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Abstract 

The development of highly effective, stable and inexpensive catalysts is an important target in 

the research of water electrolysis and hydrogen production. A key pursuit of current research 

efforts is to increase the exposure and accessibility of the catalyst's active sites as well as to 

improve the kinetics of the reaction. This is achievable by combining suitable chemical 

components in the same material, which could induce electronic band structure modulation and 

efficient charge-transfer dynamics, with a properly designed nanostructured morphology, 

which offers a rich density of active sites and large interfacial contact area. The purpose of this 

master's thesis is to fabricate and characterize new nanostructured heterostructures of Ni2P and 

CuCo2S4 composition and to investigate the electrocatalytic activity of these materials towards 

the electrochemical water splitting and hydrogen evolution reaction (HER). The morphology, 

composition and crystal structure of the Ni2P/CuCo2S4 composite catalysts were characterized 

by a combination of electron microscopy, EDS microprobe analysis, X-ray photoelectron 

spectroscopy (XPS) and X-ray diffraction techniques. These results indicated that 

Ni2P/CuCo2S4 heterostructures adopt a cubic thiospinel structure and a hexagonal Ni2P phase 

(in 10-15 nm size), while their surface is endowed with various loadings of nickel phosphide, 

i.e., 15, 20, 30 and 40 wt.%. Experimental optical absorption, valence band XPS and 

electrochemical spectroscopy studies coupled with theoretical DFT calculations indicated that 

p-n Ni2P/CuCo2S4 junctions provide an increased number of electrochemically active surface 

sites and an efficient interfacial electronic transport with lower resistance, resulting in a 

remarkable enhancement in the electrocatalytic H2 evolution performance. The unmodified 

CuCo2S4 sample showed moderate to low electrocatalytic behavior for the hydrogen evolution 

reaction, giving an overpotential of 348 mV at a current density of 10 mA·cm−2 in an alkaline 

electrolyte (1M KOH). We show that Ni2P-modification of the CuCo2S4 surface markedly 

increases the electrochemical activity by improving the transport efficiency of electrons at the 

Ni2P/CuCo2S4 interface. Thus, the optimized Ni2P/CuCo2S4 catalyst at 30 wt.% Ni2P content 

reached the lowest overpotential of 183 mV at 10 mA·cm−2 current density under alkaline 

conditions, which is associated with a 78 mV·dec-1 Tafel slope, indicating a Volmer-Heyrovsky 

type mechanism. Chronopotensiometric studies revealed that Ni2P/CuCo2S4 is quite stable 

during the reaction, operating stably for 30 h under a current density of 10 mV·cm−2. In 

addition, the 30% Ni2P-loaded catalyst showed a very good oxygen evolution reaction (OER) 

activity with an overpotential of 360 mV at 40 mA·cm−2 current density in 1 M KOH 

electrolyte. When 30% Ni2P/CuCo2S4 is used as both anode and cathode in a two-electrode 

electrochemical cell, it requires only a 1.78 V potential for overall water electrolysis under 10 

mA·cm−2 current density. Overall, these Ni2P-modified CuCo2S4 catalysts demonstrate great 

potential for renewable hydrogen production technologies, including water electrolysis. 
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1. Introduction  

1.1 Thiospinels in a nutshell  

Spinel compounds, which have a formula of A3X4, AB2X4, ABCX4 or ABC3X8 ‒ with the 

A, B, C cations occupying some or all of the octahedral and tetrahedral sites in the lattice and 

X anions (like oxygen and sulfur) arranged in a cubic close-packed structure ‒ exhibit a wide 

range of unique and appealing characteristics, especially when the elements A, B, C, and X are 

combined in different ways.1–4 Thiospinels or sulfur-based spinels (with the X-element in the 

chemical formula corresponding to sulfur) are the most well-known kind of spinel material 

with binary, ternary or quaternary composition (Figure 1).5 The vast majority of thiospinel 

materials have a Fd3̅m crystalline symmetry, where A-atoms typically occupy the tetrahedral 

sites, the remaining cation atoms occupy the octahedral sites and the sulfur atoms being tightly 

packed.1,2,4,6,7 Due to the thiospinel materials' unique physical and chemical attributes, several 

research groups have worked hard for more than half a century to understand their properties. 

Among many interesting traits, thiospinel materials are endowed with remarkable 

electromagnetic and electrical properties. While certain thiospinels are good magnetic 

semiconductors and others exhibit metallic behavior, it has been recently demonstrated that the 

majority of thiospinels have an anti-ferromagnetic ground state.8,9 Moreover, by being a hot 

research subject for the last three decades, more interesting findings have been discovered 

including their photosensitivity and transparency to high-energy photons10,11 as well as their 

anisotropic pressure-dependent function, which may find use in defect engineering.12 

 

 

Figure 1: Types of sulfur-based spinel compounds.5 
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1.1.1 The properties of thiospinels 

It is anticipated from researchers to discover and develop functional materials of abundant 

elements, that are also non-toxic and non-hazardous to humans and the environment. In this 

context, it is possible to create suitable thiospinel materials by taking into consideration the 

specific characteristics of the environment in which they will be employed. These materials 

can provide some key characteristics that enable a wide range of applications. For example, 

Cu- and Cu-Sn based thiospinels have been used as thermoelectric materials, which convert 

heat energy straight into electrical energy.13,14 Other Fe-, Co-, Cr-, and Ni-based thiospinels 

have been shown to exhibit some ferrimagnetism and, as a result, can be used in the fields of 

information technology. Also, as a metallic and paramagnetic compound, CuCo2S4 possess 

interesting magnetic and electronic features under ambient conditions and shows weak anti-

ferromagnetism at low temperatures.15,16 On the other hand, some thiospinel materials have 

attractive optical properties such as strong photosensitivity and nonlinear optical 

susceptibility17,18, and thus, have received a lot of interest for optoelectronic device 

applications. For instance, CdIn2S4 nanostructures have the potential to be used in light-

emitting diodes (LEDs), as well as photoelectrical and photocatalytic applications.19–22 Because 

of the increasing energy demands, these materials have also received significant interest in 

electrical applications such as electrode materials23, lithium-ion batteries24 and 

supercapacitors25. Moreover, due to their diverse compositions and morphologies, thiospinel-

based materials have also been utilized in several catalytic reaction.26–29 Thus, from the 

utilization perspective of thiospinels, it has been indicated that the variable compositions and 

characteristics of these materials play a key role for specific applications. Specifically for 

energy-related applications, some prominent qualities of thiospinels will be discussed in the 

following section.  

 

1.1.2 Applications in energy 

Due to the increasing population, rapid development and ever-increasing use of numerous 

electronic gadgets, the next decades are projected to see a significant increase in energy 

demand. To this end, alternative and sustainable energy sources are strongly taken into 

consideration as a replacement for nonrenewable fossil fuels in order to satisfy the 

expectations. As mentioned before, due to the appropriateness for various energy storage and 

conversion applications, such as batteries, super-capacitors, solar cells and catalysts for 

electrochemical green-fuel production, transition metal sulfides (TMSs), and especially 
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thiospinels, have recently gained a lot of attention. Figure 2 provides a concise schematic 

representation of the general range of use of thiospinels in energy-related technologies. Among 

various types as well as compared to their oxide counterparts, the ternary-structured thiospinels 

(type AB2S4) exhibit favorable properties including better electrical conductivity, superior 

solar-to-electric conversion efficiency and improved stability. Therefore, in many 

technological fields, starting from catalysis to energy storage and generation use, ternary 

thiospinels are leading materials with numerous essential characteristics. 5 

 

 

Figure 2: Schematic representation of the various energy applications of thiospinels. 5 

  

 

1.1.2.1 Thiospinels as electrocatalysts for hydrogen evolution 

In the pursue of green and renewable energy sources to replace the environmentally 

unfriendly fossil fuels, molecular hydrogen (H2) plays a crucial role and has been of focus in 

materials science and chemical engineering in last years.30,31 In this regard, electrochemical 

water splitting for the production of H2 via the hydrogen evolution reaction (HER) has been 

regarded as a promising process for energy and environmental sustainability. In principle, HER 

relies on the reduction of water molecules on the surface of a proper electrocatalyst (used as 

the cathode electrode) to produce hydrogen, according to the following general equation: 
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2H2O + 2e- → H2 + 2OH-  (1.1) 

The efficiency of this reaction mainly depends on the applied electrode potential and the 

catalytic activity of the electrode material. One of the major challenges is to develop active 

electrocatalysts that can achieve maximum efficiency (i.e., hydrogen evolution) at the lowest 

possible overpotential for a specific current density (usually 10 mA cm-2); the basic 

electrocatalytic principles and reaction mechanisms are described in more detail in section 1.3. 

Due to their excellent electrocatalytic activity, several ternary thiospinel catalysts based on 

nickel, cobalt, copper, iron, and molybdenum divalent and trivalent metal cations have been 

efficiently used in HER.32 A recent study by Singh et al.33, comparing rhodium sulfide 

(Rh17S15) and Rh-based thiospinels (NiRh2S4, CoRh2S4, FeRh2S4, and CuRh2S4) as HER 

catalysts in acid electrolytes, showed that the HER activity of thiospinels was lower than that 

of pure Rh17S15. Nevertheless, the highest catalytic activity among all studied thiospinels was 

found in NiRh2S4 due to its metallic conductivity, while the most unstable in acidic conditions 

was CuRh2S4. In addition, the poor activities of FeRh2S4 and CoRh2S4 were attributed to their 

semiconducting characteristics, making them less favorable for electrocatalytic reactions. In 

contrast to Rh-based thiospinels, Gervas et al.34 have studied the correlation of Ni- and Co-

enriched ternary thiospinels in energy generation and storage applications. Based on their 

findings, the Ni-rich thiospinel catalyst showed an improved efficiency as compared with the 

Co-rich counterpart, exhibiting lower overpotential and enhanced kinetics for the HER under 

the same conditions. When compared with previous investigations on nickel-cobalt 

thiospinels35,36, these results show a clear improvement in electrocatalytic HER. Notably, the 

above examples indicate that the composition, electronic and conductivity properties are only 

few characteristics that affect the catalytic activity of thiospinels for the HER and that more 

work and effort is required in this direction. Table 1, summarizes the electrochemical 

parameters for some of the most common thiospinel materials used for the hydrogen evolution 

reaction. 

 

1.1.2.2 Thiospinels as electrocatalysts for oxygen evolution reaction  

Besides the HER, the other key half reaction of water electrolysis is the oxygen evolution 

reaction (OER), as described by the following equation: 

2H2O → O2 + 4H+ + 4e-  (1.2) 
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Briefly, as shown in the reaction equation (1.2), this process involves a four proton-coupled 

electron transfer and thus becomes thermodynamically and kinetically more complicated and 

challenging than the two-electron process of the HER. Again, the reaction efficiency relies 

largely on the applied electrode potential, and the reaction mechanism depends on the 

electrocatalyst composition and different surface-active sites. Generally, the surface metal 

cations (M) are considered as the OER active sites where the reaction progresses through a 

series of surface metal-stabilized intermediates, including the formation of M–O, M–OH and 

M–OOH species.32 

A recent work by Wu et al. compared the OER activity of Ni, Cu, Co-based thiospinels 

(NiCu2S4 and CuCo2S4) with that of the corresponding oxide counterparts.37 The comparative 

electrochemical results revealed that the examined thiospinels catalyze the OER at a lower 

current density and at a faster rate than the respective oxides, because of two main reasons: (i) 

excellent electronic conductivity together with different electronic structures and oxidation 

states of metals and (ii) higher density of catalytically active sites on the surface of the 

thiospinel nanostructures. Another complementary study by Wan et al. examined the OER 

performance of a Ni3+-enriched binary thiospinel Ni3S4 porous material.38 The high valence 

Ni3+ ions together with the hierarchical porous architecture resulted in an advanced OER 

activity with a rather low overpotential of 257 mV at 10 mA cm−2, and excellent long-term 

stability of 300 h at 50 mA cm−2 for their Ni3S4 catalyst. The researchers suggested that the 

hierarchical porosity increased the number of exposed active sites, promoting mass transport, 

while the presence of Ni3+ ions enhanced the chemisorption of OH−, which facilitated the 

electron transfer to the electrode surface during OER. Other publications by Wiltrout et al.39 

and Chauhan et al.40 have examined the application of CuCo2S4 thiospinels, synthesized by 

different methods, as OER electrocatalysts. Chauhan et al. used a hydrothermal synthesis 

method to produce a hierarchical CuCo2S4 nanosheet structure, while Wiltrout et al. preferred 

a solution synthesis method at 200 oC to prepare colloidal CuCo2S4 nanoparticles. The 

comparative results from the two studies evidenced that the nanosheet structure outperformed 

the CuCo2S4 nanoparticles, showing both lower overpotential (310 mV vs. 395 mV at 10 mA 

cm-2) and better cycling stability. Hence, these findings explicitly demonstrate that for catalysts 

with the same chemical composition, the catalytic performance can be improved by designing 

catalyst with specific shape and morphology. Table 1, summarizes the electrochemical 

parameters of some active thiospinels for the oxygen evolution reaction. 
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Table 1. Important electrochemical parameters of some common thiospinels for HER and OER. 

Catalytic 

reaction 
Thiospinel Current density Overpotential 

HER 

Co3S4
 41 10 mA cm-2 218 mV 

CoNi2S4 42 10 mA cm-2 255 mV 

Fe3S4 43 10 mA cm-2 185 mV 

CuCo2S4 44 10 mA cm-2 135 mV 

NiCo2S4 35 100 mA cm-2 305 mV 

OER 

NiCuCoS4 37 10 mA cm-2 340 mV 

CuCo2S4 39 10 mA cm-2 395 mV 

Co3S4 41 10 mA cm-2 283 mV 

Ni3S4 38 50 mA cm-2 300 mV 

Fe3S4 45 10 mA cm-2 385 mV 

 

Overall, although many thiospinels are successfully implemented as electrocatalysts for 

HER and OER applications, still the best performing catalysts in these fields are the precious 

and expensive Pt/Ir-based materials. Therefore, it is of utmost importance to synthesize new 

catalysts with high performance and low cost, like thiospinels. In addition, doping the structure 

with heteroatoms and the combination with appropriate co-catalysts are considered as highly 

promising strategies to enhance the electrocatalytic performance of single-component 

catalysts. 

 

1.1.3 The thiospinel CuCo2S4 and its applications 

CuCo2S4 is a ternary thiospinel material that has been investigated by many researchers in 

recent years due to the interesting catalytic and optical properties.39,40,46,47 The crystal structure 

of this material, like most of the thiospinels, is a spinel cubic structure, see Figure 3. In 

CuCo2S4, Cu and Co occupy tetrahedral and octahedral sites, respectively, and its X-ray 

diffraction (XRD) pattern is very close to that of Co3S4 because the two materials have very 

similar crystal lattices with a lattice constant α of ~9.48 Å. Previous studies have shown 

interesting optical properties for the CuCo2S4 thiospinel, exhibiting a wide optical absorption 

range from 200 to 1000 nm.48 The increased near-infrared absorption ability as well as its high 

photothermal efficiency and non-toxicity, render CuCo2S4 thiospinels promising candidates for 

photothermal therapy (PTT) applications.49,50 In addition, the optical bandgap for CuCo2S4 

have estimated to be in the range of about 1.4-1.7 eV, depending on the morphology and the 

synthetic method.51–53 Therefore, due to its desirable semiconductor properties, CuCo2S4 has 

found use in various photocatalytic processes.52–54 
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 Figure 3: Crystal structure examples of the ternary thiospinel CuCo2S4.
5 

 

Moreover, temperature (T) dependent electrical resistivity (ρ) measurements in the range of 

323–723 K have shown that CuCo2S4 has a metallic conductivity (∂ρ/∂T > 0), with a high 

carrier concentration due to its metallic nature. Also, the positive Seebeck coefficient (S) 

indicated a p-type carrier conduction.55 Because of these interesting electronic and electrical 

properties, CuCo2S4-based materials have already been examined as promising electrode 

materials for high-performance supercapacitors56,57 and other electrocatalytic processes. 

According to the latter, several studies have demonstrated that CuCo2S4 nanostructures are 

active electrocatalysts for the hydrogen evolution reaction (HER)44, the oxygen evolution 

reaction (OER)39,40, as well as for the overall water splitting58–60. Nevertheless, despite the 

progress made so far, more research into CuCo2S4-based materials for improved 

electrocatalytic water splitting is needed.  

 

1.2 Transition metal phosphides 

Several non-noble metals have been developed during the past few decades, whereas first 

row transition metals (TM), including Ni, Co, Fe, and Cu, as well as their compounds, are 

commonly acknowledged. The transition metal compounds that are based on the chalcogen 

group (group 16 of the periodic table), such as the transition metal oxides (TMOs), transition 

metal sulfides (TMSs), transition metal selenides (TMSes) and transition metal tellurides 

(TMTes), have demonstrated their finest scientific applications. However, these chalcogenide-

based TMs have some major shortcomings, such as corrosion and instability. Transition metal 

phosphides (TMPs), which exhibit outstanding characteristics and are both affordable and 

corrosion resistant, have recently demonstrated better activity when compared to other TM-

based materials. The earliest mention of TMPs dates back to 1792, however despite being 

suppressed for over 200 years (until the 1960s), their uses have since been expanded rapidly to 

include metallurgy, photocatalytic degradation, lithium-ion batteries, insecticides and many 

other.61,62 Afterwards, it has been shown that TMPs can exhibit extraordinary activity in the 
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domains of photocatalytic hydrogen evolution, oxygen evolution, overall water splitting, and 

electrocatalytic hydrogen evolution reaction.62,63 TMPs with the general formula MxPy are 

mostly produced via solvothermal method or solid state reaction by combining metallic or 

semi-metallic elements with phosphorus in different ratios. These materials are typically 

categorized based on the metal to phosphorus ratio. In general, there are two main types of 

TMPs, the metal-rich or stoichiometric metal phosphides (e.g., Ni2P, Fe2P, CoP) and the 

phosphorus-rich metal phosphides (e.g., NiP2, SiP2). The composition of TMPs governs both 

the crystal structure and the type bonding between the constituent elements. The stability of 

TMPs is mostly influenced by the amount of phosphorus present. 

 

1.2.1 Nickel phosphide (Ni2P) 

Among various TMPs, nickel phosphide has been widely investigated and it has been 

reported that it has the ability for efficient water splitting. It comes in a variety of phases, 

including nickel phosphides rich in metals (Ni2P and Ni3P) and nickel phosphides rich in 

phosphorus (NiP2, NiP3). Metal-rich nickel phosphides at low P/Ni ratio and their composites 

have demonstrated superior activity toward OER, whereas phosphorus-rich nickel phosphides 

or metal-rich nickel phosphides with higher P/Ni atomic ratio and their composites have proven 

to be good catalysts for HER and photocatalytic water splitting reactions.64,65 In the case of the 

Ni2P, certain deviations have been observed. Specifically, despite being a part of the metal-rich 

materials, Ni2P has been used effectively in both HER and OER applications. This is because 

due to the existence of well-defined exposed facets (Figure 4), Ni2P catalyst exhibits very good 

catalytic activity towards HER.66,67 Furthermore, various crystal structures are obtained by 

different nickel phosphide phases. Ni3P, for instance, has a tetragonal structure, while Ni2P 

adopts a hexagonal lattice (Figure 4).68 In order to explore the chemical bonding and stability 

of different nickel phosphides, the heat of formation per atom of seven different NixPy phases, 

including Ni3P, Ni5P2, Ni12P5, Ni2P, NiP2 and NiP3, has been examined. These results indicated 

that as the P content increased from Ni3P, Ni5P2, Ni12P5, to Ni2P, the stability of the crystal 

structure mainly remains constant. However, it began to decline at P/Ni ratio of 4:5, and it 

continued to decline above 2:1 P/Ni atomic ratio in NiP2 and Ni3P materials. In general, these 

findings proved that the metal-rich Ni2P is more stable than the other NixPy phases because it 

has a strong metallic and a partially ionic Ni-P bond. Comparatively, phosphorus-rich NiP2 is 

less stable than Ni2P because the stable Ni-Ni metallic bond is replaced by the less stable P-P 

bond, which actually reduces the overall negative enthalpy of formation. As an outcome, Ni-
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rich Ni2P is more corrosion resistant in air than its phosphorus rich counterparts. Additionally, 

by modifying the reaction conditions (solvent, reaction time and temperature) or the quantity 

and concentration of precursor materials, such as Ni sources and Ni:P molar ratio, different 

types of nickel phosphide phases with a diverse set of particle sizes and morphologies can be 

obtained.68 In this thesis, we focus mainly on the Ni2P TMP as an effective co-catalyst for 

hydrogen and oxygen evolution reactions. 

 

 

Figure 4: (a) Hexagonal crystal structure of Ni2P: four-unit cells stacked on top of one another, with a 

single unit cell outlined, (b) top-down view of the Ni2P (001) surface and (c) two-dimensional slice of 

Ni2P showing the (001) surface on top67. (d) Hydrogen production representation over the (001) exposed 

facets of Ni2P catalyst66.  
 

 

1.3 Basics of HER, OER and overall water-splitting reaction 

1.3.1 Theoretical background  

Due to its high energy density and absence of carbon constituents, hydrogen (H2) is 

considered as a type of green fuel with high chemical-to-energy conversion efficiency that has 

the potential to meet the world's growing energy demands and to address the growing 

environmental problem caused by the use of fossil fuels.31 Steam reforming, the traditional 

method for the production of H2, is an unsustainable process that promotes the emission of the 

greenhouse CO2 gas as by-product. Yet, it continues to constitute the main technology for the 

majority of worldwide industrial H2 production.30 Inversely, water electrolysis can be 

performed with a variety of renewable energy resources (such as wind, solar, etc.), making it a 

sustainable and eco-friendly method of producing high-purity H2. The half-cell reactions of the 

electrochemical water splitting are the oxygen evolution reaction (OER) on the anode and the 

hydrogen evolution reaction (HER) on the cathode. The theoretically thermodynamic 

equilibrium potential (TEP, Eθ) of the overall water electrolysis is 1.23 V. However, in fact, a 
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greater operating potential much above the TEP is frequently needed to overcome the reaction 

energy barriers because of the slow kinetics; the difference between the applied potential and 

TEP is referred to as the overpotential (η).68,69 The overpotential must be small, hence effective 

electrocatalysts are necessary to be developed. Although Ir-/Ru-based oxides and metal 

electrodes containing Pt offer the best performance so far for OER and HER, respectively, their 

wide-spread use is severely constrained by their high price and unavailability.70 It is therefore 

highly interesting to investigate high-performance OER/HER catalysts devoid of precious 

metals. Since the first work on complete water electrolysis in 1789, significant developments 

have been made in the design and construction of numerous water-splitting electrocatalysts 

manufactured from earth-abundant elements.71 So far, various electrocatalysts have been used 

for the two half-reactions separately in various electrolytes due to the different reaction steps 

and intermediate products associated with the OER and HER processes.70,72,73 For example, 

transition-metal oxides, hydroxides, phosphates etc., function well for OER, while transition-

metal carbides, nitrides, chalcogenides and phosphides show best activities toward HER.74–78 

More significantly, although these OER catalysts often achieve high activity in basic 

environment, the majority of the available HER electrocatalysts consistently demonstrate good 

behavior at acidic conditions.73,79 Such a circumstance would result in electrolytes on the anode 

and cathode of the electrolyzer being mismatched, further complicating the manufacture of 

water-splitting electrolyzer cells. Consequently, electrocatalysts with both OER and HER 

functionality that may concurrently operate effectively in the same electrolyte solution are 

highly desired in order to reduce the manufacturing processes of the water-splitting device and 

minimize the fabrication cost. 

 

1.3.2 General mechanisms for water splitting 

The overall water splitting is regarded as a relatively simple chemical reaction with the 

general equation: 2H2O → 2H2 + O2 (Equation 1.3). As we mentioned earlier, this reaction 

fundamentally contains two half-reactions taking place almost at the same time, the OER and 

HER at the anode and cathode, respectively (Equations 1.4–1.7). Theoretically, the water 

electrolysis reaction and the separate OER and HER half-reactions require the thermodynamic 

equilibrium potential (Eθ) of 1.23, 1.23, and 0 V (pH 0), respectively.80 Of note, though the 

water-splitting reaction seems rather straightforward (the water molecules are split into O2 and 

H2), yet the two separate half-reactions (OER and HER) proceed through different 

pathways/mechanisms and can occur in diverse media with differed pH values.81,82 The detailed 

reaction mechanisms for different half-reactions in acidic and alkaline electrolytes are 



16 

 

represented in Tables 2 and 3. Generally, the electrocatalytic OER operates as a complicated 

four-step four-electron oxidation process, which contains three surface-adsorbed intermediate 

products, that are OOH*, O* and OH* species (see Table 2). 81 In particular, in neutral and 

alkaline media, four hydroxyl (OH-) ions are oxidized into one O2 molecule and two water 

molecules, whereas in acidic solution two water molecules are oxidized into one O2 molecule 

and four hydrogen (H+) ions (Table 2). 

 

Table 2: The detailed reaction mechanisms of OER in neutral, alkaline and acidic solutions. 

Steps In neutral/alkaline solutions In acidic solutions  

Overall 4OH- → 2H2O + O2 + 4e- 2H2O → 4H+ + O2 + 4e- 

Step 1  OH- +* → OH* + e- H2O + * → OH* + H+ +e- 

Step 2  OH- + OH* → O* +H2O+ e- OH* → O* + H++ e- 

Step 3 OH- + O* → OOH* + H2O +e- O* + H2O → OOH* + H++ e- 

Step 4 OH- + OOH* → H2O +O2 +* +e- OOH* → H+ + O2 + * + e- 

 

 

Table 3: The detailed reaction mechanisms of HER in neutral, alkaline and acidic solutions. 

Steps In neutral/alkaline solutions In acidic solutions  

Overall 2H2O + 2e- → H2 + 2OH- 2H+ + 2e- → H2  

Volmer reaction H2O + * + e- → H* + OH- H+ + * + e- → H* 

Heyrovsky reaction H2O + e- + H* → H2 + OH- H+ + e- + H* → H2 

Tafel reaction H* + H* → H2 H* + H* → H2 

 

 

Compared to the OER reaction, HER involves a two-step process associated with only two 

electron transfer.82 In particular, under neutral or alkaline conditions, two water molecules are 

reduced into one H2 molecule and two hydroxyl ions82, while in acidic solution, two H+ ions 

are directly reduced and combined into one H2 molecule (see Table 3).82 During the reaction 

steps, H* is the only surface-adsorbed intermediate. The reduction of water molecules or H+ 

ions is first initiated to produce H* species, which is named as Volmer reaction, followed by 

reaction of H* with one water molecule (Heyrovsky reaction) or direct combination of two 

adjacent H* (Tafel reaction) to form hydrogen (Table 3). 82 Under neutral or alkaline condition, 

hydrogen is formed by water molecules, while in acidic electrolytes hydrogen ions act as the 

proton source. 

Overall:  

2H2O → 2H2 + O2   Eθ = 1.23 V  (1.3) 
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OER:  

2H2O → 4H+ + O2 + 4e- (in acidic electrolyte) Eθ =1.23 V  (1.4) 

4OH- → 2H2O + O2 + 4e- (in neutral electrolyte)  (1.5) 

HER:  

2H+ + 2e- → H2 (in acidic electrolyte) Eθ =0 V  (1.6) 

2H2O + 2e- → H2 + 2OH- (in neutral electrolyte)  (1.7) 

 

1.3.3 Performance metrics of electrocatalysts 

i. Overpotential (η) 

As mentioned earlier, the standard reduction potential of HER is defined as 0 V vs standard 

hydrogen electrode (SHE) at pH 0. The difference in absolute value between zero and the onset 

potential of the HER on an electrocatalyst is known as the overpotential (η). To reach the same 

current density (mA cm-2), an electrocatalyst with a lower overpotential needs less energy. 

Depending on the polarization of electrode, the overpotential can be primarily divided into 

activation overpotential and concentration overpotential. If a proper electrocatalyst is used, 

both overpotentials can be significantly decreased. The fundamental cause of the concentration 

overpotential is the differential in ion concentrations between the electrode surface and bulk 

solution, which is caused by the slow diffusion rate of ions. However, because of the presence 

of a diffusion layer, stirring can only partially lower the concentration overpotential, which 

could then interrupt the electrode response. Resistance overpotential often referred to as 

junction or series overpotential. It is a significant overpotential that develops at the electrode’s 

surfaces and interfaces. The measured electrode overpotential is larger than the thermodynamic 

potential due to additional voltage drop caused by the resistance along the interfaces. In this 

case, IR correction to obtain accurate electrocatalyst overpotential is a practical way. In a three-

electrode cell, the resistance overpotential is mostly caused by the resistance between the 

working electrode and the reference electrode; this resistance is the R in the IR compensation. 

Many electrochemical work stations can measure the R value directly or the R value can be 

estimated from the Nyquist plots at the high frequency regime. The IR compensation is 

expressed by the following equations: 

Ecorrection = I×R  (1.8) 

Ecorrected = Euncorrected - Ecorrection = Euncorrected - (I×R)  (1.9) 

where, E is the applied potential and I is the current flowing through the system.  
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According to the equations 1.9, the IR correction affects slightly on the onset overpotential 

because the current density is quite small at that point. However, with increasing the current 

intensity, both the Ecorrection and the shift of the polarization curves will become more 

pronounced.83 

 

 

ii. Tafel slope and exchange current density 

Tafel slope indicates the intrinsic catalytic property of an electrocatalyst. In practice, it is 

obtained from the slope of the linear part of Tafel curves: 

η = b log(j/j0)   (1.10) 

where, η is the overpotential, j is the current density and j0 is the exchange current density. 

In particular, the Tafel slope can be obtained by replotting the current density vs. potential 

curves into the overpotential vs. log|current density| form and fitting the linear parts of these 

plots to the Tafel equation (eq. 1.10). The lower value of Tafel slope indicates that a smaller 

overpotential is required to achieve the same current density, which suggests a faster charge 

transfer kinetic.  

 

iii. Hydrogen bonding energy 

A good HER electrocatalyst should typically have a free energy of hydrogen adsorption 

(ΔGH*) that is close to zero.84 Considering that the normal hydrogen electrode potential is zero, 

a highly active HER electrocatalyst should have a hydrogen bonding Gibbs free energy that is 

almost equal to zero. The poor adsorption makes it harder for the proton and electrocatalyst to 

combine. Strongly adsorbed Hads species, on the other hand, will be challenging to remove from 

the catalytic surface. As a result, the catalyst becomes inactive because the active sites on the 

surface are constantly binded. Usually, the hydrogen adsorption Gibbs free energy is obtained 

by DFT calculations. The Sabatier volcano can be found by plotting the exchange current 

density (j0) versus the Gibbs free energy of hydrogen adsorption (ΔGH*). Better HER activity 

may be seen in an electrocatalyst which j0 and ΔGH* values are situated nearer the volcano's 

peak (Figure 5). 85 
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Figure 5: An illustration demonstrating the relationship between the current density (log i0/A cm-2) and 

the ΔGH* as a volcano plot.86 

 

iv. Stability 

Another important factor that characterizes an electrocatalyst and a catalyst in general is the 

stability. Galvanostatic/potentiostatic electrolysis and cyclic voltammetry (CV) are the two 

common methods used to measure catalytic stability. Potential cycles, including the onset HER 

potential, are repeated in CV plots. The less the overpotential changes over a large number of 

CV cycles, the more stable the electrocatalyst is. According to voltammograms, a stable 

polarization curve should vary slightly compared to the original one over many CV cycles. The 

time-dependence of the potential (or current density) at constant current density (or 

overpotential) of an electrocatalyst is another method for stability study and it is known as 

galvanostatic (or potentiostatic) electrolysis. A current density of 10 mA cm-2 is often used in 

this kind of measurements, because this value is the most frequently used standard in HER 

electrocatalysis and solar fuel production. In galvanostatic electrolysis, a stable potential 

indicates stronger stability and it might range from a few to several hours.83 

 

2. Overview and Purpose of Thesis 

The general focus of this master thesis is to study new electrocatalysts for the water splitting 

and hydrogen evolution reaction. In this work, chapter 1 gives an overview of the general 

characteristics of various electrocatalysts used for HER and explaining the key concepts of 

electrocatalysis and water splitting. The most important findings and conclusions from the 

recent literature in the field are highlighted and discussed. Chapter 3 includes the analysis of 
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the experimental methods and instrumentation that have been used throughout this work. In 

chapter 4, the synthetic procedures for the preparation of catalysts studied in this work are 

described in detail. The aim of this thesis is to present an inexpensive, fast and eco-friendly 

route for the synthesis of thiospinel-based catalysts (namely CuCo2S4) modified with nickel 

phosphide (Ni2P) co-catalyst, with the scope to improve the electrocatalytic activity of CuCo2S4 

for hydrogen and oxygen evolution reaction. Finally, in Chapter 5, all the results from the 

materials’ characterization (using XRD, TEM, EDS and UV-vis spectroscopy) and catalytic 

studies are presented and thoroughly discussed. As mentioned in the introduction, common 

active electrocatalysts used so far for HER and OER applications suffer from scarce and 

expensive materials and complicated synthetic processes employed for their production. So, 

the main target of this work is to examine the combination of two earth-abundant 

electrocatalysts, the thiospinel CuCo2S4 and nickel phosphide (Ni2P), towards the development 

of efficient heterojunctional catalysts (Ni2P/CuCo2S4) for HER and OER in alkaline solutions. 

Moreover, the electronic structure and charge transfer dynamics in these composite catalysts 

are discussed based on theoretical DFT calculations and experimental electrochemical data.  

 

3. Experimental Methods  

3.1  Chemicals and materials 

Copper(II) nitrate trihydrate (Cu(NO3)2·3H2O, 99.5%), nickel(ΙΙ) chloride hexahydrate 

(NiCl2·6H2O), cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O, 99.5%), thiourea (CH4N2S, 

99%), ethylenediamine (C2H8N2) and red phosphorus were purchased from Sigma Aldrich. 

Double distilled water was used in all experiments. Absolute ethanol and isopropanol (99%) 

were procured from Fischer Scientific Company. All chemicals were used as received without 

any further purification. 

3.2  Synthesis of Electrocatalysts 

3.2.1 Synthesis of CuCo2S4 nanosheets 

The CuCo2S4 catalyst was synthesized using a simple hydrothermal method.87 In particular, 

Cu(NO3)2·3H2O and Co(NO3)2·6H2O precursors with a molar ratio of 1:2 were firstly dissolved 

in 30 ml of distilled (DI) water. After stirring the solution for 10 min, 8 mmol of thiourea was 

added and the solution was further stirred for another 15 min. Then, 2 ml ethylenediamine was 

added into this solution and the obtained mixture was transferred to a 100 ml Teflon lined 

autoclave. The autoclave was sealed and kept at 200 oC for 12h. The obtained black powder 
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product was isolated by centrifugation and washed three times with DI water and ethanol. The 

product was dried at 60 oC for 6h and stored for further studies.  

3.2.2 Synthesis of Ni2P-decorated CuCo2S4 catalysts 

Ni2P nanoparticles were directly deposited on the CuCo2S4 surface by a hydrothermal method. 

Briefly, 50 mg of as-prepared CuCo2S4 nanosheets and appropriate amounts of NiCl2 and red 

phosphorus with a molar ratio of 1:5 were dispersed in 10 ml of DI water. After stirring for 

about 10 min, the suspension was transferred to a 50 ml Teflon lined autoclave and filled with 

DI water (30 ml). The autoclave was sealed and kept at 150 oC for 24h and the obtained black 

product was isolated by centrifugation and washed three times with DI water and ethanol. The 

product was dried at 60 oC for 6h and stored for further studies. The NiCl2 and red phosphorus 

concentration was varied in the reaction mixture to give a series of Ni2P/CuCo2S4 composites 

with different loadings of Ni2P, i.e., 15, 20, 30 and 40 wt.%.  

3.2.3 Synthesis of Ni2P and P/CuCo2S4 

For comparison purposes, we also prepared pure Ni2P microparticles and a P-modified 

CuCo2S4 (labeled as P/CuCo2S4) sample. The Ni2P was synthesized using the same 

hydrothermal method for the synthesis of Ni2P/CuCo2S4 composites, but without the presence 

of CuCo2S4. In precise, NiCl2 and red phosphorus with a molar ratio of 1:5 were dispersed with 

stirring in 40 ml of DI water and the obtained suspension was transferred to a 50 ml Teflon 

lined autoclave and kept at 150 oC for 24 h. For the synthesis of P/CuCo2S4, the same procedure 

as for the 30% Ni2P-loaded CuCo2S4 was followed but without the addition of NiCl2 in the 

reaction mixture. In particular, 50 mg of as-prepared CuCo2S4 and appropriate amount of red 

phosphorus (corresponding to the amount used for the synthesis of 30% Ni2P/CuCo2S4) were 

dispersed in 40 ml DI water and the mixture was transferred to a 50 ml Teflon lined autoclave 

and kept at 150 oC for 24 h. For both samples, the obtained black powder products after the 

hydrothermal reaction were isolated by centrifugation and washed three times with DI water 

and ethanol. Finally, the products were dried at 60 oC for 6h and stored for further use. 

 

3.3  Structural characterization 

For the purpose of this study, X-ray diffraction (XRD) was performed on a Panalytical X'pert 

Pro MPD instrument with Cu-Kα radiation (λ = 1.5418 Å), operated at 45 kV and 40 mA. 

Energy-dispersive X-ray spectroscopy (EDS) was performed on a JEOL JSM 6390 LV 

scanning electron microscope (SEM) equipped with an Oxford INCA PentaFETx3 detector 
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(Oxfordshire, UK). Transmission electron microscopy (TEM) measurements were performed 

with a JEOL JEM-2100 instrument (LaB6 filament) operating at 200 kV. The samples were 

prepared by dispersing fine powders in ethanol using sonication and then drop-casting on a 

holey carbon-coated Cu grid. X-ray photoelectron spectroscopy (XPS) was conducted on a 

SPECS spectrometer using a Phoibos 100 1D-DLD electron analyzer and Al Kα radiation as 

the energy source (1486.6 eV). Binding energy values were corrected with reference to the C 

1s (284.8 eV) signal of adventitious carbon. UV–vis diffusion reflectance spectra were 

recorded with a Shimadzu UV-2600 spectrophotometer, using BaSO4 powder as a 100% 

reflectance reference. The diffuse reflectance data were transformed to absorbance with the 

Kubelka–Munk function: α/S =(1− R)2/(2R), where R is the measured reflectance 

and α and S are the absorption and scattering coefficients, respectively. 

 

3.4  Electrochemical measurements 

Electrochemical tests were performed using a single-channel potentiostat/galvanostat 

Princeton Applied Research VersaSTAT 4 equipped with a three-electrode cell, consisting of 

a sample-coated carbon plate working electrode, an Ag/AgCl (saturated KCl) reference 

electrode, and a Pt-mesh counter electrode. To fabricate the working electrodes, a catalyst ink 

was made by dispersing 10 mg of each sample in 0.5 mL dimethylformamide (DMF). Then, 

20 μL Nafion solution (5 wt.%) was added and the mixture was ultrasonicated for 15 min and 

left under stirring for 24 h. When a uniform suspension was formed, 40 μL of the solution was 

drop-casted on a carbon plate substrate (effective surface 1 cm2) and the film was dried at 40–

50 °C for 1h and then heated at 120 oC for 1h before electrochemical tests. 

Polarization (J–V) curves, CV curves, Mott–Schottky plots and electrochemical impedance 

spectroscopy (EIS) Nyquist plots were measured in a 1M KOH electrolyte (pH=14). The 

polarization curves were recorded by using linear sweep voltammetry (LSV) at a 5 mV s−1 scan 

rate and all the measured potential was manually corrected by iR compensation and converted 

into the reversible hydrogen electrode (RHE) at pH=0 according to the Nernst equation:  

ERHE =EAg/AgCl + 0.197 + 0.059 × pH  (1.11)  

where EAg/AgCl is the measured potential versus Ag/AgCl.  

The polarization curves were replotted as overpotential (η) versus the logarithm of current 

density (log |J|) to obtain Tafel plots. For the estimation of the electrochemically active surface 

area (ECSA), the double-layer capacitance (Cdl) was determined from the cyclic voltammetry 

(CV) curves, recorded in a potential range where no Faradaic process occurs, using different 
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scan rates from 5 to 50 mV s−1. EIS Nyquist measurements were performed over a frequency 

range from 10 kHz to 0.1 Hz at the potential of −1.3 V (vs Ag/AgCl, saturated KCl) with an 

AC perturbation of 10 mV. In Nyquist plots, the EIS data were fitted using ZView software to 

an equivalent Randles circuit model, consisted of an electrolyte resistance (Rs), a charge 

transfer resistance (Rct) and a constant phase element (CPE) to account for the nonideality of 

the frequency dispersion in the capacitance response. For the Mott-Schottky plots, the space-

charge capacitance (CSC) of the electrode/electrolyte interface was measured at 1 kHz with a 

10 mV AC voltage amplitude, and the obtained flat-band potentials were converted to the 

reversible hydrogen electrode (RHE) scale using equation (1-11). The carrier density (NA) of 

the as-prepared materials was estimated from the slope of the linear portion of the Mott-

Schottky plots, according to the Mott–Schottky equation:  

NA = CSC
2·2·(E − EFB)/ε·ε0·e0  (1.12) 

where, CSC is the space charge capacitance, EFB is the flat band potential, E is the applied 

potential, NA is the carrier density of the electrode material, ε is the dielectric constant of the 

electrode material, ε0 is the vacuum permittivity (8.8542 × 10−14 F cm−1), e0 is the elementary 

charge (1.602 × 10−19 C), and the term (E−EFB)·CSC
2 is the reciprocal of the slope of the Mott–

Schottky plot.  

The electrochemical stability of the prepared catalysts was tested by chronopotentiometry 

measurements at a constant current density of 10 mA cm−2 for 72 h. The overall water-splitting 

tests were conducted in a home-made two-electrode system using 1M KOH electrolyte 

(pH=14). 

 

3.5  Theoretical calculations 

Density functional theory (DFT) calculations were performed using the projector augmented 

wave method (PAW) and the generalized gradient approximation (GGA) of Perdew-Burke-

Ernzerhof (PBE) for exchange-correlation functional as implemented by Vienna ab initio 

simulation package (VASP). Plane wave expansion was limited at 450 eV cut-off energy. Ionic 

motion was converged at 0.01 eV/A^2 and for the electronic part at 10-5 eV. We used a 5 x 5 x 

1 Monkhorst-Pack mesh for the first Brillouin zone sampling. 
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4. Results and Discussion 

4.1 Structural and morphological characterization 

The chemical composition of the pristine and Ni2P-modified CuCo2S4 samples was 

confirmed with energy dispersive X-ray spectroscopy (EDS). All the EDS spectra showed the 

presence of Cu, Co and S elements with an average Cu:Co:S atomic ratio of ~0.99:2:4.34, 

which is very close to the stoichiometry of CuCo2S4. The slightly increased amount of sulfur 

in samples is due to the excess amount of sulfur precursor (thiourea) used for the synthesis, 

which probably form a S-passivation layer on the surface of CuCo2S4. As for the Ni2P content, 

it was determined by EDS data on the basis of the Ni to Co atomic ratio, and was found to be 

similar to the nominal composition of the catalysts (within ∼0.5 wt.% deviation), see Table 4. 

Moreover, for comparison purposes, we also prepared a P-modified CuCo2S4 sample (labeled 

as P/CuCo2S4), using the same synthetic process as for the 30% Ni2P/CuCo2S4 catalyst but 

without the addition of NiCl2 in the reaction. EDS analysis on this sample gave a Cu:Co:S ratio 

of ~1.01:2:4.24, in line with the CuCo2S4 stoichiometry, and a P-loading amount of about 28 

wt.%, confirming the incorporation of phosphorus into the CuCo2S4 structure. 

 

Table 4. Elemental composition of the as-prepared CuCo2S4, Ni2P/CuCo2S4 and P/CuCo2S4 samples 

according to EDS analysis. 

Material 
Cu 

(at.%) 

Co 

(at.%) 

S 

(at.%) 

Ni 

(at.%) 

P 

(at.%) 

Ni2P content 

(wt.%) 

CuCo2S4 13.30 26.95 59.75 - - - 

15% Ni2P/CuCo2S4 9.50 19.24 39.75 7.02 24.49 14.9 

20% Ni2P/CuCo2S4 8.37 19.03 46.63 9.86 16.11 19.9 

30% Ni2P/CuCo2S4 9.57 18.27 37.85 15.97 18.34 29.5 

40% Ni2P/CuCoS4 8.32 15.89 33.12 21.73 20.94 39.6 

P/CuCo2S4 8.78 17.44 36.97 - 36.82  

 

The crystal structure of the CuCo2S4 and Ni2P/CuCo2S4 materials was characterized by 

powder X-ray diffraction (XRD). The XRD pattern (Figure 6) of as-prepared CuCo2S4 show 

typical diffraction peaks related to the cubic spinel structure of CuCo2S4, according to the 

JCPDS card no. 42-1450. After the in-situ growth of Ni2P on CuCo2S4, several additional 

diffraction peaks appear in the XRD patterns of Ni2P/CuCo2S4 composites, which can be 

assigned to the hexagonal Ni2P (JCPDS card no. 74-1385). The broad XRD peaks observed for 

Ni2P suggest small crystallite size; an average crystal size of ~20 nm is derived by Scherrer’s 

equation.  From Figure 6, it is apparent that with the increment of Ni2P loading, the intensity 
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of the CuCo2S4 diffraction peaks gradually decreases, while the intensity of the Ni2P XRD 

peaks becomes stronger, especially in samples with the highest Ni2P-loading levels (i.e., 30 

and 40 wt.% Ni2P), suggesting a significant coverage of the CuCo2S4 surface by Ni2P particles. 

Despite that, the in-situ hydrothermal synthesis of the Ni2P/CuCo2S4 heterostructures seems to 

have no obvious influence on the crystal structure of CuCo2S4 starting material. Therefore, 

from XRD data it can be concluded that the desired CuCo2S4 thiospinel structure and the 

respective Ni2P/CuCo2S4 crystal heterostructures have been successfully prepared. 

 

 

Figure 6: XRD patterns of CuCo2S4 and Ni2P/CuCo2S4 catalysts. The JCPDS powder diffraction 

standards of CuCo2S4 and Ni2P are also given. 

 

Transmission electron microscopy (TEM) and selected-area electron diffraction (SAED) 

were employed to gain a thorough insight into the morphology and crystal structure of the as-

prepared materials. Representative TEM images for the Ni2P/CuCo2S4 composite containing 

30 wt.% Ni2P, which is the most active catalyst in this study, are shown in Figures 7a and b. 

Figure 7a is a low magnification TEM image, where a nanosheet-like morphology can be seen. 

This image also reveals that the microstructure contains CuCo2S4 nanosheets with a lateral size 

of ~50 nm that are randomly agglomerated, forming an interconnected network. Also, some 
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particles of Ni2P with a diameter of ~10-15 nm (appeared as dark areas in Figures 7a and b) 

can be distinguished on the surface of the CuCo2S4. More importantly, the small-sized Ni2P 

particles are attached on the surface of CuCo2S4 nanosheets and, in fact, with a tight contact as 

shown in high-resolution TEM (HRTEM) image (Figures 7b). Τhe HRTEM image illustrates 

lattice fringes with interplanar distances of 5.4 Å and 3.4 Å that can be assigned to the (111) 

facets of cubic CuCo2S4
40 and (0001) facets of hexagonal Ni2P, respectively, further confirming 

that the Ni2P nanoparticles are growth on the CuCo2S4 surface and crucially, with intimate 

contact which is beneficial for the interfacial charge transfer within the heterostructure. 

Besides, the SAED pattern collected from a small area of the composite structure shows a series 

of Debye−Scherrer diffraction rings (Figure 7c), coinciding with the crystal planes of cubic Fd-

3m CuCo2S4 (yellow lines) and hexagonal P-62m Ni2P (green lines), in line with the HRTEM 

and XRD analysis.  

 
 
Figure 7: (a) Typical TEM image, displaying the agglomerated nanosheet-like morphology of the 30% 

Ni2P/CuCo2S4 catalyst. (b) High-resolution TEM (HRTEM) of an isolated Ni2P nanoparticle in intimate 

contact with CuCo2S4 nanosheets. (c) SAED pattern taken from a small area of the 30% Ni2P/CuCo2S4 

structure, showing the diffraction rings of cubic Fd-3m CuCo2S4 (yellow lines) and hexagonal P-62m 

Ni2P (green lines).  

 

The surface chemical state of elements in pristine and 30% Ni2P-loaded CuCo2S4 sample 

was examined by X-ray photoelectron spectroscopy (XPS). The high-resolution Cu 2p, Co 2p 

and S 2p XPS spectra and the corresponding Auger Cu LMM signal of CuCo2S4 are illustrated 

in Figures 8a-c. In the deconvoluted Cu 2p XPS spectrum (Figure 8a), the peaks at binding 

energies of 932.6 and 952.6 eV are attributed to Cu 2p3/2 and Cu 2p1/2 core levels of Cu(I), 

respectively. Meanwhile, the small peaks at 933.8 and 954.5 eV binding energy can be ascribed 

to the Cu 2p3/2 and Cu 2p1/2 states of Cu(II). The presence of small amount of Cu(II) in CuCo2S4 

is also corroborated by the weak satellite peak at 942.7 eV, which is indicative of the existence 

of paramagnetic Cu(II) ions. Further evidence for the prominent existence of C(I) ions in the 

CuCo2S4 lattice was obtained from the Auger Cu LMM spectrum (Figure 8b). It shows an 
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intense peak at 569.1 eV that is compatible with the binding energy of Cu(I)-S species.88–90 

The presence of both Cu(I) and Cu(II) in CuCo2S4 thiospinel has also been reported extensively 

in other studies.54,91–93  

 

 
Figure 8: (a, b) High-resolution Cu 2p XPS spectrum and the corresponding Auger Cu LMM spectrum, 

and (c) Co 2p and (d) S 2p XPS spectra for the CuCo2S4 catalyst. 
 

In Figure 8c, the core level spectra of Co 2p for the CuCo2S4 appear as a doublet peak centered 

at 779.1 and 794.2 eV, which can be ascribed to the Co 2p3/2 and Co 2p1/2 states of Co(III), 

respectively. Meanwhile, the weak signals at 780.9 and 796.5 eV correspond respectively to 

the Co 2p3/2 and Co 2p1/2 spin-orbit peaks of Co(II).91–93 The broad features shown in the Co 

2p XPS spectrum at higher binding energies are shake-up satellite peaks from Co(II) ions. 

These results suggest the coexistence of Co(II) and Co(III) species in the surface of CuCo2S4, 

although the high intensity peak of Co(III) suggests a prominent amount of Co(III) species. 

Additionally, the S 2p peak located at 162.4 eV corresponds to the sulfide (S2−) ions of the 

thiospinel structure (Figure 8d), whereas the S 2p line centered at 168.6 eV indicates a minor 

surface oxidation (SOx species) due to the air exposure of sample.58,94  
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Figure 9: (a, b) High-resolution XPS spectrum of Cu 2p and the corresponding Auger Cu LMM 

spectrum. Core-level XPS spectra of (c) Co 2p, (d) S 2p, (e) Ni 2p3/2 and (f) P 2p for the 30% Ni2P-

modified CuCo2S4 catalyst. 

 

For catalyst with 30 wt.% Ni2P (30% Ni2P/CuCo2S4), the Cu 2p, Co 2p and S 2p XPS core-

level and Auger Cu LMM peaks are detected at binding energies similar to those of CuCo2S4. 

As shown in Figure 9a, the Cu 2p signal indicates the presence of Cu(I)-S (Cu 2p3/2: 932.7 eV, 

Cu 2p1/2: 952.4 eV) and Cu(II)-S (Cu 2p3/2: 933.6 eV, Cu 2p1/2: 954.1 eV, shape-up satellite: 

942.6 eV) species. The Cu LMM Auger spectrum, in Figure 9b, again provides convincing 

evidence of the existence of Cu(I) ions on the surface of 30% Ni2P/CuCo2S4, showing a peak 

at 569.1 eV. The signals of the deconvoluted Co 2p spectrum, in Figure 9c, are attributed to 

the Co(III) (Co 2p3/2: 779.0, Co 2p1/2: 794.0 eV) and Co(II) (Co 2p3/2: 780.5, Co 2p1/2: 796.6 

eV) species, very similar to the pristine CuCo2S4 material. For the S 2p region (Figure 9d), a 

prominent peak at 162.5 eV due to the S2− ions and a weak feature at 168.8 eV due to the 
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partially oxidized SOx species are present. These results clearly indicate that the chemical 

nature of elements in the starting CuCo2S4 material is not affected by the hydrothermal Ni2P 

modification process. As for the Ni2P particles on the thiospinel surface, the Ni 2p3/2 signal at 

853.8 eV is associated with the Niδ+ species in Ni2P and the broad feature at 856.6 eV is 

attributed to the partially oxidized N(II)-POx species on the catalyst surface (Figure 9e). In 

agreement to this, the P 2p XPS spectrum of composite catalyst presents a peak at 130.5 eV 

due to the slightly negatively charged phosphorous species (Pδ-) in Ni2P (as a result of the 

electron transfer from Ni to P) and a broad peak at around 134 eV due to the partially oxidized 

phosphate complexes (POx), see Figure 9f.95,96 Consequently, the XPS data together with the 

EDS and XRD results reveal the successful deposition of Ni2P onto the CuCo2S4 surface to 

form Ni2P/CuCo2S4 heterostructures. 

 

 

Figure 10: XPS valence band spectrum of CuCo2S4 and Ni2P-modified catalyst (30% Ni2P/CuCo2S4). 
 

The valence band (VB) XPS spectra of CuCo2S4 and 30% Ni2P/CuCo2S4 materials provide 

an additional hint for the strong electronic interactions between the Ni2P and CuCo2S4 

components. The CuCo2S4 shows a photoemission onset, which is defined as the energetic 

difference between the surface Fermi level and the VB maximum of the semiconductor, at 

~0.10 eV, indicating a p-type conductivity. For the 30% Ni2P/CuCo2S4 catalyst, the 

photoemission onset is measured to be ~0.24 eV (Figure 10). Consequently, the upshift of the 

Fermi level due to the Ni2P deposition, as shown in Figure 10, can be corelated to the transfer 

of electrons from Ni2P to CuCo2S4 until the Fermi levels of the two components become equal. 

Under these conditions, the flow of electric carriers generates a depletion layer (positively 
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charged region) in Ni2P and an accumulation layer (negatively charged region) on the CuCo2S4 

side of the Ni2P/CuCo2S4 junction. Indeed, variations of the charge distribution at the 

Ni2P/CuCo2S4 interface were also evidenced by density functional theory (DFT) computations. 

 

 

Figure 11: (a) The simulation cell, (b) the charge density and (c) the charge density difference for the 

Ni2P/CuCo2S4 heterostructure. 

 

DFT calculations were also performed to determine the charge-transfer interactions at the 

Ni2P/CuCo2S4 interface. In our Ni2P/CuCo2S4 structural model we assumed the CuCo2S4 

bridges Ni2P by its surface sulfur atoms (Figure 11a), which is a plausible option given the 

synthesis route to composite the catalyst, that is, in situ deposition and hydrothermal growth of 

Ni2P nanoparticles on the CuCo2S4 surface. The charge density difference shown in Figure 11c 

was estimated by subtracting the charge densities of the isolated CuCo2S4 and Ni2P structures 

from that of the Ni2P/CuCo2S4 heterostructure seen in Figure 11b. The corresponding DFT 

calculations explicitly designate an interfacial electron transfer from Ni2P to CuCo2S4, 

signifying a strong electronic coupling. Indeed, the Ni2P/CuCo2S4 interface shows a strong 

electron charge redistribution, suggesting that the interface plays a key role in improving the 

electrical conductivity and, thus, the electrocatalytic behavior of the catalyst. Ideally, an 

efficient electrocatalyst should possess electron-rich surface-active sites so as to facilitate the 

initial adsorption of water via the electron-deficient H atom and the subsequent dissociation of 

the electron-rich OH–H bond via H transfer to the catalyst’s surface.97,98 Taken together, these 

DFT results and VB XPS experiments illustrate that the electron accumulation at the 

Ni2P/CuCo2S4 interface due to the strong electronic coupling facilitates the destabilization of 

alkaline water, resulting in an improved alkaline HER. 

The optical properties of the CuCo2S4 and Ni2P/CuCo2S4 catalysts as well as those of Ni2P 

microparticles were examined by ultraviolet–visible/near IR diffuse reflectance spectroscopy 
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(UV−vis/NIR DRS). As shown in Figure 12a, the UV−vis/NIR spectrum of CuCo2S4, 

transformed from the diffuse reflection data according to the Kubelka–Munk function, shows 

an absorption edge near ∼757 nm due to the intrinsic electron transition from the valence band 

(VB) to the conduction band (CB) in CuCo2S4. Compared to CuCo2S4, the Ni2P-modified 

materials undergo a small blue-shift (by ~7–9 nm) upon increasing the concentration of Ni2P; 

they exhibit an absorption edge in the 748-750 nm range. The optical band gap (Eg) of the 

prepared catalysts was determined from Tauc plots for direct gap semiconductors, i.e., (ahv)2 

vs hv plots derived from the UV−vis/ NIR spectra, as shown in Figure 12b. Specifically, the 

Eg of the unmodified CuCo2S4 was estimated to be ~1.64 eV, while the band gap of 

Ni2P/CuCo2S4 composites is slightly blue-shifted (by ~10–20 meV), see Table 5. For 

comparison, the energy gap of the as-prepared Ni2P particles was found to be ~1.68 eV. These 

results suggest intense electronic interactions at the interface of Ni2P/CuCo2S4 junction, in 

agreement with HRTEM, VB XPS and DFT results.  

 

 

Figure 12: (a) UV−vis/NIR absorption spectra and (b) the corresponding Tauc plots of the as-prepared 

CuCo2S4, Ni2P and Ni2P/CuCo2S4 materials.  

 

Table 5. Estimated bandgap (Eg) values obtained from Tauc plots for the CuCo2S4, Ni2P and 

Ni2P/CuCo2S4 materials. 

Sample Bandgap, Eg 

(eV) 

CuCo2S4 1.64 

15% Ni2P/CuCo2S4 1.65 

20% Ni2P/CuCo2S4 1.65 

30% Ni2P/CuCo2S4 1.66 

40% Ni2P/CuCo2S4 1.66 

Ni2P  1.68 
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4.2 Electrocatalytic studies 

The electrocatalytic HER performance of as-prepared CuCo2S4 and Ni2P/CuCo2S4 catalysts 

was evaluated in 1M KOH electrolyte using a typical three electrode system, consisting of a 

sample-coated carbon plate working electrode (WE), an Ag/AgCl (saturated KCl) reference 

electrode (RE) and a Pt-mesh counter electrode (CE). Figure 13a shows the iR-corrected 

polarization curves (current density (J) vs. applied potential (V)) for all the prepared catalysts 

recorded at a scan rate of 5 mV s-1. For comparison, the respective polarization curves of carbon 

electrode (as a blank catalyst), Pt electrode (as one of the best-known HER catalysts), and Ni2P 

and P-modified CuCo2S4 (P/CuCo2S4) samples are also obtained. The measured potentials were 

converted to RHE at pH=0 according to equation 1.11. The Pt electrode shows an excellent 

electrocatalytic HER activity, requiring a very small overpotential of 48 mV at 10 mA cm-2, as 

expected. On the contrary, the carbon plate electrode has almost negligible HER activity, which 

means that the carbon-plate substrate has minimal contribution to the observed activity of our 

catalysts. The as-prepared Ni2P and unmodified CuCo2S4 catalysts show a rather poor HER 

performance with an overpotential of 400 mV and 348 mV at a current density of 10 mA cm-

2, respectively. Conversely, Ni2P modification significantly improves the HER performance of 

CuCo2S4, and the sample with 30 wt.% Ni2P content (30% Ni2P/CuCo2S4) achieves the best 

HER performance, requiring an overpotential of only 183 mV at 10 mA cm-2. With further 

increment of the Ni2P content (40 wt.%), the HER activity is remarkable suppressed, as inferred 

by the increased overpotential value (237 mV at 10 mA cm-2). For comparison, we also 

measured the electrocatalytic activity of the P-modified CuCo2S4 sample (P/CuCo2S4) towards 

HER, under the same experimental conditions. As shown in Figure 13a, P/CuCo2S4 catalyst 

(with a P content of ~28 wt.%) exhibits a much lower HER activity than the pristine and Ni2P-

modified CuCo2S4 catalysts, demanding an overpotential of 385 mV to afford 10 mA cm-2 

current density. Thus, all the above results indicate that P-modification alone is not 

advantageous for the catalytic reactivity of CuCo2S4, whereas coupling of Ni2P and CuCo2S4 

contributes synergistically to the HER activity of the, otherwise poorly-active, single-

component Ni2P and CuCo2S4. A comparison of electrocatalytic results in Table 6 clearly 

confirms the high HER activity of out 30% Ni2P/CuCo2S4. 
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Table 6. Electrochemical HER parameters of the measured overpotential at 10 mA cm-2 (η10) and Tafel 

slopes for the Pt electrode and the prepared Ni2P, CuCo2S4 NSs and Ni2P/CuCo2S4 catalysts. 

Material 
η10 

(mV) 

Tafel slope 

(mV dec-1) 

Ni2P  400 146 

CuCo2S4 348 110 

15% Ni2P/CuCo2S4 300 102 

20% Ni2P/CuCo2S4 251 98 

30% Ni2P/CuCo2S4 183 78 

40% Ni2P/CuCo2S4 237 83 

Pt electrode 48 73 

 

 

 

Figure 13: (a) iR-corrected polarization (LSV) curves (scan rate 5 mV s−1) and (b) the corresponding 

Tafel plots (log |J| vs. overpotential (ɳ)) of HER over the as-prepared Ni2P, CuCo2S4 and P- and Ni2P-

modified CuCo2S4 catalysts in 1M KOH electrolyte. For comparison, the respective results of the carbon 

plate (blank) and Pt electrodes are also given. The red lines in panel b are the corresponding linear fits 

to the experimental data.  
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The superior HER activity of the prepared Ni2P/CuCo2S4 catalysts is associated with 

favorable electrochemical reaction kinetics, which were evaluated by the corresponding Tafel 

plots analysis. Shown in Figure 13b, the Tafel plots give slopes of 146, 110, 102, 98, 78 and 

83 mV dec-1 for the Ni2P, CuCo2S4 and the Ni2P-modified CuCo2S4 catalysts with 15, 20, 30 

and 40 wt.% Ni2P content, respectively (Table 6). Thus, among these materials, 30% 

Ni2P/CuCo2S4 catalyst attains the smaller Taffel slope (78 mV dec-1), which is comparable to 

that for Pt electrode (73 mV dec-1), underscoring more favorable reaction kinetics. In general, 

a Taffel slope less than 120 mV dec-1 is indicative of a faster increment of HER rate with 

increasing overpotential and suggests a Volmer-Heyrovsky type catalytic mechanism, where 

the reaction of surface-adsorbed H* intermediate species with water molecules to produce H2 

(Heyrovsky reaction) is the rate-determining step of the HER process.99 

The catalytic activity of our best catalyst (30% Ni2P/CuCo2S4) was also examined towards 

the OER in 1 M KOH solution and compared to that of the Pt electrode and CuCo2S4, Ni2P and 

P/CuCo2S4 materials (deposited on carbon-plate substrate). The carbon-plate substrate was also 

measured as a blank reference. From the iR-corrected LSV curves, in Figure 14a, it can be seen 

that the Ni2P and CuCo2S4-based materials exhibit various electron-transfer processes in the 

range of 1.4-1.5 V vs RHE, which can be attributed to redox reactions of cobalt and copper in 

the CuCo2S4
58 and possible nickel in Ni2P100. Hence, as it is difficult to determine the catalytic 

onset potential, a current density of 40 mA cm-2 was used as a reference to compare the OER 

performance of the catalysts. As in HER experiments, the bare carbon-plate electrode showed 

negligible OER activity, and hence, it has a minimum contribution in the observed activity of 

our catalysts. Surprisingly, the Ni2P catalyst exhibited a somewhat better OER activity than the 

Pt electrode, showing an overpotential of 520 mV versus 570 mV at 40 mA cm-2. However, 

both these electrocatalysts showed poorer activities than the prepared CuCo2S4-based samples. 

More specifically, 30% Ni2P/CuCo2S4 demonstrated the best OER performance with an 

overpotential of 360 mV at 40 mA cm-2, outperforming also the P/CuCo2S4 (410 mV) and 

pristine CuCo2S4 (380 mV). Nevertheless, from Tafel analysis of the polarization curves 

(Figure 14b), CuCo2S4 gave a smaller Tafel slope (78 mV dec-1) than 30% Ni2P/CuCo2S4 (136 

mV dec-1) and P/CuCo2S4 (189 mV dec-1), signaling faster OER kinetics over the surface of 

CuCo2S4 nanosheets. The electrochemical OER results for all the examined catalysts are 

summarized in Table 7. 
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Figure 14: (a) iR-corrected polarization (LSV) curves (scan rate 5 mV s−1) and (b) the corresponding 

Tafel plots (log |J| vs. overpotential (ɳ)) of OER over the as-prepared Ni2P, CuCo2S4, 30% 

Ni2P/CuCo2S4 and P/CuCo2S4 catalysts in 1M KOH electrolyte. For comparison, the respective plots of 

the carbon plate and Pt electrodes are also given. The red lines in panel b are the corresponding linear 

fits to the experimental data.  

 

 

Table 7. Electrochemical OER parameters for the Pt electrode and the as-prepared Ni2P, CuCo2S4, 30% 

Ni2P/CuCo2S4 and P/CuCo2S4 catalysts. 

Material 
η40 

(mV) 

Tafel slope 

(mV dec-1) 

Ni2P  520 180 

CuCo2S4 380 78 

30% Ni2P/CuCo2S4 360 136 

P/CuCo2S4 410 189 

Pt electrode 570 73 
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Figure 15: (a and b) Chronopotenriometric curves of HER and OER over 30% Ni2P/CuCo2S4 catalyst 

at 10 mA cm-2. (c and d) The corresponding HER and OER polarization curves of 30% Ni2P/CuCo2S4 

catalyst recorded before and after the stability tests. 
 

Apart from superior electrocatalytic activity, 30% Ni2P/CuCo2S4 catalyst exhibited also 

very good electrochemical stability for both HER and OER, as evidenced by 

chronopotentiometric measurements in 1 KOH electrolyte. Figures 15a and b show the time-

dependent current-voltage curves of HER and OER, respectively, measured at a constant 

applied current density of 10 mA cm-2. After continuous testing for 30 h, the 30% 

Ni2P/CuCo2S4 catalyst did not show any significant degradation of its electrochemical activity, 

retaining 98% and 94% of its initial potential for HER and OER, respectively. This excellent 

durability of the catalyst is further supported by the corresponding HER and OER polarization 

curves recorded after the stability test. Shown in Figures 15c and d, the HER and OER activity 

of 30% Ni2P/CuCo2S4 remains almost the same after the electrocatalytic tests, showing a HER 

overpotential of 187 mV at 10 mA cm-2 and a OER overpotential of 383 mV at 40 mA cm-2, 

very close to the initial values of 183 and 360 mV, respectively.  

Considering the catalytic activity and stability for both HER and OER, it is anticipated that 

the 30% Ni2P/CuCo2S4 could operate as bifunctional electrocatalyst for overall water splitting. 
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To demonstrate this perspective, a two-electrode water electrolysis cell was assembled by using 

the 30% Ni2P/CuCo2S4 catalyst (drop-casted on carbon plate substrate) as both cathode and 

anode materials in 1M KOH electrolyte. As shown in Figure 16, the 30% Ni2P/CuCo2S4 

electrode system manifests a good overall water-splitting activity, requiring a small onset 

potential of 1.67 V and a cell voltage of 1.78 V to achieve a current density of 10 mA cm−2.  

 

 

Figure 16: Polarization curve (without iR compensation) for overall water splitting measured in 1 M 

KOH electrolyte at a scan rate of 5 mV s-1 using a two-electrode cell with 30% Ni2P/CuCo2S4 operating 

as both anode and cathode materials. 
 

4.3 Role of Ni2P on the electrocatalytic activity 

In general, the effectiveness of an electrocatalyst is largely associated with the catalytically 

active surface area and charge transfer dynamics at the electrode/electrolyte interface. In this 

respect, the apparent superior activity of Ni2P-modified catalysts was further evaluated by 

means of electrochemically surface area (ECSA). The ECSA is a critical parameter in assessing 

the intrinsic activity of electrocatalysts, as it gives information about the accessible surface area 

of an active catalyst for electrochemical reactions. The ECSA can be determined from the 

double layer capacitance (Cdl) and the specific capacitance (Cs) of an electrode material 

according to Equation 1.13101:  

ECSA = Cdl/Cs  (1.13)  

When an electrode surface is subjected to a voltage ramp, a steady-state capacitive current is 

observed. At non-faradaic region, the only process taking place within the voltage range is the 

charging of the double layer, that is, movement of ions on either side of the electrode/electrolyte 



38 

 

interface. For ideal capacitors, the measured current (Ic) is related to the double layer 

capacitance and the scan rate (ν) by the following equation102 :  

Ic = ν ∙ Cdl  (1.14)  

On this basis, a common method for obtaining Cdl consists in collecting cyclic voltammograms 

(CV) under different scan rates within a potential region where no redox processes take place. 

The Cdl is then obtained as a slope of the linear plot Ic against ν. Here, the Ic values were 

extracted from the CV curves of catalysts (drop-casted on FTO substrates) recorded in 1M 

KOH electrolyte at a potential window of 0.22–0.42 V vs RHE, using various scan rates of 5, 

10, 20 and 50 mV sec-1.  

 

 

Figure 17: (a, c) Non–faradaic CV curves measured between 0.22 and 0.42 V vs RHE at various scan 

rates and (b, d) current vs scan-rate plots, where the current (Ic) values are extracted from the anodic 

and cathodic scans of CV curves at 0.325 mV applied potential for the pristine and 30 wt.% Ni2P-

modified CuCo2S4 electrocatalysts. 

 

Figures 17a and c show the non-faradaic CV curves, while Figures 17b and d show the 

corresponding Ic vs. ν plots for the pristine and 30 wt.% Ni2P-modified CuCo2S4 catalysts, 
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respectively. The calculated data show that the 30% Ni2P/CuCo2S4 has a Cdl of 9.00 mF, which 

is 1.4 times the Cdl of the unmodified CuCo2S4 (6.51 mF) under the same conditions. 

Considering a CS of 40 μF cm-2, which is a typical value for bare FTO substrate in alkaline 

media103, a ECSA of ~225 cm2 was estimated for 30% Ni2P/CuCo2S4 versus to ~163 cm2 for 

CuCo2S4, which is directly corelated to the higher electrocatalytic activity of 30% 

Ni2P/CuCo2S4. So, it became clear that the in-situ growth of Ni2P nanoparticles on the CuCo2S4 

surface leads to a significant increment in surface-active sites available to reactions, and thus 

to more favorable electrochemical reaction kinetics. 

 

 

Figure 18: EIS Nyquist plots (inset: equivalent Randles circuit model used to simulate the impedance 

data) of the as-prepared Ni2P, CuCo2S4 and 30% Ni2P/CuCo2S4 catalysts. The inset graph is a 

magnification of the Z' vs -Z'' plots in the region 10–35 Ω for clarity. 

 

The charge-transfer kinetics at the interface between the electrolyte and the prepared 

catalysts were characterized by electrochemical impedance spectroscopy (EIS) and Nyquist 

plot measurements. The EIS was performed in 1M KOH electrolyte over a frequency range of 

0.1 Hz –10 kHz using an applied potential of -1.3 V vs Ag/AgCl (saturated KCl) and under the 

influence of an AC perturbation of 10 mV. Figure 18 shows the Nyquist plots for the Ni2P, 

CuCo2S4 and the 30 wt.% Ni2P-modified CuCo2S4 catalysts (drop-casted on FTO substrate). 

All the EIS data were fitted using a simple Randles equivalent circuit model, as illustrated in 

Figure 18 (inset), in order to determine the charge-transfer resistance (Rct) of each catalyst. The 

simulated results confirm that the single-component Ni2P exhibits the largest Rct value (~180 

Ω), which explains its sluggish reaction kinetics, as revealed by the Tafel analysis. On the 
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contrary, 30% Ni2P/CuCo2S4 catalyst has the lowest Rct resistance (~11.5 Ω), which is almost 

1.8 times lower than that of unmodified CuCo2S4 (~20.6 Ω), corroborating its superior 

electrocatalytic performance. The estimated Rct values of the examined catalysts are reported 

in Table 8. Taken together, the ECSA and EIS Nyquist results affirm that, besides the larger 

electrochemically active surface area that provides more surface-reaching charge channels, 

deposition of Ni2P nanoparticles on the CuCo2S4 surface also induce a smoother and more 

efficient charge transfer effect at the interface.  

To acquire a clearer picture of the effect of heterojunction formation and charge transfer 

mechanism in the Ni2P/CuCo2S4 HER activity, Mott−Schottky analysis was also performed at 

a fixed AC frequency of 1 kHz in 1 M KOH electrolyte (pH = 14). The Mott−Schottky (M-S) 

plots and the corresponding fits of the linear portion of the inverse square space-charge 

capacitance vs applied potential (Csc-2 vs. V) curves for pure Ni2P as well as the CuCo2S4 and 

30% Ni2P/CuCo2S4 samples are shown in Figure 19. All potentials were converted from 

Ag/AgCl electrode to RHE scale using equation (1-11). From the M-S plots, the corresponding 

flat-band (EFB) potentials of the examined samples were estimated from the extrapolated 

straight lines at Csc-2 = 0 and the results are listed in Table 8. From Figure 19a, it is apparent 

that the as-prepared Ni2P exhibits a positive linear slope, representing typical n-type 

conductivity, i.e., electrons are the majority carriers. Also, the EFB of Ni2P was found to be -

0.1 V vs RHE, which is slightly above the thermodynamic potential of water reduction (0 V vs 

RHE).  On the other hand, the negative slope observed in the M-S curves of the unmodified 

CuCo2S4 indicates a p-type conductivity and its EFB was estimated to be 1.56 V vs RHE. These 

results suggest that, during the growth of Ni2P nanoparticles on the CuCo2S4 surface, a p-n 

junction is formed at their interface, causing an electron flow from Ni2P to CuCo2S4 until the 

Fermi levels are aligned. The net effect of this process is anticipated to drive the EFB of the 

Ni2P/CuCo2S4 heterostructure to a more negative (cathodic) potential compared to the pristine 

CuCo2S4. Indeed, from M-S plot, the EFB of 30% Ni2P/CuCo2S4 heterostructure is catholically 

shifted to 1.43 V vs RHE, while maintaining its p-type conductivity, as inferred from the 

negative slope of the M-S curve. These results are in very good agreement with the theoretical 

DFT and experimental VB XPS data.  

 



41 

 

 

Figure 19: Mott−Schottky plots (CSC
-2 as a function of applied potential vs RHE at pH 0) for the as-

prepared (a) Ni2P and (b) CuCo2S4 and 30% Ni2P/CuCo2S4 catalysts. Dashed lines are fit to the 

experimental data.  

 

Table 8. Electrochemical data obtained from EIS Nyquist and Mott−Schottky measurements for the as-

prepared Ni2P, CuCo2S4 and 30% Ni2P/CuCo2S4 catalysts. 

Sample 
Efb (pH=0) 

(V vs RHE) 

Carrier Density 

(cm-3) 

Rct 

(Ohm) 

Ni2P -0.10 5.3×1017 180 

CuCo2S4 1.56 1.2×1021 20.6 

30% Ni2P/CuCo2S4 1.43 2.2×1021 11.5 

 

Based on the estimated EFB potentials and optical bandgaps (as determined from UV–

vis/NIR absorption spectra), a reasonable energy band diagram for each catalyst is constructed 

and presented in Figure 20a. Here we assumed that the EFB is related to the CB and VB edge 
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position at the liquid/semiconductor interface for n-type and p-type semiconductors, 

respectively. In order to further elucidate the charge transfer mechanism in the formed 

Ni2P/CuCo2S4 heterojunction, the free-carrier charge density of the examined Ni2P, CuCo2S4 

and 30% Ni2P/CuCo2S4 samples were calculated from the slopes of the M-S plots, using 

Equation 1.12 and assuming a dielectric constant (ε) of 3.75 for our materials54; the obtained 

charge densities are compared in Table 8. The results showed that the donor density of n-type 

Ni2P is 5.3×1017 cm-3, while the acceptor density of p-type CuCo2S4 is 1.2×1021 cm-3. After 

Ni2P modification, the acceptor density of the 30% Ni2P/CuCo2S4 heterostructure raises to 

2.2×1021 cm-3, which is almost double that of unmodified sample, probably as a consequence 

of the efficient charge-carrier separation at the interface of Ni2P/CuCo2S4 junction. Therefore, 

the combined results from DFT, VB XPS and Mott-Schottky analysis explicitly confirm strong 

interface electronic interactions and coupling between n-type Ni2P and p-type CuCo2S4.  

 

 

Figure 20: (a) Energy band diagrams for Ni2P, CuCo2S4 and Ni2P/CuCo2S4 catalysts. (b) Schematic 

representation of the electrocatalytic mechanism over the Ni2P/CuCo2S4 heterojunction.  

 

Thanking into account all above considerations, a schematic representation of the 

electrocatalytic mechanism over the Ni2P/CuCo2S4 heterojunction is proposed in Figure 20b. 

Briefly, in HER catalysis, the flow of charge carriers at the p-n junction generates a depletion 

layer (positively charged region) in Ni2P side and an accumulation layer (negatively charged 

region) on the CuCo2S4 side of the Ni2P/CuCo2S4 heterostructure with a strong built-in 

potential, as evidenced by DFT calculations and VB XPS spectra. This may facilitate a smooth 

transfer of electrons from the electrode back-contact to the junction interface, where they are 

consumed by the adsorbed H* species and produce H2 at a faster rate. Oppositely, on the anode 

side, the strong space charge layer at the Ni2P/CuCo2S4 junction favors the efficient transfer of 

electrons from OH- (in alkaline electrolyte) to the VB of Ni2P and their subsequent flow to the 
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anode back-contact electrode through the appropriately aligned VB of CuCo2S4, thus resulting 

to a high catalytic activity for OER.  

 

6. Conclusions 

In summary, new nanostructured Ni2P-modified CuCo2S4 heterostructures with different 

content of Ni2P (15, 20, 30 and 40 wt.%) have been successfully prepared via a two-step 

hydrothermal method. These materials consist of cubic-phased CuCo2S4 nanosheets decorated 

with hexagonal-phased Ni2P nanoparticles (in 10-15 size) with high crystallinity, according to 

the X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), high-resolution TEM 

(HRTEM) and electron diffraction (SAED). The chemical composition of the prepared catalyst 

was verified by elemental EDS microanalysis. The diffuse reflectance ultraviolet-visible/near-

IR (UV-vis/NIR) spectroscopy results revealed that the prepared materials have an optical 

absorption onset at ~748–757 nm, corresponding to an interband VB-to-CB electron transition 

of ~1.64 eV for pristine CuCo2S4 and ~1.65–1.66 eV for Ni2P/CuCo2S4 heterostructures. 

Experimental valence band XPS and electrochemical spectroscopy studies coupled with 

theoretical DFT calculations indicated that p-n Ni2P/CuCo2S4 junctions provide an increased 

number of electrochemically active surface sites and an efficient interfacial electronic transport 

with lower resistance, resulting in a remarkable enhancement in the electrocatalytic H2 

evolution performance. Thus, although the unmodified CuCo2S4 sample showed moderate to 

low HER performance (348 mV overpotential for 10 mA·cm−2), the optimized Ni2P/CuCo2S4 

catalyst at 30 wt.% Ni2P content reached an overpotential of 183 mV at 10 mA·cm−2 current 

density under alkaline conditions (1M KOH). The HER activity of 30% Ni2P/CuCo2S4 is 

associated with a 78 mV·dec-1 Tafel slope, which is indicative of a Volmer-Heyrovsky type 

mechanism. Chronopotensiometric studies revealed that this catalyst is quite stable during the 

course of reaction, operating stably for 30 h under a current density of 10 mV·cm−2. In addition, 

the 30% Ni2P-loaded catalyst showed a very good oxygen evolution reaction (OER) activity 

with an overpotential of 360 mV at 40 mA·cm−2 current density in 1 M KOH electrolyte. When 

30% Ni2P/CuCo2S4 is used as both anode and cathode materials in a two-electrode 

electrochemical cell, it requires only a 1.78 V potential for overall water electrolysis under 10 

mA·cm−2 current density. Overall, the Ni2P-modified CuCo2S4 catalysts demonstrate great 

potential for the production of renewable and eco-sustainable energy, including water 

electrolysis and hydrogen evolution.  
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