𝑘𝑘/𝑚𝑚𝐴𝐴𝐴𝐴) vs Ni(s) (∆𝐻𝐻𝑓𝑓 = 0 𝑘𝑘𝑘𝑘/𝑚𝑚𝐴𝐴𝐴𝐴). As P content rises for Ni3P, Ni5P2, and Ni2P, 

the per-atom stability stays relatively constant. The authors deduced that the change in the bonding 

configurations of the Ni3-hollow could be attributed to the structural difference between the Ni-

rich structure of Ni3P and the P-rich structure of Ni2P and Ni5P4, which influences ∆𝐺𝐺𝐻𝐻 of phases 

and the HER activity of catalysts (Anders B. Laursen et al. 2018). 

 

Figure 1-8: Chronopotentiometry of different electrodes in acidic and alkali condition, (b) Cyclic 
voltammetry of different electrode compositions in acidic and alkali condition at a 

scan rate of 1 mV/s, (c) Tafel plots of Ni3P at acidic and alkali conditions, (d) 
Comparison of three electrocatalyst performance for different electrode materials 

(Anders B. Laursen et al. 2018). Reproduced with permission from American 
Chemical Society (ACS). 
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The general understanding is that the HER activity of nickel phosphides increases with the 

P/Ni ratio, while the work by Laursen et al. showed an exception. The relation between HER 

activity and the P extent has been described by the ensemble effect (Rodriguez 2005) or ligand 

effect (Ping Liu et al. 2005) between Ni and P. Similar to HER activity, tolerance against 

degradation can also be related to the P/Ni ratio, where the increasing ratio implies the formation 

of insoluble nickel phosphides in acidic condition (Pan et al. 2014). An innovative study of one-

step TMP fabrication presents electrodeposition of highly stable nickel phosphide phases followed 

by a selective leaching process (Kim et al. 2019). In this study, the additional deposited metallic 

Ni is dissolved at positive potentials; the nickel phosphides are stable. The porous structures 

remaining after leaching metallic nickel result in more extensive surface contact for the intensified 

HER activity.  

The application of bimetallic phosphides on the self-supported porous NiCuC foil 

represents an efficient HER performance (Yu et al. 2019). The porous Ni-Cu alloy template is 

prepared in association with graphite carbon using the powder metallurgy method, where the direct 

phosphorization at 300 °C produces a hierarchical porous structure of Ni2P-Cu3P@NICuC 

catalyst. The prepared catalyst consists of laterally grown Ni2P aggregates with plenty of vertically 

attached small particles of Cu3P, providing significant surface contacts and remarkable interaction 

in the system synergistically. The bimetallic phosphides are obtained with substantial control over 

the phase composition because of the porous structure of the Ni-Cu template and controlling Ni/Cu 

ratio using various quantities of both precursors (Yu et al. 2019). Recently, a super hydrophilic 

hierarchical bimetallic phosphide of Ni2P-CuP2 has been prepared on Ni-foam and graphene 

carbon nanotubes (CNTs) heterostructure using metallic electrodeposition followed by 

phosphorization (Riyajuddin et al. 2021). The porous chrysanthemum-flower-like heterostructure 
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provides significant superhydrophilic surface area for HER activity. Figure 1.9a shows the 

schematic representation of fabrication steps of bimetallic phosphide Ni2P-CuP2 on top of Ni-Gr-

CNTs. It illustrates the deposition steps of Ni and Cu during the preparation of electrocatalysts. 

XRD patterns also confirm the formation of both phosphide phases on the CNT matrix. The 

detailed analyses of phases and structural configuration of the prepared catalysts are conducted by 

X-ray diffraction (XRD) shown in Figure 1.10 b. 

 
Figure 1-9: (a) Schematic illustration of the preparation path of the chrysanthemum-flower-like 

bundles of hierarchical bimetallic phosphide catalysts. (b) XRD pattern of Ni-Gr-
CNTs-Ni2P-CuP2 (Riyajuddin et al. 2021). Reproduced with permission from the 

American Chemical Society (ACS). 
 

Heterogeneous 3D-graphene on top of the 3D configuration of Ni foam boosts the 

feasibility of increased surface area for catalytic activity as illustrated in Figures 10 a, and b. Using 

CNTs with the random distribution provides a highly porous network, in which intertwined and 

interconnected branches facilitate passivation of the electrolyte ion diffusion, generating tunnels 

with high conductivity for electron transfer and facilitating modified electrode support. After 

electrodeposition of Ni uniformly on the CNT matrix, the anchored Ni2P phases on the CNT 

bundles are generated using phosphorization, thereby forming a 3D porous Ni-Gr-CNTs-Ni2P 

heterostructure (as shown in Figure 1.10 d). To further enhance the HER activity, CuP2 is also 
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added to the system through electroplating Cu followed by phosphorization, as shown in Figure 

1.10 e. The zoomed-in view shown in Figure 1.10 f illustrates the morphology of the bimetallic 

phosphide of Ni-Gr-CNTs-Ni2P-CuP2 resembling a chrysanthemum-flower-bundle-like structure 

where bundle size varies from 1 to 3 µm. The stability of the catalysts is confirmed by a 

chronoamperometry test at a cell voltage of 1.45 V, where Figure 1.10m illustrates that the 

catalysts can be maintained for at least for 40 hours with a negligible deviation of 3% from the 

current density. This result confirms the excellent and robust electrocatalytic performance for 

overall water splitting.  

 

Figure 1-10: (a) SEM images of graphene deposited on nickel foam uniformly in which all areas 
are covered homogeneously, (b) A dense CNTs bundle on the graphene, where the 

inset confirms the random orientation and intertwining to each other, (c) Ni-Gr-
CNTs-Ni2P heterostructure (NGCN), where Ni2P rods are anchored over CNT 

bundles. (d) Presence of Ni2P and CuP2 heterostructure on the Ni-Gr-CNTs matrix, 
(e) High-resolution image of Ni-Gr-CNTs- Ni2P-CuP2 heterostructure, with the 

chrysanthemum-flower-like structure. (h-i) EDS elemental mapping for the shown 
structure. (m) The choroamperometric study of stability at an applied voltage of 

1.45 V in alkaline solution (Riyajuddin et al. 2021). Reproduced with permission. 
 

 

The traditional fabrication techniques are strenuous and render a random distribution of 

nickel phosphides all over the electrode, thereby weakening the connection between the catalysts 
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and the current collector. Therefore, switching to novel, facile, and eco-friendly strategies for HER 

fabrication is desirable because they provide a high-surface-area current collector and immobilized 

earth-rich HER catalysts. The crucial concern is to optimize the interfacial contacts between nickel 

phosphides and electrode substrate to augment catalytic activity. For that purpose, the direct 

growth of nickel phosphides on the substrate, known as binder-free methods, has gained significant 

attention among researchers (Pu, Liu, Tang, et al. 2014; You et al. 2015). Recently, one-step 

synthesis of NiPx electrocatalysts without subsequent phosphorization at elevated temperature has 

been reported by Gao et al. on TiO2 nanotube arrays (Gao et al. 2021). First, the vertically aligned 

TiO2 nanotube arrays are prepared by anodic dissolution. Then, the well-ordered nanotubes are 

used for co-deposition of nickel and phosphorous to provide a high-contact surface area and boost 

catalytic activity. This geometry provides an efficient charge transfer and significant capability for 

mass transport of hydrogen gas during electrocatalysis(Gao et al. 2021).  
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Chapter 2: Nature-Inspired Design of Nano-Architecture-Aligned Ni5P4-Ni2P/NiS Arrays 

for Enhanced Electrocatalytic Activity of Hydrogen Evolution Reaction (HER) 

2.1. INTRODUCTION 

The skyrocketing demand for renewable energy and the aggravation of global warming with 

its ominous impact on climate change emphasizes the importance of research and development 

activities for clean and sustainable energy conversion systems.(de Luna et al. 2019) The nascent 

hydrogen (H2) utilization economy is gaining popularity because of promising advances in 

employing state-of-the-art electrocatalysts for water splitting, reliable storage technologies, and 

efficient hydrogen consumption in fuel cells. The hydrogen evolution reaction (HER) is 

exceedingly constrained by a large dynamic overpotential beyond its thermodynamic potential 

during the cathodic half-reaction of water splitting.(Anantharaj et al. 2021) So far, efficient 

electrocatalysts derived from platinum (Pt) group metals (PGM) have shown slight overpotentials 

in a broad pH range of electrolytes, while their utilization on a large scale is limited due to the 

scarcity and their high cost.(H. Yin et al. 2015) Therefore, the paramount challenge is to explore 

novel methods for synthesizing low-cost and highly active electrocatalysts with high durability 

and relatively low overpotentials that can be substituted with PGM catalysts.(M. Sun et al. 2016b) 

Transition metal phosphides (TMPs) with metalloid compounds demonstrate widespread 

utilization for promoting the HER due to outstanding characteristics such as high durability, 

intrinsic catalytic activity, and good electrical connectivity.(M. Sun et al. 2016; Tang et al. 2017; 

Tingting Liu et al. 2017) Several strategies have been offered to develop high-performance 

electrocatalysts. These strategies can be categorized as enhancing the intrinsic activity of 

individual catalytic sites,(Cabán-Acevedo et al. 2015; W. Liu et al. 2016) increasing the population 

of active catalytic sites,(Z. Wu et al. 2017) fabricating seamless and 3D nanoarchitecture with 

highly conductive electrocatalysts,(Bae et al. 2017) and developing intermediate phases with 

suitable specific adsorption/desorption energy.(Zhang et al. 2020; Ye et al. 2016) While numerous 

modifications were implemented to the structure, composition, and synthesizing methods of TMPs 
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to develop versatile catalysts,(Attarzadeh, Nuggehalli, and Ramana 2022) finding alternatives for 

PGM catalysts demands substantial progress to fulfill the requirements for sustainable hydrogen 

production. Furthermore, in the context of advancements to be made, a detailed fundamental 

understanding of the materials is the key, and strategies, especially those that we see routinely and 

last long enough in nature, must be adopted to design and unlock the potential of electrocatalysts.  

For transition metal phosphides, the consensus is that P centers in P-terminated surfaces of 

metal phosphide structures are negatively charged due to the induced polarization. Therefore, it 

creates a greater affinity for the adsorption of H* species by trapping positive-charged protons and 

synergistically enhances hydrogen desorption during the electrolysis process.(Shi and Zhang 

2016) Combining multiple anions is currently an emerging strategy resulting in the development 

of chemical complexity and structural alternation to augment overall water splitting.(Y. Liu et al. 

2022) The primary motivation for utilizing two anions with the difference in electronegativity, 

ionization potential, and atomic radius is to increase the population of active sites by expanding 

the electrochemical active surface area (ECSA) and enhancing the intrinsic catalytic activity by 

reducing the adsorption-free energy of intermediate reactions owing to tuning the electronic 

structure, thereby strengthening the electrocatalytic activity.(Song et al. 2017; Luo et al. 2017; Dai 

et al. 2017) Further, the synergistic presence of P and S atoms retards the surface oxidation of 

sulfide/phosphide, increasing the catalysts’ durability. For instance, introducing sulfur to the 

surface of the prepared MoP showed significant improvements in catalytic activity and 

stability.(Kibsgaard et al. 2014) 

Introducing both P and S anions for developing ternary transition metal catalysts has drawn 

significant attention among researchers.(Chang et al. 2018; J. Wang et al. 2020; Q. Liang et al. 

2019; L. Fang et al. 2021; Z. Wu et al. 2017) Attention is primarily given to employing different 

synthesis methods, typically resulting in catalysts with various ratios of phosphide to sulfide and 

some degree of control over surface morphology. Luo et al. reported the preparation of three-

dimensional NiP0.62S0.38 using sequential sulfidation and phosphidation processes on a nickel foam 

at 300 and 500 ◦C for 1 and 2 h, respectively.(Luo et al. 2017) Recent studies target improving 
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catalytic activity by optimizing the surface electronic and energy of intermediates via growing 

epitaxial interfaces with two different components.(Q. Liang et al. 2019; Zhu et al. 2018; An et al. 

2019) The NiPS3/Ni2P heterojunction was constructed by in situ epitaxial growth of Ni2P on 2D 

NiPS3 sheets using a desulfurization process under a partial H2 atmosphere, and the electrocatalyst 

electrodes were prepared using the drop cast method.(Q. Liang et al. 2019) Liang et al. indicated 

modification of the electronic features of the fabricated catalysts. This study revealed that the 

energy barrier for the HER at the NiPS3/Ni2P heterojunction showed a significant drop. The 

authors realized that the H* affinity significantly reduced on the Ni centers. However, the current 

literature lacks a seamless electrocatalyst synthesized using a 3D nanoarchitecture with modified 

epitaxial growth and heterointerfaces structures. This approach may result in an accelerated 

electron transfer due to a robust electronic interaction at the interface of epitaxial sheets. 

Fascinated by the aforementioned scientific challenges, herein, we report highly efficient 

seamless electrocatalysts synthesized by a two-step chemical vapor process on ultrathin nickel 

meshes manufactured by electroplating into an etchable mask. The phosphidation of the nickel 

mesh creates vertically aligned Ni5P4-Ni2P plates, which are used as template sites to synthesize 

the Ni5P4-Ni2P/NiS (plates/nanosheets) 3D structures due to in-situ growth of epitaxial nanosheets 

and emerging abundant hetero-interfaces. We hypothesize that this modification optimizes the 

catalytic activity for hydrogen production. The epitaxial NiS nanosheets resemble prickly pear 

fruits thanks to their similarity in growing at the edges of their leaves. The electrochemical studies 

confirm that the growth of the epitaxial NiS nanosheets on the edges and steps of Ni5P4-Ni2P plates 

reduces the overpotentials and the Tafel slopes, indicating a more significant number of active 

catalytic sites can be exposed to H* species, and also the intrinsic catalytic activity is strengthened. 

The electrochemical impedance spectroscopy (EIS) results also confirm that the growth of NiS can 

modify the interaction with H* species, and greater electron exchangeability prevails at interfaces. 

Furthermore, the prepared seamless architecture of the Ni5P4-Ni2P/NiS 3D structure not only offers 

a broad surface area with abundant active sites for the hydrogen evolution reaction (HER) but also 
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facilitates hydrogen gas removal from the surface due to more significant spatial freedom 

compared to foam sheets.  

2.2. EXPERIMENTAL METHODS   

2.2.1. Synthesis 

Preparation of porous nickel phosphide on nickel meshes: A piece of Ni mesh (1 cm × 2 cm, 

~0.002 g, GOODFELLOW CAMBRIDGE Ltd.) was washed under ultrasonication in propanol 

and ethanol for 10 min to degrease and then rinsed with DI water and allowed to dry in an oven at 

60 ̊C. The Ni mesh features a thickness of 0.004 mm, a wireline width of 0.011 mm, and an open 

area of 60% (200 wire.cm-2). Then, a quartz boat containing 0.2 g of red phosphorous powder 

(Sigma Aldrich, %99.99 pure) was covered partially by Ni mesh with keeping at 1 cm distance 

above the powders. After that, the boat and mesh together were placed gently inside the quartz 

tube of the MTI Corporation chemical vapor deposition (CVD) furnace. The tube furnace was kept 

under vacuum pumping, and Ar was also purged for 10 min at a flow rate of 200 SCCM to evacuate 

the air and replace it with Ar. The furnace was heated to 450  ̊C at 5  ̊C min-1, kept at the final 

temperature for 1 h, and then cooled down to room temperature at the same rate while the Ar was 

purged continuously during the process at the flow rate of 10 SCCM.  

The growth of the epitaxial NiS nanosheets at Ni5P4-Ni2P plates: a quartz boat containing 

different sulfur powder shown in Table 2.1 with already prepared nickel phosphide structures was 

placed inside the furnace tube. The sulfidation process was followed according to the procedure 

shown in illustration 2.1. 

2.2.2. Experimental design and motivations  

The NiS crystals demonstrates that Ni2+ is bonded to six equivalent S2- atoms to construct 

NiS6 octahedra, where the tilt angle of the corner-sharing octahedrons is 50 ̊ and the Ni-S length 

bond is 2.37 Å, and S2- is bonded in a 6-coordinate geometry to six equivalent Ni2+ atoms. 
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Illustration 2. 1. Schematic representation of preparation Nickel phosphor-sulfide and Schematic 

diagram of the phosphidation and sulfidation process 
 

 
 

Table 2. 1. Ni-P-S electrocatalysts produced during phospho-sulfidation process of nickel. 
Catalysts P (g) S (g) 

NiP 0.2 0 
NiS 0 0.1 

NiPS1 0.2 0.1 
NiPS2 0.2 0.15 
NiPS3 0.2 0.2 
NiPS4 0.1 0.1 

 

2.2.3. Material Characterization  

We utilized various analytical techniques to characterize the structure, phase, morphology and 

microstructure, and chemical composition of synthesized Ni-P-S materials. Scanning electron 

microscopy (SEM) images were collected using Hitachi S4800 by applying 10 kV and 15 µA. 

Transmission electron microscopy (TEM) images, energy-dispersive X-ray (EDX), and selected-

area electron diffraction (SAED) patterns were collected using a Thermo Scientific (formerly FEI) 

Titan Themis 200 with an accelerator voltage of 200kV. X-ray diffraction (XRD) patterns were 

obtained using a Malvern Panalytical Empyrean Nano edition multipurpose X-ray diffractometer. 

To resolve peaks from the diffraction pattern, the step size and the integration time were 0.01 ̊and 

5 ̊C/min 5 ̊C/min 
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0.85 s/step, respectively. A Cu Kα X-ray source with a wavelength of 0.154 nm was used to acquire 

the measurements. Rietveld refinement in Xpert highscore software was used to estimate the ratio 

of phases in the XRD pattern. X-ray photoelectron spectroscopic (XPS) scans of the best Ni-P-S 

electrocatalyst samples were obtained employing Kratos Axis Ultra DLD spectrometer using Al 

Kα monochromatic X-ray source (1486.6 eV) and a high-resolution hemispherical analyzer. The 

XPS survey and high-resolution scans were recorded, and the data obtained were analyzed with 

the help of CasaXPS software employing Gaussian/Lorentzian (GL(30)) line shape, line 

asymmetry, and Shirley background correction. 

2.2.4. Electrochemical Characterization and Performance Evaluation 

Hydrogen evolution reaction (HER) measurements were carried out on a Solartron analytical-

ModuLab Xm workstation using a conventional three-electrode system with Ag/AgCl, a graphite 

rod (99.99%) as the reference electrode, and the counter electrode, respectively. The prepared 

electrocatalysts from ultrathin nickel mesh were working electrodes. The reference electrode was 

calibrated with respect to a reversible hydrogen electrode (RHE) before experiments. The 

electrolyte was 1.0 M H2SO4 aqueous solution made from DI water. The linear sweep voltammetry 

(LSV) was recorded at a scan rate of 5 mV s-1. Before LSV measurement, the working electrode 

was kept at open circuit potential (OCP) for 15 min to reach a pseudo-Plato voltage. The 

electrochemical impedance spectroscopy (EIS) was collected using the same workstation at the 

applied overpotentials ranging from 100 to 450 mV. The amplitude was 5 mV, while the scan 

started from 100 kHz to 1 Hz. IR correction was performed to account for the cell resistance based 

on the EIS test at the open circuit potential (OCP). Cyclic voltammetry (CV) was performed at 

different scan rates ranging from 20 to 200 mV s-1 and at the non-Faradaic potential region. We 

prepared a Pt/C (20%) electrode using the conventional method. For that, 5 mg Pt/C (20%) was 

sonicated for 30 min in 1 ml solution of ethanol and Nafion (with the 9:1 ratio). We did drop-cast 

the prepared ink on the surface of a glassy carbon electrode. Then, the HER activity of the prepared 
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Pt/C electrode was evaluated in an identical condition that the synthesized ternary electrocatalysts 

were tested. 

2.3. RESULTS AND DISCUSSION 

2.3.1. Crystal Structure, Phase, Chemical Composition and Synthesis Process 

Optimization 

The key to our successful synthesis of the Ni-P-S materials with desired morphology is the in-

house designed chemical vapor deposition (CVD) chamber with a specific fabrication process 

schematically. The fabrication process results from direct reactions between Ni mesh and chemical 

vapors of phosphorous and sulfur at two temperatures of 450 and 300 ⁰C, respectively. The 

ultrathin Ni mesh is rationally selected to support a uniform transport of chemical vapors over the 

entire Ni mesh surface. The sufficient open-area of Ni mesh allows efficient chemical vapor 

infiltration through the mesh holes during the process, leading to a uniform phase alteration on 

both sides of the mesh. As a promising approach, nanodomain boundaries with two or three phases 

can be purposefully designed to enhance electronic interactions and increase active sites 

simultaneously. To emphasize the critical approach of the current study, the schematic illustration 

in Figure 2.2a displays the 3D nanoarchitecture of synthesized NiPS electrocatalysts. The 

schematics resemble the prickly pears cactus demonstrating the result of the phospho-sulfidation 

processes designed to improve the catalytic activity. The nickel phosphide phases, Ni5P4-Ni2P, 

form as vertically aligned plates during the phosphidation process resembling leaves, and the NiS 

nanosheets resembling the prickly pear fruits form primarily at the edge of leaves during the 

sulfidation process. The key novelty in the designed strategy is to synthesize a ternary system with 

a 3D nanoarchitecture that provides abundant heterointerfaces and promising epitaxial NiS 

nanosheets. We hypothesize that the synthesized nanostructure can significantly improve the HER 

catalytic activity due to enhancing electronic interaction at the nanodomain scale and boundaries 

of different phases.  
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After completing the sulfidation process, we understand that a heteroepitaxial growth 

prevails between Ni2P and NiS phases, where the involving planes in both crystal structures are 

shown in Figure 2.2b. Indeed, heteroepitaxy is a specific case of heterogeneous nucleation in which 

a peculiar crystallographic relationship prevails between substrate orientation and the growing 

crystals. Generally, a geometric match of the dimensions between the substrate and new crystals 

is considered the main criterion of epitaxial growth.(Marghussian 2015) In addition, the origin of 

the epitaxial growth can also be the structural features of the substrate crystal facets, where 

emerging kinks, steps, and dislocations may facilitate the epitaxial growth of a new crystalline 

phase.(Habelitz et al. 1999) The NiS crystallizes in the hexagonal P63/mmc space group.(Halim et 

al. 2016) The involved phases of Ni5P4 and Ni2P crystallize in the hexagonal P63mc and P�62m 

space groups, respectively. Beyond strengthening the electronic interaction, another aspect is the 

synergistic generation of heterointerfaces at the boundary of the Ni2P and NiS phases, increasing 

exposure at the active catalytic sites, as illustrated schematically in Figure 2.2c. The 2D crystal 

structure of Ni2P and NiS is shown in Figure 2.2d, where the generation of epitaxy with strong 

interfacial interaction led to an accelerated electron exchangeability.  

 

Figure 2-2: (a) Schematic illustration of prickly pear cactus for generation of the Ni5P4-
Ni2P/NiS (plate/nanosheets) structures, (b) Ni2P and NiS crystal structures, (c) 
schematic illustration for enhanced hydrogen evolution at the newly grown NiS 
nanosheets, (d) schematic illustration for generation of the heterointerfaces, their 

synergistic interaction effects and the crystals connections between Ni2P and NiS. 
Blue, red, and yellow balls represent nickel, phosphor, and sulfur. 
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X-ray diffraction (XRD) examines the composition and crystal structure of phases formed 

during phospho-sulfidation. Figure 2.3 a-c shows the XRD patterns of pristine Ni mesh, nickel 

phosphide (NiP), and nickel sulfide (NiS) phases forming during the phosphidation and sulfidation 

processes. The XRD pattern for the ternary nickel phosphosulfide (NiPS3) is also shown in Figure 

2.3d. After the phosphidation at 450 ◦C for 1 h, the XRD result in Figure 2.3b confirms the 

successful formation of two hexagonal nickel phosphide phases of Ni5P4 and Ni2P, confirming 

previous reports by Wang et al.(X. Wang et al. 2015) Characteristic peaks and crystallographic 

planes corresponding to these nickel phosphides are illustrated. The development of characteristic 

diffraction peaks: crystalline planes at 15.1̊: (010), 16.12̊: (002), 22.12̊: (012), 28.7̊: (013), 30.3̊: 

(020), 31.4̊: (021), 34.5̊: (022), 36.08̊: (014), 41.36̊: (121), 43.85̊: (122), 45.16̊: (024), 47̊: (031), 

47.8̊: (123), 52.91̊: (124), and 54̊: (220) indicates the formation of Ni5P4 (ICDD 98-024-9340) 

phase. Further, the development of different characteristic diffraction peaks: crystalline planes at 

30.3̊: (110), 40.58̊: (111), and 47̊: (120) represents the formation of the Ni2P (ICDD 98-064-6108) 

phase. These results are consistent with the nickel phosphide phases obtained from the 

phosphidation process of nickel foams.(X. Wang et al. 2015; S. Liu et al. 2019) The XRD pattern 

for the sulfurized mesh represents the formation of the hexagonal nickel sulfide phase of NiS, with 

some unreacted nickel remaining after the process (Figure 2.3c). The characteristic diffraction 

peaks: crystalline phases at 30.11̊: (010), 34.48̊: (011), 44.43:̊ (011), 53.57̊: (110) are indicative of 

the NiS (ICDD 98-064-6340) phase. After performing the joint phosphidation and sulfidation 

processes consecutively, as shown in Figure 2.3. The XRD pattern in Figure 2.3d related to NiPS3 

electrocatalyst reveals the formation of Ni5P4 and Ni2P phases with strong diffraction peaks, while 

weak diffraction peaks can also be attributed to the NiS phase. Therefore, peaks corresponding to 

Ni5P4, Ni2P, and NiS phases are assigned in the powder XRD pattern. Raising the heating 

temperature at the first step can change the formed nickel phosphides’ crystal structure, surface 

morphology, and mechanical stability. We realize that the vertical Ni5P4-Ni2P plates, used as 

templates for growing the NiS nanosheets, disappear after heating above 500 °C. The surface 

morphology alteration was also reported by Wang et al. in their study of various phases formed on 
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the nickel foam during the phosphidation process.(X. Wang et al. 2015) They found that the 

formation of different nickel phases via raising the heating temperature above 500 °C decreased 

HER electrocatalytic activities, while the surface morphology changed, and the brittleness of the 

foams increased. Likewise, we find out that the mechanical stability also drops significantly, where 

the durability of the catalysts formed at 450°C is significant during electrochemical experiments 

rather than those formed at 500 °C.  

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

 

Ni mesh

2θ (°)

In
te

ns
ity

 (a
.u

.)

• Ni; ICDD 98-018-1716

(1
11

)

(0
02

)

(0
22

)

(a)

 

NiP

(0
10

)
(0

02
)

(0
12

)

♦ Ni5P4; ICDD 98-024-9340
♣ Ni2P ; ICDD 98-010-5306

(0
13

)

(0
20

)
(0

21
)

(1
10

)

(0
22

)
(0

14
)

(1
21

)
(1

22
)

(0
24

)
(0

31
)(1

20
)

(1
23

)

♦

(1
24

)
(2

20
)

♦

(1
11

)

♦

(b)

 

 

 

NiS
♠ NiS ; ICDD 98-064-6340

(0
12

)

(1
10

)•

•

(0
11

)(0
10

)

•

(c)

 

 

NiPS3♦

♦

♦ ♦

♦
♣

♦

♦
♦♣

♠

♦ ♦♠
♦

♦
♣

♦

♦

♦

♦

♦

♠

♦

(d)

 
Figure 2-3: Powder XRD patterns for (a) Ni mesh, (b) Ni5P4-Ni2P phases, (c) NiS, (d) 

heterostructure of Ni5P4-Ni2P/NiS (plates/nanosheets) 
 

To reveal detailed information about the formation of different phases, particularly NiS 

nanosheets, we perform X-ray photoelectron spectroscopy (XPS) on the NiPS3 electrocatalyst. 

Thus, the chemical state and molecular environment corresponding to the formed phases are 

characterized using the casaXPS software.(Ramana, Roy, et al. 2021; Ramana, Bandi, et al. 2021) 

The XPS survey spectrum in Figure 2.4a confirms the presence of Ni, P, and S. As shown in Figure 

2.4b, the core level spectra of Ni 2p3/2 display a peak at 853.62 eV in the Ni 2p region, 
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corresponding well to the Ni𝛿𝛿+species in Ni5P4. The high-resolution XPS spectrum of the Ni 2p 

signal for the NiPS3 catalyst containing Ni5P4, Ni2P, and NiS phases indicates that nickel is 

primarily at the +3 valance state.(H. Sun et al. 2017). The appearance of the peaks at 857 and 

875.42 eV are related to the Ni 2P satellite peaks. Further, the appearance of the peak at 862.76 

eV in the Ni 2p spectrum of the heterostructure catalyst can be attributed to the formation of Ni-S 

species because of the epitaxial NiS nanosheets.(Z. Qin et al. 2016) The core level spectra of Ni 

2p1/2 also display a peak at 870.9 eV. Regarding the core-level P 2p spectrum (Figure 2.4c), the 

first two peaks at 130 and 130.8 eV can be assigned to the P 2p3/2 and P 2p1/2, respectively. The 

peak at 134.2 eV can be ascribed to the P-O bond for forming NiPO4 compounds, which is related 

to partial surface oxidation and agrees well with the previous study on transition metal 

phosphides.(H. Sun et al. 2017) Noticeably, we realize the peak emerging at 131.9 eV is related to 

the formation of P4S3 compounds due to the partial release of phosphorous during the sulfidation 

process at 300 ◦C and its combination with the present sulfur vapor at the surface. The narrow scan 

for the S 2p spectrum is deconvoluted to several peaks, shown in Figure 2.4d. Two peaks at 161.9 

and 162.9 eV can be attributed to the S 2p3/2, and S 2p1/2 orbitals of divalent sulfide ions (S2-) in 

Ni-S, which agrees well with the NiS spectrum reported earlier.(Z. Qin et al. 2016) The peak at 

164 eV can be ascribed to the formation of S8 during the vapor deposition treatment. 
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Figure 2-4: (a) the wide X-ray photoelectron survey for the prepared NiPS3 catalysts, (b) high-
resolution Ni 2p, (c) P 2p, (d) S 2p XPS spectra of the heterostructure of Ni5P4-

Ni2P/NiS 
 

2.3.2. Surface and Interface Morphology and Microstructure 

The structure and surface morphology of the prepared catalysts are examined using scanning 

electron microscopy (SEM) and transition electron microscopy (TEM) to understand the effect of 

the sulfidation process. We realize that Ni5P4 and Ni2P phases cover the entire mesh surface after 

the phosphidation process, while Ni5P4 is the dominant phase on the surface. As illustrated in 

Figure 2.5a, b, two surface features are noticeable, protrusions and vertically aligned plates, where 

protrusions encompass plates. Energy dispersive spectroscopy (EDS) analysis reveals that 

protrusions are Ni5P4 phases. A broad view of nickel mesh after the phosphidation process is shown 

in Figure 2.5a to illustrate the uniform distribution of plates and protrusions over the mesh surface. 

The magnified SEM image in Figure 2.5b reveals that the vertically aligned plates adopt several 

steps throughout the facet surface or at the edges, while the overall thickness stays approximately 
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below 100 nm. We postulate that these steps/shearlines form on the facets due to the extra strains 

derived from the synergistic presence of Ni5P4 and Ni2P phases. Thus, these are called Ni5P4-Ni2P 

plates to highlight the simultaneous presence of both phases. Furthermore, we envisage that these 

steps/shearlines work as preferential sites with a lower barrier energy for initiating the growth of 

the epitaxial NiS nanosheets.(Habelitz et al. 1999) As displayed in Figure 2.5c, d, the population 

of the NiS nanosheets is the highest for NiPS3 electrocatalysts. EDS analyses are performed for 

two regions of A and B, as depicted in Figure 2.5e, where A and B are rich and scarce in sulfur, 

respectively. The EDS analyses indicate the formation of nickel sulfide in region A, while nickel 

phosphide is the dominant phase in region B. The atomic ratio of P/Ni implies that Ni5P4 is the 

dominant phase in vertically aligned plates before and after the sulfidation process, verified by the 

XRD and Rietveld analyses earlier. The EDS analysis confirms the formation of Ni5P4 as a 

dominant phase in the protrusion feature areas. The NiS nanosheets appear at the edges of the 

plates resembling the prickly pear fruits (Figure 2.5e, f), and Ni5P4-Ni2P plates represent the cactus 

leaves remarkably (Figure 2.5f). We discussed the formation of the prickly pear cactus in the 

schematic illustration shown in Figure 1a, where the primary nickel phosphide plates, Ni5P4-Ni2P, 

form during the phosphidation process, and the NiS nanosheets form during the sulfidation 

process. 
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Figure 2-5: SEM images from (a, b) nickel phosphides, (c) NiPS1 catalyst, (d) NiPS3 catalyst, (e, 

f) high magnification images from NiS nanosheets growing at the edges 
 

TEM images in Figure 2.6 remarkably demonstrate the nanostructure features appearing 

after the joint phospho-sulfidation process, where the NiS nanosheets start growing on the edge of 

Ni5P4-Ni2P plates. The TEM image in Figure 2.6a shows a broad view of a nickel phosphide plate 

accompanied by nickel sulfide nanosheets. As shown in Figure 2.6b, e, the sulfidation process 

generates heterogeneous interfaces because of the synergistic presence of different phases, 

particularly in the vicinity of the NiS roots, where the epitaxial NiS nanosheets initiate growing. 

These heterointerfaces can act as suitable regions for enhanced electron transfer and intensified 

electron exchangeability between catalytic sites and H* species (H protons). As magnified in 

Figure 2.6e, the NiS nanosheets grow outward in random directions, and thereby, various 

crystallographic planes appear in the selected-area electron-diffraction (SAED) pattern shown in 

Figure 2.6c. The SAED pattern obtained from the nanosheet’s apex (the prickly pear fruit) 

confirms the formation of the hexagonal NiS structure. By carefully investigating the SAED 

pattern (Figure 2.6d) collected from the Ni5P4-Ni2P plate (the cactus leaf), we observe a localized 

(a) (b) (c) 

B 
(e) (d) (f) 
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vibration at each shinning spot that can be attributed to the simultaneous diffraction from two 

hexagonal crystal structures corresponding to the Ni5P4 and Ni2P phases (Danielsen et al. 2006). 

It can be noted that many spots overlap in the diffraction pattern since the pattern is obtained from 

the contribution of both crystal structures. Thus, corresponding planes are identified for both 

phases. The simultaneous presence of several phases, including Ni5P4, Ni2P, and NiP2 (semi-

stable), was also reported by evaluating the SAED pattern corresponding to the synthesized nickel 

phosphide nanosheets (C. Hu et al. 2020). The magnified TEM image shown in Figure 5e is used 

as a reference for further characterization. High-resolution TEM (HRTEM) images taken from 

red-marked circles regions near NiS nanosheets and its root are displayed in Figure 5f-h. As 

demonstrated in Figure 5f, the lattice fringes with a spacing of 0.290 nm are indicative of the 

interplanar spacing of (110) planes from the hexagonal Ni2P phase, while various lattice fringes 

with a spacing of 0.173, 0.175, and 0.285 can be related to the interplanar spacing of (033), (025), 

and (021) planes from the hexagonal Ni5P4 phase, respectively. Indeed, the synergistic presence of 

both Ni5P4 and Ni2P phases can also be realized from the HRTEM image in Figure 2.6f, 

representing the internal structural discontinuity in the Ni5P4 phase due to a random distribution 

of the Ni2P phase marked by yellow circles (Makeswaran et al. 2021). This interference leads to 

the generation of Ni5P4/Ni2P heterointerfaces at the nanoscale. Remarkably, the HRTEM image in 

Figure 2.6g confirms the formation of the epitaxial NiS nanosheets, where NiS (d(010)= 0.300 nm) 

and Ni2P (d(011)= 0.281 nm) approximately share similar lattice distances, yielding to a decent d-

spacing (interplanar space) matching between the Ni2P phase and the epitaxial NiS phase (An et 

al. 2019; Zhu et al. 2018; Q. Liang et al. 2019). 

N
 

P S Ni-P-
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Figure 2-6: (a and b) The TEM images of the Ni5P4-Ni2P/NiS heterostructure, (c, d) SAED 

images from the selected regions shown in e, (e) The magnified TEM images, (f, g, 
and h) HRTM images of the selected regions shown in e, (i) dark-field STEM 
image, (j-m) corresponding EDS elemental mapping of Ni, P, S for the Ni5P4-

Ni2P/NiS heterostructure. 
 

Therefore, the epitaxial interfacing between Ni2P and NiS crystals occurs along the (011) facets 

from Ni2P thanks to the negligible interfacial strain (Figure 2.2b). The dark-field scanning 

transmission electron microscopy (STEM) image also reveals the growth of NiS nanosheets from 
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edges and the complex structure of the vertically grown Ni5P4-Ni2P plate (Figure 2.6i). The EDS 

mapping obtained under STEM mode reveals the uniform distribution of Ni and P in the vertically 

grown plates,(Ramana et al. 2006) while Ni and S are only present in the epitaxial NiS nanosheets 

(Figure 2.6j, m). Considering these characterizations, we can verify emerging epitaxial interfaces 

between Ni2P and NiS phases at the nanoscale, which can facilitate electron transport during the 

electrocatalytic activity and strengthen the structure of the nanosheets. 

The implications of the structure-chemistry relationship in these Ni-P-S nanomaterials, as 

revealed by the XRD, SEM, TEM, and XPS analyses, can be described as follows. Note that the 

structural tuning of electrocatalysts has been recognized as one the most effective approaches to 

enhance interfacial interactions between electrocatalysts and electrolytes, leading to more 

significant HER performance. Specifically, one successful strategy is to judiciously grow epitaxial 

nanosheets out of the dominating phases, thereby expanding the active catalytic surface area and 

optimizing electronic features. It also tunes the energetics of intermediates via developing 

heterointerfaces (An et al. 2019; Zhu et al. 2018). This strategy eventually leads to more significant 

hydrogen production and emphasizes the importance of using the conventional electrocatalyst as 

an appreciable substrate for constructing epitaxial nanosheets. Employing a sulfidation process 

leads to growing the epitaxial NiS nanosheets on the vertically aligned Ni5P4-Ni2P plates. 

Therefore, we expect our work to benefit from both simultaneous formation of Ni5P4 and Ni2P 

with nanodomain interfaces and the generation of the epitaxial NiS out of Ni2P phase. This unique 

3D architecture resembles the prickly pear cactus. We provide detailed electrochemical studies to 

validate the effectiveness of these Ni-P-S nanostructures for enhanced HER performance. 

2.3.3. Electrochemical Characterization and HER Performance Evaluation 

The electrocatalytic activities of the Ni5P4-Ni2P/NiS (plates/nanosheets) heterostructures are 

investigated specifically for the HER performance. We aim to determine the effect of the epitaxial 

NiS nanosheets and generated heterointerfaces in hydrogen production. The HER activities are 
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evaluated using electrochemical measurements in Ar saturated 0.5 M H2SO4 solution with a 

reference electrode of Ag/AgCl, calibrated to a reversible hydrogen electrode (RHE). We also use 

the normalized electrocatalytic current density by considering the catalysts’ geometry and surface 

area. As shown in Figure 2.7a, the IR-corrected linear sweep voltammetry (LSV) at a scan rate of 

5 mV.s-1 demonstrates that the epitaxial growth of NiS nanosheets can boost the catalytic activities. 

In contrast, the NiP catalyst displays a lower HER activity. The NiPS3 electrocatalyst shows the 

lowest HER onset overpotential of 35 mV, which is a decent value compared to the commercial 

Pt/c electrode and lower than that of the NiP electrocatalyst (70 mV).(S. Liu et al. 2019) A 

noticeable feature related to the onset overpotential is that it is intrinsic to the catalyst’s surface 

properties regardless of its loading.(Anantharaj et al. 2021) For the HER performance, 

overpotentials at the current density of 10 and 100 mA cm-2 are obtained from LSV curves and 

shown in Figure 2.7b. It reveals that the overpotential is significantly decreased for NiPS3 and 

other NiPS series. However, the NiP electrocatalyst contains the highest overpotentials. This 

noticeable catalytic activity confirms the importance of reinforcing intrinsic catalytic sites and 

expanding the active surface area by developing the epitaxial growth of NiS nanosheets upon the 

sulfidation process. Although the overpotential values for the NiPS3 electrode at the current 

densities of 10 and 100 mA cm-2 (70 and 115 mV, respectively) do not surpass the catalytic 

performance of the Pt group catalysts, this work demonstrates the importance of improving the 

electronic and structural features for boosting the electrocatalytic activity (Q. Liang et al. 2019; 

An et al. 2019). It is worth mentioning that the primary goal of the current study is not to introduce 

a champion electrocatalyst dominating the sophisticated Pt group catalysts. Further, it endows a 

new avenue for constructing seamless electrocatalysts. A linear fitting by the Tafel equation is 

performed on the polarization curves based on the method explained by Murthy et al. (Murthy, 

Theerthagiri, and Madhavan 2018). Figure 2.7c shows the corresponding Tafel plots. Tafel slopes 

are inversely related to the charge transfer coefficient of HER, which directly demonstrates how 

efficiently electrons are exchanged across the interface. Tafel slopes also serve as indicators for 

controlling the mechanism of HER established across the interface. Noticeably, the Tafel slope 
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profile for the Ni5P4-Ni2P/NiS heterostructure reflects a decreasing trend with increasing sulfur 

content during the sulfidation process, where NiPS3 shows the lowest slope (50 mV dec-1) 

compared to other catalysts, particularly NiP (141 mV.dec-1). These findings indicate efficient 

kinetics of HER due to the emerging NiS nanosheets. 

 
Figure 2-7: (a) IR-corrected linear sweep voltammetry (LSV) of HER (b) overpotential profiles 

of the prepared catalysts, (c) plot of Tafel slopes for the prepared catalysts 

 

It is worth mentioning that estimating the turnover frequency (TOF), which is indicative of 

the number of transported electrons for each active site per second, is not feasible for the current 

study because determining the number of active sites for the complex heterostructures is 

cumbersome. Therefore, to construct a relation between the structural properties and active 

catalytic surface area of the electrocatalysts, we measure the double-layer capacitance (Cdl) from 
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the cyclic voltammetry (CV) curves in the limited cathodic range of 105 to 205 mV vs. RHE 

(Figure 2.8a-b). The electrochemically active surface area (ECSA) is directly proportional to the 

Cdl, ECSA = Cdl/Cs (Cs is the assumed specific capacitance), which is the linear slope of ∆𝑗𝑗 as a 

function of a series of scan rates obtained from the CV curves. The measured Cdl values are 13.12 

and 4.74 mF cm-2 for NiPS3 and NiP, respectively, indicating a nearly threefold higher ECSA for 

the electrocatalyst containing the epitaxial NiS nanosheets. The NiPS3 catalyst with the most 

significant Cdl indicates that the HER activity proceeds with a more enhanced adsorption of H* on 

the active sites compared to other prepared electrocatalysts. Thus, electron exchangeability 

improves considerably between the active sites and adsorbed protons from the electrolyte, 

remarkably enhancing HER performance for the NiPS3 electrocatalyst. The characterization 

already performed, like LSV and CV, reveals the superior HER performance of the NiPS3 

electrocatalyst. SEM images in Figure 2.5c, d illustrate that increasing the sulfur content during 

the sulfidation process causes the population of NiS to rise on the Ni5P4-Ni2P plates. For the NiPS3 

electrocatalyst, it is envisaged that the epitaxial NiS nanosheets can provide greater 

accommodation for adsorbed intermediates, and the interfacial interaction between the catalyst and 

intermediate species proceeds more efficiently. In addition, emerging abundant heterointerfaces 

may positively influence the catalytic activity. Therefore, the unique structure of Ni5P4-Ni2P/NiS 

(plates/nanosheets) can boost the HER performance compared to the other prepared catalysts. 
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Figure 2-8: (a, b) cyclic voltammetry at scan rates from 20 to 200 mV s-1 for NiPS3 and NiP, 
respectively, (c) determination of Cdl for all prepared catalysts. 

Furthermore, LSV results also confirm that the NiPS3 electrocatalyst offers the lowest 

overpotentials and Tafel slopes. These significant improvements imply the catalytic activity is 

enhanced, and the NiPS3 electrocatalyst demands the lowest electrical energy and shows the 

quickest hydrogen evolution kinetics. The CV studies and measuring the capacitances, as shown 

in Figure 2.8a-c, reflect that the NiPS3 electrocatalyst retains the largest capacitance, which can 

be attributed to the emerging epitaxial NiS nanosheets. The generation of the epitaxial NiS 

nanosheets increases the active surface area that synergistically accommodates a higher number of 

Had species and facilitates electron transition.(Y. Yin et al. 2017) Furthermore, the following EIS 

results also show that the interface between NiPS3 and electrolyte establishes the lowest charge 

transfer resistance, indicating an accelerated electron transfer occurs at interfaces. Thus, in the 
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conglomeration of the extensive studies with respect to the superiority of NiPS3, our evaluation 

suggests that the significant improvement in the catalytic performance of NiPS3 can be related to 

the growth of epitaxial NiS nanosheets compared to the other prepared catalysts. 

To further understand the significance of the ternary nanostructured materials developed 

in this work and to elevate the technical approach used to synthesize such tailor-made prickly pears 

heterostructures, we compare our data with those reported in the literature. Table 2.2 represents 

electrocatalysts developed based on the ternary Ni-P-S system. The data presented in Table 2.3 

demonstrates the significance of the current work compared to those already reported in the 

literature. 
 

Table 2. 2: Comparison of various Ni-P-S electrocatalyst systems with their HER activity. 

Source Preparation process Catalyst 
composition solution 

HER activity 

Ref. η10
* η100

* 
Tafel 
Slope

** 

NF Sulfo-Phosphidation NiS and Ni8P3 ♣ 68.4 130 46.6 

(Duan, 
Chen, and 

Zhao 
2018) 

NF One-step  
phospho-Sulfidation NiS, Ni2P2S6 ♣ 140 210 72.8 

(X. Zhang 
et al. 
2017) 

NF one-step 
electrodeposition 

Ni-NiSPx 
(amorphous) ♠ 46 145 86 (Chen et 

al. 2019) 

NF Hydrothermal + Sulfo-
Plasma/Phosphidation Svacancy-Ni3S2-XPX ♣ 89 169 122.5 (Yang et 

al. 2021) 

NF Phospho-Sulfidation NiP0.62S0.38 ♣ 52  52.3 (Luo et al. 
2017) 

NF Phospho-sulfidation NiPS3 ♣ 74 175 86 (Fang et 
al. 2021) 

Ni5P4 
nanoplates 

Phospho-sulfidation of 
Ni(OH)2·0.75H2O Sdoped-Ni5P4 ♥ 56 104 43.6 (Chang et 

al. 2018b) 

NiPS3 Bulk Electrochemical 
exfoliation of NiPS3 

Intercalated NiPS3 ♣ 158  95 (X. Li et 
al. 2019) 

NiPS3 
particles 

H2/Ar atmosphere + 
thermal treatment 

NiPS3/Ni2P 
epitaxy ♣ 85  82 (Liang et 

al. 2019) 

NiPS3 Bulk Ball-milling 
exfoliation of NiPS3 

Vacancy-NiPS3 ♣ 126 200 65.4 (Tong et 
al. 2021) 

NiPS3 Bulk Electrochemical 
exfoliation of NiPS3 

Thin NiPS3 
exfoliated layers ♣ 205  74 (Luxa et 

al. 2020) 

NF Hydrothermal + Sulfo-
Phosphidation Sdoped-Ni2P ♣ 179 280 62 (Huang et 

al. 2020) 

NF Phospho-Sulfidation Ni2P/Ni0.96S ♦ 72 239 149 (He et al. 
2020) 

Ni mesh Phospho-Sulfidation Ni5P4-Ni2P/NiS ♥ 70 115 50  
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NF: Nickel Foam, the current work is shown with    , *: mA.cm-2, **: mV.dec-1, ♣: 1 M KOH, 

 ♠: 1 M NaOH, ♥: 0.5 M H2SO4, ♦: 1 M KOH and 0.5 M urea.  

Phospho-Sulfidation and Sulfo-Phosphidation are the two-step processes differing in order. 

 
Table 2. 3. In-Situ Grown Epitaxial Heterojunction systems. 

Source Preparation process Catalyst composition solution 
HER activity 

η10
* η100

* Tafel 
Slope** 

NiPS3 
particles 

H2/Ar atmosphere + 
thermal treatment NiPS3/Ni2P epitaxy ⸸ 85  82 

NiMoO4 
Crystal Selective Sulforation 

N-NiMoO4/NiS2 
nanowires/nanosheets 

epitaxy 
⸸ 99 300 74.2 

NiCo2O4 
precursor thermal annealing Co-Ni3N ⸸ 194 290 156 

 

As mentioned, this study does not present a champion electrocatalyst beating the current 

Pt bench market. However, it presents a new structure that has not been reported in the literature 

as shown in Table 2.2 and Table 2.3. Noticeably, all studies on the Ni-P-S ternary systems can be 

categorized into 4 groups based on the catalysts’ compositions, as follows: 

i. Producing intermediate nickel phosphosulfide compositions, like NiPxS1-x.  

ii. Producing sulfur-doped nickel phosphide or phosphor-doped nickel sulfide,  

iii. Producing stoichiometric compounds, like NiPS3, NiS, and Ni8P3, and using further 

procedures such as ball-milling or electrochemical processes to exfoliate thin layers.  

iv. Generating the in-situ epitaxial Ni2P nanodomains on 2D NiPS3 nanosheets 

 

Thus, the presented comparison reiterates the novelty of the current study, in which a 

seamless 3D electrocatalyst is synthesized using sequential phase alterations on an ultrathin nickel 

mesh. The importance of the synthesized nanostructure relies on the epitaxial growth of NiS 

nanosheets out of the Ni2P phase and, consequently, the formation of heterointerfaces near its 

nucleation sites.  
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Furthermore, to gain broader insights into the kinetics of the catalytic activity during HER 

catalysis, we use electrochemical impedance spectroscopy (EIS) techniques over a range of applied 

overpotentials from -100 to -450 mV vs. Ag/AgCl. In fact, assessing the catalytic activity at 

constant overpotentials beyond the onset potentials is a convenient method for comparing the 

electronic characters and the importance of structural development.(Z. Xiao et al. 2020) 

Anantharaj and Noda realized that a rational correlation could be found for the charge transfer 

resistances at the constant potentials in the catalytic turnover regions, in which the entire interface 

could be subjected to electrocatalytic activities (Anantharaj and Noda 2020). Evaluating EIS 

responses as a function of applied overpotentials can also shed light on the role of heterointerfaces 

generated owing to the epitaxial growth. The Nyquist plot of EIS data for the NiPS3 electrocatalyst 

is demonstrated in Figure 2.9a. It exhibits a depressed semicircle for all studied potentials, 

indicating the HER activity can be characterized by one time constant and only controlled by the 

charge transfer kinetics throughout the studied frequencies (Patil et al. 2022). The experimental 

data are fitted using the equivalent circuit shown as a sub-figure in Figure 2.9a. Rs represents the 

ohmic resistance imposed by all connections and the electrolyte. Rp and CPE elements indicate the 

polarization resistance and the pseudo-capacitance arising from the charge transfer at the interface 

between active catalytic sites and adsorbed protons.(J. Li et al. 2019) The CPE is used instead of 

the capacitance element due to depressed semicircles in Nyquist graphs. As shown in Figure 2.9b, 

the Rp reduces with applied potentials, in which the NiPS3 electrocatalyst demonstrates the lowest 

charge resistance at each potential, indicating a facilitated H* adsorption on the active catalytic 

sites (J. Li et al. 2019). Thus, we realize the electron exchangeability is significantly enhanced for 

the electrocatalyst containing the largest population of the epitaxial NiS nanosheets, thanks to the 

largest ECSA and its higher intrinsic catalytic sites compared to other catalysts. On the other hand, 

the NiP catalyst consisting of the Ni5P4-Ni2P composition demonstrates the lowest electron transfer 

rate, leading to the weakest HER performance. Indeed, we realize a direct relation exists between 

raising the ECSA and decreasing the Rp trend. The measured Rp for the NiPS3 electrode shows 

the minimum resistance at each applied potential, implying that the transferring electrons to the 
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adsorbed H* species proceed with accelerated reaction kinetics during the HER performance 

(Zhao et al. 2021). These results confirm that the generated epitaxial interfaces and 

heterointerfaces significantly influence the HER performance. Indeed, the generation of the 

epitaxial NiS nanosheets lowers the charge transport resistance at the interfaces between Ni2P and 

NiS phases and reinforces the electron transfer rate to the adsorbed H*.(Q. Liang et al. 2019) 

Further, the heterostructures emerging near the NiS nanosheets add to the structural and electronic 

improvements. These results are consistent with the overpotentials and Tafel slopes obtained for 

the electrocatalysts shown in Figure 2.7 b, c.  

 
Figure 2-9: (a) Nyquist curves of electrochemical impedance spectroscopy (EIS) at 

overpotentials ranging from 100 to 450 mV, (b) charge transfer resistance (Rp) 
obtained from EIS data, (c) CPE and n profiles obtained from NiPS3 for different 

overpotentials. 

The impedance of CPE can be expressed as: 

  𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐴𝐴(𝑗𝑗𝑗𝑗)−𝑛𝑛  (1) 
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where A=1/Cn, n=1 (in the absence of frequency dispersion). It can be added that n is 

related to the surface condition of the electrocatalyst at different overpotentials. It is also utilized 

to alter the CPE to a pure capacity, where the closer to 1, the more the capacitance behavior can 

appear. Indeed, it is believed that n varies with the homogeneous distribution of active catalytic 

sites.(Morales et al. 2021) As shown in Figure 2.9c, we understand that the distribution of active 

sites varies with the applied overpotentials over the catalyst’s surface, in which the homogeneity 

reduces with the applied potentials indicating that the number of active catalytic sites depletes and 

then mitigates at higher overpotentials (above 300 mV). In contrast, the CPE, representing the 

pseudo-capacitance of the formed double layer, increases with the applied potential until 300 mV, 

implying that the electron exchangeability rate over the active catalytic sites increases and then 

slightly reduces. Thus, it can be deduced that though the number of active sites is depleted, the 

activity of the remaining sites is intensified with the applied overpotential. The durability of NiP 

and NiPS3 electrodes are evaluated for 20 h and demonstrated by a chronopotentiometry plot for 

the cathodic potential of 10 mA. The data are shown in Figure 2.10. As apparent, the voltage 

change for NiPS3 catalysts is negligible, and the change of overpotential is also insignificant, 

which can be confirmed by the intersection LSV plot regarding NiPS3 electrode. However, the 

voltage increased during HER activity for the NiP electrocatalyst, indicating some surface 

deterioration. Noticeably, the SEM image from the surface of the NiP electrode after 20 h show 

the impact of catalytic activity in the forms of pits, while the surface of the NiPS3 electrode could 

sustain efficiently. The surface for NiPS3 catalysts does not show any pitting effect, and the 

structure could preserve some of the NiS nanosheets even after 20 h of HER activity.  
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Figure 2-10: (a) chronopotentiometry plot of HER activity at 10 mA for 20 h with the 
intersection of LSV plot related to before and after 20 h stability test. (b and c) 
SEM images related to NiP and NiPS3 electrodes after 20 h catalytic activity.  

The cartoon in Figure 2.11 illustrates the difference in the behavior of NiP and NiPS 

electrocatalysts in a range of reducing overpotentials. The cartoon explains that the ternary system 

provides a larger active catalytic surface area compared to the nickel phosphide catalyst while 

working at low overpotentials (< -300 mV vs. Ag/AgCl). After switching to high overpotentials, 

although some areas of the ternary NiPS system become inactive, those active catalytic areas 

accommodate a higher number of Had as an indication of compensating for inactive catalytic areas.  

Taking into account the obtained results, we suggest the significant improvement observed 

for the catalytic activity of the Ni5P4-Ni2P/NiS (plates/nanosheets) stems mainly from expanding 

ECSA because of growing the epitaxial NiS nanosheets and strengthening the intrinsic catalytic 

activity due to the generated heterointerfaces. We realize that the epitaxially grown nanosheets and 

heterointerface stabilize more significant H* adsorption over the active catalytic sites because of 

supporting the greater active surface area.(Q. Liang et al. 2019) 
 

(b)

(c)



54 

 
Figure 2-11: A cartoon representing the behavior of NiP and NiPS electrocatalysts during HER 

performance for low overpotentials (<-300 mV (vs. Ag/AgCl) and high 
overpotentials (>-300 mV) 

 

The fundamental goal of the Ni-P-S ternary electrocatalytic system is to enhance electron 

transfer to adsorbed H* species. Generally, the HER activity can be optimized by enhancing the 

intrinsic catalytic activity or increasing the number of exposed active catalytic sites. The 

heterointerfaces chemically include a nanoscale mixture of various phases formed during the 

phosphidation and sulfidation procedures. Therefore, the catalytic activity of heterointerfaces may 

achieve the goal of hitting two birds with one stone, namely, enhancing the intrinsic catalytic 

activity by containing nanoscale defects and expanding the active surface areas simultaneously. In 

fact, introducing defects through creating heterointerfaces is an effective strategy to improve the 

catalytic activity, which may consequently modulate the electronic structure of the interface by 

reducing the adsorption-free energy of H* species during the HER performance.(Z. Hu et al. 2018) 

In addition, the heterointerfaces inherit a synergistic effect of different components, where the 

unique structure of the heterointerfaces can provide stronger affinity with H* species and thus 

improve HER catalytic activity.(Muthurasu, Maruthapandian, and Kim 2019) 

The heterointerfaces are generated near the epitaxial NiS nanosheets, as evidenced in the 

structure and morphology characterizations. Thus, these heterostructures benefit from a long-range 

disordered structure and abundant defects in correspondence with the compositional and structural 
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variation. Another critical factor, although there are only limited studies/reports available at this 

time, is the chemistry of epitaxial interfaces that facilitates the enhanced catalytic activity for HER. 

Teng et al. reported significant improvement in the catalytic activity of hydrogen reduction due to 

the generation of abundant active sites via the formation of the heterogeneous structure.(Teng et 

al. 2018) Liu et al. also reported synthesizing a heterointerface between Ni2P-NiP2 as a successful 

strategy for establishing strong electronic coupling effects between various phases (Tong Liu et 

al. 2018). They showed electrons could transfer from P to Ni at the heterointerfaces, thereby 

reducing the adsorption energy of H* species. Thus, our understanding is that the nanoscale 

mixture of nickel phospho-sulfide in the heterointerfaces optimizes the intermediate hydrogen 

binding energy. To conclude that the chemically tailored heterointerfaces resulting from the 

mixture of different phases formed during the phosphidation and sulfidation procedures, where a 

controlled process dictates the chemistry of such interfaces formed, are the key to promoting the 

generation of abundant active sites, which in turn result in enhanced HER performance of the 

electrocatalysts designed in this work. 
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Chapter 3: Heterostructured Electrocatalyst of MoP-Mo2N@Mo  

for Stable Hydrogen Evolution Reactions 

3.1. INTRODUCTION 

Hydrogen as a clean alternative source is in stark contrast to fossil fuels, a leading cause of 

global warming and climate change, that promotes zero carbon emission during use, reduces 

harmful substances’ release, and provides a potential for carbon-neutral production.(van Renssen 

2020) However, there are challenges associated with hydrogen that must be overcome for it to 

become a sustainable and widespread energy source.(Ahmed et al. 2022; Mneimneh et al. 2023) 

The progress and expansion of “green” hydrogen production using the electrolysis method depend 

on developing durable electrocatalysts tolerating high current densities for a prolonged time. In 

addition, hydrogen evolution reaction (HER) is indeed limited by a significant overpotential. 

Platinum group metals (PGM) demonstrated relatively low overpotentials for HER across a wide 

pH range of electrolytes.(Zhang et al. 2017) However, the large-scale utilization of Pt 

electrocatalysts is hindered by their scarcity and the associated high cost limiting their widespread 

applications. Significant research efforts are focused on developing alternatives to reduce the 

reliance on PMG catalysts. These efforts aim to synthesize effective and affordable catalysts using 

abundant and low-cost elements and optimize their structures while maintaining high catalytic 

activity and stability for hydrogen production.(Zhao et al. 2018) The durability and longevity of 

electrocatalysts are essential because the degradation of catalysts over time decreases efficient 

operation and leads to higher energy costs. During the HER, the catalysts are subjected to harsh 

electrochemical conditions leading to various degradation mechanisms that can negatively impact 

the catalyst’s stability and performance over time. The contribution of several factors determines 

the stability of electrocatalysts. The chemical, electrochemical, and morphological stability of 
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catalysts in the electrolyte environment is essential. The catalyst should resist dissolution, surface 

reconstruction, particle detachment, and reactions leading to the loss of active sites and withstand 

the high applied current densities in a broad pH range without significant alteration in its catalytic 

activity. In addition, poisoning or deactivation by adsorbed impurities and reaction intermediates 

reduces the catalytic activity. Therefore, researchers are actively exploring various synthesis 

strategies with different materials to enhance the stability of electrocatalysts for the HER.  

Of the particular PGM-free catalysts, Mo-based compounds, such as MoS2,(Z. Liu et al. 2022) 

Sdoped-MoOx,(Li et al. 2021) MoNx,(Yao et al. 2021) and MoP(Pi et al. 2020) could demonstrate 

promising longevity with their efficient HER catalytic activities because of containing Pt-like d-

band electronic configuration. Generally, P atoms with higher electronegativity draw electrons 

from transition metals and function as Lewis-base to attract positively charged protons in the HER 

process.(Kibsgaard et al. 2015) Further enhancement in HER catalytic activity could be achieved 

through S doping into MoP structure, where the synergistic effects between S and P created a more 

active electrode.(Kibsgaard et al. 2014) Introducing second anions generates heterostructured 

catalysts that the nanostructures and electronic features are tuned significantly.(Attarzadeh et al. 

2023) From the perspective of the HER catalytic activity, most heterostructured catalysts, either 

with active/active or active/nonactive structures, highlight various advantages as follows. First, the 

number of active sites is increased significantly, and the electrical conductivity is enhanced 

because refining the nanostructure creates sufficient adsorption sites for the intermediates of 

HER.(Nikam et al. 2015) Second, using macroscopic and seamless substrates like mesh provides 

fast mass diffusion that can reduce overpotentials at high current densities.(Attarzadeh et al. 2023) 

Third, the electronegativity difference between different components of heterostructures 

accelerates the electron movements between components, which also results in electronic structure 
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refinement.(Wang et al. 2017; Zhou et al. 2016) Finally and most importantly, constructing 

heterostructures improves the catalysts’ performance, durability, and longevity.(L. Yang et al. 

2015) Therefore, the paramount strategy of introducing nonmetals such as N, P, and O into ternary 

or quaternary heterostructures is for tuning the chemical composition that can enhance the intrinsic 

catalytic activity, increase the number of active sites, and improve the longevity of efficient 

catalytic activity.  

Recently, MoP-based heterojunction catalysts have been developed for efficient HER 

performance. Yang et al. successfully synthesized the heterostructure catalyst of MoS2-MoP 

anchored on the N-doped porous carbon (NC) substrate. The heterojunction catalyst exhibited 

significant catalytic activity with remarkable stability for HER that could be derived from the 

presence of distinctive nanosheet morphology increasing active catalytic sites, the synergistic 

effect of MoP and MoS2 phases, and efficient electron movements.(Y. Yang et al. 2021) Loomba 

et al. designed synthesizing porous nitrogen-doped NiMo3P (N-NiMo3P) micro-sheets. They found 

that inducing nitrogen increased the corrosion resistance, and the higher electronegativity of 

nitrogen in metal-nitrogen bonds yielded greater stability of active sites. In fact, the electron-

withdrawing capability of nitrogen causes metal ions to achieve a higher valence state, which 

improves the electron transition and enhances mobilizing of the electronic density of the 

catalysts.(Loomba et al. 2023) Gu et al. also synthesized a 2D porous MoP/Mo2N heterojunction 

by controllable pyrolysis of 2D PMo12-MA precursor. The HER performance could surpass the 

commercial Pt/c catalysts in a neutral medium.(Gu et al. 2021) Although significant development 

in various electrocatalysts has been achieved for increasing efficiency and boosting performance, 

less attention has been devoted to an insightful understanding of inducing nonmetals on the 

durability of TMPs through electrochemical studies.(Calvillo et al. 2018; Zhu et al. 2020) The fact 

that cannot be overlooked is the capability of active sites to undergo structural self-reconstruction 

during catalytic activity due to electrically driven structural reduction or oxidation processes.(Y. 

Liu et al. 2017) In fact, the self-reconstruction could crease or decrease the catalytic activity.(Nam 
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et al. 2018) The current ex-situ characterizations lack strong rationales for judiciously 

comprehending the rationale underlying the longevity of the catalyst’s performance. However, 

operando or in situ techniques have attracted tremendous interest because of analyzing real-time 

HER, capturing dynamic evolutions in the structure and electronic features, and tracking the self-

reconstruction of catalysts. The latter feature is crucial in extending the durability of a catalyst 

because it particularly creates more active sites via the electrochemical activation process of the 

catalysts, which results in further boosting the catalytic activity.(Ji et al. 2020; Su et al. 2019; Jiang 

et al. 2018) 

Fascinated by above studies, we have synthesized MoP-Mo2N@Mo heterostructured 

electrocatalyst for enhanced hydrogen evolution reactions (HER) performance. We have 

characterized the structure and composition of prepared electrodes using X-ray diffraction (XRD) 

analyses, Then, we employed scanning electron microscopy (SEM) to examine the surface 

morphology and structure of developed electrocatalysts. X-ray photoelectron microscopy is used 

to characterize and investigate the electronic properties of electrocatalysts. The electrocatalytic 

activity is evaluated using linear sweep voltammetry (LSV) and cyclic voltammetry (CV) in a 

range of 20-200 mV s-1 scanning rates. Operando electrochemical impedance spectroscopy (EIS) 

is used to investigate the prolonged stability of the prepared electrocatalysts.  

3.2. EXPERIMENTAL METHODS  

3.2.1. Synthesize  

Preparation of porous MoPN on Mo meshes: A piece of Mo mesh (1 cm × 2 cm, ~0.002 

g, GOODFELLOW CAMBRIDGE Ltd.) was washed under ultrasonication in propanol and 

ethanol for 10 min to degrease and then rinsed with DI water and allowed to dry in an oven at 

60 ̊C. The Mo mesh features a thickness of 1 mm and an open area of 75% (40 wire.cm-2). Then, 

a quartz boat containing 0.2 g of red phosphorous powder (Sigma Aldrich, %99.99 pure) was 

covered partially by Mo mesh with keeping at 1 cm distance above the powders. After that, the 
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boat and mesh together were placed gently inside the quartz tube of the MTI Corporation chemical 

vapor deposition (CVD) furnace. The tube furnace was kept under vacuum pumping, and Ar was 

also purged for 10 min at a flow rate of 200 SCCM to evacuate the air and replace it with Ar. The 

furnace was heated to 800  ̊C at 10  ̊C min-1, kept at the final temperature for 2 h with purging 

NH3/Ar at the flow rate of 25 sccm, and then cooled down to room temperature at the same rate.  
 

3.2.2. Material Characterization  

We utilized various analytical techniques to characterize the structure, phase, morphology and 

microstructure, and chemical composition of synthesized Mo-P-N materials. Scanning electron 

microscopy (SEM) images were collected using Hitachi S4800 by applying 10 kV and 15 µA. X-

ray diffraction (XRD) patterns were obtained using a Malvern Panalytical Empyrean Nano edition 

multipurpose X-ray diffractometer. To resolve peaks from the diffraction pattern, the step size and 

the integration time were 0.01 ̊and 0.85 s/step, respectively. A Cu Kα X-ray source with a 

wavelength of 0.154 nm was used to acquire the measurements. X-ray photoelectron spectroscopic 

(XPS) scans of the best Mo-P-N electrocatalyst samples were obtained employing Kratos Axis 

Ultra DLD spectrometer using Al Kα monochromatic X-ray source (1486.6 eV) and a high-

resolution hemispherical analyzer. The XPS survey and high-resolution scans were recorded, and 

the data obtained were analyzed with the help of CasaXPS software employing 

Gaussian/Lorentzian (GL(30)) line shape, line asymmetry, and Shirley background correction. 

 

3.2.3. Electrochemical Characterization and Performance Evaluation 

Hydrogen evolution reaction (HER) measurements were carried out on a Solartron 

analytical-ModuLab Xm workstation using a conventional three-electrode system with Ag/AgCl, 

a graphite rod (99.99%) as the reference electrode, and the counter electrode, respectively. The 

prepared electrocatalysts from MO mesh were working electrodes. The reference electrode was 



61 

calibrated with respect to a reversible hydrogen electrode (RHE) before experiments. The 

electrolyte was 1.0 M H2SO4 aqueous solution made from DI water. The linear sweep voltammetry 

(LSV) was recorded at a scan rate of 2 mV s-1. Before LSV measurement, the working electrode 

was kept at open circuit potential (OCP) for 1 h to reach a pseudo-Plato voltage. The 

electrochemical impedance spectroscopy (EIS) was collected using the same workstation.  The 

amplitude was 5 mV, while the scan started from 100 kHz to 1 Hz. IR correction was performed 

to account for the cell resistance based on the EIS test at the open circuit potential (OCP). Cyclic 

voltammetry (CV) was performed at different scan rates ranging from 20 to 200 mV s-1 and at the 

non-Faradaic potential region. We prepared a Pt/C (20%) electrode using the conventional method. 

For that, 5 mg Pt/C (20%) was sonicated for 30 min in 1 ml solution of ethanol and Nafion (with 

the 9:1 ratio). We did drop-cast the prepared ink on the surface of a glassy carbon electrode. Then, 

the HER activity of the prepared Pt/C electrode was evaluated in an identical condition that the 

synthesized ternary electrocatalysts were tested. 

 
3.3.RESULTS AND DISCUSSION  

3.3.1. Crystal Structure, Phase, and Chemical Composition Characterization 

Illustration 1 shows the synthesizing path for the self-standing MoP and MoPN 

electrocatalysts. The seamless structures reduce internal resistivity and increase stability by 

preventing local corrosion. The etching step activates the surface while removing most of the 

surface oxides, making the surface patterned and increasing the suitable surface for growing the 

protrusion of MoP and Mo2N. The method for Mo wires formation is to use a hot extrusion process. 

Therefore, the impact of extrusion forming becomes more apparent after etching in the boiling 

acid. After rinsing with DI water, the mesh samples are placed in the chemical vapor deposition 

(CVD) chamber and phosphor-nitriding at 800 ⁰C using P powder and purging a mixture flow of 
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NH3 and Ar. This process is designed and implemented in our Lab, like previous work.(Attarzadeh 

et al. 2023)  

 

Illustration 3. 1. the synthesis path for Mott-Schottky MoP-Mo2N@Mo heterostructured 
electrocatalyst 

 

X-ray powder diffraction (XRD) analysis is employed to recognize the crystalline phases 

and structural variations of meshes after the first and second steps of synthesis. Figure 3.1a shows 

the XRD for MoP and MoPN electrodes demonstrating the electrodes’ compositions after 

phosphidation and phosphor-nitriding processes. For the MoP electrode, it is apparent that MoP 

forms on the electrode because of obvious characteristic peaks at 27.8⁰, 31.9⁰, 42.8⁰, and 67.2⁰, 

being indexed to the (001), (010), (011), and (012) lattice planes of MoP based on ICSD#98-007-

6367. 
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Figure 3-11: (a) XRD patterns of MoP and MoPN electrodes after phosphidation and phospho-
nitriding process, SEM image from (b) etched Mo surface, (c-e) Phosopho-nitriding 
Mo surface for MoPN synthesized at the NH3/Ar flow of 25 sccm, (f-i) elemental 

mapping from MoPN electrodes for Mo, N, and P elements. 
  

The characteristic diffraction peaks related to Mo are also evident because they are located 

at 40.5⁰, 58.6⁰, and 73.7⁰ corresponding well to the (011), (002), and (112) planes of cubic Mo 

based on ICSD#98-007-6279 indicating that Mo remains on the surface and depth of the mesh 

wires. The lack of complete conversion of Mo to MoP creates the Mott-Schottky electrocatalyst 

causing enhanced catalytic performance. A slight amount of oxide remains even after etching in 

the form of Mo2.5O on the surface, with the characteristic peaks at 50.5⁰, 59⁰, and 88.3⁰ representing 

the (111), (002), and (022) planes. For the MoPN electrode, we can recognize three phases of MoP, 
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Mo2N, and the remaining Mo from XRD analyses. The characteristic peaks related to the 

tetragonal crystal of the Mo2N phase are located at 37.7⁰, 43⁰, 45.3⁰, and 64.2⁰ corresponding to 

(112), (020), (004), and (024) planes based on ICSD#98-003-0593. Therefore, we can deduce that 

the phospho-nitriding process on Mo mesh can create the Mott-Schottky MoP-Mo2N@Mo 

heterostructured electrocatalyst.  

To further characterize the structure and surface morphology of developed electrodes, we 

have used scanning electron microscopy (SEM) and elemental mapping using energy dispersive 

spectroscopy (EDS). Figure 3.1b shows the surface morphology of the Mo electrode after the 

etching process in the boiling solution of 3M chloride acid. The parallel lines on the surface are 

indications lines formed during the hot extrusion process of Mo wires, where the etching process 

makes them appear on the surface significantly. After phospho-nitriding process, SEM images in 

Figure 3.1c shows spheres form on the surface. The magnified SEM image in Figure 3.1d 

illustrates a semi sphere forming on the surface and gradually coming off from the surface, where 

the continuation of growth results either a bigger sphere or growing several spheres in the form of 

a hierarchy, like the hierarchy shown in Figure 3.1e. The EDS elemental analyses from the 

hierarchical sphere is show in Figure 3.1f-i. The presence of both P and N along with Mo indicates 

the formation and contribution of MoP, Mo2N phases in the formed spheres and hierarchies.  

X-ray photoelectron spectroscopy (XPS) has emerged as a powerful technique for 

characterizing and investigating the electronic properties of electrocatalysts. Mo-based 

electrocatalysts exhibit remarkable electrochemical performance attributed to their unique 

electronic structure and surface chemistry. The application of XPS in the analysis of Mo-based 

electrocatalysts offers valuable insights into the surface composition, chemical states, and binding 

energies of the molybdenum species, providing a fundamental understanding of their catalytic 
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mechanisms and contributing to the development of efficient electrochemical energy conversion 

devices. In this context, we employ XPS analyses on MoP and MoPN2 electrocatalysts with the 

use of casaXPS software to study these electrodes after their syntheses and changes that may occur 

after catalytic performance. Figure 3.2 demonstrates XPS results for both electrocatalysts with 

time. As shown in Figure 3.2a, the core level spectra for Mo 3d3/2 and Mo 3d5/2 of Mo4+ display 

peaks at 233.47 and 230.45 eV for the MoP I electrocatalyst, respectively.(Grünert et al. 1991) We 

realize that the binding energy shifts towards lower binding energy after catalytic activity for 6 h, 

where the core level spectra for Mo 3d3/2 and Mo 3d5/2 of Mo4+ stand at 232.6 and 229.2 eV for the 

MoP II electrocatalyst after 6 hours catalytic hydrogen evolution at 50 mA. We later explain the 

details of the catalytic activity in the electrochemical section. This phenomenon also appears in 

XPS spectrum shown in Figure 3.2b related to MoPN2 electrocatalyst. It is evident that Mo 3d3/2 

and Mo 3d5/2 are located at 234.3 and 232.2 eV, respectively, for MoPN2 I electrocatalyst. After 

catalytic hydrogen evolution, we realize that there is a significant negative shift in the binding 

energy of the doublet for Mo4+.  

The shifting of binding energy for Mo 3d after catalytic activity can be attributed to several 

factors. Catalytic activity often involves the interaction of reactant molecules with the catalyst 

surface, leading to changes in the electronic structure of the catalyst. When reactant molecules 

adsorb onto the catalyst surface, they can interact with the Mo atoms, leading to electron transfer 

between the catalyst and reactant. This electron transfer can cause a shift in the binding energy of 

the Mo 3d electrons.(Q. Liu et al. 2020) Catalytic reactions can also induce changes in the 

oxidation state of the metal atoms in the catalyst. For example, Mo can undergo oxidation or 

reduction during a catalytic process. The change in oxidation state can influence the electronic 

environment around the Mo atoms, resulting in a shift in the binding energy of the Mo 3d 
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electrons.(Pandey et al. 2021) Catalytic reactions can induce surface reconstruction of the catalyst, 

where the arrangement of atoms on the surface undergoes changes. This reconstruction can lead 

to alterations in the local environment around the Mo atoms, affecting their binding energy.(Ji et 

al. 2020b; Saleh et al. 2022) During catalytic activity, new chemical species can form on the 

catalyst surface, such as adsorbed intermediates or reaction products. These surface species can 

interact with the Mo atoms and modify their electronic properties, leading to a shift in the binding 

energy of the Mo 3d electrons.(F. M. Li, Xia, and Xia 2022) Overall, the shifting of binding energy 

for Mo 3d after catalytic activity is a reflection of the changes in the electronic structure and 

chemical environment of the catalyst induced by the catalytic process.  

For this study, the observed negative shift of binding energy for Mo 3d in XPS results can 

be attributed to the surface reconstruction during catalytic activity and changes in the oxidation 

state and the electronic structure of the Mo species during the catalytic process. During HER, Mo-

based catalysts are commonly used, and they undergo changes in their oxidation state as they 

participate in the reaction. Mo catalysts can exist in different oxidation states, such as Mo6+ and 

Mo4+ and Mo4+<x<6+. The reduction of Mo6+ to Mo4+ during HER involves the transfer of electrons 

to the catalyst from the reactants.  
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Figure 3-12: XPS results for the Mo doublets of Mo 3d3/2 and Mo 3d5/2 for (a) MoP and (b) 
MoPN2 electrocatalysts. 

 

3.3.2. Evaluation of Catalytic Activity and Stability of Electrocatalysts  

The electrocatalytic HER performance of the MoP-Mo2N@Mo (MoPN1&2), MoP-

Mo2.5O@Mo (MoP), and commercial 20 Wt% Pt/C are investigated to determine the role of 

inducing nitrogen into the MoP crystal structure on the performance and durability of the 

developed catalysts. The HER activities are examined in Ar saturated 0.5 M solution using three 

electrode compartments, where Pt mesh (1 cm2) and Ag/AgCl are the auxiliary and reference 

electrodes, respectively. The working electrode is the synthesized catalyst with an area of 1 cm2. 

The electrocatalytic current density is normalized by considering the catalysts’ geometry and 

active surface area. Figure 3.3a shows the IR-corrected linear sweep voltammetry (LSV) at the 

scan rate of 2 mV s-1. It demonstrates that the Mott-Schottky MoP-Mo2N@Mo (MoPN2) 

heterostructured electrocatalyst is the champion catalyst with the lowest overpotential. As shown 

by the LSV plots, developing the Mott-Schottky system and generating a heterostructure can be 

the reason behind boosting the electrocatalytic activity, where the overpotentials for the MoPN2 

catalyst are 60 and 180 mV to attain the current densities of 10 and 100 mA cm-2, respectively. 

The 3D bar chart in Figure 3.3b displays the overpotential values, and the values for the champion 

mailto:MoP-Mo2.5O@Mo
mailto:MoP-Mo2.5O@Mo
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catalyst are decent compared to the commercial Pt/C catalyst.(S. Liu et al. 2019) Even though 

obtained overpotentials do not beat values for the commercial Pt/C catalysts, this study is meant 

to show the importance of inducing the second nonmetal elements in modifying the durability and 

stability of an electrocatalyst. Based on Murthy et al. work, we used a linear fitting method on the 

polarization curves to obtain the Tafel slopes.(Murthy, Theerthagiri, and Madhavan 2018) The 

HER kinetics of the electrocatalysts are reflected by the Tafel slopes in Figure 3.3c. The plots show 

that the intrinsic catalytic activity is enhanced for the MoP-Mo2N@Mo catalysts, where MoPN2 

shows the value of 125 mV dec-1.  

 

Figure 3-13: (a) IR-corrected linear sweep voltammetry (LSV) for HER performance, (b) the 3D 
bar chart for overpotential profiles of the developed catalysts, (c) Tafel slope plots 

for the developed overpotentials. 

Stability and durability of the electrocatalysts are the key concern. To assess the HER 

stability of the synthesized materials, we apply a current of 50 mA to the electrodes and present 

their chronopotentiometry plots in Figure 3.4a. This type of durability test is designed to represent 
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the continuous electrolysis reaction of water in low currents. The MoP catalyst shows an abrupt 

change in its overpotential after 7 hours. Cyclic voltammetry in a range of (20-200 mV s-1) 

scanning rates (noted by CV1 in cyan color, shown Figure 3.4a) is performed while the MoP 

electrocatalyst has been kept for 1 h in the open circuit potential and before initiating catalytic 

activity, which we call it “time zero”, t=0. Double layer capacitance (Cdl) for the MoP 

electrocatalyst is measured and displayed in Figure 3.4b, 0.17 mF. Likewise, the stability test is 

carried out for MoPN1 and MoPN2 electrocatalysts. For MoPN2, the longest stability for the 

catalytic HER performance is recorded. Cyclic voltammetry in the same range of (20-200 mV s-1) 

scanning rates is performed at three times with 24 h intervals. Figure 3.4c-e shows these three CVs 

which are noted by purple, green, and orange colors in figure 5a during the stability test for MoPN2 

to realize the change of double layer capacitance. The plots and measured double layer 

capacitances (Cdl) for these three intervals are displayed with the same color in Figure 3.4b. As it 

is evident, Cdl increases significantly for t=24 and 48 h. The expansion in CVs with time and 

obtained Cdl indicates that the electrochemical surface area (ECSA) increases during catalytic HER 

performance. Figure 3.4b shows that the Cdl for MoPN2 varies from 10.4 to 32.5 mF. It seems 

there can be a connection between surface reconstruction and variation in double layer capacitance 

in certain electrochemical systems. In fact, Cdl is related to the charge accumulation at the interface 

between an electrode and an electrolyte. It is influenced by the surface properties of the electrode, 

including its structure, composition, and active sites. Surface reconstruction refers to the 

rearrangement of atoms or molecules on the surface of a material, leading to changes in its surface 

structure and morphology. This phenomenon can occur due to various factors, such as chemical 

reactions, adsorption/desorption processes, or exposure to reactive species. 
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The variation in double layer capacitance can be attributed to surface reconstruction for 

several reasons, such as surface area changes, active sites exposure, surface coverage, and 

electrolyte accessibility. Surface reconstruction can lead to changes in the surface area and 

roughness of the electrode. An increase in surface area can result in a higher double layer 

capacitance due to more available sites for charge accumulation. Surface reconstruction might also 

expose new active sites or alter the distribution of existing active sites on the electrode surface. 

This can affect the kinetics of charge transfer processes at the electrode-electrolyte interface and 

influence the double layer capacitance. In addition, some surface reconstruction processes may 

result in the formation of new adsorbates or species on the electrode surface. These adsorbates can 

affect the electric double layer formation and alter the double layer capacitance. It worth noting 

that changes in surface reconstruction can modify the accessibility of the electrolyte to the 

electrode surface. This can impact ion diffusion and charge accumulation in the electric double 

layer, leading to variations in double layer capacitance. The relationship between surface 

reconstruction and variation in double layer capacitance is a complex and active area of research, 

particularly in the field of electrocatalysis and energy storage materials. Experimental techniques 

like electrochemical impedance spectroscopy (EIS) are valuable tools to study and quantify these 

effects. 
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Figure 3-14: (a) Chronopotentiometry of the developed catalysts MoPN2, MoPN1, MoP at 50 
mA, (b) double-layer capacitance (Cdl) plot of the catalysts corresponding to the 

stability time, (c-e) cyclic voltammetry of the MoPN2 catalyst at t=0, 24, and 48 h 
corresponding to the stability time. 

 
 

Operando electrochemical impedance spectroscopy (EIS) offers several significant 

advantages in the assessment of the stability of HER electrocatalysts. Operando EIS allows for the 

real-time monitoring of the electrochemical performance of the HER electrocatalyst during the 

catalytic reaction. This provides valuable insights into the dynamic changes in the catalyst's 

behavior, which are not captured in static ex situ measurements. It enables us to observe the 

catalyst's stability under realistic operating conditions, which is crucial for evaluating its long-term 

performance. By continuously monitoring the impedance response during HER, operando EIS can 
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identify changes in the electrochemical behavior that may indicate degradation mechanisms or 

poisoning effects. This information is essential for understanding catalyst deactivation and 

designing more stable materials. Operando EIS provides mechanistic insights into the 

electrochemical processes occurring at the catalyst-electrolyte interface during HER. This deeper 

understanding can lead to the design of improved catalysts with enhanced stability and activity.  

 

Figure 3-15: Operando EIS illustrating by Bode Z and Bode phase graphs. 

 
Operando EIS results are shown in Figure 3-5. The 3D profile of Bode |Z| changes with time in 

Figure 3.5a, c provides valuable information from changing the resistance of MoPN2 
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electrocatalysts with time. The gradual increase during catalytic activity indicates the 

degradation occurs with increasing resistance at higher frequencies where the charge transfer 

resistance controls the EIS behavior.  
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Chapter 4: Conclusion and Summary of Research  

Comprehensive studies performed on using transition metal phosphides for electrocatalyst 

applications to find a sustainable path for the future energy. Herein, the relationship between the 

structure and high electrocatalytic performance for TMPs is discussed. Although rapid progress 

has been made for TMPs to develop versatile catalysts, detailed information of reaction 

mechanisms and clear classification of strategies to facilitate catalytic activity is generally 

inadequate. Despite the increasing number of research efforts, there are numerous opportunities 

and challenges in the fabrication of TMPs with enhanced performance. While a deeper 

understanding of the influence of processing parameters on the growth and phase warrants 

continued efforts, there can be more interesting ways to improve the catalytic performance of 

TMPs by doping. Therefore, the effect of nonmetal doping on the structure and electrocatalytic 

performance will be interesting to design efficient catalysts. Although there are some efforts 

already in the literature, a more detailed account of such doping-induced effects is necessary, and 

further investigation is warranted. Studies in this dissertation can lead to a safe, simple, sustainable, 

and large-scale fabrication of TMPs. The use of innovative approaches in fabrication strategies 

opens new avenues for TMPs.  

First, we demonstrate a controllable phospho-sulfidation process to synthesize the Ni5P4-

Ni2P/NiS (plates/nanosheets) electrocatalyst with abundant epitaxial heterointerfaces for hydrogen 

production. A regional prickly pear cactus with plentiful surface area motivates this study to design 

a synthesis strategy that led constructing a 3D heterostructure electrocatalyst with an abundant 

active catalytic area and enhanced intrinsic catalytic activity. We rationally employ an ultrathin 

nickel mesh to facilitate a uniform phase transformation and support spatial freedom for departing 

produced hydrogen. After the phosphidation process, the Ni5P4 and Ni2P structures, known for 

their outstanding HER performance, form simultaneously on the mesh surface with two surface 



75 

features, protrusions and vertically aligned plates. We realize that Ni5P4 and Ni2P phases coexist 

in the vertical plates, making nanoscale heterointerfaces and reinforcing electrical connectivity. 

After the sulfidation process, the epitaxial NiS nanosheets nucleate and grow primarily at the 

edges, kinks, or steps observed on the facets of the Ni5P4-Ni2P plates. The in-situ epitaxial 

interfaces nucleate at the root of the NiS nanosheets interfacing with the Ni2P phase and induce 

the heterointerfaces formation. We deduce that the electrochemical surface area (ECSA) expansion 

and intrinsic catalytic activity enhancement are the two influential factors optimizing the Ni5P4-

Ni2P/NiS electrocatalytic performance. The electrochemical studies, including EIS and CV 

analyses, verify the importance of emerging heterostructures in reinforcing electron mobility and 

stability at higher overpotentials. Our findings emphasize the importance of the successful growth 

of epitaxial nanosheets in improving electrocatalytic activities of the Ni5P4-Ni2P/NiS 

heterostructures. 

Second, the heterostructured electrocatalyst of MoP-Mo2N@Mo are synthesized in a one-

step phospho-nitriding process. The 3D structure and heterostructure of the catalysts participate in 

durability and stability of the electrocatalyst in longer time. The catalytic performance shows a 

low overpotential of 65 and 180 mV to attain the current density of 10 and 100 mA cm2-, where 

the Tafel slope also indicates enhancing the intrinsic catalytic activity of MoP-Mo2N@Mo 

electrocatalyst. The stability test indicates longer durability of electrocatalyst and gradual 

degradation of the catalyst with increasing resistance at higher frequencies. 
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Chapter 5: Future Directions  

Hydrogen has emerged as a promising energy carrier for a sustainable and carbon-neutral 

future. As the world seeks to transition away from fossil fuels and reduce greenhouse gas 

emissions, hydrogen production through electrolysis has gained significant attention as a clean and 

efficient pathway. Transition metal-based electrocatalysts play a crucial role in enabling the 

hydrogen evolution reaction (HER) during electrolysis, providing efficient and cost-effective 

solutions. In this review, we delve into the future of hydrogen production for energy conversion 

and explore the current and potential role of transition metal-based electrocatalysts in driving this 

transformative energy landscape. The need for sustainable energy solutions has become more 

urgent than ever before, and hydrogen production is poised to play a pivotal role in the transition 

to a low-carbon economy. Electrolytic hydrogen generation via the hydrogen evolution reaction 

(HER) presents an attractive avenue for clean and renewable hydrogen production. Transition 

metal-based electrocatalysts, such as molybdenum, nickel, cobalt, and iron-based materials, have 

shown remarkable activity and stability in catalyzing the HER.  

Hydrogen is envisioned as a versatile energy carrier that can facilitate the integration of 

renewable energy sources into various sectors, such as transportation, industry, and power 

generation. As the world strives to reduce carbon emissions and combat climate change, the 

demand for clean and sustainable energy solutions has surged. Hydrogen production through 

electrolysis offers a pathway to produce hydrogen using renewable electricity from sources like 

solar, wind, and hydropower. This "green" hydrogen can be harnessed for various applications, 

including fuel cells for transportation and stationary power, industrial processes, and energy 

storage. The hydrogen evolution reaction (HER) is a critical process in water electrolysis, where 

water molecules are split into hydrogen and oxygen gases. Transition metal-based electrocatalysts 
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have emerged as promising candidates for catalyzing the HER due to their high activity and 

stability. Materials like molybdenum phosphides, nickel phosphides, cobalt-based alloys, and 

others have shown remarkable performance in promoting the HER. These electrocatalysts exhibit 

unique electronic structures and surface properties that enhance the adsorption and activation of 

reaction intermediates, thus reducing the energy barrier for hydrogen production. Despite the 

progress in HER electrocatalysis, several challenges need to be addressed to enable large-scale 

hydrogen production with transition metal-based electrocatalysts: 

a. Cost: Some transition metal-based materials, such as noble metals, can be expensive, 

hindering their commercial viability for widespread adoption. Efforts are being made to develop 

catalysts using earth-abundant elements to reduce costs. 

b. Scalability: Transition metal-based electrocatalysts need to be synthesized and 

integrated into large-scale electrolyzer systems efficiently. Scalability is crucial to ensure cost-

effective and continuous hydrogen production. 

c. Long-term Stability: The durability of electrocatalysts is critical for long-term operation. 

Catalyst degradation and poisoning over time can lead to reduced efficiency and increased 

operational costs. 

d. Catalyst Performance: While some transition metal-based electrocatalysts show 

promising activity under controlled laboratory conditions, their performance may vary in real-

world environments, necessitating further optimization and understanding of catalyst behavior 

under different operating conditions. 

To fully unlock the potential of hydrogen as a clean energy carrier, extensive research and 

development efforts are ongoing to address the aforementioned challenges. Researchers are 

focusing on: 



78 

a. Novel Catalyst Designs: Scientists are exploring innovative approaches to designing 

transition metal-based electrocatalysts with enhanced activity, selectivity, and stability. This 

includes advanced synthesis methods, defect engineering, and nanostructuring techniques. 

b. Single-Atom Catalysis: Single-atom catalysts have emerged as a fascinating area of 

research, offering superior catalytic activity and atom efficiency. Researchers are investigating the 

potential of single-atom transition metal-based electrocatalysts for efficient HER. 

c. Heteroatom Doping: Introducing heteroatoms into the catalyst structure can alter its 

electronic properties and enhance the catalytic activity for the HER. This avenue holds promise 

for developing high-performance electrocatalysts. 

d. Advanced Characterization Techniques: In-depth characterization techniques, such as 

operando spectroscopy and in situ microscopy, are employed to gain insights into the catalyst's 

behavior during the HER under realistic operating conditions. 

Transition metal-based electrocatalysts not only play a significant role in HER but also find 

application in other electrochemical processes, such as oxygen evolution reaction (OER) for water 

splitting and CO2 reduction for renewable fuels and chemical synthesis. Their versatility and 

tunability make them valuable tools for advancing sustainable energy conversion technologies. 

The future of hydrogen production for energy conversion looks promising, and transition 

metal-based electrocatalysts are poised to be integral to this transformation. As research continues 

to advance the field of HER electrocatalysis, it is essential to address challenges related to cost, 

scalability, and long-term stability. The ongoing efforts in catalyst design, coupled with 

advancements in characterization techniques, will pave the way for efficient and sustainable 

hydrogen production, contributing to a cleaner and greener energy future. 
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