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Abstract 

The production of hydrogen gas via hydrogen evolution reaction (HER) in acidic media has 

become an important area of research in light of the increasing demand for sustainable and 

environmentally friendly sources of energy. However, its large-scale production is currently 

being hindered by the lack of inexpensive and highly efficient non-noble electrocatalysts. 

Transition metal phosphides (TMPs) have transpired as favourable catalysts that can be 

prepared from cheap and readily available sources. Up to now, TMPs have been commonly 

prepared using solid-state and solid-gas reactions, which rely on the use of high temperatures 

and hence generate inhomogeneity in the prepared materials. Inhomogeneous materials are 

unattractive as catalysts because the correlation between a catalyst and its structural features 

cannot be systematically studied. For this reason, colloidal synthesis has emerged as a powerful 

method in the synthesis of TMPs as it allows for control over the resulting physical features 

(i.e. size, morphology, crystal phase, crystallinity etc.). The ability to tailor these physical 

properties provides room for improving the catalytic activity. By using the colloidal synthesis 

method, we have successfully prepared molybdenum and tungsten-based phosphide 

nanoparticles and studied the effect of their physical features on HER activity.  

 

In chapter 3, we report a facile colloidal synthesis method to produce an amorphous phase of 

molybdenum phosphide (MoP) by using trioctylphosphine (TOP) as a phosphorus source, 

molybdenum pentachloride (MoCl5) as a metal source and 1-octadecene (1-ODE) as a 

solvent/reducing agent. The use of the forementioned precursors promoted the formation of 

very small, shape controlled and well dispersed amorphous molybdenum phosphide (MoP) 

nanoparticles. Annealing (800 °C) of the amorphous MoP nanoparticles resulted in the 

formation of a crystalline MoP phase with a slightly bigger size but retained its dispersity and 

morphology upon exposure to high temperature. The amorphous and crystalline MoP phases 

were compared as HER electrocatalysts. HER results indicated that the amorphous MoP phase 

exhibited enhanced catalytic activity in hydrogen evolution reaction compared to the crystalline 

MoP phase. The high activity displayed by the amorphous MoP was attributed to the small 

sizes and the high density of unsaturated active sites characteristic of nanoparticles lacking 

long range crystalline order.  
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Motivated by the need to expand the use of metal chloride salts to prepare other TMPs catalysts, 

we employed the colloidal synthesis method to prepare two different phases of tungsten 

phosphide by using TOP, tungsten hexachloride (WCl6) and 1-octadecene. The two different 

phases of tungsten phosphide were obtained by simply varying the W:P precursor ratio, with 

ratios of 1:1 and 1:20 resulting to the formation of WP (orthorhombic) and α-WP2 (monoclinic) 

phases, respectively. The phosphorus rich α-WP2 displayed superior catalytic activity over the 

phosphorus poor WP in HER. Specifically, α-WP2 catalyst displayed a low overpotential of -

271 mV at J = 10 mA.cm-2, higher electrochemically active surface area, low charge transfer 

resistance and excellent long-term stability. Theoretical calculations done using density 

functional theory (DFT) revealed that the high activity of α-WP2 was due to high conductivity, 

low hydrogen adsorption energy, low energy barrier to H-H formation and long M-P bond 

length.  

 

Having determined that amorphous MoP nanoparticles were more active as HER catalysts, we 

proposed that by combining the sort after properties in amorphous structures and tailoring the 

electronic properties through doping, the catalytic activity of MoP could be significantly 

enhanced. In chapter 5, we report on the colloidal synthesis of tungsten-doped molybdenum 

phosphide nanoparticles for use as electrocatalysts in HER. The synthesis of tungsten-doped 

molybdenum phosphide (WMoP) was done by introducing 10 mol % of the dopant precursor 

(i.e. tungsten hexachloride) into a mixture of TOP, molybdenum pentachloride (MoCl5) and 1-

octadecene. XRD and XPS analysis were used to confirm the successful incorporation of the 

tungsten (W) dopant into the crystal structure of MoP. A comparative study was conducted 

between pure MoP (amorphous vs. crystalline) and W-doped MoP (amorphous vs. crystalline) 

electrocatalysts in HER.  The HER results revealed that the amorphous W-doped MoP catalyst 

exhibited the highest activity requiring a very low overpotential of -145 mV and a low Tafel 

slope of 65.85 mV.dec-1. In addition to high conductivity, increased density of 

electrochemically active sites and excellent long-term stability, the synergistic effect between 

the W and Mo metals were responsible for the enhanced activity of amorphous W-doped MoP 

catalyst.     

 

Encouraged by the promising catalytic activity displayed by α-WP2, we hypothesized that its 

catalytic activity can be enhanced further through doping. Hence, in chapter 6, we report a 

facile colloidal synthesis method to prepare molybdenum-doped α-WP2 nanoparticles for use 

as HER catalysts. Molybdenum-doped α-WP2 was prepared by adding various amounts (2.5, 5 
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and 10 mol %) of the molybdenum pentachloride salt into a mixture of TOP, WCl6 and 1-

octadecene to produce Mo/α-WP2 with different dopant concentrations. Comparative analysis 

of α-WP2, Mo(2.5%)/α-WP2, Mo(5%)/α-WP2 and Mo(10%)/α-WP2 as electrocatalysts for 

HER clearly indicated that doping modifies their properties and an increase in the dopant 

concentration result to improved catalytic activity. Mo(10%)/α-WP2 possessed the best HER 

catalytic activity, requiring only -165 mV to generate current density of 10 mA.cm-2 and the 

Tafel slope was 71.65 mV.dec-1. Experimental results revealed that the improved catalytic 

activity of the molybdenum doped tungsten phosphide resulted from superior electronic 

conductivity, high density of electrochemically active sites and an increased electron density 

around the W atoms.  
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Synopsis 

1. Brief description of the thesis  

The aim of this study was to employ the colloidal synthesis method to prepare and characterize 

molybdenum and tungsten phosphide-based nanomaterials for use as electrocatalysts in 

hydrogen evolution reaction in acidic media. Consequently, the thesis is structured as follows:  

Chapter 1: outlines the content discussed in each chapter of the thesis and provides the 

problem statement addressed in the project. Moreover, the motivation and rationale for the 

study along with the aims and objectives are elucidated.    

Chapter 2: narrates a brief background on the urgent need to find alternative techniques for 

hydrogen generation and bring forth hydrogen evolution reaction (HER) as a suitable 

alternative to traditional methods. Background information on transition metal phosphides 

(TMPs) as electrocatalyst in HER is also provided. Lastly, synthesis methods used to prepare 

TMPs, vital performance parameters for HER and various potential strategies used to improve 

the electrocatalytic activity performance of TMPs are explained.   

Chapter 3: describes the synthesis and characterization of small and shape controlled 

amorphous and crystalline molybdenum phosphide (MoP) nanoparticles and their application 

as electrocatalysts in hydrogen evolution reaction (HER). The rationale behind the difference 

in the observed catalytic activity between the amorphous and crystalline MoP nanoparticles is 

explored. This chapter is a published peer reviewed journal article: New Journal of Chemistry 

44 (2020) 14041-14049.   

Chapter 4: outlines the use of colloidal synthesis to prepare two phases of tungsten phosphide 

(WP and α-WP2) for use as HER catalysts. Phase-dependant electrocatalytic activity of 

colloidally synthesized WP and α-WP2 electrocatalysts for hydrogen evolution reaction. This 

chapter is a published peer reviewed journal article: New Journal of Chemistry 45 (2021) 

15594-15606.  

Chapter 5: provides a facile route to synthesize amorphous and crystalline W-doped MoP 

nanoparticles using colloidal synthesis and their use as electrocatalysts in HER. The reported 

results demonstrate how the introduction of W-dopant into the crystal lattice of MoP 
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nanoparticles in combination with using an amorphous architecture improves the catalytic 

properties of the nanoparticles.  

Chapter 6: offers a simple route to tailor the electronic properties of α-WP2 by introducing 

Mo-dopant atoms into its crystal lattice using colloidal synthesis. A systematic study of the 

effect of dopant concentration on the catalytic activity of Mo/ α-WP2 is outlined. Furthermore, 

structural changes of the most active catalyst (Mo(10%)/α-WP2) observed with change in 

annealing temperature are reported. The catalytic activity of Mo(10%)/α-WP2 with varying 

degrees of crystallinity are explored. This chapter is under peer review in the International 

Journal of Hydrogen Energy. Manuscript ID: HE-D-21-04366.  

Chapter 7: provides general conclusions of the work reported and highlights recommendations 

for future work.  
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Chapter 1 

General background 

1. Problem statement 

The availability of reliable sources of energy is important for social and human progress across 

the globe. To date, humans rely mainly on the burning of fossil fuels in order to sustain the 

increase in human population, urbanization and industrialization. This has resulted in a rapid 

depletion of traditional sources of energy overtime, making it important to find alternatives to 

supplement the high demand.1-2 Molecular hydrogen has gained unprecedented momentum as 

a clean energy source because it produces no greenhouse gases, has a high energy density and 

is storable. Water electrolysis has emerged as a promising and environmentally friendly method 

used to generate hydrogen by using electricity in conjunction with an electrocatalyst to 

decompose water into oxygen and hydrogen. The electricity used to drive electrolysis can be 

derived from other renewable sources such as solar, wind and hydrothermal energy.3-5 An 

electrocatalyst plays an important role in electrolysis as it allows for hydrogen to be produced 

with the least amount of energy. Up to now, platinum and its alloys are still the most active 

catalysts in the production of hydrogen from water. But the exorbitant prices associated with it 

makes it undesirable for large scale application. Recently, transition metal phosphides have 

opened a new area of research as materials capable of displaying excellent activity in 

electrolytes of all pH range.4-5 However, there has been drawbacks into their development due 

to the fact that their preparation requires solid-state reactions which are only possible at high 

temperature and pressure. These reactions also require the use of the flammable elemental 

phosphorus (P) as the source of phosphorus. In addition, solid-state reactions offer little room 

for optimization of the reaction conditions and hence no control over the resulting 

characteristics of the synthesized nanomaterials. Owing to the drawbacks associated with solid-

state reactions, more research needs to be conducted using simple and safe methods of 

synthesis.6   

 

2. Motivation and rationale 

Transition metal phosphides (TMPs) have proven to be promising alternative candidate 

electrocatalysts because they possess the sort after physical properties which resemble those of 
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borides, nitrides, carbides and silicides. The combination of these properties means that TMPs 

conduct electricity and heat efficiently, they are rigid and exhibit high chemical and thermal 

stability. The forementioned parameters play an important role towards the activity and 

stability of an electrocatalyst. Among other emerging methods of synthesis, colloidal synthesis 

has materialized as a suitable option for preparing TMPs in such a way that allows for 

optimization of reaction conditions and hence control over size, morphology, and crystal phase 

of the nanomaterials. By being able to control the properties of the nanomaterials, their 

influence on the catalytic activity can be studied and strategies to improve their performance 

can be devised. TMPs have been proven to be high performance catalysts with high activity, 

high stability, and nearly 100% Faradic efficiency in not only strong acidic solutions, but also 

in strong alkaline and neutral media for electrochemical hydrogen evolution. Hence, there is a 

need for intensive research on TMP’s as alternative materials that can be produced easily and 

at low production cost. The search for this new class of materials is therefore of vital 

importance in the realization of efficient electrocatalysts in the production of hydrogen gas.  

 

3. Aim and Objectives 

The aim of this work was to employ a facile colloidal synthesis method to prepare and 

characterize molybdenum phosphide, tungsten-doped molybdenum phosphide, tungsten 

phosphide, and molybdenum-doped tungsten phosphide nanoparticles for application as 

alternative electrocatalysts to Pt-based materials in hydrogen evolution reaction (HER). To 

fulfil the forementioned aim,  the following objectives were identified.  

❖ To synthesize and characterize amorphous and crystalline phases of MoP and W-doped 

MoP nanoparticles. 

❖ To synthesize and characterize crystalline WP and α-WP2 nanoparticles.  

❖ To synthesize and characterize Mo-doped α-WP2 nanoparticles with varying dopant 

concentration.  

❖ Application of the synthesized nanoparticles as electrocatalysts for hydrogen evolution 

reaction.    
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Chapter 2 

Literature review 

1. Colloidal synthesis of nanoparticles  

The utilization of the colloidal synthesis method to produce nanoparticles has gained 

momentum as a promising route for preparation of materials that can be employed in various 

applications such as catalysis, electronics, biomedicine, magnetism, and optics.1 Due to the 

large scale of potential commercial applications, advancements in colloidal synthesis can have  

beneficial effects both economically and environmentally. Solution phase synthesis methods 

come with the convenience of having control over the ultimate composition, crystallinity, size, 

crystal structure and morphology.2-4 The forementioned characteristics have a significant 

influence on the resulting physical and chemical properties of the nanoparticles. For instance, 

by varying the reaction conditions (i.e. time, temperature, type of capping agents, solvents, and 

precursor concentration), the size, morphology and crystal phase of the nanoparticles can be 

modified which in turn tunes the optical and magnetic properties.5-8 Systematic optimization 

of the photoluminescence and absorption properties of these materials has unlocked endless 

possible applications in biological imaging, active layer in photovoltaics, fluorescent probes 

and light emitting diodes.9-12. Nickel selenide nanocrystals exhibiting phase-dependant 

catalytic properties have been prepared using colloidal synthesis, and are being used as counter 

electrodes in the redox reaction of iodide/triiodide electrolyte in dye sensitized solar cells.13 

Another precedence of employing nanoparticles prepared via colloidal synthesis is their 

dispersibility in common solvents, which makes them desirable to solution-based drop casting, 

roll to roll processing, printing and spin coating, which are highly scalable processes.14-16  

As the use of colloidal synthesis continuous to grow, promoting the discovery of sort after 

properties in nanoscale materials, their use in multiple industrial applications becomes possible 

especially in heterogeneous catalysis. The use of colloidal nanoparticles offers many 

advantages in heterogeneous catalysis applications, allowing sophisticated surface science 

techniques to provide a deeper understanding of how chemical reactions occur at the catalyst 

surface. Catalyst materials in the nanoscale region possess high surface area compared to their 

bulk counterparts and hence display enhanced catalytic activity due to increased number of 

exposed active sites. Solid-state reactions rely on the use of high temperatures which routinely 
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generate crystalline and thermodynamically stable structures, typically with large particle size 

and poor size uniformity.17 Alternatively, solution-phase methods not only produce materials 

with uniform composition but also with a very narrow size distribution. Amorphous materials 

with uniform size and morphology, for example, are attainable with solution based colloidal 

methods, as are some non-equilibrium phases.18-20 In an effort to understand the intrinsic 

properties of a catalyst that leads to enhanced performance, comprehension of the crystallinity, 

size, shape/facets, composition and structure control is important.  

Different materials are made up of different crystal facets which catalyse a specific reaction 

better than others. Benzene hydrogenation studies done on the surface of a Pt crystal revealed 

that the (111) surface favours formation of both cyclohexane and cyclohexene whereas the 

(100) surface generate only cyclohexane. These studies have allowed for colloidal synthesis to 

be employed to synthesise Pt nanocubes that possess only the (100) active face which 

selectively yields cyclohexane during the hydrogenation of benzene.21 Two different crystal 

phases of cobalt phosphide, CoP and Co2P,  were compared directly as electrocatalysts for HER. 

The results demonstrated that even though CoP and Co2P had nearly the same nanosphere 

morphology, surface area and size, CoP was more active. The difference in the observed 

performance was attributed to more exposed (111) facets on CoP surfaces.22 Amorphous and 

crystalline iron phosphide (FeP) nanoparticles were prepared via colloidal synthesis using 

temperatures of 180 and 250 °C, respectively. The comparative electrocatalytic activity study 

between the nanoscaled FeP with different crystallinity revealed that the amorphous 

nanoparticles were more active in catalysing hydrogen evolution reactions.23 Different sizes of 

nickel phosphide nanoparticles were prepared via colloidal synthesis and tested as 

electrocatalysts for HER. Electrochemical tests indicated that by decreasing the size of the 

nanoparticles, the electrochemical activity of the nickel phosphide electrocatalyst could be 

improved.24 Iron, cobalt, manganese, molybdenum metals were systematically introduced into 

the crystal lattice of NiP to form transition-metal doped NiP nanocrystals using colloidal 

synthesis. The introduction of the dopant metal did not alter the morphology nor did they result 

in the formation of new phases. Compared to pristine NiP, the electrocatalytic activity of the 

metal-doped NiP was significantly improved.25   

Previous studies have shown that it is important to have control over reaction parameters as it 

allows for tailoring of materials properties and potentially improve catalytic activity. The 

commonly used methods in the synthesis of transition metal phosphides do not offer the 

flexibility that is possible with colloidal synthesis. Hence, the majority of this thesis will be 
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expanding on the colloidal synthesis of other transition metal phosphides (MoP, WP, α-WP2, 

WMoP, and Mo/α-WP2) for application as electrocatalysts in electrochemical water splitting 

via the hydrogen evolution reaction (HER) route in acidic media. 

 

2. Electrochemical water splitting 

For more than a century, the global energy demand has been sustained by non-renewable 

sources of energy such as coal, oil and natural gas. Non-renewable sources supply around 80% 

of our energy making it possible to power-up businesses, propel vehicles and keep the lights 

on in our homes. 25-29 Nevertheless, the non-renewable energy sources will eventually be 

depleted and the pollution associated with their expeditious consumption will have long lasting 

negative effect on mankind and the environment.30-31 In order to curb a total black out resulting 

from the depletion of fossil fuels and to minimize global warming, research efforts are being 

directed into increasing the contribution of renewable sources into the energy grid. Hydrogen, 

as an energy carrier, has emerged as a viable alternative to fossil fuels. Hydrogen energy is 

based on the use of molecular hydrogen harvested from hydrogen containing compounds to 

produce energy that can be utilised in daily practical uses. Hydrogen is considered an optimum 

alternative due to the fact that it has a very high energy density, non-toxic, most abundant 

element in nature and generates water as a by-product after it has been utilized (eq. 1).32-34  

           2H2(g) + O2(g) →  2H2O(l)          (ΔH =  −286.0 kJ. mol−1)                 (eq. 1)  

From eq. 1 it can be seen that 286.0 kJ energy is generated from 1 mol reaction of oxygen with 

hydrogen. Hence, the mass hydrogen energy density (Energy = 286.0 kJ.mol-1 x 0.5 mol.g-1) 

works out to be 143.0 kJ.g-1, which is the highest energy density compared to other fuels.35 

Large scale production of hydrogen gas is traditionally done through steam methane reforming, 

and gasification of petroleum coke and coal.36-37 These traditional methods require high 

operating temperatures and generate greenhouse gases as by-products which makes them less 

desirable as clean technologies are becoming mandatory. Recently, electrochemical water 

splitting has received a lot of attention as an alternative method for the production of hydrogen. 

Electrochemical water splitting is a clean and efficient method used in the production of 

molecular hydrogen and oxygen through the decomposition of water in response to a passage 

of an electric current.38-39 The electrolysis of water can be divided into two half reactions, the 

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) as depicted in Fig. 
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1.40 Depending on the pH of the reaction media in which water electrolysis is conducted, it can 

be described chemically using the following equations: 

Total reaction:    

                                                  H2O (l) → H2 (g) + 
1

2
 O2                                        (eq. 2)                     

Acidic media: HER 

                     Cathode: 2H+ (aq) + 2e- → H2 (g)   (0.0 V vs. RHE)                 (eq. 3)  

         Anode: H2O (l) → 2e- + 2H+ (aq) + 
1

2
 O2 (g)   (1.23 V vs. RHE)       (eq. 4) 

Alkaline/neutral media: OER 

      Cathode: 2H2O (l) + 2e- → H2 (g) + 2OH- (aq)   (0.0 V vs. RHE)      (eq. 5)  

           Anode: 2OH- (aq) → H2O + 
1

2
 O2 (g) + 2e-   (1.23 V vs. RHE)         (eq. 6)   

 

A combination of the cathodic and anodic half reactions shows that a thermodynamic total 

voltage of 1.23 V (25 °C, 1 atm) is required to drive water splitting. However, voltages higher 

than the thermodynamic total voltage are required to accomplish electrochemical water 

splitting. The additional voltage (i.e. overpotential) is used to overcome intrinsic activation 

barriers, contact and solution resistance.41-42 The goal in electrolysis is to produce hydrogen 

using the least amount of overpotential, and this is achieved through using a highly efficient 

catalyst.   

Fig. 1: Graphical representation of hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER) via water electrolysis.40 

Power Source
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For HER conducted in an acidic media, there are two possible mechanisms through which 

hydrogen can be generated, with three possible reactions as illustrated in Fig. 2.43-46  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The initial step is the discharge process (Volmer reaction). In this step, an electron migrates to 

the cathode surface in response to an applied voltage, where it captures a proton (H+) in the 

solution, resulting in an adsorbed atom (i.e. intermediate state) on the active site of the catalytic 

cathode surface.                                                            

       H+ (aq) + e−  →  Hads  (step 1, Volmer reaction)                            (eq. 7)             

                                              b1,v =  
2.3RT

αF
                                                             (eq. 8)     

Where b1,v is the Tafel slope, ⍺ is the symmetry coefficient with a value of 0.5, F is the Faraday 

constant, R is the ideal constant, and T is the absolute temperature. The second step can occur 

via two different pathways to produce H2 and the first is called the Heyrovsky reaction: 

Hads + H+ (aq) + e−  →  H2 (g)      (step 2, Heyrovsky reaction)       (eq. 9)   

                                                b2,H =  
2.3RT

(1 + α)F
                                                       (eq. 10)     

In the case where the coverage of Hads is low, the Hads prefers to react with a new e- and another 

H+ in the solution to produce H2 in an electrochemical desorption step (eq. 9). However, at high 

(3) Tafel

reaction 

(2) Heyrovsky 

reaction 

H2

H+ + e- + Hads→ H2

e- e-

H+

electrocatalyst

H+

Hads Hads

e-e-

Electrocatalyst

H+H+ H+

e-

Step 1

Hads Hads

Electrocatalyst

Hads

(1) Discharge/Volmer 

reaction 

Volmer-Tafel mechanism

Electrocatalyst

Hads + Hads → H2

Hads Hads Hads Hads

Volmer-Heyrovsky mechanism

Step 2

Fig. 2: The two mechanisms of HER on the electrocatalyst surface. 
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Hads coverage, the recombination between Hads adjacent to one other is dominant and is called 

the Tafel reaction or the chemical desorption step. 

         Hads + Hads  →  H2 (g)     (step 2, Tafel reaction)                               (eq. 11)       

                                   b2,T =  
2.3RF

2F
                                                                  (eq. 12) 

Thermodynamically, the overall process as shown by the reactions above could be described 

as continuous adsorption and desorption of Hads species from the catalytically active sites. An 

efficient catalyst should find balance between being able to bind strongly to Hads species to 

allow for formation of Hads-Hads bond, but also allow for rapid desorption of the generated H2 

from the surface of the catalyst.47-50 In hydrogen production, the electrocatalytic reduction of 

protons (H+) into molecular hydrogen (H2) is highly dependent on the type of electrocatalyst 

being used.  The main factor currently hindering large scale production of hydrogen gas is the 

limited number of cheap, readily available and highly active electrocatalysts. To mitigate this 

drawback, catalysts have to be continuously studied in order to discover new catalysts, improve 

their activity and understand the intrinsic properties responsible for observed catalytic 

activity.50-54 In spite of being the most expensive and scarce noble metal, Pt-group metals (Pt55, 

Rh56, Pd57, Ir58, etc.) are still the commonly used and most efficient electrocatalysts for 

chemical reactions that form the basis of renewable energy sources, such as HER, fuel cells 

and solar generators.  

Pt-group metals are considered exceptional electrocatalysts in HER due to the ability to 

produce very high current densities at low overpotential.59-60 In acidic solutions, the 

electrocatalytic reduction of protons (H+) into molecular hydrogen (H2) is highly dependent on 

the type of electrocatalyst being used. Recently, a number of acid-stable HER electrocatalysts 

have showed potential as inexpensive and readily available non-noble alternatives to Pt such 

as transition metal oxides, nitrides, carbides and phosphides. 61-64 Amongst these non-noble 

catalysts, transition metal phosphides stand out due to the limited work reported on their 

activity as HER catalysts. Furthermore, they possess an unexpectedly high stability 

accompanied by high activity emanating from the ability of the metal to act as hydride acceptor 

sites and the phosphorus acting as proton acceptor sites which both facilitate catalysis of 

HER.65  
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3. Transition metal phosphides (TMPs) 

TMPs are a group of compounds that are formed as a result of a reaction between phosphorus 

and any other transition metal element in the periodic table. They were first discovered back in 

the 18th century, however, they remained exotic for scientists as no real application was 

reported in literature for 200 years.66 TMPs have since been gradually applied to lithium ion 

batteries, hydrodenitrogenation, hydrodesulfurization,  photocatalytic degradation, etc.67-70 

Given the similarities in the mechanism through which hydrodesulfurization and hydrogen 

evolution reaction occur, TMPs were hypothesized as potentially active HER electrocatalysts.71 

To date, several different types of TMPs such as Cu3P, WxPy, MoxPy, CoxPy, FexPy and 

NixPy have shown promising HER or OER activities. The application and development of 

TMPs over the years has been hindered by the type of synthesis methods used which required 

the use of high temperatures/pressures with highly flammable elemental phosphorus as the 

source of phosphorus which was dangerous and difficult to do.71-72 These materials can form 

different bonds ranging from ionic, metallic and covalent when bonded to alkali/alkaline earth 

metals, transition metals and main group elements, respectively. Transition metal phosphides 

(TMPs) are of interest mainly because they possess the well sort after physical properties 

resembling those of nitrides, carbides, silicides and borides. Apart from abundance and 

cheapness, the combination of both ceramic properties (i.e. hardness and strength) and transport 

properties (i.e. electrical and thermal conductivity) have made them an interesting class of 

compounds in magnetic and electronic applications.73-76 TMPs have been explored extensively 

as highly active catalysts in hydrotreating and hydrogenation reactions, with the focus shifting 

more into their use as electrocatalysts for HER in the last decade.77-80 The high activity of TMPs 

originates from the ability of the highly electronegative phosphorus atom to draw electrons 

away from the transition metal. The resulting high electron density on the P atoms act as a base, 

trapping positively charged protons. Depending on the metal (Mx) to phosphorus (Py) 

stochiometric ratio, TMPs can be classified into metal-rich phosphides (x>y) and phosphorus-

rich phosphides (x<y).81-83 The attractive properties displayed by the phosphorus-rich 

phosphides makes them more sort after than the metal-rich phosphides. Even though TMPs 

exhibit properties resembling those of nitrides, carbides, silicides and borides, they differ 

significantly in structure due to the difference in atomic radius of the P atoms relative to N, C, 

Si and B atoms. The N atoms (0.070 nm) and C atoms (0.077 nm) in nitrides and carbides, 

respectively, are situated in the interstitial spaces between the host metal atoms to form 

relatively simple lattices. Contrary, in phosphides, the bigger phosphorus atoms (0.115 nm) do 
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not fit in octahedral holes formed by closed-packed metal atoms, instead the P atoms are 

surrounded by metal atoms in the form of a triangular prism (Fig. 3a). A 9-fold 

tetrakaidekahedral (TKD) coordination is formed in metal-rich phosphides by the addition of 

metal atoms near the centres of vertical faces of the prism (Fig. 3b).75,84-85 

NaCl-type

cubic

Fm3m – I4, 2

UP, ThP, PuP, YP, ZrP

NiP-type 

Orthorhombic

Pbca

NiP

MnP-type

Orthorhombic

C2h – Phnm,

WP, CrP, MnP, FeP, CoP

WC-type

Hexagonal

P6m2

MoP

NiAs-type

Hexagonal

D4
6h -P63/mmc

VP

NbAs-type

Cubic

C6
4 – I4, 2

β-NbP, β-TaP

(a) (b)

Fig. 3: (a) Triangular prism and (b) tetrakaidecahedral structures of metal phosphides.84 

Fig. 4: Various crystal structures of metal-rich phosphides.84 (phosphorus = green, 

metal = brown)  
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The triangular prism structure adopted by some TMPs resemble those observed in some 

transition metal sulphides (TMSs). Unlike TMSs which take on a layered structure and are 

semiconductors or insulators, TMPs display as isotropic morphology and have metallic 

conducting properties. The surface metal atoms in isotropic crystals are well exposed to fluid 

phase reactants and hence higher electrocatalytic activity should be observed in TMPs than in 

TMSs which are less isotropic in composition. Through variation of the M:P precursor ratio 

during synthesis, a wide range of TMPs structures arise from different arrangements of the 

triangular prism and tetrakaidekahedral coordination building blocks as shown in Fig. 4.  75,84-

85 

 

4. Synthesis of transition metal phosphides (TMPs) 

Various researchers have concisely reported four main approaches used to successfully prepare 

TMPs. The methods are (i) gas-solid phase reaction, (ii) solid-state reaction, (iii) 

electrodeposition and (iv) solution-phase reaction.86-89    

 

4.1. Gas-solid phase reaction 

Transition metal phosphides can be produced using gas-solid reactions which entails heating a 

mixture of the phosphorus and metal sources under the flow of an inert gas or hydrogen, 

depending on the nature of the phosphorus source being used. The commonly used phosphine 

(PH3) in its gaseous state allows for efficient formation of metal phosphides, but the associated 

high toxicity even at low concentrations (i.e. ppm) hinders its use as a direct suitable 

phosphorus source. Alternatively, the in-situ formation of PH3 from compounds such as 

hypophosphites (NaH2PO2 and NH4H2PO2), phosphates (H2PO4
-) and phosphites (H2PO3

-) has 

opened a less hazardous route in the synthesis of metal phosphides. Phosphates and phosphites 

require an external hydrogen source to generate PH3 under inert gas, whereas hypophosphites 

form the PH3 through decomposition at ~ 250 °C. The in-situ generated PH3 (eq. 13) reacts with 

the metal sources.90-92   

                                        NaH2PO2 = PH3 ↑ + NaHPO4                            (eq. 13) 

The use of a gaseous source of phosphorus and the absence of a coordinating solvent allows 

the resulting particles to take on the initial morphology of the metal sources. The mixing, 

deposition and treatment of the phosphorus and metal sources on a high surface carrier makes 

this method suitable for preparation of supported metal phosphides. The metal sources 
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commonly used in gas-phase reactions directly react with metal oxides, metal-organic 

frameworks (MOFs), metal salts and metal hydroxides. Yu et. al. reported on the synthesis of 

a Ni2P nanoarray catalyst embedded on a Ni foam substrate (denoted as Ni2P/NF). Firstly, 

Ni(OH)2/NF was prepared using a two-step hydrothermal method. An ultrasonically cleaned 

Ni foam plate immersed in a 1 mM transparent aqueous solution of (NH4)2HPO4 (35 mL) was 

transferred into a sealed autoclave (50 mL) and heated at 180 °C for different times to prepare 

the precursors. Using deionized water, the resulting green precursors were washed multiple 

times and dried in air. To form Ni(OH)2/NF, the green precursors were transferred into 0.1 M 

KOH aqueous solution (30 mL) contained in a Teflon-lined stainless-steel autoclave. After 

heating the autoclave for 5 h at 120 °C and allowing it to cool to room temperature, light grey 

Ni(OH)2/NF nanoarrays were obtained after washing with deionized water and drying in air. 

To synthesize Ni2P/NF, low temperature calcination was used.  A 1:10 weight ratio of 

Ni(OH)2/NF and Na2H2PO2•H2O were placed on opposite ends of a ceramic boat with Na2 

H2PO2•H2O located at the upstream side. The samples were then heated for 30 min at 300 °C 

under inert Ar environment, resulting to the formation of black Ni2P/NF powders.93       

  

4.2. Solid-state reduction  

Solid-state reactions involve the direct reaction of a phosphorus source (Na3P, P, yellow or red 

phosphorus) and metal precursors (Fig. 5). The successful formation of metal phosphides in 

this type of reaction depends highly on long reaction time, high temperature and high-pressure 

systems.  

Gas Outlet

Quartz Tube

Quartz Boat

Sample

Furnace

Gas Inlet

Ar H2

(750 – 1200  C)

Fig. 5: Schematic illustration of a typical solid-state reduction reaction setup. 
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In addition to the lack of control of the resulting material characteristics from solid mixtures, 

the reactions are reported to be highly exothermic. For this reason, they must be performed in 

inert environment to control the rate of the reaction and reduce the increased reaction 

temperature. Pi et al. synthesized WP2 particles with a size of 2-3 micrometres by uniformly 

mixing and vacuum sealing (~ 7 x 10 -4 Pa) elemental phosphorus and tungsten trioxide (WO3) 

in a silica tube. The silica tube was then inserted into a muffle furnace which was heated at a 

rate of 10 °C/min to 950 °C and maintained for a period of 5 h. After cooling to room 

temperature and washing multiple times, the black particles were dried under a vacuum oven 

for 12 h at 60 °C.94 Bulk MoP was synthesized by Ge et al. by dissolving (NH4)2HPO4 and 

ammonium molybdate in water while stirring. Following drying at 120 °C and homogeneous 

mixing, the obtained powder was place in a porcelain boat and heated at a rate of 5 °C/min to 

850 °C under H2(5%)/Ar for 150 min.95 Fang et al. employed a solid-state synthesis method to 

prepare CoP and MoP hybrids via a two-step thermal treatment method. Cobalt nitrate, 

ammonium molybdate and ammonium dihydrogen phosphate were dissolved in water, 

ultrasonicated and dried in the oven at 80 °C. The solid mixture was transferred into a quartz 

tube furnace and heated at a rate of 10 °C/min to 350 °C under Ar flow (100 sccm). After 

reaching 350 °C, the temperature was reduced to 300 °C and held for 1 h. The gas flow was 

subsequently changed to H2/Ar flow (H2, 50 sccm; Ar, 50 sccm) and temperature increased 

further to 800 °C (15 °C/min) and held for 2 h to produce Co0.5Mo0.5P.96  

  

4.3. Electrodeposition  

Electrodeposition is a well-known facile and mild preparation method capable of producing 

metal phosphide structures under room temperature without the need for post synthetic 

treatment. In an electrochemical cell containing phosphorus and metal containing salts as the 

electrolyte, the ions migrate to the electrode surface (e.g. conducting substrate) in response to 

an applied external electric field (Fig. 6). Layers of the phosphorus and metal are deposited as 

a result of the redox reaction at the surface of the working electrode. The absence of a surfactant 

or capping agent means that the synthesis method can be greatly simplified. Bai et al. reported 

the preparation of Co/CoP films on Ni foam by galvanostatic electrodeposition at a current 

density of 0.5 A.cm-2 in a plating bathe containing CoSO4•7H2O, NaH2PO2•H2O and 

CH3COONa. The as prepared Co/CoP films were used as efficient catalysts for hydrogen 

evolution reactions (HER) in alkaline solution.97 Wu et al., employed a facile electrochemical 

method to prepare a NiP electrode supported on Ni foam by linear sweep voltammetry scans 
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in the range -0.3 to -0.9 V (vs Ag/AgCl) in an electrolyte containing NiCl2 and NaH2PO4 in 

water.98         

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4. Colloidal synthesis method  

The colloidal synthesis method entails the precipitation of solid nanoparticles from a 

homogeneous precursor solution. Typically, the precursor solution is made up of solvent, 

metal/non-metal precursors and organic capping agent. Upon exposure of the mixture to 

elevated temperature, the precursor dissociates into active molecular or atomic species 

(monomers) that subsequently react to generate nanoparticles. This method has proven to be 

an effective route as it allows for tailoring of physical properties such as size, shape and crystal 

phase by changing precursors, organic capping agent, reaction time, solvent, etc.99-101 

Nanoparticles synthesized using the colloidal method disperse easily in most polar organic 

solvents to form colloid suspensions that are stable.12-16 These suspensions are suitable for use 

in the production of coatings, nanofluids and thin films. Because of the simplicity of the 

apparatus required to produce colloidal nanoparticles, there is a huge potential for scaling up 

to produce quantities large enough for industrial applications.102 Unlike other traditional 

synthesis methods, colloidal reactions can be successfully conducted at lower temperatures and 

atmospheric pressure making them relatively safe. Theoretically, the colloidal synthesis 

Electrochemical workstation 

potentiostat
PC

Reference Electrode

Working Electrode

Counter Electrode 

Electrochemical Cell 

Fig. 6: Illustration of the electrodeposition method conducted using a conventional 

three-electrode system. 
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method involves two main stages: nucleation from initial homogeneous solution and growth of 

the preformed nuclei. The nucleation and growth processes are typically described by the 

Lamer and Dinegar mechanism of colloid formation.103-104 

 

4.4.1. Nucleation process   

Generally, nucleation is described as a process whereby active atomic or molecular species in 

a reaction medium merge to form nuclei where additional ions, atoms or molecules can be 

incorporated to facilitate crystal growth.105 In certain cases, this process can be observed 

physically during a reaction through formation of a precipitate or colour change of the reaction 

solution as the reaction progresses. Nucleation can occur either homogeneously or 

heterogeneously. Homogeneous nucleation takes place where atomic or molecular species 

coalesce to form nuclei in response to fluctuations in the thermodynamic concentration in the 

absence of any structural inhomogeneities (dislocations, grain boundaries, container surface, 

impurities). On the contrary, heterogeneous nucleation occurs on pre-existing nuclei, substrate, 

surface, ion, particle or dust. In the liquid phase, the presence of a stable nucleation surface 

allows for heterogeneous nucleation to take place easily.105-107 The formation of a nucleus in 

homogeneous nucleation can be delineated thermodynamically by focusing on the 

nanoparticle’s total free energy. The Gibbs free energy (ΔG) is interpreted as the sum of the 

surface free energy and bulk free energy. In the case of a spherical nanocrystal, the ΔG is 

defined as:     

                                                Δ𝐺 =  
4

3
π𝑟3𝛥𝐺𝑣 + 4π𝑟3𝑦                                    (eq. 14)  

 

                                                        𝛥𝐺𝑣 =  
−𝑘𝜷𝑇𝑙𝑛(𝑆)

𝑣
                                        (eq. 15)    

 

Where r is the radius, ΔGv is the bulk free energy change of the crystal, y is the surface energy. 

The crystal free energy depends on the Boltzman’s constant kβ, temperature (T), 

supersaturation of solution (S), and its molar volume (v).   

Plotting the Gibbs free energy against the radius (Fig. 7) results in a plot that demonstrates the 

effect of the Gibbs bulk free energy on the negative term and the effect of the surface energy 

(y) on the positive term.106, 108-109 Additionally, the plot shows that at a critical cluster radius 

(rc) there is a maximum Gibbs energy. The rc is then described as the smallest radius of particles 

in a cluster that are stable in solution. In the case where the cluster radius is smaller than rc, 



19 

 

instability dominates in the cluster of particles and will re-dissolve in solution. However, for 

clusters with a radius that is bigger than rc, growth is favoured due to the stability of the cluster 

of particles. By using dΔG/dr = 0, one can solve for rc  from equation 15 which gives 

                                𝑟𝑐 =  
2𝑦

∣𝛥𝐺𝑣∣
=  

2𝑦𝑣

𝑘𝛽𝑇𝑙𝑛(𝑆)
                                      (eq. 16)         

The nucleation rate for N particles at time t can be expressed using the Arrhenius equation 

where the energy barrier to nucleation is the activation energy, hence nucleation is considered 

a statistical process where the nucleation rate dN/dt is expressed as 

                                     
𝑑𝑁

𝑑𝑡
=  𝐴(

−𝛥𝐺𝑐

𝑘𝛽𝑇
)                                         (eq. 17) 

                           
𝑑𝑁

𝑑𝑡
=  𝐴𝑒(

16𝜋𝑦3𝑣2

𝑘𝛽
3 𝑇3(ln (𝑆))2)                                     (eq. 18) 

 

 

 

 

 

 

 

 

 

 

LaMer et. al. innovated a theory which explained homogeneous nucleation during the 

formation of colloidal nanocrystals.103, 110 According to LaMer’s theory, homogeneous 

nucleation is described as a process where the formation of many nuclei of the same size occurs 

when there is a burst of nucleation in response to supersaturation in a solution. Subsequent to 

nucleation, the pre-formed nuclei grow into crystals without formation of any new nuclei. A 

Fig.  7: A graph showing the relationship between the Gibbs free energy versus the radius 

of the clusters.   

F
re

e
 e

n
er

g
y
, 



20 

 

three-step mechanism is used to fully described this process (Fig. 8). The first step describes 

the formation of monomers from the decomposition of precursors in solution. Monomer 

formation continues until the solution reaches a critical supersaturation (Cs). In the second step, 

saturation increase until it reaches a level Cmin, whereby burst nucleation occurs because the 

barrier to nucleation has been overcome.  

 

 

 

 

 

 

 

 

 

 

Lastly, burst nucleation causes a decrease in monomer concentration which stops nucleation 

and therefore results in the decrease in supersaturation level. From this point forward, nuclei 

growth occurs through diffusion of monomers to the sites of nucleation. LaMer and Dinger’s 

mechanism only holds for monodispersed colloidal nanocrystals, it cannot be used to explain 

cases where formation of nanocrystals with a wide size distribution dominates.105  

  

4.4.2. Growth process 

A decrease in the rate of nucleation results in the accelerated growth of the preformed nuclei. 

The growth of the nanoparticles is best explained by the Ostwald ripening process.105, 112 

According to the Ostwald process, larger particles grow at the expense of the smaller particles. 

The smaller particles in solution are characterized by high surface energy and solubility which 

makes them unstable. As a result, the monomers making up the smaller particles will segregate 

and diffuse in the solution to attach to the larger particles which are more stable. Through time, 

Fig.  8: Graphical representation of the LaMer and Dineger's nucleation mechanism.111 
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the number of larger particles will continue to increase, while the number of smaller particles 

decrease. As this process continues, the average size of particles will become bigger. This 

phenomenon is undesirable when attempting to synthesize smaller sized particles with a narrow 

size distribution. Therefore, the burst nucleation step is important in the formation of colloidal 

nanoparticles. Another possible mechanism is the Finke-Watzky two step mechanism where 

nucleation and growth occur at the same time. In this mechanism, slow and continuous 

nucleation is followed by autocatalytic growth of the nanocrystals directly from the precursors. 

This type of growth is not controlled by monomer diffusion.113     

In the preparation of TMPs, successful formation of the metal-phosphorus bond during 

colloidal synthesis (Fig. 9) is dependent on the high temperature decomposition (≥ 300 °C) and 

subsequent reaction between the phosphorus and metal salt precursors in high boiling point 

solvents (e.g. 1-octadecene, octyl ether, squalene, oleylamine and squalene).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Trioctylphosphine (TOP, P(C8H17)3), triphenylphosphine (TPP, P(C6H5)3) and tri-n-

octylphosphine oxide (TOPO, PO[CH3)(CH2)7]3) are the commonly used P sources, with TOP 

being the most attractive and versatile source.114-17 The catalytic cleavage of the P-C bond in 

TOP at elevated temperature results in the phosphirization of the metal precursors (e.g. metal 

oxides, metal chlorides, metal acetate hydrates, metal carbonyls and metal acetylacetonates) to 

form M-P bonds. The coordinating ability of TOP allows for efficient formation of phosphines 

and can also facilitate the formation of various sizes and morphologies. McEnaney et. al. 

Metal salt

+

Phosphorus source

+

High boiling solvent

H2O OUT

N2

Heat

Thermometer

H2O IN

Rapid Heating

220 – 350  C

Amorphous metal phosphide

Crystalline metal phosphide

Annealing 

Stirrer bar

Fig. 9: General schematic representation of the colloidal synthesis method. 
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employed a solution-phase synthesis method in which a mixture of squalene, trioctylphosphine 

and Mo(CO)6 in a 50 mL three-necked, round-bottom flask was heated for 2 h and 320 °C. The 

reaction yielded uniform, discrete and amorphous nanoparticles with an average size of 4 

nm.118 The same authors reported the synthesis of amorphous WP nanoparticles with an 

average diameter of 3 nm by heating squalene, trioctylphosphine and W(CO)6 at 320 °C for 2 

h. The WP nanoparticles were deposited on Ti-foil to form a WP/Ti electrode, annealed (H2(5 

%) Ar(95%)) for 2 h at 450 °C and subsequently used as an electrocatalyst for hydrogen 

evolution reaction (HER).119 Man et al. synthesized electrocatalytically active spherical NiP 

nanoparticles (~ 7 nm) by mixing nickel acetate tetrahydrate, oleylamine, trioctylphosphine 

and tri-n-octylphosphine oxide in a 100 mL three necked round bottom flask. Trace oxygen 

and moisture were removed under vacuum and the mixture was heated under N2 flow for 2 h 

at 300 °C. After cooling the mixture naturally to room temperature, excess ethanol was added 

to precipitate out the nanoparticles which were collected by centrifugation.120 Due to the 

susceptibility of the phosphines to oxidation, an inert environment is needed for the synthesis 

of oxygen free metal phosphides. The colloidal synthesis method is sparingly reported in the 

preparation of TMPs and hence this study aims to close that knowledge gap.  

 

5. Performance parameters for HER 

The electrochemical activity of HER electrocatalysts in acidic media can be assessed using a 

variety of parameters which allow for comparison of different electrocatalysts prepared by 

various researchers in the field of hydrogen production. The commonly used parameters such 

as overpotential, Tafel slope, exchange current density and stability are discussed below as they 

provide valuable information about the catalytic properties of an ideal electrocatalyst.   

 

5.1. Overpotential (ƞ) 

Under standard conditions (T = 298 K, PH2 = 1 atm), the electrode potential for HER is defined 

as zero. However, an additional potential is required to start the HER reaction. The extra 

potential required to initiate the reaction in the presence of an electrocatalyst is known as the 

overpotential (ƞ), formerly described as the difference between the equilibrium and applied 

potential.121 To allow for unbiased comparison, the overpotential required to produce current 

density of 10 mA.cm-2 (Fig. 10) are generally reported for catalysts, and a smaller ƞ indicates 

more efficient catalytic activity.122  
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The value of the overpotential obtained directly from HER is usually higher than the true value 

as it carries contributions from ohmic drop emanating from the interfaces of the electrocatalyst 

and the acidic solution. To account for this ohmic drop, IR compensation method is used to get 

a precise value of the overpotential using the following relationship.  

                                                            Ecorrected = IR                                           (eq. 19) 

               Ecorrected = Euncorrected - Ecorrection = Euncorrected – IR                   (eq. 20) 

Where R is the resistance, E is the potential and I is the current through the system. Most 

electrochemical workstation are capable of determining the value of R directly.123   

 

5.2. Tafel slope and exchange current density 

The Tafel slope is another important parameter that is used to evaluate the catalytic activity of 

an electrocatalyst. The activity of an electrocatalyst is evaluated using linear sweep 

voltammetry (current density vs overpotential). By replotting the linear sweep voltammetry 

curve as the Tafel plot (overpotential vs log|current density|) as shown in Fig. 11(a).  
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Fig. 10: Linear sweep voltammetry demonstrating catalysts with different catalytic 

performance based on overpotential required to generate 10 mA.cm-2. 
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The Tafel slope can then be extrapolated from the linear region of the Tafel plot by fitting the 

Tafel equation (eq. 21).  

                                                         Ƞ = a + blogj                                                (eq. 21) 

Where ƞ is the overpotential, b is the Tafel slope and j is the current density. The extrapolated 

Tafel slope (Fig. 11(b)) is inversely proportional to the charge transfer coefficient, and catalysts 

with a small Tafel slope possess a high charge transfer ability.123-127 In conjunction with Tafel 

slope, current exchange density (j0) is another parameter that can be extracted from the Tafel 

plot. The exchange current density measures the rate of chemical reaction at equilibrium and 

can be extrapolated from the intercept at zero potential as shown in Fig. 11(b). A catalyst that 

is able to generate a high exchange current density is considered to be more catalytically 

active.128-129 A smaller Tafel slope therefore represents a highly active electrocatalyst. 

Additionally, the Tafel slope is used to understand the reaction pathway and rate determining 

step (RDS). Theoretically, the calculated Tafel slope of 118.2, 39.4, and 29.6 mV.dec-1 

corresponds to the Volmer, Heyrovsky and Tafel reactions, respectively. In the case where the 

experimentally determined b is closer to 118.2 mV.dec-1, the RDS is the Volmer reaction, and 

kinetics for adsorption of H-atoms onto the surface of the catalysts is sluggish. The Heyrovsky 

reaction is the RDS when b is around 39.4 mV.dec-1, and the desorption process controls the 

generation of H2. If b is closer to 29.6 mV.dec-1, the rate-limiting step is the combination of 

adsorbed H atoms and H2 desorption.130-133   
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Fig. 11: (a) A plot of overpotential vs log|current density (b)Tafel slopes of two catalyst 

exhibiting different activity as extrapolated from the linear region of the overpotential 
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5.3. Stability 

The ability to reuse a catalyst is important in practical applications such as hydrogen evolution 

reaction. Cyclic voltammetry (CV) and chronopotentiometry or chronoamperometry are the 

commonly used methods to study the stability of an electrocatalyst. In CV, multiple potential 

sweeps (e.g. 1000 cycles) are recorded and a comparison is done between the initial and the  

final cycle (Fig. 12).   

 

 

 

 

 

 

 

 

 

 

 

 

A small change in overpotential or onset overpotential between the 1st and 1000th  cycles at 

constant current density indicates a highly stable electrocatalyst. A larger change in 

overpotential and onset potential after multiple cycles indicates an easily degradable catalyst.  

Chronopotentiometry (or chronoamperometry) focuses on the time dependence of the potential  

(or current density) at a constant current density (or overpotential) of an electrocatalyst. The  

measurements are conducted over long periods of time (> 12 h) and the durability of the 

electrocatalyst is determined by the changes in current density and overpotential through time. 

A catalytically stable electrocatalyst is marked by little variations of the overpotential or current 

density through time.134-136 
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6. Enhancing electrocatalytic performance of TMPs 

Even though the intrinsic properties of TMPs render them suitable catalysts for HER, their 

electrocatalytic performance can still be enhanced through structural modification using a 

variety of strategies. The commonly used strategies to improve catalytic activity such as 

varying the phosphorus content, doping, crystallinity and incorporation of conducting support 

are discussed below.  

 

6.1. Tuning M:P stoichiometric ratio 

The crystal structure of transition metal phosphides can be visualized as the doping of P atoms 

onto the metal crystal lattice. Pure metals show poor catalytic activity towards HER due to the 

high binding energy interaction between the hydrogen ions (H+) and metal atoms on the surface 

which inhibit rapid hydrogen dissociation. The incorporation of P atoms therefore plays an 

important role in the excellent catalytic activity observed in TMPs.137-139 The phosphorus 

anions create a ligand effect (i.e. ensemble effect) by altering the density of electron around the 

metal cations which facilitate rapid hydrogen dissociation from the surface of the metal 

phosphides. Xiao et al. reported a comparative study of the activity of Mo, Mo3P and MoP as 

electrocatalyst in HER in both acidic and alkaline solutions. Results indicated that the catalyst 

with the highest degree of phosphirization (i.e. MoP) possessed the highest catalytic activity 

and stability over Mo and Mo3P. The observed catalytic activity order was MoP > Mo3P > Mo. 

Theoretical calculations from DFT revealed that the phosphirization of Mo to form MoP 

reduced its hydrogen binding energy to nearly zero and hence the remarkable catalytic 

performance.81 Different phases of monodispersed nickel phosphide (Ni12P5, Ni2P and Ni5P4) 

nanocrystals were prepare by Pan et al. by varying the P:Ni precursor ratio using a thermal 

decomposition synthesis method. The results showed that the Ni5P4 nanocrystals with the 

highest content of P (44 at %) showed the highest catalytic activity due to the ensemble effect 

of P.83 Cho et. al. successfully transformed Fe nanoparticles through phosphirization into Fe2P 

and FeP nanoparticles with well controlled morphology. Similarly, the HER results showed 

that the FeP nanoparticles displayed superior catalytic activity requiring a small overpotential 

than Fe2P to produce current density of 10 mA.cm-2.140 All the upper-mentioned studies show 

that the highest catalytic activity is commonly observed in electrocatalysts with high P content. 
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6.2. Elemental alloying or doping 

The introduction of a foreign element (metal or non-metal) in the crystal lattice of TMPs is 

another way used in the development of highly active HER electrocatalysts. The dopant atoms 

tune the electronic properties by increasing the electron density of the host catalysts, which in 

turn allows the positively charged P atoms to efficiently capture protons due to the increased 

electrostatic affinity, while the positively charged metal atoms act as hydride acceptor sites. 138, 

141-142. Additionally, dopant atoms have been known to introduce defect-sites which exhibit 

improved hydrogen adsorption properties as determined by DFT calculations. For instance, 

Kibsgaard and Jaramillo employed a post-sulfidation method to successfully incorporate sulfur 

(S) onto the surface of molybdenum phosphide (MoP) to produce molybdenum phosphosulfide 

(MoP/S). A HER comparative study between MoP and MoP/S revealed that overpotentials of 

117 and 86 mV, respectively, were required to produce current density of 10 mA.cm-2. The 

different in catalytic activity was attributed to the synergistic effect between the phosphorus 

and sulfur atoms which promote the formation of a high-surface area mixed anion catalysts 

with activity higher than those of pure phosphide or sulfide catalysts.143 Wang et. al. 

synthesized a porous Mo-W-P nanostructure through in-situ phosphidation of molybdenum 

tungsten oxide (Mo-W-O) nanowires grown on carbon cloth (CC). The catalytic activity of 

pure MoP nanosheets and Mo-W-P were subsequently studied. Mo-W-P displayed the highest 

catalytic activity compared to MoP, requiring very low overpotential of -138 mV to produce 

current density of 100 mA.cm-2 in 0.5 M H2SO4. The superior catalytic activity was attributed 

to strong synergistic effect of W and Mo atoms in the Mo-W-P, porous nanosheet structure and 

the 3D conductive scaffolds which formed due to the introduction of the W dopant.144 Yan et. 

al. illustrated the positive effect of Cu doping on HER activity using density functional density 

(DFT). Compared to CoP/CP and Cu3P/CP, Cu0.075Co0.925P/CP had the smallest hydrogen 

adsorption free energy (ΔGH), an important property influencing the catalytic activity of an 

electrocatalyst.145  

 

6.3. Introduction of conducting carbon support 

Electrical conductivity, an important intrinsic property of an electrocatalyst, can be tuned by 

supporting the catalyst on a high surface area conducting support. Electrocatalysts with poor 

conductivity require very high overpotentials to generate current densities rendered practical 

in hydrogen evolution reactions. A support therefore improves the dispersion of the active 
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phase allowing for optimum exposure of the active sites while contributing to its conductivity. 

The widely used support for TMPs are carbon-based materials. These materials are chosen 

because of their inertness in HER enabling researchers to specifically study the catalytic 

activity of the active phase and because they are commercially available, possess a high surface 

area and are highly conducting. Du et. al. prepared C60-decorated Ni-Co-P and C60-free Ni-Co-

P electrodes for application as catalysts in HER. Electrochemical impedance spectroscopy 

results revealed that the C60-decorated Ni-Co-P exhibited faster hydrogen-adsorption kinetics 

and charge-transfer kinetics which promoted its electrocatalytic performance over the C60-free 

Ni-Co-P catalyst.146 Tungsten phosphide nanorod arrays grown on carbon cloth (WP NAs/CC) 

were prepared by Pu et. al. and used as a stable and efficient electrocatalyst at all pH values. 

The WP NAs/CC cathode displayed superior catalytic activity needing an overpotential of 130 

mV to afford current density of 10 mA.cm-2 and remained active even at the end of 5000 CV 

cycles. Notably, the WP NAs/CC catalyst was found to be active in neutral, acidic and alkaline 

solutions. The researchers reported that the efficient activity was only ascertained due to direct 

immobilization of the active phase on the carbon cloth rather than using polymer binders such 

as Nafion as film-forming agents during electrode preparation. Polymer binders block active 

sites resulting to reduced catalytic activity.147 Yan et al. employed a robust assembly method 

to uniformly anchor cluster-like MoP nanoparticles on reduced graphene oxide (MoP/rGO) for 

use as a catalyst in HER. BET surface area measurement of MoP/rGO and MoP were found to 

be 160.2 and 5.4 m2.g-1, respectively. The even distribution of MoP on rGO gave rise to a high 

surface area catalyst with a high proportion of active sites, which exhibited high catalytic 

activity compared to the unsupported MoP nanoparticles.148 

 

6.4. Crystallinity tailoring 

The performance of catalysts in HER is highly dependent on the amount of active catalytic 

sites exposed on its surface. Decreasing the size of the nanoparticles is the most reported 

strategy that is used to increase the surface area of catalysts which in turn result in more 

exposed active sites on the surface. Recently, amorphous structures have been reported to 

possess more active sites than their crystalline counterpart and hence display improved 

catalytic activity. The surface of amorphous structures is characterized by asymmetrical 

bonding which consist of a substantial density of unsaturated sites. The high surface energy 

associated with unsaturated sites (i.e. dandling bonds) favours the adsorption of protons on the 
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catalyst surface resulting in improved catalytic activity.149-150 For instance, Zhao et al. 

conducted a comparative study between amorphous and crystalline NiP catalysts in HER. 

Hydrophilicity, an important factor affecting catalytic performance, was measured to fully 

delineate the observed catalytic activity difference. It was found that the amorphous NiP had a 

smaller contact angle (36.1°) compared to the crystalline phase (44.7°) and hence considered 

more hydrophilic.151 Hydrophilic surfaces allow for increased interaction between the catalyst 

surface and electrolyte which promote the desired reaction.152 Beltran-Suito et al. reported on 

the preparation of amorphous and crystalline CoP nanoparticles using two different preparation 

routes. The catalytic performance results revealed that the amorphous phase outperforms the 

crystalline CoP counterpart. The high catalytic activity of the amorphous CoP was attributed 

to its susceptibility to dissolution of P from the arbitrarily oriented bonds and structural 

flexibility which promote formation of an increased number of unsaturated sites. The 

unsaturated sites accelerated reactant adsorption, as supported by a high electrochemically 

active surface area.153 Xu et al. employed a facile method to prepare amorphous np-(NixFe1-

x)4P5 catalysts for overall water splitting. Owing to the amorphous nature of the catalysts in 

conjunction with doping, the amorphous np-(NixFe1-x)4P5 catalyst displayed excellent catalytic 

activity requiring overpotential of only -245 and -120 mV to generate a current density of 10 

mA.cm-2 for OER and HER in 1 M KOH, respectively. The overall water-splitting produced 

current density of 10 mA.cm-2  at overpotential of 1.62 V, which was comparable to activity of 

the highly active Pt/C-Ir/C catalyst.154 
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Chapter 3 

Delineating the role of crystallinity in the electrocatalytic 

activity of colloidally synthesized MoP nanocrystals 

 

1. Introduction 

The human footprint on natural energy resources has become increasingly apparent as the 

human population and urbanization continue to increase. This rapid increase has resulted in the 

decline of natural sources of energy which in turn has sparked interest towards the discovery 

of renewable and eco-friendly energy reservoirs.1-3 Molecular hydrogen has been proposed as 

one of the alternative energy carriers capable of meeting today’s high energy demand due to 

its high energy density, light molecular weight and non-toxicity.4-5 Unlike oxygen, molecular 

hydrogen does not exist freely in nature; it occurs mostly as part of other compounds (e.g. H2O, 

C2H6) and must be harvested from the compounds that contain it.6 Lately, electrocatalytic 

hydrogen evolution reaction (HER) has proven to be a promising method that can be used to 

generate hydrogen. Hydrogen evolution reaction ( 2H+ + 2e- → H2)  is an exemplar of water 

electrolysis which involves the conversion of hydronium ions (H+) in acidic solution in the 

presence of an electrocatalyst to produce hydrogen gas. The electrocatalyst is the most 

important component in HER as it minimizes the overpotential required for hydrogen 

generation.7-11 To date, platinum group metals (PGMs) and its alloys (e.g. Pt12, Pd13, 

CuPdPt/C14, Pt-MoS2
15 and PtCo16) are still the most efficient catalysts in electrocatalytic 

hydrogen evolution due to their superior acidic stability and the ability to produce high 

exchange current densities at low overpotential. Owing to their scarcity and exorbitant market 

value, the potential for use in commercial scale hydrogen production has been inhibited. 

 

The challenge currently lies in finding abundant and cheaper alternatives to PGM-based 

materials to enable a tenable hydrogen industry that would allow for practical use of hydrogen 

gas as an energy carrier.17 A wide variety of Mo-based HER electrocatalysts such as 

molybdenum oxides18, nitrides19, and chalcogenides20 have been fabricated for use as potential 

noble-metal free electrocatalysts. Recently, transition metal phosphides (TMPs) such as CoP21, 

NiP22, MoP23, WP24 and FeP25 have been recognized as promising acid stable HER 

electrocatalysts. High efficiencies have been obtained with these as they possess an electronic 
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structure resembling that of Pt and have high hydrogen adsorption capacities. Among the 

variety of TMPs, molybdenum phosphide (MoP) is particularly interesting due to its cheapness, 

high electrocatalytic activity and robustness to dissolution in an acidic media.26 The synthesis 

of MoP is often done using the less desirable gas-solid and solid-state reduction reactions which 

depend highly on toxic reagents, long reaction time, high temperature and pressure systems27-

28. Owing to these environmentally unfriendly conditions, the colloidal synthesis method has 

emerged as a suitable alternative as it uses low temperatures (< 350 °C), cheap equipment and 

permits scaling up with ease.29  Additionally, reaction parameters (i.e. temperature, time, 

solvent etc.) can be systematically varied to allow for control of the size and shape of the 

nanoparticles, which in turn influence catalytic activity.30-31 

 

For instance, McEnaney et al. reported a solution phase synthesis of highly active amorphous 

MoP nanocrystals (~ 4 nm) with a small Tafel slope of 45 mV/dec which remained stable for 

up to 500 cycles in acidic environment.32 Xiaobo et al. did a comparative study of Mo, MoP 

and Mo3P, which showed that the high content of phosphorus in MoP was responsible for its 

superior catalytic activity. Their study showed that the introduction of P in the crystal lattice 

of Mo created a hydrogen delivery system which facilitates the ease of dissociation of H from 

the surface of MoP due to low binding energy.33 Ren et al. rationally prepared MoP 

nanocrystals embedded on an N, P-codoped carbon support. Their results showed that small 

crystalline MoP nanocrystals in conjunction with a conductive carbon support displayed 

excellent activity and remained stable for up to 1000 cycles.34 Ge et al. employed a SiO2-

template-assisted strategy to synthesize highly crystalline 3-dimensional N, P-codoped 

graphite carbon nanosheets (3D MoP/NPG) for HER. The results showed the 3D MoP/NPG 

composite had superior catalytic activity due to the synergistic effect between MoP and the N, 

P-codoped graphite carbon nanosheets. DFT calculations revealed that charge transfer kinetics 

were facilitated due to the synergistic interaction between MoP and the carbon sheets which 

resulted in improved catalytic activity.35  

 

Despite these achievements, a more detailed evaluation of the aforementioned studies revealed 

that their focal point is on the electrocatalytic activity of either amorphous or crystalline MoP, 

there are no reports centered on the rationalization of the activity differences observed between 

amorphous and crystalline MoP electrocatalysts. In this work, we report the utilisation of the 

molybdenum pentachloride (MoCl5) precursor to prepare small, shape controlled and highly 

dispersed amorphous MoP nanocrystals using a one pot colloidal synthetic route. The 
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nanocrystals retained their shape and dispersity even after crystallization through exposure to 

elevated temperatures (800 °C, N2). Furthermore, we demonstrate that even though both 

amorphous and crystalline MoP are active and acid stable HER catalysts, the amorphous phase 

is more catalytically active due to its low charge transfer resistance facilitated by a high density 

of unsaturated sites found on its disordered surface. 

 

2. Experimental  

2.1  Chemicals and Materials 

Molybdenum pentachloride [95%, MoCl5, Sigma-Aldrich], trioctylphosphine [90%, TOP, 

Sigma-Aldrich], 1-octadecene [90%, 1-ODE, Sigma-Aldrich], sulfuric acid [Associated 

Chemical Associate], hexane [95%, Sigma-Aldrich], Nafion (5 wt%, Sigma-Aldrich) 

commercial Pt/C (Tanaka Kikinzoku Kogyo K.K., 20 wt%) were used as received without 

further purification. Deionized water used to prepare the 0.5 M H2SO4 solution was purified 

using a Millipore system. 

   

2.2  Synthesis of amorphous molybdenum phosphide nanocrystals  

Molybdenum pentachloride (0.5 mmol), trioctylphosphine (11 mmol), and 1-octadecene (7.8 

mmol) were mixed in a 100 mL three-neck round bottom flask equipped with a thermometer, 

condenser, oil bubbler, heating mantle, and magnetic stirrer. To ensure inert conditions and to 

remove moisture, the mixture was heated to 140 °C while purging N2 for 15 min. The 

temperature was then increased to 340 °C and maintained for 6 h. After 6 h, the heating mantle 

was removed, and the reaction mixture was saturated with hexane to allow for the rapid cooling 

and precipitation of the nanoparticles. The nanoparticles were then isolated through 

centrifugation (7000 rpm, 10 min), washed multiple times with hexane and dried overnight at 

room temperature. The conversion from amorphous to crystalline MoP was done through heat 

treatment of the resultant black powders at 800 °C under N2 for 2 h. The amorphous 

nanocrystals were denoted as A-MoP, the heat-treated as C-MoP.  

 

2.3  Electrochemical measurements and preparation of working electrode 

The electrochemical measurements were conducted using an Epsilon E2 potentiostat. The 

electrocatalytic activity of the synthesized nanocrystals was tested in 0.5 M H2SO4 using a 

conventional 3-electrode configuration employing linear sweep voltammetry (LSV) at a scan 

rate of 1 mV.s-1. All measurements were performed using an Ag/AgCl/3 M KCl reference 
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electrode and Pt wire as the counter electrode. The working electrode was a MoP coated glassy 

carbon (diameter = 3 mm, SA = 0.07065 cm2). The durability studies were conducted using a 

sweep scan rate of 50 mV.s-1 for 1000 cycles using cyclic voltammetry. All potentials are 

presented with respect to the reversible hydrogen electrode (RHE). Measurements were 

performed under ambient conditions. The current density was normalized to the geometrical 

area of the working electrode and IR correction was applied for all electrochemical 

measurements. The working electrode was prepared using previously reported procedures with 

slight modifications36. The catalyst ink was prepared by dispersing 5 mg of MoP and 0.5 mg 

(10 %) of carbon black (Vulcan) in a mixture of water (495 µL), ethanol (495 µL) and 10 µL 

of 5 % Nafion solution. The resultant catalyst ink was sonicated for 30 min at room temperature 

to achieve homogeneity, then 5 µL aliquot was pipetted onto the glassy carbon electrode and 

allowed to dry at RT before use. The amount of MoP loaded on the glassy carbon was kept 

constant at catalyst loading of 0.35 mg.cm-2. The Ag/AgCl/3M KCl reference electrode was 

recalculated with respect to the reference hydrogen electrode (RHE) by adding a value of 

(0.197 + 0.059 pH). The potentials reported in this study are all against RHE. Electrochemical 

impedance spectroscopy (EIS) measurements were conducted at -0.25 V (vs Ag/AgCl) using 

5 mV amplitude AC signal at a frequency range of 105-0.1 Hz. To confirm the resistance of the 

electrodes, the corresponding semicircles was fitted to a specific equivalent circuit using the 

EC-Lab software. The Electrochemical Impedance Spectroscopy measurements were 

conducted using a 3 electrode configuration using the SP-300 Potentiostat-Bio-Logic 

instrument.  

 

2.4  Materials characterization  

Powder X-ray diffraction (PXRD) analysis was conducted using a Bruker D2 phaser (D2-

205530) diffractometer with Cu Kα1 radiation (λ = 1.54060 Å) at 30 kV and 10 mA.  

Measurements were taken over 2θ angle range 5 – 90° in steps of 0.026° with a step time of 5 

s at ambient temperature. X-ray photoelectron spectroscopy (XPS) analysis was conducted 

using a Physical Electronics PHI 5700 spectrometer. Non-monochromatic MgKα X-rays (300 

W, 15 kV, and 1253.6 eV) were used as the excitation source. The spectrometer energy scale 

was calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7, 368.3, and 

84.0 eV, respectively. Samples were mounted on a sample holder without adhesive tape and 

kept overnight at high vacuum in the preparation chamber before being transferred to the 

analysis chamber for testing. The spectra were collected in the constant pass energy mode at 
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29.35 eV. The residual pressure in the analysis chamber was maintained below 1.33 X 10-7 Pa 

during the spectra acquisition with a multi-channel hemi-spherical electron analyser. 

Transmission electron microscopy (TEM) images were collected using a FEI Technai T12 

TEM operated at an accelerating voltage of 120 kV with a beam spot size of 2 in TEM mode 

and an EDX detector, operated at 120 kV. High resolution transmission electron microscopy 

(HRTEM) images, high angle annular dark field (HAADF) scanning transmission electron 

microscopy and energy dispersive X-ray (EDX) elemental mapping images were attained using 

a JEOL JEM 2100 instrument operated at 200 kV. TEM samples were prepared by dispersing 

the nanoparticles in hexane, sonicated for 30 min, after which they were deposited on a copper 

grid and allowed to dry at room temperature before analysis.   

 

3. Results and discussion  

3.1. Structural and electronic characterization  

PXRD was used to evaluate the structural characteristics of the A-MoP and C-MoP 

nanocrystals as shown in Fig. 1. The XRD pattern of A-MoP displayed a dominant broad peak 

centred at 42° 2θ, indicating the amorphous nature of the nanocrystals. As the nanocrystals 

were annealed at 800 °C for 2 h, more keen-edge peaks appeared indicating complete 

crystallization of the nanocrystals. The resultant crystalline pattern of C-MoP was matched 

with those delineated as the hexagonal phase of molybdenum phosphide (PDF 00-024-0771) 

with the lattice constant a = 3.2220 Å, b = 3.2220 Å and c = 3.1910 Å.   
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Fig. 1: X-ray diffraction patterns of (a) A-MoP and (b) C-MoP nanocrystals. 
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The formation of the pure MoP phase upon annealing without any detectable impurities can be 

used as supportive evidence that the amorphous nanocrystals had a composition close to that 

of MoP. TEM images of the A-MoP nanocrystals (Fig. 2(a)) showed that they formed small 

quasi-spherical nanocrystals with an average particles size of 2.17 nm (Fig. S1(a), SI). 

Consistent with the XRD pattern, the HRTEM of A-MoP showed no observable lattice fringes 

(Fig. 2(b)) and the corresponding selected-area electron diffraction (insert: Fig. 2(c)) pattern 

only showed diffuse rings indicating that the nanocrystals lacked long range crystalline 

ordering.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Upon heating to aid crystallization, the C-MoP nanocrystals (Fig. 2(d)) grew to an average size 

of 11.65 nm (Fig. S1(b), SI). The increased nanoparticle size was attributed to the instability 

of the small (~ 2.1 nm) nanocrystals at high temperature and Ostwald ripening which resulted 

to the fusion and growth of the already formed amorphous nanocrystals.37 Contrary to the 

increased nanocrystal size subsequent to annealing; C-MoP nanocrystals underwent no 

(d)

(a) (b) (c)

(e) (f)

Fig. 2: TEM images of (a) A-MoP, (b) HRTEM image of A-MoP and (insert c) the 

corresponding SAED pattern, (d) TEM images of C-MoP, (e) HRTEM image of C-MoP 

and (insert f) corresponding SAED pattern. 
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observable change in their quasi-spherical morphology. HRTEM of C-MoP (Fig. 2(e)) showed 

well-resolved lattice fringes of the (100) plane with interplanar spacings of 2.8 Å. The presence 

of spotty diffraction rings in the SAED (insert: Fig. 2(f)) pattern together with the presence of 

lattice fringes supported the observation of the transformation from amorphous to crystalline 

MoP nanocrystals as shown in XRD patterns. The high-angle annular dark-field scanning TEM 

(HAADF-STEM) of the amorphous A-MoP (Fig. 3(a)) and crystalline C-MoP nanocrystals 

(Fig. 3(b)) showed that Mo, P and O were dispersed homogeneously in the nanocrystals. The 

O was a result of oxidation on the surface of the nanocrystals and capping agent. EDX 

spectroscopy (Fig. S2(a) and S2(b), SI) provided further insight on the compositional properties 

of the amorphous and crystalline nanocrystals. The single spot scans indicated the presence of 

P and Mo in both the amorphous and crystalline forms of MoP.  

 

Fig. 3: (a) HAADF-STEM image and elemental mapping of amorphous A-MoP, and (b) 

HAADF-STEM image and elemental mapping of crystalline C-MoP nanocrystals. 

X-ray photoelectron spectroscopy (XPS) was employed to further substantiate the 

compositional properties and surface electronic information of the amorphous (A-MoP) and 

highly crystalline (C-MoP) nanocrystals. Shown in Fig. 4(a) is the survey spectrum of A-MoP 

which manifests clear signals of the elements O, Mo, C and P. The high-resolution P 2p 

spectrum (Fig. 4(b)) showed a doublet at 128.9 eV (P 2p3/2) and 129.8 eV (P 2p1/2) assigned to 

P in the P-Mo bond. Additionally, the signal at 133.6 eV (P 2p3/2) corresponded to the P-O 

bond. The P-O bond emanates from the surface oxidation of the P atoms (PO4
3- or P2O5) upon 

exposure to air.38 The deconvolution of the high-resolution spectrum of Mo 3d resulted in five 

peaks (Fig.  4(c)), ascribed to Mo0 (227.8 eV), Mo3+ (228.6 eV), Mo6+ (230.9 eV) and Mo4+ 

(232.7 eV) and Mo6+ (235.8 eV) species.39 The Mo0 peak can be accredited to the presence of 

Mo-C bonds, which creates the HER actives sites.40-42 Mo4+ and Mo6+ were assigned to MoO2 

Mo

P Mo O

OP

(a)

(b)
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and MoO3 species resulting from surface oxidation of amorphous MoP upon exposure to air.40 

PXRD pattern (Fig.  S3, SI) of long-term stored A-MoP nanocrystals showed no peaks 

matching to the oxide species of molybdenum (i.e. MoO2 and MoO3) indicating that they only 

exist on the surface of the nanocrystals. The C 1s spectrum (Fig.  S5, SI) was deconvoluted to 

three signals with binding energies of 284.5, 286.2 and 288.6 eV, corresponding to C-C, C-O 

and O-C=O43, respectively. The C 1s spectrum confirms presence of carbon that originated 

from the capping agent and its oxidation.  

 

 

 

1200 1000 800 600 400 200 0

M
o

 3
d

P
 2

s

P
 2

p

C
 1

s

M
o

 3
p

 

 

In
te

n
s

it
y

 (
a

.u
)

Binding Energy (eV)

 Survey

O
 1

sA-MoP

138 136 134 132 130 128 126

 

 

In
te

n
s

it
y

 (
a

.u
.)

Binding Energy (eV)

P 2p
3/2

P 2p
1/2 P 2p

3/2

A-MoP P 2p

238 236 234 232 230 228 226

 

 

Mo
0

Mo
3+

 3d
5/2

Mo
6+

 3d
5/2

Mo
+4

3d
3/2

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)

Mo
6+

 3d
3/2

A-MoP Mo 3d

1200 1000 800 600 400 200 0

 

 

In
te

n
s

it
y

 (
a

.u
)

Binding Energy (eV)

O
 1

s  Survey

C
 1

s

M
o

 3
p

M
o

 3
d

P
 2

s

P
 2

p

C-MoP

137 136 135 134 133 132 131 130 129 128

P 2p
3/2

P 2p
3/2

P 2p
1/2

 

 

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)

C-MoP P 2p

238 236 234 232 230 228 226

Mo
0

 

 

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)

Mo
6+

 3d
3/2

Mo
+4

3d
3/2

Mo
6+

 3d
5/2

Mo
3+

 3d
5/2

C-MoP Mo 3d

Fig. 4: XPS survey spectrum of (a) A-MoP and corresponding high-resolution spectra: 
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spectra: (e) P 2p and (f) Mo 3d. 
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Similarly, the survey spectrum (Fig.  4(d)) of the crystalline (C-MoP) showed signals of the 

elements O, Mo, C and P. The high-resolution P 2p spectrum (Fig. 4(e)) showed a doublet at 

129.2 eV (P 2p3/2) and 130.0 eV (P 2p1/2) that was also attributed to P in the P-Mo bond. 

Additionally, the signal at 133.6 eV (P 2p3/2) corresponded to the P-O bond. The high-

resolution spectrum (Fig. 4(f)) of Mo 3d was deconvoluted into five peaks ascribed to Mo0 

(227.9 eV), Mo3+ (228.5 eV), Mo6+ (231.2 eV) and Mo4+ (232.1 eV) and Mo6+ (235.3 eV) 

species. Mo4+ and Mo6+ can be assigned to MoO2 and MoO3 species resulting from surface 

oxidation of MoP upon exposure to air. PXRD pattern (Fig.  S4, SI) of long-term stored C-

MoP nanocrystals showed no peaks matching to the oxide species of molybdenum. The C 1s 

spectrum (Fig. S6, SI) was convoluted to three signals with binding energies of 284.8, 286.2 

and 288.3 eV, corresponding to C-C, C-O and O-C=O, again suggesting surface oxidation.   

 

3.2. Hydrogen evolution reaction 

The electrochemical HER performance of MoP nanocrystals was assessed using a conventional 

3-electrode configuration in a 0.5 M H2SO4 solution. The representative nanocrystals were 

deposited on a 0.07 cm2 glassy carbon electrode at mass loadings of 0.35 mg.cm-2. Fig. 5(a) 

shows the linear sweep voltammetry curves (current density vs. potential) of the Pt/C, Bare 

GCE, Vulcan, A-MoP and C-MoP. The polarization curves of bare GCE and Vulcan showed 

insignificant electrochemical activity, which indicated that they had negligible contribution 

towards the observed HER activity. As a benchmark, the HER activity of the commercial Pt/C 

electrocatalyst (Tanaka Kikinzoku Kogyo K.K., 20 wt%) was assessed and displayed excellent 

electrochemical activity, ascertaining current densities of 10 mA.cm-2 at very low overpotential 

of -36 mV. The LSV curves clearly showed a difference in the electrochemical performance 

between the amorphous and crystalline nanocrystals. The A-MoP and C-MoP nanocrystals 

produced current densities of 10 mA.cm-2 at overpotentials of -235 and -317 mV, respectively. 

The catalytical performance of the amorphous A-MoP was relatively higher than that of the 

crystalline C-MoP. The electrocatalytic activity of an electrocatalyst is known to be highly 

dependent on its crystallinity. Amorphous nanocrystals lack long range crystalline ordering 

and hence are dominated by randomly oriented bonds (i.e. dangling bonds) and consist of a 

substantial density of unsaturated sites on the surface as shown in Fig. 6. The non-symmetrical 

bonding of the surface atoms results in high surface energy which promotes the adsorption of 

protons (H+) on A-MoP surface enhancing electrocatalytic performance.44-46 
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Fig. 6: Schematic diagram illustrating the structural transformation of MoP upon 

annealing. 



52 

 

Additionally, TEM images indicated an increase in particle size with increase in annealing time.  

An increase in size insinuates a lower packing density of the nanocrystals per unit volume 

which result in a small proportion of exposed active sites and hence lower catalytic activity. 

The small, microscopic interparticle distance (~ 5.210 nm) in A-MoP allowed for efficient 

particle-particle electron hopping which resulted in better conductivity as opposed to C-MoP 

which has a large interparticle distance (~ 50.68 nm) that hindered the ease of electron 

transport.47 The Tafel slope is an intrinsic property of an electrocatalyst that is used to 

comprehend the performance of an electrocatalyst and provide information about the reaction 

mechanism involved in HER. In general, it is extrapolated from LSV data using the Tafel 

equation (ƞ = b log j + a), where ƞ is the overpotential, a is a constant, b represents the Tafel 

slope and j corresponds to the current density. The value of the Tafel slope is determined by 

the rate determining step in HER and a smaller slope indicate a more active electrocatalyst. Fig.  

5(b) showed that the Pt/C electrocatalyst gave a very small Tafel slope of 31 mV.dec-1, 

characteristic of a highly active catalyst. The corresponding extrapolated Tafel slope for A-

MoP and C-MoP nanocrystals were 84 and 113 mV.dec-1, respectively. The relatively smaller 

Tafel slope of A-MoP (84 mV.dec-1) meant it was more catalytically active than the C-MoP 

nanocrystals. Classical theoretical studies reveal that HER follows a 3-reaction pathway in 

acidic media. A discharge step (Volmer reaction, eq. 1), followed by a desorption step 

(Heyrovsky reaction, eq. 2) and lastly the recombination step (Tafel reaction, eq. 3), where Had 

represent H atoms adsorbed on active sites on the surface of an electrocatalyst. The 

corresponding Tafel slopes for the Volmer (eq. 1), Heyrovsky (eq. 2) and Tafel (eq. 3) reactions 

in acidic solution are 29, 39 and 118 mV.dec-1, respectively.   

 

                        H3O+ + e− →  Had + H2O                 (Volmer)                        eq.  1 

    Had + H3O+ +  e−  →  Had + H2O    (Heyrovsky)                eq.  2 

                        Had + Had →  H2 +  H2O                       (Tafel)                           eq.  3 

 

Experimentally, the Volmer-Heyrovsky and Volmer-Tafel reactions are the two main pathways 

commonly observed for HER.47-48 The extrapolated Tafel slopes (84 - 113 mV.dec-1) in this 

study suggested a Volmer-Heyrovsky reaction pathway on both the amorphous and crystalline 

forms of MoP. The overpotentials required to reach 10 mA/cm2 and corresponding Tafel slopes 

obtained in this study are comparable to those of other non-noble metal based electrocatalysts 

(summarized in Table 1). 
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Table 1: Comparison of catalytic activity of non-noble metal electrocatalysts in 0.5 M H2SO4. 

HER catalyst Ƞ10 (mV) Tafel slope (mV.dec-1) Reference 

A-MoP -235 84 This Work  

Ni12P5 -208 75 49 

MoS2 10K -248 61 50 

MoS2 Bulk -471 100 50 

3D MoP - 126 51 

Cu3P/CF - 75.4 52 

FeP/C -157 127 53 

Bulk MoP - 79.2 54 

MoP/C -219 61 55 

NFP/C-2 -72 81 53 
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Long term durability of an electrocatalyst is an important indicator of its potential in large scale 

applications. The electrochemical stability of A-MoP and C-MoP nanocrystals on GCE was 

assessed using cyclic voltammetry (CV) sweeps in a potential range from 0 to -0.8V (vs. RHE) 

using a scan rate of 50 mV.s-1. The excellent stability of the amorphous and crystalline phases 

of MoP in an acidic medium was confirmed by the small decrease in the electrocatalytic activity 

after 1000 cycles (Fig. 5(c)). Electrochemical impedance spectroscopy (EIS) was employed to 

understand the electrical conductivity of the nanocrystal, an important intrinsic property of an 

electrocatalyst Fig. 5(d). Approximated using a simplified equivalent circuit, the charge 

transfer resistance (Rct) for A-MoP and C-MoP were 94 and 171 Ω, respectively. The small Rct 

is an indication of high electron transfer and ion exchange rate at the solution-electrocatalyst 

interface.  

 

4. Conclusion 

Molybdenum pentachloride precursor was adopted to prepare small, highly dispersed and 

shape controlled amorphous and crystalline molybdenum phosphide nanocrystals through a 

simple one-pot colloidal synthesis procedure. The nanocrystals demonstrated to be active and 

stable HER electrocatalysts in acidic media. Amorphous MoP exhibited higher electrocatalytic 

activity compared to crystalline MoP nanocrystals due to the presence of substantial density of 

unsaturated sites and low charge transfer resistance (Rct) between the acidic solution and the 

disordered surface of the amorphous electrocatalyst. The observation that amorphous 

nanocrystals were more active HER electrocatalyst than their crystalline counterpart provides 

new insights on a possible strategy that can be followed in the search for highly active non-

noble metal alternative electrocatalysts to Pt.     
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Fig. S1: The size distributions of (a) A-MoP and (b) C-MoP nanocrystals as determined 

from TEM images (N = 100).     

Fig. S2: EDX spectroscopy of (a) amorphous A-MoP and (b) crystalline C-MoP(2 h) 

nanocrystals. 
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Fig. S3: XRD pattern of long term stored amorphous A-MoP. 

Fig. S4: XRD pattern of long term stored amorphous C-MoP. 
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Fig. S6: High resolution spectra of C 1s of C-MoP. 
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Chapter 4 

Phase-dependant electrocatalytic activity of colloidally 

synthesized WP and α-WP2 electrocatalysts in hydrogen 

evolution reaction 

1. Introduction  

The current demand for energy across the globe has resulted in potentially an accelerated 

depletion of fossil fuels that have sustained the energy needs of humans for centuries. As a 

result, clean and sustainable energy technologies need to be developed to minimize energy 

shortages and the release of greenhouse gases to the environment in the future.1-3 One 

promising alternative to fossil fuels is the use of molecular hydrogen, a clean, recyclable, and 

high energy carrier.4-5 The production of hydrogen through electrochemical water-splitting has 

been of great interest simply because the electricity required for its operation can be harvested 

from other renewable energy sources such as solar, wind, turbines, and biomass.6 

Electrochemical water-splitting leading to hydrogen evolution reaction (HER) requires an 

electrocatalyst that allows the efficient hydrogen generation at the very low applied potential. 

Platinum-based materials are still the most active HER electrocatalysts reported to date. 

However, the high price and scarcity of these Pt-based materials have hindered their use in 

large scale applications.7-9 For this reason, cheaper and more abundant tungsten-based 

materials such as tungsten sulphides10, tungsten nitrides11, tungsten carbides,12 and tungsten 

phosphides13 were synthesized. Among these less expensive alternatives, tungsten phosphides 

have emerged as a promising class of non-noble metal materials with high stability and 

efficiency in both alkaline and acidic media.14-16  

 

In order to fabricate state-of-the-art tungsten phosphide electrocatalysts; factors influencing 

their catalytic activity should be fully understood. Recently, it has been established that the 

crystal phase of an electrocatalyst plays an important role in catalytic activity.17-19 For example, 

Pan et al. varied the source of the phosphide species to successfully synthesize CoP and Co2P 

phases supported on CNTs using a thermal decomposition approach. These results indicated 

that the different phases exhibited different activities towards the production of hydrogen, with 

CoP being the most efficient compared to the metal rich Co2P phase. The Co to P atomic ratios 
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between CoP and Co2P were reported to be responsible for the different electrochemical 

performances.20 Pi et al., fabricated polymorphic tungsten diphosphide (p-WP2) nanoparticles 

with mixed orthorhombic (β-) and monoclinic (α-) phases using the phosphidation route via 

vacuum encapsulation. The hybrid p-WP2 nanoparticles were found to be more active than the 

pure β- and α- phases of tungsten diphosphide as a result of improved charge transport (i.e. 

synergistic effect) and a high number of exposed active sites.21 Pan et al., synthesized 

monodispersed nickel phosphide nanocrystals with different phases (Ni12P5, Ni2P and Ni5P4) 

by simply varying the P:Ni precursor ratios using a thermal decomposition route. The results 

showed that the phosphorus rich Ni5P4 was more active than the other two phases because it 

possessed more proton-acceptor centres and thus, more active catalytic sites.22  

 

Previous studies have clearly shown that the crystal phase of an electrocatalyst is of vital 

importance in HER, but limited studies are reported on the synthesis of different phases of 

tungsten phosphide nanoparticles using solution phase synthesis. As an attempt to close this 

knowledge gap, this work reports on the colloidal synthesis of two phases of tungsten 

phosphide (WP and α-WP2) nanoparticles and their application as electrocatalysts in the HER. 

The synthesis was conducted using 1-octadecene as a solvent/reductant, tungsten hexachloride 

as a tungsten source, and trioctylphosphine as the phosphorus source. Phase transformation 

was achieved by varying the W:P molar ratio of the precursors. The resultant amorphous 

nanoparticles were exposed to high temperatures to form crystalline phases with compositions 

that can be readily identified using routine PXRD analysis. The electrocatalytic activities of 

the two crystalline phases were systematically studied.  

 

2. Experimental  

2.1. Chemicals and materials 

Tungsten hexachloride [99.9%, WCl6, Sigma-Aldrich], trioctylphosphine [90%, TOP, Sigma-

Aldrich], 1-octadecene [90%, 1-ODE, Sigma-Aldrich], sulfuric acid [H2SO4, Associated 

Chemical Associate], hexane [95%, Sigma-Aldrich], Nafion [5 wt%, Sigma-Aldrich] 

commercial Pt/C (Tanaka Kikinzoku Kogyo K.K., 20 wt%) and carbon black-Vulcan (XC 72R). 

Deionized water used to prepare the 0.5 M H2SO4 solution was purified using a Millipore 

system. All chemicals were used as received without further purification.  
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2.2. Synthesis of WP and WP2 

Trioctylphosphine (11.21 mmol), tungsten hexachloride (0.5546 mmol) and 1-octadecene 

(15.62 mmol) were mixed in a 100 mL three-neck round bottom flask equipped with a 

thermometer before refluxing. To ensure inert conditions and to remove moisture, the mixture 

was heated to 140 °C while purging N2 for 15 min. The temperature was then increased to 340 

°C and maintained for 6 h. After 6 h, the heating mantle was removed, and the reaction mixture 

was saturated with hexane to allow for rapid cooling and precipitation of the nanoparticles. The 

nanoparticles were then isolated through centrifugation (7000 rpm, 10 min), washed multiple 

times with hexane and dried overnight at room temperature. The resultant amorphous 

nanoparticles were exposed to high temperatures in order to form crystalline phases. 

Stoichiometric ratios (tungsten hexachloride:trioctylphosphine) of 1:1 and 1:20 were used to 

obtain the WP and α-WP2 phases,  respectively.  

      

2.3. Materials characterization  

Powder X-ray diffraction (PXRD) analysis was conducted using a Bruker D2 phaser (D2-

205530) diffractometer with Cu Kα radiation (λ = 1.54060 Å) at 30 kV and 10 mA. 

Measurements were taken over 2θ angle range of 5 – 90° in steps of 0.0261° with a step time 

of 5 s at ambient temperature. X-ray photoelectron spectroscopy (XPS) analysis was conducted 

using a Physical Electronics PHI 5700 spectrometer. Non- monochromatic MgKα X-rays (300 

W, 15 kV, and 1253.6 eV) were used as the excitation source. The spectrometer energy scale 

was calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7, 368.3, and 

84.0 eV, respectively. Samples were mounted on a sample holder without adhesive tape and 

kept overnight under high vacuum in the preparation chamber before being transferred to the 

analysis chamber for testing. The spectra were collected in the constant pass energy mode at 

29.35 eV. The residual pressure in the analysis chamber was maintained below 1.33 x 10-7 Pa 

during the spectra acquisition with a multichannel hemi-spherical electron analyser. 

Transmission electron microscopy (TEM) images were collected using a FEI Technai T12 

TEM operated at an accelerating voltage of 120 kV with a beam spot size of 2 in the TEM 

mode. TEM samples were prepared by dissolving the nanoparticles in hexane, sonicated for 30 

min, after which they were deposited on a carbon coated copper grid and allowed to dry at 

room temperature before analysis. Elemental analysis was performed using an Oxford 

Instruments energy dispersive X-ray spectroscopy detector fitted in a FEI Technai T12 TEM. 



66 

 

2.4. Electrochemical measurements and preparation of working electrode 

The electrochemical measurements were conducted using an Epsilon E2 potentiostat. The 

activities of the catalysts were tested in 0.5 M H2SO4 using a 3-electrode configuration 

employing linear sweep voltammetry (LSV) at a scan rate of 2 mV.s-1. All measurements were 

done using an Ag/AgCl/3M KCl reference electrode and a Pt wire as the counter electrode. The 

working electrode was a glass carbon coated with WP or α-WP2 (diameter = 3 mm, SA = 

0.07065 cm2). The stability studies of the catalysts were conducted using a sweep scan rate of 

50 mV.s-1 for 1000 cycles using cyclic voltammetry. All potentials were recorded with respect 

to the reversible hydrogen electrode (RHE). Measurements were performed under ambient 

conditions. The current density was normalized to the geometrical area of the working 

electrode and IR correction was applied for all electrochemical measurements. The working 

electrode was prepared using previously reported methods.23 The catalyst ink was prepared by 

dispersing 5 mg of WP/α-WP2 and 0.5 mg (10%) of carbon black (Vulcan) in a mixture of 

water (495 µL), ethanol (495 µL) and 10 µL of 5% Nafion solution. The resultant catalyst ink 

was sonicated for 30 min at room temperature (RT) to achieve homogeneity, and then a 5 µL 

aliquot was pipetted onto the glassy carbon electrode and allowed to dry at RT before use. The 

amount of WP/α-WP2 loaded on the glassy carbon was kept constant at catalyst loading of 0.35 

mg.cm-2. The Ag/AgCl/3M KCl reference electrode was calculated with respect to the 

reference hydrogen electrode (RHE) by adding a value of (0.197 + 0.059 pH). The potentials 

reported in this study were all against RHE. Electrochemical impedance spectroscopy (EIS) 

measurements were conducted at -0.25 V (vs Ag/AgCl) using 5 mV amplitude AC signal at a 

frequency range of 105-0.1 Hz. To confirm the resistance of the electrodes, the corresponding 

semicircles was fitted to a specific equivalent circuit using the EC-Lab software. The 

Electrochemical Impedance Spectroscopy measurements were conducted using a 3 electrode 

configuration using the SP-300 Potentiostat-Bio-Logic instrument. 

 

2.5. Theoretical calculations 

The Density Functional Theory (DFT) as implemented in BIOVIA Materials Studio, was used 

to complement the experimental results. To achieve this, three BIOVIA Materials Studio 

modules were employed. These are Cambridge Serial Total Energy Package (CASTEP), 

DMol3 and Adsorption locator. CASTEP was used for geometrical optimization and 

determination of the lattice parameters for both WP and WP2. To study the electronic properties 

of both structures, DMol3 was used. In both modules, an accuracy threshold was set as 10-6 eV 
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and Perdew-Wang generalized-gradient approximation (PW91) functional was employed. This 

guaranteed considerable increase in the accuracy of predicted energies and structures and 

minimizing additional computational cost.24 To study H+ adsorption on WP and α-WP2 

electrodes, Adsorption locator module was used. Surfaces of 3 x 3 supercells were modelled 

for WP and α-WP2 in (011) and (-201) planes, respectively. These plane choices were guided 

by XRD experimental results.  Relaxation was then performed until convergences were 

achieved, with energy threshold of 10-6 eV. Hydrogen ion was then modelled for adsorption 

onto WP and α-WP2 layers of the electrodes, and ‘cleaned’ using BIOVIA Materials Studio 

adsorbate cleaning tool. The maximum adsorption distance was set as 3 Å around the target 

surface atoms. H+ adsorption calculations were then carried out on all the electrodes separately.  

Energy windows were set at 100 kcal/mol. Condensed-phase Optimized Molecular Potentials 

for Atomistic Simulation Studies (COMPASS) forcefield was employed. COMPASS is the 

first ab initio forcefield that has been parameterized and validated using condensed phase 

properties in addition to various ab initio and empirical data for molecules in isolation.24  Also, 

COMPASS forcefield enables accurate and simultaneous prediction of structural, 

conformational, vibrational, and thermophysical properties, that exist for a broad range of 

molecules in isolation and in condensed phases, and under a wide range of conditions of 

temperature and pressure.25 The use of this forcefield in this study guaranteed reliable 

computational results. Low energy configurations and energy distributions were then computed, 

with accuracy set at 0.0001 kcal/mol. 

 

3. Results and discussion 

3.1. Structural and electronic characterisation 

The two different phases of tungsten phosphide nanoparticles synthesized by varying the W:P 

molar ratios of the precursors were determined using XRD. The XRD patterns of the products 

were characterized by a broad peak at 2θ of 41°, indicating that the nanoparticles were 

amorphous (Fig. S1). The amorphous nanoparticles were subsequently heated at 800 °C in N2 

for 1 h, after which complete crystallization was observed resulting in the formation of two 

phases, namely, tungsten monophosphide (WP) and tungsten diphosphide (α-WP2) as depicted 

in Fig. 1. The formation of WP and α-WP2 nanoparticles was accomplished by using the W:P 

molar ratios of 1:1 and 1:20, respectively. The WP crystallized in the MnP structure type (space 

group: Pnma (62)), which coincides with the orthorhombic phase of WP (PDF 00-029-1364) 

and the lattice constants are a = 5.7310 Å, b = 3.2480 Å, and c = 6.2270 Å. An increase in the 

phosphorus content to a molar ratio of 1:20 resulted in a phase transformation from WP to α-
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WP2. A high ratio of phosphorous was required to overwhelm the system to force the formation 

of the less favourable α-WP2. The α-WP2 crystallized in the NbAs2 structure type (space group: 

C2/m (12)), which corresponds to the monoclinic phase of α-WP2 (PDF 01-076-2365) and the 

lattice constants are a = 8.5000 Å, b = 3.1680 Å, and c = 7.4660 Å. The formation of pure 

tungsten phosphide phases upon annealing without any impurities is supportive evidence that 

the amorphous nanoparticles had a composition close to that of tungsten phosphide.26  

TEM was used to visualize the morphology of the two different phases of tungsten phosphide 

(Fig. 2). TEM micrograph of WP (Fig. 2a) showed the formation of a continuous sheet-like 

morphology with small nanoparticles embedded in the sheets. The corresponding HRTEM 

image (Fig. 2b) revealed well defined lattice fringes with interplanar spacing of 0.307 nm 

assigned to the (011) plane. Contrary to WP, α-WP2 (Fig. 2e) formed solely few-layer sheets 

stacked on top of each other. The corresponding interplanar spacing for α-WP2 (Fig. 2g) was 

Fig. 1: XRD patterns of (a) tungsten monophosphide (WP, orthorhombic) and (b) 

tungsten diphosphide (α-WP2, monoclinic) nanoparticles. 
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0.468 nm which is assignable to the (-201) plane. The interplanar spacing (dhkl) measured from 

the HRTEM are in good agreement with those calculated from XRD patterns (SI). Furthermore, 

the SAED patterns of WP (Fig. 2d) and α-WP2 (Fig. 2h) confirmed the crystalline nature of the 

catalysts. Energy dispersive X-ray spectroscopy (EDX) was used to confirm the compositional 

properties of WP and α-WP2 electrocatalysts. The EDX results (Fig. S2) revealed that the 

normalized atomic ratio of P/W in WP and α-WP2 is 1:1.1 and 1:1.5, respectively. This is closer 

to the empirical chemical formulas of the two catalysts (i.e. WP and α-WP2.   

Fig. 2: TEM image of (a) WP, (b) HRTEM image of WP and (inset (c) and (d)) magnified 

region showing lattice fringes and corresponding SAED pattern for WP. TEM image of 

(e) α-WP2, (f) HRTEM image of α-WP2 and (inset (g) and (h)) magnified region showing 

lattice fringes and corresponding SAED pattern for α-WP2. 
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(e) (f)

(g)
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The compositional properties of WP and α-WP2 nanoparticles were explored further using X-

ray photoelectron spectroscopy (XPS). The survey spectrum of WP (Fig. 3a) revealed the 

presence of W, P, C, and O elements on its surface, with no signals attributed to any other 

impurities. The deconvolution of the high-resolution P 2p spectrum (Fig. 3b) resulted in 2 peaks 

at binding energies (BEs) 129.3 and 130.3 eV, corresponding to P 2p3/2 and P 2p1/2, respectively. 

The P 2p3/2 and P 2p1/2 peaks were ascribed to P in the P-W bond. The  predominant peak 

located at BE of 133.4 eV (P 2P3/2) was assigned to the P-O bond caused by surface oxidation 

of the P atoms (PO4
3- and P2O5) as they were exposed to air.27 This is not observed in the XRD 

as such suggests that oxidation only occurs on the surface. The high-resolution W 4f spectrum 

(Fig. 3c) showed peaks at 31.4 eV (W4f7/2) and 33.5 eV (W4f5/2) that were assigned to W in 

the P-W bond. Furthermore, two peaks were found at 35.7 eV (W4f7/2) and 37.8 eV (W4f5/2) 

corresponding to WO3 formed by partial oxidation (i.e. air) on the nanoparticle’s surface.28-29 

The high-resolution C 1s spectrum (Fig. S3) was deconvoluted to three peaks with BEs of 284.2, 

285.0, 285.8 eV, ascribed to C-C, C-O and O-C=O, respectively. The presence of C was 

attributed to the residual carbon from the starting reagents. The survey spectrum of α-WP2 (Fig. 

3d) revealed the presence of W, P, C, and O elements on its surface, with no signals attributed 

to any impurities. Contrary to WP, the P 2p spectrum (Fig. 3e) of α-WP2 displayed a single 

peak deconvoluted to two at BEs of 133.6 and 134.4 eV, assigned to the P-O bond. The P 2p3/2 

and P 2p1/2 peaks assigned to the P in the P-W bond were not observed in α-WP2 as expected 

based on the XRD results. The absence of the P 2p3/2 and P 2p1/2 peaks in transition metal 

phosphides (TMP) was previously reported to occur due to their susceptibility to surface 

oxidation. For example, Chang et al. synthesized Ni5P4 NPA/CP and S-Ni5P4 NPA/CP catalysts 

for HER.  In their study, the P 2p spectrum of Ni5P4 NPA/CP showed a single peak assigned 

to P-O species, with no evidence of P in the Ni-P bond. However, the introduction of the S-

dopant to form S-Ni5P4 NPA/CP promoted surface passivation and the peak corresponding to 

P in the phosphide emerged.30 Stern et al. reported on the removal of the NiOx layer on the 

surface of Ni2P nanoparticles through Ar ion sputtering. The XPS depth (50 nm) profiling 

spectrum recorded subsequent to sputtering showed a significant increase in the P/Ni 

concentration and a decrease in the oxygen content, indicating that the nanoparticles underwent 

surface oxidation.31 The high-resolution W 4f spectrum (Fig. 5f) showed peaks at BEs of 31.1 

and 33.4 eV, corresponding to W4f7/2 and W4f5/2, respectively. The W4f7/2 and W4f5/2 were 

assigned to W in the P-W bond. The two peaks found at 35.8 eV (W4f7/2) and 36.1 eV (W4f5/2) 

corresponded to WO3 formed by oxidation (i.e. air) on the nanoparticle’s surface. Once more, 
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it can be noted that the oxide species peak dominates over the W peak in the W-P bond. XRD 

analysis was then performed on long-term stored α-WP2 to confirm the bulk composition of 

the nanoparticles.  

The resultant XRD pattern (Fig. S4) displayed no peaks that matched to any metaphosphate or 

oxide species of tungsten (i.e. W(PO4)2 or WO3) proving that they occurred mainly on the 

surface of the nanoparticles which can only be detected by XPS as it only analyses the surface. 

The high-resolution C 1s spectrum (Fig. S2), was deconvoluted to three peaks with BEs of 

284.2, 285.0, 285.8 eV, ascribed to C-C, C-O and O-C=O, respectively.  

Fig. 3: XPS survey spectrum of (a) WP and corresponding high-resolution spectra: (b) P 

2p, (c) W 4f; survey spectrum of (d) α-WP2 and corresponding high-resolution spectra: 

(e) P 2p and (f) W 4f. 
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3.2. Electrocatalytic HER 

The electrocatalytic activity of WP and α-WP2 towards HER was evaluated using a 3-electrode 

system in 0.5 M H2SO4 at a scan rate of 2 mVs-1. Bare glassy carbon electrode (GCE), carbon 

black (Vulcan) and Pt/C (20 wt%) were also tested for comparison. The Pt/C benchmark 

electrocatalyst displayed excellent HER activity characterised by the ~ 0 mV onset 

overpotential. As expected, the bare GCE and carbon black showed negligible catalytic activity 

towards HER. The polarization curves revealed that WP and α-WP2 (Fig. 4a) required 

overpotentials of -314 and -271 mV to produce a current density of 10 mA.cm-2, respectively. 

In an acidic medium, HER is described using three possible reactions, namely, Volmer, 

Heyrovsky and Tafel reaction. 32-33    

H+(aq) +  e− →  Hads                                (Volmer reaction)                  eq. 1 

Hads + H+(aq) +  e−  →  H2                    (Heyrovsky reaction)            eq. 2 

 Hads + Hads →  H2 (g)                               (Tafel reaction)                       eq. 3 

 

At 25 °C, the calculated Tafel slopes for the aforementioned reactions were 118, 39 and 29 

mV.dec-1, respectively.33 The Tafel slope is an important intrinsic property of a catalyst that is 

used to understand the mechanism and can be used as an indicator of the rate determining step. 

From first principle calculations, the Volmer reaction is the rate determining step when the 

Tafel slope is 118 mV.dec-1, while Tafel slopes of 39 and 29 mV.dec-1 indicate that the rate 

determining step is the Tafel or Heyrovsky reaction, respectively.33 To study the mechanism, 

the Tafel slopes were extrapolated from the polarization curves (ƞ vs. logj0) using the Tafel 

equation (eq. 4).34-35   

                                                ƞ = blogj + a                                                 eq. 4 

 

Where ƞ is the overpotential, b represents the Tafel slope and j corresponds to the current 

density and ‘a’ is the intercept and generally assumed to be log(j) at ƞ = 0. The Tafel slopes 

were estimated from the linear region of the Tafel plots (ƞ vs. logj), where the Tafel equation 

is satisfied.34-35 Fig. 4b shows the Tafel slopes of the Pt/C, WP and α-WP2 catalysts. The Pt/C 

electrocatalyst gave a very small Tafel slope of 29.79 mV.dec-1, characteristic of the highly 

active benchmark. The corresponding Tafel slopes for WP and α-WP2 nanocrystals were 95.71 

and 86.83 mV.dec-1, respectively. Experimentally, the two most commonly observed pathways 

in HER are the Volmer-Heyrovsky and Volmer-Tafel mechanisms. The calculated Tafel slopes 

for WP and α-WP2 falls in the range of 39 – 118 mV.dec-1, illustrating the Volmer-Heyrovsky 
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mechanism on both catalysts where the reaction between Hads, H
+ and e- to generate hydrogen 

is the rate determining step.36-37 

 

Fig. 4: (a) LSV polarization curves of Pt/c, α-WP2, WP, Vulcan and GCE at a scan rate 

of 2 mV/s; (b) corresponding Tafel plots for Pt/c, α-WP2 and WP; (c) and (d) the Cdl of 

WP and α-WP2; (e) Nyquist plots of WP and α-WP2 catalysts; (f) LSV curves of WP and 

α-WP2 before and after 1000 potential cycles and (insert (g)) chronoamperometry 

measurements of WP and α-WP2 at constant applied potential of -364 and -321 mV, 

respectively.   
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The smaller Tafel slope for α-WP2 indicates faster kinetics, and thus high H2 generating rates 

compared to WP. By extrapolating the Tafel plot to 0 V overpotential, the calculated exchange 

current density (j0) of α-WP2 (Table S1) was slightly higher than that of WP, demonstrating an 

increased reaction rate at the surface of the phosphorus rich α-WP2. Moreover, the low onset 

potential of α-WP2 (-106 mV) over WP (-145 mV) indicates that a small amount of energy is 

needed to aid the H2 generation process on its surface. It should be noted that even though α-

WP2 outperformed WP, both catalysts displayed electrocatalytic activity that compared 

favourably to some of the reported tungsten phosphide HER electrocatalysts (Table 1) even at 

very low catalyst loading of 0.35 mg.cm-2.
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Table 1: Comparison of the electrocatalytic activity of tungsten phosphide electrocatalysts in acidic medium. 

Catalyst Loading 

(mg.cm-2) 

Ƞ10 (mV) β (mV.dec-1) Reference 

α-WP2 

WP 

WP NMPs/CFs 

α-WP2 

β-WP2 

WP NPs@NC 

A-WP 

WP-600 

WP-700 

WP-800 

WP/KB-700 

WP2 NSs/CC 

WP2 NPs/CC 

WP2 NRs 

Bulk WP2 

Bulk WP 

WP@NC 

WP(nano) 

0.35 

0.35 

4 

2 

2 

2 

0.213 

- 

- 

- 

- 

2 

2 

- 

- 

2 

2 

1 

-271 

-314 

-274 

-201 

-257 

-102 

-254 

- 

- 

- 

- 

-135 

-201 

-148 

-347 

-501 

-306 

-120 

86.83 

95.71 

98 

98 

107 

58 

65 

90 

85 

129 

60 

67 

98 

52 

79 

78 

58 

54 

This work 

This work 

38 

39 

39 

40 

41 

42 

42 

42 

42 

43 

43 

44 

44 

45 

45 

46 
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The superior catalytic activity of α-WP2 over WP can be explained using the electronegativity 

differences between W and P atoms. The high electronegative P atoms draw electrons away 

from the W atoms, resulting in the formation of a partial negative charge on the P atoms (i.e. 

proton-acceptor centres). The partial negative charge allows P atom to act as a base to trap the 

positively charged H+ ion, thus increasing the electrocatalytic performance with the increase in 

P content.47-49 These results show that a high degree of phosphorization is a key factor in 

improving the catalytic activity of TMPs. To further elucidate the difference in catalytic 

activity observed between WP and α-WP2, the electrochemically active surface area (ECSA) 

was indirectly determined based on the electrochemical double layer capacitance (Cdl, details 

on calculation of Cdl provided in the additional supporting information) using cyclic 

voltammetry (CV) as shown in Fig. S5. The Cdl of WP (Fig. 4c) and α-WP2 (Fig. 4d) were 

4.895 and 6.440 mF.cm-2, respectively. The slightly higher ECSA of the phosphorus rich α-

WP2 (128.8 cm2) over the WP (122.4 cm2) implied a high proportion of exposed 

electrochemical active sites which facilitated the observed high HER efficiency. The electrical 

conductivity properties of the catalysts were studied using electrochemical impedance 

spectroscopy (EIS) and the corresponding Nyquist plots for WP and α-WP2 are shown in Fig. 

4e. The Nyquist plots for WP and α-WP2 catalysts exhibit a single semicircle, showing that the 

corresponding equivalent circuit (Fig. S6) consist of a single time constant. The charge transfer 

resistance of α-WP2 (93 Ω) was found to be smaller than that of WP (155 Ω), demonstrating 

superior electron transport within α-WP2. Long-term durability is another important property 

in the development of efficient HER catalysts. Cyclic voltammetry (CV) was used to study the 

stability by applying 1000 cycles to the WP and α-WP2 catalysts. Fig. 4f shows that there was 

a slight decrease in catalytic activity after 1000 cycles for both WP and α-WP2, indicating that 

the catalysts were largely stable in acidic media. To corroborate the stability results obtained 

from subjecting the catalysts to 1000 cycles, fixed potential electrolysis (insert (g)) was 

conducted for the WP and α-WP2 catalysts at overpotential of 364 and 321 mV, respectively. 

Following long period of 24 h, the current density generated by the catalysts at constant 

potential showed negligible degradation over time, indicating reasonably good long-term 

stability. Notably for α-WP2, a decrease is observed for the first 4 h, after which the current 

density increases and stabilize at 10 mA.cm-2. The observed increase and stabilization of the 

current density after 4 h could be attributed to the electrochemical activation of the α-WP2 

catalyst with prolonged exposure to constant potential. In order to get a better understanding 

of the effect of temperature on the electrocatalytic activity of WP and α-WP2, LSV polarization 
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measurements were performed at various temperatures (298, 308, 318 and 328 K). Shown in 

Fig. 5a and Fig. 5b are the corresponding LSV curves at different temperatures for WP and α-

WP2 catalysts, respectively. For both catalysts, there was a decrease in the overpotential with 

increasing temperature. This observation can be explained using the Gibbs free energy equation 

(ΔG = ΔH – TΔS), where ΔH is the reaction enthalpy (J.mol-1) and ΔS is the change is entropy 

(J.K-1mol-1). According to the Gibbs free energy equation, an increase in temperature causes a 

decrease in ΔG, which in turn decreases the potential required to drive the hydrogen evolution 

process.50 The kinetic parameters of the temperature-dependant HER activity of WP and α-

WP2 as estimated from the Tafel plots are summarized in Table S2.  

At all the temperatures studied in this work, an increase in the exchange current density (jo) 

and a decrease in the Tafel slope (Fig. S7) was observed as the temperature was increased for 

both WP and α-WP2 catalysts. The Arrhenius equation was employed to calculate the minimum 

amount of energy needed for the generation of hydrogen in an acidic medium. This was done 

by plotting ln(jo) versus 1/T (Fig. 5c) where Ea was extrapolated from the slope (
−𝐸𝑎

𝑅
). The 

Fig. 5: LSV curves of (a) WP and (b) α-WP2 at different temperatures, (c) Arrhenius 

curves for WP and α-WP2 catalysts. 
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experimentally determined Ea for WP and α-WP2 were 44.24 and 31.79 kJ/mol, respectively. 

The smaller activation energy of α-WP2 over WP indicated that minimal energy was required 

to drive hydrogen generation on the surface of the phosphorus rich α-WP2 catalyst. These 

results demonstrate that the electrocatalytic activity of non-noble metal electrocatalysts can be 

improved by increasing the electrolyte temperature.  

 

3.3. DFT calculations 

The electronic properties of WP and α-WP2 were modelled using density functional theory 

(DFT) calculations in order to further understand the observed catalytic differences between 

the orthorhombic and monoclinic phases of tungsten phosphide. The conductivity of an 

electrocatalyst is beneficial in HER as it allows for efficient electron transport. Fig. 6 shows 

the band structures and projected density of states (PDOS) of WP and α-WP2.  From the band 

structures, it can be observed that the fermi level (Ef) of WP lies on the edge of the conduction 

band (CB) whereas in α-WP2 there is a clear overlap between the Ef and CB. This implies that 

α-WP2 is a good conductor material compared to WP, possessing semi-metallic properties 

typical of transition metal phosphides. The theoretically determined conductivity differences 

were also observed experimentally using EIS (Fig. 4e). It is well known that the electron 

configuration of a molecule controls its electronic properties. An efficient HER electrocatalyst 

shows well-developed d-bands extending across the fermi level, which lower the activation 

energy by interacting with the hydrogen atoms.51 From the PDOS diagrams it can be seen that 

compared to WP, the contribution of the d-electrons is prominent for the energy bands near the 

fermi level of the α-WP2. The high d-electrons density plays a vital role in the conductivity of 

the α-WP2 catalyst. The calculated bond lengths of WP and α-WP2 were 2.5165 and 2.5177 Å, 

respectively. The slightly longer bond length of α-WP2 enhances the delocalization of electrons 

on the P-atoms resulting in the reduction of the barrier to proton binding, which is beneficial 

to catalytic activity.52 In HER, the generation of hydrogen in an acidic media involves 

adsorption, reduction of proton on the catalyst surface and subsequent desorption of molecular 

hydrogen.53-54   
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The ease of adsorption and desorption make a good HER electrocatalyst. Hence, an efficient 

electrocatalyst must find balance between the two aforementioned processes. The best 

performing electrocatalyst (i.e. Pt) have hydrogen adsorption energies close to ΔGH = 0, 

binding hydrogen neither too strong nor too weak.55-57 The hydrogen adsorption calculations 

were conducted on the (001) and (-201) surfaces for WP and α-WP2, respectively, as shown in 

Fig. S8. The hydrogen adsorption energies of WP and α-WP2 were found to be -0.709 and -

0.665 eV, respectively. The slightly lower adsorption energy (i.e. 6.63% lower) of α-WP2 

indicated that it allowed for better H+ adsorption and desorption, thus becoming favourable for 

HER.  

Further DFT calculations revealed that the energy barrier for the transition state (T. S.) of H-

atom adsorption on α-WP2 (-0.0084 eV) was less negative than that on WP (-0.019 eV).  The 

formation of H-H bonds is easily achieved at lower energy barrier. In addition to the hydrogen 

adsorption energies, the position of the d-band center (dc) can also be used to understand the 
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catalytic activity of catalysts. The d-band center for the WP and α-WP2 were determined to be 

-1.156 and 1.864 eV, respectively. The lower energy of the d-band for α-WP2 implies a reduced 

binding strength of the hydrogen protons on the catalyst surface which promotes ideal 

desorption resulting in improve catalytic activity.58-59    

 

4. Conclusion 

The monoclinic (WP) and orthorhombic (α-WP2) phases of tungsten phosphide were 

successfully synthesized via a simple one-pot colloidal synthesis method and investigated as 

potential electrocatalysts for HER. The phase change was ascertained by varying the molar 

ratio of the precursors, with molar ratios of 1:1 and 1:20 favouring the formation of WP and 

∝-WP2, respectively. Both phases displayed excellent activity and stability as electrocatalysts 

in acidic media. The ∝-WP2 catalysts required an overpotential of -271 mV at 10 mA.cm-2 and 

a Tafel slope of 86.83 mV/dec, whereas WP required -314 mV at 10 mA.cm-2 and a Tafel slope 

of 95.71 mV/dec. The superior catalytic activity of α-WP2 over WP was attributed to, amongst 

others, high proportion of active sites, ensemble effect of P on phosphorus rich ∝-WP2, high 

electrical conductivity, favourable hydrogen adsorption energy, lower barrier for formation of 

transition state and low d-band center energy. This work demonstrates that tailoring the crystal 

phase or phosphorus content of an electrocatalyst is an efficient strategy that can be employed 

to improve the activity of TMPs catalysts.   
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6. Supporting Information 

 

Calculations of the interplanar spacing from the XRD results: 

WP (011) 

2θ = 31.115 

θ = 15.5575, λ = 0.15460 nm  

λ = 2dSinθ 

d = 0.15406 nm/2Sinθ = 0.2871 nm  

  

Α-WP2 (-201) 

2θ = 20.971 

θ = 10.4855, λ = 0.15460 nm  

λ = 2dSinθ 

d = 0.15406 nm/2Sinθ = 0.4231 nm   

Fig. S1: X-ray diffraction pattern of as synthesized (a) WP and (b) α-WP2. 
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Fig. S2: EDX spectra and corresponding atomic % of (a) WP and (b) α-WP2. 
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Fig. S3: The C 1s spectrum of (a) WP and (b) α-WP2. 
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Table S1:  Comparison of the electrocatalytic activity of WP and α-WP2 catalysts. 

Catalyst Tafel Slope 

(mV.dec-1) 

Overpotential 

(10 mA.cm-2) 

Exchange 

current density 

(mA.cm-2) 

Onset potential 

(mV) 

WP 95.71 -314 0.004239 -145 

α-WP2 86.83 -271 0.004536 -106 

 

Table S2: Kinetic parameters of WP and α-WP2 catalysts. 

 

Catalyst T(K) β (mV.dec-1) J0 (mA.cm-2) Ea (kJ.mol-1) 

WP 

 

 

298 

308 

318 

328 

95.71 

92.58 

87.34 

84.59 

0.004239 

0.006973 

0.001136 

0.01316 

44.24 

 

 

 

α-WP2 

 

298 

308 

318 

328 

86.83 

84.86 

82.72 

80.25 

0.004536 

0.009468 

0.01023 

0.02410 

31.79 

Fig. S4: XRD pattern of long term stored α-WP2. 

20 40 60 80

 

 

 

In
te

n
s

it
y

 (
a

.u
)

2 (degrees)

 Experimental 

 Calculated (−WP2 - 01-076-2365)

-1
1

5

1
1

5
-7

1
3-2

0
2

6
0

1

4
2

0
3

1
3

-5
1

5

1
1

4
-6

0
4

-5
1

4
0

2
2

-2
2

1

-3
1

4
0

0
4

-3
1

33
1

0
-3

1
2

0
0

3

1
1

1
2

0
1

-1
1

1

0
0

2
2

0
0 1
1

0

-2
0

1

0
0

1



89 

 

  

 

 

 

Fig. S5: Cyclic Voltammetry (CV) curves of (a) WP and (b) α-WP2 catalysts measured 

in a potential window without faradaic processes in 0.5 M H2SO4 at scan rate from 20 - 

100 mV.s-1. 

Rs

CPE

Rct

Fig. S6: Equivalent circuit for one time constant, where Rs - solution resistant; CPE - 

constant phase element; Rct – charge transfer resistance. 

Fig. S7: Tafel slopes of (a) WP and (b) α-WP2 catalysts obtained at different 

temperatures. 
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Fig. S8: Calculated hydrogen adsorption energies on (011) and (-201) surfaces for WP 

and α-WP2, respectively. 
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Chapter 5 

The synergistic effect of W dopant on colloidally 

synthesized molybdenum phosphide electrocatalyst in 

hydrogen evolution reaction 

1. Introduction  

In the quest for new energy sources, eco-friendly energy reservoirs that infrequently infringe 

environmental protection laws have been of great interest. The search for sustainable energy 

sources emerged in response to the decline in the discovery of non-renewable energy sources 

in the 21st century.1 Hydrogen as an energy carrier has captivated a lot of attention from 

researchers as a suitable alternative owing to its zero emission of greenhouse gases and a high 

energy density.2-3 Currently, large scale production of hydrogen is successfully achieved 

through a steam reforming process in which natural gas (e.g. methane) is heated in high 

temperature steam (450-1000 °C) to produce hydrogen. The downfall with steam reforming is 

its contribution to global greenhouse emissions through the generation of carbon monoxide and 

carbon dioxide, as well as high temperature and pressure required for operation.4-5 Alternative 

to steam reforming, electrocatalytic hydrogen evolution reaction (HER) is amongst the 

promising processes that have the potential to produce hydrogen without burdening the 

environment.6-8 However, on the account of the high overpotential required to drive the 

cathodic hydrogen evolution reaction in overall water splitting, an efficient electrocatalyst is 

required to lower the electrolytic potential.9  

 

The most efficient HER electrocatalysts reported to date are Pt-based materials.10-12 However, 

large scale application of noble-metal catalysts has been hindered by their scarcity and high 

market value. Recently, metal-doped transition metal based electrocatalysts (phosphides13, 

carbides14, nitrides15 and chalcogenides16) have shown great promise as suitable alternatives to 

noble-metal catalysts. Among these materials, doped transition metal phosphides exhibit high 

catalytic activity for HER. The introduction of dopant atoms on the crystal lattice of the bulk 

structure has been put forward as an effective way to improve catalytic activity. Doping results 

in the modification of the Gibbs free energy (ΔGH
0) of hydrogen adsorption, thus enhancing 

electrochemical kinetics.17 The dopant may be the foundation for defects in the lattice which 
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redirects electrons to the P atom for improved activity.18 Moreover, doping affects the 

proportion of exposed active sites and allows for tunability of intrinsic electronic properties 

(i.e. synergistic effect), this result in high activity in hybrids over their single component 

counterpart.19  

 

For example, Wang et. al. synthesized undoped WP, Mo-doped WP and Co-doped WP to 

conduct an experimental and theoretical comparative study of the electrocatalytic activity over 

a wide pH range. The introduction of the dopants yielded high surface area porous 

nanostructures. DFT studies revealed that the enhanced electrocatalytic performance was due 

to the optimization of the water dissociation step and hydrogen generation step upon 

introduction of dopant atoms.20 Man et. al. systematically substituted Fe, Co, Mn and Mo in a 

NiP parent lattice while preserving the morphology and metallic structure. They found that the 

substitution of Ni by atoms with a smaller number of d-electrons enhanced the activity of 

undoped NiP due to optimal electron filling of the metallic bands of NiCoP.21 Z. Jin et. al. 

employed a seed-mediated co-deposition method to synthesize amorphous tungsten-doped 

nickel phosphide microspheres for HER. The W-doped NixP displayed superior HER activity 

requiring an overpotential of -110 mV to generate current density of 20 mA.cm-2 and a small 

Tafel slope of 39 mV.dec-1. The enhanced catalytic activity was attributed to the contributions 

from the amorphous architecture and doping of tungsten.22 Wang et. al. prepared porous MoWP 

hybrid nanosheets on carbon cloth via in situ phosphidation. The hybrid nanosheets displayed 

superior activity producing current densities of 100 mA.cm-2 at low overpotential of -138 mV, 

with a tafel slope of 52 mV.dec-1.23 Captivated by the upper mentioned findings, we propose 

that by combining the positive attributes emanating from doping and the use of amorphous 

nanoparticles, the catalytic activity of MoP can be significantly improved. Herein, we report 

on the colloidal synthesis of amorphous molybdenum phosphide (A-MoP) and amorphous 

tungsten-doped molybdenum phosphide (A-WMoP) nanoparticles and their use as 

electrocatalysts in HER. Furthermore, we delineate the catalytic activity differences observed 

between the amorphous and crystalline phases.  

   

2. Experimental   

2.1. Chemicals and Materials 

Molybdenum pentachloride [99.9%, WCl6, Sigma-Aldrich], tungsten hexachloride [99.9%, 

WCl6, Sigma-Aldrich], trioctylphosphine [90%, TOP, Sigma-Aldrich], 1-octadecene [90%, 1-

ODE, Sigma-Aldrich], sulfuric acid [H2SO4, Associated Chemical Associate], hexane [92.5%, 
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Sigma-Aldrich], Nafion [5 wt%, Sigma-Aldrich] commercial Pt/C (Tanaka Kikinzoku Kogyo 

K.K., 20 wt%) and carbon black-vulcan (XC 72R). Deionized water used to prepare the 0.5 M 

H2SO4 solution was purified using a Millipore system. All chemicals were used as received 

without further purification. 

  

2.2. Synthesis of pure A-MoP and W-doped MoP (A-WMoP) 

Molybdenum pentachloride (0.5 mmol), trioctylphosphine (11 mmol), and 1-octadecene (7.8 

mmol) were mixed in a 100 mL three-neck round bottom flask equipped with a thermometer, 

condenser, oil bubbler, heating mantle, and magnetic stirrer. The nanocrystals were then 

isolated through centrifugation (7000 rpm, 10 min), washed multiple times with hexane and 

dried overnight at room temperature. To remove moisture and achieve inert conditions, the 

mixture was heated to 140 °C while purging N2 for 15 min. The temperature was then increased 

to 340 °C and maintained for 6 h. After 6 h, the heating mantle was removed, and the reaction 

mixture was saturated with hexane to allow for rapid cooling and precipitation of the 

nanoparticles. Annealing (800 °C under N2 for 2 h) was subsequently used to convert the as-

synthesized amorphous powders to crystalline MoP (C-MoP). The synthesis of A-WMoP was 

done by adding tungsten pentachloride (10 mol% W) to the forementioned reaction. The 

resultant amorphous powders were also annealed at 800 °C under N2 for 2 h to form crystalline 

C-WMoP catalyst. The 4 samples studied were labelled as A-MoP, C-MoP, A-WMoP and C-

WMoP, where A and C stand for amorphous and crystalline, respectively.  

 

2.3. Electrochemical Measurements and Preparation of Working Electrode 

The electrochemical measurements were conducted using an Epsilon E2 potentiostat. The 

activity of the catalysts was tested in 0.5 M H2SO4 using a 3-electrode configuration employing 

linear sweep voltammetry (LSV) at a scan rate of 2 mV.s-1. All measurements were done using 

an Ag/AgCl/3M KCl reference electrode and a Pt wire as the counter electrode. The working 

electrode was a MoP or WMoP decorated glassy carbon (diameter = 3 mm, SA = 0.07065 cm2). 

The stability studies of the catalysts were conducted using a sweep scan rate of 50 mV.s-1 for 

1000 cycles using cyclic voltammetry. All potentials were presented with respect to the 

reversible hydrogen electrode (RHE). Measurements were performed under ambient conditions. 

The current density was normalized to the geometrical area of the working electrode and iR 

compensation was applied for all electrochemical measurements using the in-built iR 

compensation function in the potentiostat. The working electrode was prepared using 
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previously reported methods with some modifications.24 The catalyst ink was prepared by 

dispersing 5 mg of MoP or WMoP and 0.5 mg (10 %) of carbon black (Vulcan) in a mixture 

of water (495 µL), ethanol (495 µL) and 10 µL of 5 % Nafion solution. The resultant catalyst 

ink was sonicated for 30 min at room temperature to achieve homogeneity, then 5 µL aliquot 

was pipetted onto the glassy carbon electrode and allowed to dry at RT before use. The amount 

loaded on the glassy carbon was kept constant at catalyst loading of 0.35 mg.cm-2 for all 

samples. The Ag/AgCl/3M KCl reference electrode was calculated with respect to the reference 

hydrogen electrode (RHE) by adding a value of (0.197 + 0.059 pH). The potentials reported in 

this study are all against RHE. The Tafel slopes were extrapolated using the Tafel equation, ƞ 

= a + blogϳ, where ƞ is the overpotential, a means content, b is the Tafel slope and j is the 

current density. Electrochemical impedance spectroscopy (EIS) measurements were conducted 

at -0.25 V (vs Ag/AgCl) using 5 mV amplitude AC signal at a frequency range of 105-0.1 Hz. 

To confirm the resistance of the electrodes, the corresponding semicircles was fitted to a 

specific equivalent circuit using the EC-Lab software. The Electrochemical Impedance 

Spectroscopy measurements were conducted using a 3 electrode configuration using the SP-

300 Potentiostat-Bio-Logic instrument. 

 

2.4. Materials Characterization  

Powder X-ray diffraction (PXRD) analysis was conducted using a Bruker D2 phaser (D2-

205530) diffractometer with Cu Ka1 radiation (l = 1.54060 Å) at 30 kV and 10 mA. 

Measurements were taken over 2θ angle range of 5–90° in steps of 0.0261° with a step time of 

5 s at ambient temperature. X-ray photoelectron spectroscopy (XPS) analysis was conducted 

using a Physical Electronics PHI 5700 spectrometer. Non- monochromatic MgKa X-rays (300 

W, 15 kV, and 1253.6 eV) were used as the excitation source. The spectrometer energy scale 

was calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7, 368.3, and 

84.0 eV, respectively. Samples were mounted on a sample holder without adhesive tape and 

kept overnight under high vacuum in the preparation chamber before being transferred to the 

analysis chamber for testing. The spectra were collected in the constant pass energy mode at 

29.35 eV. The residual pressure in the analysis chamber was maintained below 1.33 X 10-7 Pa 

during the spectra acquisition with a multichannel hemi-spherical electron analyser. 

Transmission electron microscopy (TEM) images were collected using a FEI Technai T12 

TEM operated at an accelerating voltage of 120 kV with a beam spot size of 2 in the TEM 

mode. TEM samples were prepared by dispersing the nanoparticles in hexane, sonicated for 30 
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min, after which they were deposited on a copper grid and allowed to dry at room temperature 

before analysis. 

 

3. Results and discussion 

3.1. Compositional, morphological and structural characterization  

The aim of the investigation was to determine the effect of combining the positive catalytic 

features exhibited by amorphous catalysts with those that are obtained by doping a foreign 

element into the host catalyst. In this study, amorphous and crystalline phases of pure 

molybdenum phosphide and tungsten-doped molybdenum phosphide were prepared as 

described in the synthesis section. The catalysts investigated were amorphous MoP (A-MoP), 

crystalline MoP (C-MoP), amorphous tungsten-doped molybdenum phosphide (A-WMoP) and 

crystalline tungsten-doped molybdenum phosphide (C-WMoP). X-ray diffraction analysis was 

used to investigate the structural characteristics of the synthesized catalysts. Fig. 1(a) shows 

the XRD patterns of A-MoP and A-WMoP which exhibit a single broad peak centered at 2θ 

value of 42°. The absence of sharp diffraction peaks in the patterns of A-MoP and A-WMoP 

indicated that they were amorphous. To obtain the correspond crystalline phases, the pristine 

products were annealed at 800 °C for 2 h. The resultant XRD patterns (Fig 1(b)) of C-MoP and 

C-WMoP displayed clear sharp peaks, indicating the successful formation of crystalline phases. 

The XRD patterns of C-MoP and C-WMoP could both be matched with those delineated as the 

hexagonal phase of molybdenum phosphide (PDF 00-024-0771) and lattice constant a = 3.2220 

Å, b = 3.2220 Å and c = 3.1910 Å. Subsequent to the incorporation of W into MoP (C-WMoP), 

a slight shift in peak position (Fig 1(c)) to low 2θ values is observed, showing crystal lattice 

expansion due to substitution of the smaller Mo atoms (1.90 Å) by the slightly larger W atoms 

(1.93 Å). The absence of new peaks or phases in the XRD pattern of C-MoWP suggest 

successful substitution of the Mo ions with the W ions.  

To further substantiate the compositional properties and surface electronic information of the 

catalysts, X-ray photoelectron spectroscopy (XPS) analysis of the Mo-doped MoP catalysts 

was performed. Fig. 1(d) shows the survey spectra of the A-WMoP and C-WMoP catalysts 

while Fig. 2 shows the corresponding high-resolution spectra of Mo 3d, W 4f and P 2p elements 

for both catalysts. The survey spectra of A-WMoP and C-WMoP manifest clearly signals of 

the elements O, Mo, W, C and P, with no signals attributed to any impurities. The high 

resolution spectra of Mo 3d (Fig. 2(a)) for A-WMoP displays 5 peaks at binding energies (BEs) 

of 227.59 eV (Mo0), 228.49 eV (Mo3+), 230.79 eV (Mo+6), 232.56 eV (Mo+4) and 235.67 eV 
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(Mo+6). The doublet at low BEs (227.59 and 228.49 eV) can be attributed to the presence of 

Mo-species in the Mo-P bond.25-26 The additional 3 peaks at high BEs (230.79, 232.56 and 

235.67 eV) represents the presence of MoO2 and MoO3 species, emanating from surface 

oxidation.25-26 The doublet in the corresponding P 2p spectra (Fig. 2(b)) located at BEs of 

129.07 eV (P 2p3/2) and 130.16 eV (P 2p1/2) correspond to P in the Mo-P bond.26-27 The high 

intensity peak in the P 2p spectra located at BEs of 133.33 eV corresponded to the P-O bond.27 

The W 4f spectra (Fig. 2(c)) displays peaks at BEs of 35.95 and 38.09 eV that can be ascribed 

to W 4f7/2 and W 4f5/2, respectively.28   

For C-WMoP, The high resolution spectra of Mo 3d (Fig. 2(d)) also displays 5 peaks at binding 

energies (BEs) of 228.31 eV (Mo0), 229.12 eV (Mo3+), 231.61 eV (Mo+6), 232.51 eV (Mo+4) 

and 235.77 eV (Mo+6). The doublet at low BEs (228.31 and 229.12 eV) can be attributed to the 

presence of Mo-species in the Mo-P bond. The additional 3 peaks at high BEs (231.61, 232.51 

and 235.77 eV) represents the presence of MoO2 and MoO3 species, emanating from surface 

oxidation. The doublet in the corresponding P 2p spectra (Fig. 2(e)) located at BEs of 129.58 

eV (P 2p3/2) and 130.41 eV (P 2p1/2) correspond to P in the Mo-P bond. The broad peak in the 

Fig. 1: XRD patterns of (a) A-MoP and A-WMoP, (b) C-MoP and C-WMoP catalysts; (c) 

observed XRD peak shift to low 2θ upon doping of MoP with W; (d) XPS survey spectra 

of A-WMoP and C-WMoP. 
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P 2p spectra located at BEs of 133.77 eV corresponded to the P-O bond. The W 4f spectra (Fig. 

2(f)) displays peaks at BEs of 36.27 and 38.11 eV that can be ascribed to W 4f7/2 and W 4f5/2, 

respectively. The XPS results confirm the presence of W in MoP and confirmed the 

composition of the amorphous phase. 

 

Fig. 3 shows the TEM images of the amorphous and crystalline MoP and WMoP catalysts. 

Fig. 2: High resolution Mo 3d, P 2p and W 4f spectra of (a-c) A-WMoP and (d-f) C-WMoP 

catalysts. 
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The corresponding histograms were obtained by measuring the size of 100 randomly selected 

nanoparticles. The A-MoP and A-WMoP took on an ultrasmall, quasi-spherical morphology 

with an average nanoparticle size of 2.17 and 6.03 nm, respectively. The spherical morphology 

was also observed in the crystalline C-MoP and C-WMoP catalyst, however, an increase in 

nanoparticle size to 11.71 and 12.11 nm was observed, respectively. These results reveal that 

the introduction of W atoms into the crystal structure of both the amorphous and crystalline 

MoP nanoparticles had minimal influence on the morphology. It can also be seen that even 

after heat treatment at 800 °C, nanoparticles with a narrow size distribution were still observed. 

Notably in C-WMoP, there are a few bigger nanoparticles with a maximum particle size of 25 

nm. The larger crystalline nanoparticles formed as a result of the adjacent amorphous 

nanoparticles merging at elevated temperature.  

 

3.2. Hydrogen Evolution Reaction (HER) 

To evaluate the HER activities of the various catalysts, LSV measurements were conducted 

using a conventional 3-electrode configuration system in a 0.5 M H2SO4 solution at a scan rate 

of 2 mV.s-1 as shown in Fig. 4(a). The experimentally determined perfomance parameters are 

summarized in Table 1. For comparison, the activity of Pt/C, glassy carbon electrode (GCE) 

and vulcan were also measured. The polarization curves of bare GCE and vulcan are shown in 

to manifest their negligible HER activity in the investigated potential range. As a benchmark, 

the HER activity of the commercial Pt/C electrocatalyst displayed excellent electrochemical 

performance requiring only -35 mV to reach current densities of 10 mA.cm-2. The A-MoP, C-

Fig. 3: TEM images of (a) A-MoP, (b) C-MoP, (c) A-WMoP and (d) C-WMoP catalysts 

and their corresponding nanoparticle size distribution histograms. 
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MoP, C-WMoP catalysts generated current density of 10 mA.cm-2 at overpotential of -235, -

317, and -160 mV, respectively. Whereas A-WMoP displayed the best HER activity delivering 

current density of 10 mA.cm-2 at overpotential of only -145 mV. From the experimentally 

determined overpotentials, it can be noted that compared to the pure MoP catalysts, the W-

doped MoP phases exhibited enhanced catalytic activity and the amorphous phases displayed 

higher performance than their crystalline counterpart. Notably, the use of W-dopant in 

conjunction with amorphous phases dramatically improved the catalytic activity. In transition 

metal phosphides, the phosphorus atoms play an important role in the generation of hydrogen 

during HER. A closer look at the XPS results (Fig 4 (d)) reveal that compared to the P 2P 

spectrum of the crystalline WMoP, the P 2P spectrum of the amorphous WMoP is negatively 

shifted, demonstrating electronic structure modification due to the variance in crystallinity. We 

therefore stipulate that the enhanced activity observed in A-WMoP was due to the contributions 

from unsymmetrical bonding and synergistic effect between the W and Mo elements which 

optimize the electronic properties of the active sites. 29-30  

Fig. 4: (a) LSV polarization curves of A-MoP, C-MoP, A-WMoP and C-WMoP catalysts; 

(b) the corresponding Tafel plots of the catalysts in (a); (c) Nyquist plots of A-MoP, C-

MoP, A-WMoP and C-WMoP; (d) LSV curves of A-WMoP before and after 1000 

potential cycles. 
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Table 1: Performance parameters of the catalysts reported in this study. 

Catalyst Tafel Slope 

(mV.dec-1) 

Overpotential 

(10 mA.cm-2) 

Onset potential 

(at 1 mA.cm-2) 

ECSA 

(mF.cm-2) 

Charge transfer 

resistance 

(Ω) 

A-MoP 133.4 -317 -207.7 716.25 93 

C-MoP 

A-WMoP 

C-MoP 

84.04 

69.86 

65.64 

-235 

-160 

-145 

-131.9 

-88.31 

-69.90 

98.00 

1180.75 

818.75 

171 

26 

37 

 

 

 

 

 

 

 

 



101 

 

Wang et al. reported density functional theory (DFT) calculations which revealed that the 

introduction of dopant atoms into the parent lattice optimized the hydrogen adsorption free 

energy, and thus improved the HER process.31 Amorphous materials contain a high density of 

unsaturated sites due to unstructured bonding. These non-symmetrical bonds tend to be 

characterized by high surface energy, dangling bonds, surface defects and coordinative 

unsaturated metal sites where rapid hydrogen generation may take place.32-36 To determine the 

HER kinetics and get a better insight into the intrinsic properties of the catalysts, Tafel slopes 

were extrapolated from the linear region of the Tafel plot (ƞ vs. log(j)). The Tafel slope for A-

WMoP was determined to be 65.85 mV.dec-1, much smaller than that of A-MoP (84.04 

mV.dec-1), C-MoP (113.04 mV.dec-1) and C-WMoP (69.86 mV.dec-1), demonstrating that A-

WMoP has outstanding HER kinetics (Fig 4b). The slopes of all the catalysts reported in this 

study fall in the range between 39-118 mV.dec-1, implying that they all follow the Volmer-

Heyrovsky mechanism.37 The superior catalytic activity achieved by A-WMoP was 

comparable and even superior to other doped transition metal phosphide electrocatalysts 

recently reported in literature (Table 2).   
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Table 2: Comparison of metal doped transition-metal phosphide electrocatalysts for HER in 0.5 M H2SO4. 

Catalyst Ƞ10 (j, mA.cm-2) Tafel Slope (mV.dec-1) Reference 

NiCoP/CC -118 114.4 38 

5% Ni-WP2 NS/CC 

Ni-FeP 

CoP-MnP 

CoP-FeP 

Mo-WP 

NiCoP 

0.1Mn-MoP 

Ni2P/NiCoP@NHCCs 

C-WMoP 

A-WMoP 

-124 

-169 

-193.1 

-130.9 

-139 

- 

-242 

-168 

-160 

-145  

71 

86.9 

88.2 

45.1 

65 

80 

60 

90 

69.86 

65.64 

39 

40 

41 

41 

42 

43 

44 

45 

This work 

This work 
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To shed light into the observed differences in catalytic activity, electrochemical impedance 

spectroscopy (EIS) measurements were conducted to understand the electrical conductivity 

capability of the catalysts. Fig. 4(c) shows that the Nyquist plot of A-WMoP has the smallest 

semicircle amongst the catalysts. The small semicircle of A-WMoP (27 Ω) demonstrates that 

it has a small charge transfer resistance (Rct) compared to A-MoP (94 Ω), C-MoP (171 Ω) and 

C-WMoP (38 Ω). A small Rct is an indication of high electron transfer and ion exchange rate 

at the solution-electrocatalyst interface which result in high efficiency as demonstrated in the 

LSV curves (Fig.4a). It is evident that utilizing amorphous architecture and addition of W into 

MoP reduces the Rct, which promote efficient HER activity. The electrochemically active 

surface area (ECSA) is another important property that is used to access the catalytic activity 

of a catalyst and is estimated from the double layer capacitance (Cdl, details on calculation of 

Cdl provided in the additional supporting information) calculated from CV scans recorded at 

various scan rates (20-100 mV s-1) in the double layer region (Fig. 5(a-d)). As shown in Fig. 

5(e), the Cdl of A-WMoP (47.23 mF.cm-2) was larger compared to those of A-MoP (28.65 

mF.cm-2), C-MoP (3.92 mF.cm-2) and C-WMoP (32.75 mF.cm-2). The high ECSA of A-WMoP 

(1180.75 cm2) over the A-MoP (716.25 cm2), C-MoP (98.00 cm2) and C-WMoP (818.75 cm2) 

implied a high proportion of exposed electrochemical active sites which facilitated the 

observed high HER efficiency. This confirmed that the amorphous Mo-doped catalyst is 

composed of more catalytically active sites. These results fully demonstrate that amorphous 

architecture and electronic engineering resulting from presence of W-dopant dramatically 

enhance HER activity of MoP. Considering potential practical application, the stability of the 

best performing A-WMoP catalyst was tested by running 1000 continuous cycles using cyclic 

voltammetry (CV). From Fig. 5(f), it can be seen that the initial and final polarization curves 

nearly overlap. The negligible difference shows the excellent electrochemical stability of the 

A-WMoP catalyst.  
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4. Conclusion  

In summary, we have successfully prepared amorphous molybdenum phosphide (A-MoP) and 

tungsten doped molybdenum phosphide (A-WMoP) electrocatalysts using a one-pot colloidal 

synthesis method. The corresponding crystalline phases (C-MoP and C-WMoP) were 

ascertained through subsequent high temperature treatment. Experimental results from the 

Fig. 5: Cyclic Voltammetry curves of (a) A-MoP, (b) C-MoP, (c) A-WMoP and (d) C-

WMoP recorded at different scan rates (20-100 mV s-1) in 0.5 M H2SO4; (e) Plot of 

capacitive current vs. scan rate for all the catalysts under study; (f) The polarization 

curves of the 1st and 1000th cycles of durability study. 
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HER process reveal that amorphous catalysts were more active than their crystalline equivalent. 

Moreover, the rational of doping W into the amorphous phase of MoP significantly increase 

the catalytic performance, with only -145 mV required to generate 10 mA.cm-2, and a Tafel 

slope of 65.64 mV.dec-1. The high catalytic efficiency of the A-WMoP was attributed to 

increase density of active sites, electronic property modulation due to the synergistic effect 

between W and Mo atoms, reduced electrical conductivity of the catalyst and high surface 

energy emerging from the non-symmetrical bonding that dominate in amorphous catalysts. 

This work provides a new route of incorporating the sort after inherent properties of amorphous 

structures with those emanating from doping in order to produce highly active non-noble metal 

electrocatalysts.  
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6. Supporting Information  

Calculating the electrochemical active surface area. 

From the linear plots of capacitive current against the scan rate (20-100 mV.s-1), the specific 

capacitance was determined to be 28650, 3920, 47230 and 32750 µF.cm-2 for α-WP2, 

Mo(2.5%)/α-WP2, Mo(5%)/α-WP2 and Mo(10%)/α-WP2, respectively. The specific 

capacitance was then converted into ECSA using the value for a flat standard with an actual 

SA of 1 cm2. Generally, Cs for a flat surface is in the range of 20-60 µF.cm-2. Hence a median 

value of 40 µF.cm-2 for Cs was assumed for the calculation of ECSA.1-2 

𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙

𝐶𝑠
 

Where Cdl is the double layer capacitance and Cs is the specific capacitance. 

A-MoP:  

𝐸𝐶𝑆𝐴 =  
28650 µ𝐹

40 µ𝐹 𝑐𝑚−2𝑝𝑒𝑟 𝑐𝑚𝐸𝐶𝑆𝐴
2 =  716.25 𝐸𝐶𝑆𝐴

𝑐𝑚2
  

C-MoP:  

𝐸𝐶𝑆𝐴 =  
3920 µ𝐹

40 µ𝐹 𝑐𝑚−2𝑝𝑒𝑟 𝑐𝑚𝐸𝐶𝑆𝐴
2 =  98 𝐸𝐶𝑆𝐴

𝑐𝑚2
 

A-WMoP:  

𝐸𝐶𝑆𝐴 =  
47230 µ𝐹

40 µ𝐹 𝑐𝑚−2𝑝𝑒𝑟 𝑐𝑚𝐸𝐶𝑆𝐴
2 =  1180.75 𝐸𝐶𝑆𝐴

𝑐𝑚2
 

C-WMoP:  

𝐸𝐶𝑆𝐴 =  
32750 µ𝐹

40 µ𝐹 𝑐𝑚−2𝑝𝑒𝑟 𝑐𝑚𝐸𝐶𝑆𝐴
2 =  818.75 𝐸𝐶𝑆𝐴

𝑐𝑚2
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Chapter 6 

Fine-tuning the electronic properties of α-WP2 

electrocatalyst via Mo-doping for efficient hydrogen 

evolution in acidic media 

1. Introduction    

The production of hydrogen gas via electrochemical water splitting has become an important 

technology in the search for environmentally friendly energy sources.1-2 Hydrogen is a 

preferred alternative to traditional fuels due to its high energy density, abundance, and non-

toxicity.3 Precious metals such as platinum (Pt) and ruthenium (Ru) have proven to be highly 

efficient electrocatalysts in the generation of hydrogen gas, requiring nearly zero overpotential 

in an acidic medium.4-5 Nonetheless, there is an urgent need to develop non-noble metal 

electrocatalysts that are not only efficient and stable, but also cheap and bountiful in nature. 

Transition metal nitrides6, selenides7, sulfides8, carbides9 and phosphides10 have been 

identified as promising alternatives capable of reducing the cost of hydrogen evolution 

reactions (HER) drastically. Amongst the aforementioned compounds, transition metal 

phosphides, specifically WP2, has received an ever-growing interest as one of the promising 

electrocatalyst in HER.11-12 However, there is still a need to find strategies directed at 

improving its catalytic activity to ensure that it becomes comparable to that of precious metals. 

The intrinsic properties of an electrocatalyst control its catalytic activity. One common method 

used to alter the intrinsic properties is by introducing a metal dopant into the crystal structure 

of the host catalyst. The foreign atoms tend to modulate the electronic properties of the catalyst 

resulting to improved activity as a result of optimized hydrogen adsorption free energy and 

reduced charge transfer resistance.13-15 For instance, Lu et. al. fabricated W-NiCoP/NF, 

NiCoP/NF, W-NiP/NF and NiP/NF electrocatalysts for hydrogen evolution in a basic medium. 

The results revealed that NiP/NF displayed the lowest catalytic activity requiring an 

overpotential of -354.1 mV to produce current density of 100 mA.cm-2. Whereas the W-

NiCoP/NF, NiCoP/NF and W-NiP/NF electrocatalysts exhibited improved activity, delivering 

a current density of 100 mA.cm-2 with overpotentials of -141.2, -207 and -320.2 mV, 

respectively. The superior catalytic activity observed in W-NiCoP/NF was attributed to the 

synergistic effect between the metals and optimization of the electronic structure of the active 
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sites.16 Wang et al. conducted an experimental and theoretical study on Mo and Co doped 

porous tungsten phosphide (i.e. Mo-WP and Co-WP) electrocatalysts in hydrogen evolution. 

Experimentally, the formation of porous nanostructures with an increased number of active 

sites and low charge transfer resistance were observed due to the incorporation of the metal 

dopants. Computation studies performed using density functional theory (DFT) demonstrated 

that the presence of dopants optimized the hydrogen adsorption free energy resulting in 

improved catalytic performance.17  

Anjum et al. employed the thiourea-phosphate-assisted strategy to synthesize sulfur and 

nitrogen dual-doped molybdenum phosphide supported on graphene (MoP/SNG) for hydrogen 

evolution in acidic and basic media. XPS data confirmed that the highly electronegative N, S 

and C atoms stabilized the P3- through P-N, P-S and P-C by removing the electron density from 

P and donating it back to the empty d-orbitals of Mo.  The presence of dopant atoms in 

conjunction with a conducting support resulted in an electrocatalyst with a high number of 

active sites and high conductivity with catalytic activity which outperforms most MoP-based 

electrocatalyst reported in literature.18 Inspired by this positive strategy, we propose that the 

introduction of dopant atoms into α-WP2 could alter its electronic properties and result to 

enhanced catalytic activity. To the best of our knowledge, the synthesis of Mo-doped α-WP2 

using colloidal synthesis in conjunction with high temperature treatment has never been 

reported. Herein, we demonstrate the systematic introduction of various mol% of Mo-dopant 

to α-WP2 using colloidal synthesis and its application as an electrocatalyst for hydrogen 

evolution reaction. Furthermore, the effect of annealing temperature on the structural and 

electrocatalytic properties of the best performing Mo(10%)/α-WP2 was also reported. The 

introduction of Mo into the crystal structure of α-WP2 plays an important role in modifying the 

intrinsic properties of the electrocatalyst, thus improving the HER catalytic activity.  

 

2. Experimental   

2.1. Chemicals and materials 

Tungsten hexachloride [99.9%, WCl6, Sigma-Aldrich], molybdenum pentachloride [99.9%, 

WCl6, Sigma-Aldrich] trioctylphosphine [90%, TOP, Sigma-Aldrich], 1-octadecene [90%, 1-

ODE, Sigma-Aldrich], sulfuric acid [H2SO4, Associated Chemical Associate], hexane [92.5%, 

Sigma-Aldrich], Nafion [5 wt%, Sigma-Aldrich] commercial Pt/C (Tanaka Kikinzoku Kogyo 

K.K., 20 wt%) and carbon black-vulcan (XC 72R). Deionized water used to prepare the 0.5 M 
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H2SO4 solution was purified using a Millipore system. All chemicals were used as received 

without further purification. 

 

2.2. Synthesis of pristine α-WP2 and Mo-doped α-WP2 (Mo/α-WP2) 

Typically, trioctylphosphine (11.21 mmol), tungsten hexachloride (0.5546 mmol), and 1-

octadecene (15.62 mmol) were mixed in a 100 mL three-neck round bottom flask equipped 

with a thermometer, condenser, oil bubbler, heating mantle, and magnetic stirrer. To ensure 

inert conditions and remove moisture, the mixture was heated to 140 °C while purging N2 for 

15 minutes. The temperature was then increased to 340 °C and maintained for 6 h. After 6 h, 

the heating mantle was removed, and the reaction mixture was saturated with hexane to allow 

for rapid cooling and precipitation of the nanoparticles. The nanoparticles were then isolated 

through centrifugation (7000 rpm, 10 min), washed multiple times with hexane and dried 

overnight at room temperature. The resultant amorphous nanoparticles were exposed to high 

temperature (800 °C in N2 for 1 h) in order to form crystalline phases identified as tungsten 

diphosphide (α-WP2). To synthesize Mo-doped tungsten diphosphide (Mo/α-WP2), 

molybdenum pentachloride was added to the aforementioned reaction using mol% Mo of 2.5, 

5 and 10%. Similarly to the α-WP2 sample, 800 °C in N2 for 1 h was used to aid crystallization. 

To understand the effect of annealing on the Mo(10%)/α-WP2 nanoparticles, temperatures of 

600, 800 and 950 °C were studied. The doped nanoparticles were denoted as Mo(2.5%)/α-WP2, 

Mo(5%)/α-WP2 and Mo(10%)/α-WP2.  

 

2.3. Electrochemical measurements and preparation of working electrode 

The electrochemical measurements were conducted using an Epsilon E2 potentiostat. The 

activity of the catalysts was tested in 0.5 M H2SO4 using a 3-electrode configuration employing 

linear sweep voltammetry (LSV) at a scan rate of 2 mV.s-1. All measurements were done using 

an Ag/AgCl/3M KCl reference electrode and a Pt wire as the counter electrode. The working 

electrode was a α-WP2 or Mo/α-WP2 decorated glassy carbon (diameter = 3 mm, SA = 0.07065 

cm2). The stability studies of the catalysts were conducted using a sweep scan rate of 50 mV.s-

1 for 1000 cycles using cyclic voltammetry. All potentials were recorded with respect to the 

reversible hydrogen electrode (RHE). Measurements were performed under ambient conditions. 

The current density was normalized to the geometrical surface area of the working electrode 

for all electrochemical measurements. The working electrode was prepared using previously 

reported methods with some modifications.19 The catalyst ink was prepared by dispersing 5 mg 
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of α-WP2 or Mo/α-WP2 and 0.5 mg (10 %) of carbon black (Vulcan) in a mixture of water (495 

µL), ethanol (495 µL) and 10 µL of 5 % Nafion solution. The resultant catalyst ink was 

sonicated for 30 min at room temperature to achieve homogeneity, then 5 µL aliquot was 

pipetted onto the glassy carbon electrode and allowed to dry at RT before use. The amount 

loaded on the glassy carbon was kept constant at catalyst loading of 0.35 mg.cm-2 for all 

samples. The Ag/AgCl/3M KCl reference electrode was calibrated with respect to the reference 

hydrogen electrode (RHE) by adding a value of (0.197 + 0.059 pH). The potentials reported in 

this study are all against RHE. The Tafel slopes were extrapolated using the Tafel equation, ƞ 

= a + blogϳ, where ƞ is the overpotential, a means content, b is the Tafel slope and j is the 

current density. Electrochemical impedance spectroscopy (EIS) measurements were conducted 

at -0.25 V (vs Ag/AgCl) using 5 mV amplitude AC signal at a frequency range of 105-0.1 Hz. 

To confirm the resistance of the electrodes, the corresponding semicircles was fitted to a 

specific equivalent circuit using the EC-Lab software. The Electrochemical Impedance 

Spectroscopy measurements were conducted using a 3 electrode configuration using the SP-

300 Potentiostat-Bio-Logic instrument. 

 

2.4. Materials Characterization  

Powder X-ray diffraction (PXRD) analysis was conducted using a Bruker D2 phaser (D2-

205530) diffractometer with Cu Ka1 radiation (l = 1.54060 Å) at 30 kV and 10 mA. 

Measurements were taken over 2θ angle range of 5–90° in steps of 0.026° with a step time of 

5 s at ambient temperature. X-ray photoelectron spectroscopy (XPS) analysis was conducted 

using a Physical Electronics PHI 5700 spectrometer. Non- monochromatic MgKa X-rays (300 

W, 15 kV, and 1253.6 eV) were used as the excitation source. The spectrometer energy scale 

was calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7, 368.3, and 

84.0 eV, respectively. Samples were mounted on a sample holder without adhesive tape and 

kept overnight under high vacuum in the preparation chamber before being transferred to the 

analysis chamber for testing. The spectra were collected in the constant pass energy mode at 

29.35 eV. The residual pressure in the analysis chamber was maintained below 1.33 X 107 Pa 

during the spectra acquisition with a multichannel hemi-spherical electron analyser. 

Transmission electron microscopy (TEM) images were collected using a FEI Technai T12 

TEM operated at an accelerating voltage of 120 kV with a beam spot size of 2 in the TEM 

mode. TEM samples were prepared by dispersing the nanoparticles in hexane, sonicated for 30 
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min, after which they were deposited on a copper grid and allowed to dry at room temperature 

before analysis. 

 

3. Results and discussion   

3.1. Structural characterization  

Pure α-WP2 and Mo-doped α-WP2 with different molybdenum dopant content were prepared 

using colloidal synthesis by varying the Mo:W molar ratios of the precursors. X-ray diffraction 

(XRD) analysis was employed to investigate the crystal phase of the undoped α-WP2 and doped 

Mo(2.5%)/α-WP2, Mo(5%)/α-WP2 and Mo(10%)/α-WP2) nanoparticles. The XRD patterns of 

the pristine products showed no diffraction peaks (Fig. S1). All the patterns exhibited a broad 

peak centred at 41 °, indicating that the pristine nanoparticles were amorphous. Subsequent to 

heat treatment at 800 °C in N2 for 1 h, the nanoparticles crystallized as indicated by the 

formation of prominent peaks in all samples as shown in Fig. 1(a). The pure and doped 

nanoparticles all crystallized in the NbAs2 structure type (space group: C2/m (12)), which 

corresponds to the monoclinic phase of α-WP2 (PDF 01-076-2365) and the lattice constants are 

a = 8.5000 Å, b = 3.1680 Å and c = 7.4660 Å. The introduction of different Mo-dopant contents 

did not cause any destruction to the crystal structure of α-WP2. The absence of any diffraction 

peaks matching to either MoxP or MoWP2 shows that Mo was incorporated into the lattice of 

α-WP2 without forming any new phases during synthesis.20 However, it is worth noting that at 

higher dopant concentration (10 mol % Mo), a slight shift to the right was observed for 

Mo(10%)/α-WP2 as indicated by the (111) diffraction peak in Fig 1(b). The shift to higher 2θ 

indicates the contraction of the lattice upon substitution of the relatively larger W atoms (1.93 

Å) with smaller Mo atoms (1.90 Å). Energy-dispersive X-ray spectroscopy (Fig. S2) of α-WP2 

shows peaks corresponding to elements W, P, C and O. In addition to the forementioned 

elements, the Mo element was detected in all the Mo-doped α-WP2 catalysts. The electronic 

and compositional properties of the nanoparticles were further examined using X-ray 

photoelectron spectroscopy (XPS). Displayed in Fig. 1(c) is the XPS survey spectra of pure α-

WP2 and Mo(10%)/α-WP2 nanoparticles, with clear peaks attributed to P, W, Mo, C and O 

chemical elements. The P 2p spectrum of Mo(10%)/α-WP2 (Fig 1(d)) displays three distinct 

peaks located at binding energies of 129.3, 130.3 and 133.4 eV. The peaks at 129.3 and 130.3 

eV correspond to P 2p3/2 and P 2p1/2 in the W-P bond, respectively.21 Whereas the peak at 133.4 

eV correspond to P 2P3/2 in P-O, resulting from the partial surface oxidation due to exposure to 

air.22 The high-resolution spectrum of W 4f (Fig 1(e)) shows peaks at 31.4, 34.1, 35.7 and 37.8 

eV. The peaks at 31.4 and 34.1 eV correspond to W4f7/2 and W4f5/2 assigned to W in the W-P 
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bond.23 The peaks located at binding energy of 35.7 and 37.8 eV are assigned to W4f5/2 in WO3, 

resulting from surface oxidation.24-25 It is worth noting that contrary to pristine α-WP2, an 

addition peak attributed to the Mo dopant is observed in the survey spectrum of Mo(10%)/α-

WP2 (dashed lines) indicating the successful incorporation of Mo into α-WP2.  

Fig. 1: XRD pattern of (a) α-WP2, Mo(2.5%)/α-WP2, Mo(5%)/α-WP2 and Mo(10%)/α-

WP2 catalysts. (b) Magnified diffraction peak (111) region showing a slight shift to high 

2θ. X-ray photoelectron spectroscopy (XPS) survey spectrum of (c) α-WP2 and 

Mo(10%)/α-WP2. High-resolution spectra of (d) P 2p, (e) W 4f and (f) Mo 3d in 

Mo(10%)/α-WP2. 
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The Mo 3d spectra (Fig. 1(f)) was deconvoluted into 3 peaks at 227.9, 231.2 and 232.5 eV 

corresponding to binding energies of Mo 3d5/2, Mo 3d3/2 and Mo 3d5/2, respectively.26 For 

pristine α-WP2, the P 2p spectrum (Fig S3(a)) displayed a strong peak at about 134.2 eV 

corresponding to the binding energy of oxidized P species. The absence of the peaks attributed 

to P in the P-W bond for α-WP2 indicates the large extent of surface oxidation commonly 

observed in TMPs.27-29 The high-resolution spectrum of W 4f (Fig S3(b)) was deconvoluted 

into four peaks located at binding energies of 31.1 eV (W 4f7/2), 33.4 eV (W 4f5/2), 35.8 eV (W 

4f5/2) and 36.1 eV (W4f5/2). The peaks at 31.1 and 33.4 eV were attributed to W in the W-P 

bond. Whereas those at higher binding energies (35.8 and 36.1 eV) were attributed to oxidized 

tungsten species (i.e., WO3). The dominant tungsten oxide peaks over those signifying the 

presence of W in the W-P bond indicate a higher degree of surface oxidation due to exposure 

of the nanoparticles to air.30-32 To further confirm the bulk composition of pure α-WP2, XRD 

analysis was performed on long term stored α-WP2 nanoparticles. The XRD pattern of the long 

term stored α-WP2 (Fig. S4) showed no peaks confirming the presence of any tungsten oxide 

or metaphosphate species. This proved that the oxides were a result of surface oxidation that 

could only be detected by XPS with an escape depth of the photo-electrons ranging from 2-10 

nm. Even though surface oxidation is observed in both α-WP2 and Mo(10%)/α-WP2, it 

dominates mainly on the pure α-WP2. We postulate that the lesser extent of surface oxidation 

in the doped nanoparticles was as a result of surface passivation promoted by the presence of 

the Mo dopant, which is beneficial for electronic conductivity and electrocatalytic properties.33-

34 The surface morphologies of the catalysts with different dopant percentages were studied 

using TEM and are shown in Fig. 2. From the TEM images, it can be seen that pure α-WP2 

(Fig. 2(a)) and Mo(2.5%)/α-WP2 (Fig. 2(b)) catalysts formed solely sheets stacked on top of 

one another. On the contrary, Mo(5%)/α-WP2 (Fig. 2(c)) and Mo(5%)/α-WP2 (Fig. 2(d)) took 

on a sheet-like morphology with small crumbles observable on the sheets. The alteration of the 

uniform sheet-like morphology observed in pure α-WP2 is prominent in the catalyst with the 

highest Mo-dopant content.  
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3.2. HER Performance Evaluation  

Linear sweep voltammetry (LSV) was used to determine the catalytic activity of the various 

catalysts in 0.5 M H2SO4 solution. For comparison, Pt/C, vulcan and glassy carbon were also 

tested. As expected, Pt/C displayed superior catalytic activity, vulcan and glassy carbon 

showed negligible activity towards HER (Fig. 3(a)). Fig 3(a) further reveals that the pristine α-

WP2 catalyst exhibited the lowest activity compared to its doped counterparts, with o(10%)/α-

WP2 being the most active catalyst. The results clearly show that the introduction of the Mo-

dopant into the crystal structure of α-WP2 enhances the catalytic activity in the order 

Mo(10%)/α-WP2 > Mo(5%)/α-WP2 > Mo(2.5%)/α-WP2 > α-WP2. To produce a current density 

of 10 mA.cm-2, α-WP2, Mo(2.5%)/α-WP2, Mo(5%)/α-WP2 and Mo(10%)/α-WP2 catalysts 

required an overpotential of -271, -229, -210 and -165 mV, respectively. There is a clear 

increase in the performance of the catalysts as the concentration of the Mo-dopant was 

increased. This enhanced catalytic activity with doping indicates the important effect of the Mo 

(a)

(a) (b)

(d)(c)

Fig. 2: TEM images of (a) α-WP2, (b) Mo(2.5%)/α-WP2, (c) Mo(5%)/α-WP2 and (d) 

Mo(10%)/α-WP2. 
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dopant in optimizing the electronic structure on the catalytic sites and creating the synergistic 

effect between the W and Mo metals.35 In acidic media, HER can be described using a multistep 

reaction process, which involves three possible reactions with two different mechanisms.  The 

first step involves the adsorption and subsequent reaction of a proton with an electron on the 

surface of a catalyst forming an intermediate state of adsorbed hydrogen (Hads) (Volmer 

reaction, eq. S1).  

The next step may proceed through either the Heyrovsky reaction (Eq. S2) or Tafel reaction 

(Eq. S3) to form molecular hydrogen (H2). The Heyrovsky reaction dominates at low Hads 

coverage, where H2 is formed by the recombination of the Hads with a new electron and a proton. 

At high Hads coverage, the Tafel reaction dominates and H2 is generated from the recombination 

of adjacent Hads atoms. The forementioned reactions are reported to have tafel slopes of 118, 

39 and 29 mV.dec-1, respectively.36 To get a better understanding of the HER mechanism, the 

reaction kinetics were studied using the Tafel slopes, an intrinsic property of a catalyst. As 

Fig. 3: Electrochemical tests: (a) LSV polarization curves of ∝-WP2, Mo(2.5%)/α-WP2, 

Mo(5%)/α-WP2, Mo(10%)/α-WP2, Pt/c, vulcan and GCE at a scan rate of 2 mV/s in 0.5 

M H2SO4. (b) corresponding Tafel plots, (c) Nyquist plots of ∝-WP2, Mo(2.5%)/α-WP2, 

Mo(5%)/α-WP2, Mo(10%)/α-WP2 catalysts. (f) LSV curves of Mo(10%)/α-WP2 before 

and after 1000 potential cycles.    
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shown in Fig 3(b), the Tafel slope for Mo(10%)/α-WP2 (71.65 mV.dec-1) is lower than those 

of Mo(5%)/α-WP2 (76.93 mV.dec-1), Mo(2.5%)/α-WP2 (81.32 mV.dec-1) and α-WP2 (86.83 

mV.dec-1). A smaller Tafel slope indicates that hydrogen gas is generated more rapidly on the 

surface of a catalyst. The Tafel slopes of the catalysts under study are in the range between 38 

– 118 mV.dec-1, which indicates that they all follow the Volmer-Heyrovsky pathway, where 

the rate-determining step is the Volmer step during the HER process.37 The Mo(10%)/α-WP2 

catalyst possesses catalytic activity which compares favourably to some of the recently 

reported metal doped transition metal phosphides electrocatalysts (Table S1). To gain further 

insight into the intrinsic properties that influence electrocatalytic performance, electrochemical 

impedance spectroscopy (EIS) was used to determine the electron transfer ability of the 

catalysts. The Nyquist plots (Fig 3(c)) of all the catalysts exhibited only one semicircle (charge 

transfer resistance, Rct), indicating that the corresponding equivalent circuit (insert: Fig 3(c)) is 

characterized by one time constant.38 The results show that the Rct of Mo(10%)/α-WP2 (53.05 

Ω) is smaller than that of Mo(5%)/α-WP2 (60 Ω), Mo(2.5%)/α-WP2 (68 Ω) and α-WP2 (93 Ω), 

indicating its rapid charge transfer rate and superior HER kinetics. The catalytic perfomance 

parameters of the different catalysts are summarized in Table 1. 
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Table 1: Summary of the catalytic activity of the various catalysts in acidic media. 

Catalyst Tafel Slope  

(mV.dec-1) 

Overpotential 

(mV) 

(at 10 mA.cm-2) 

Charge transfer resistance 

(Ω) 

ECSA 

(cm2) 

Onset potential 

(mV)  

       (at 1 mA.cm2) 

α-WP2 

Mo(2.5%)/α WP2 

86.83 

81.32 

-271 

-229 

93 

69 

6.440 

8.885 

-163 

-104 

Mo(5 %)/α-WP2 

Mo(10%)/α-WP2   

76.93 

71.65 

-210 

-165 

60 

53 

14.76 

22.97 

-86 

-73  
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Long term stability is an important property in catalyst applications. Therefore, the 

electrochemical durability of Mo(10%)/α-WP2 was tested using cyclic voltammetry (CV) 

sweeps in a potential range from 0 to -0.8 V (vs. RHE) using a scan rate of 50 mV.s-1. The 

Mo(10%)/α-WP2 catalyst exhibited excellent stability in an acidic medium showing only a 

minor decrease in catalytic activity after 1000 continuous cycles. In addition to electrical 

conductivity, the density of electrochemically active sites also provides information about the 

activity of an electrocatalyst. 

The electrochemical double-layer capacitance (Cdl, details on calculation of Cdl provided in the 

additional supporting information) was measured using cyclic voltammetry (Fig. S5) in order 

to estimate the electrochemically active surface area (ECSA) of the different catalysts (details 

about calculation of ECSA are shown in the SI).39 The measured capacitive currents were 

plotted against the scan rate (20–100 mV.s-2) as shown in Fig. 4(a). As depicted in Fig. 4(a), 

the Cdl of Mo(10%)/α-WP2 (22.965 mF.cm-2) was found to be significantly higher than those 

of Mo(5%)/α-WP2 (14.755 mF.cm-2), Mo(2.5%)/α-WP2 (8.885 mF.cm-2) and α-WP2 (6.440 

mF.cm-2), showing that it possessed a high number of catalytically active sites. Moreover, a 

closer look at the W 4f7/2 peak (Fig. 4(b)) in the W-P bond for pure α-WP2 and Mo(10%)/α-

WP2 reveals a slight shift to high binding energy (Δ = 0.23 eV) due to the presence of the Mo 

dopant. This positive shift indicates the partial transfer of electron density from Mo to W as a 

result of the difference in electronegativity (2.16 for Mo vs. 2.36 for W). Metals in transition 

metal phosphides are catalytically active hydride-acceptor sites.40 Therefore, a high electron 

density around the metal sites result in high activity towards HER. 

Fig. 4: (a) Linear fit of the capacitive currents against scan rate for the various catalysts. 

(b) High resolution XPS spectra of W 4f7/2 with (bottom) and without (top) molybdenum 

dopant. 
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High temperature treatment is a common procedure used to aid crystallization of amorphous 

nanoparticles. As mentioned in earlier sections of the study, the as-synthesized nanoparticles 

were amorphous and crystalline phases were obtained through annealing at 800 °C for 1 h in 

N2 gas. Due to this, we were compelled to get a better understanding of the effect of annealing 

temperature on the catalytic performance of the best performing Mo(10%)/α-WP2 catalyst. This 

was done by comparing the catalytic activity of nanoparticles that are unannealed and those 

annealed at 600, 800 and 950 °C. Subsequent to heat treatment at various temperatures, the 

structural properties were recorded using XRD (Fig. 5(a)). The XRD patterns of as-synthesized 

nanoparticles and those annealed at 600 °C are characterized by broad peaks which indicated 

that they lacked long range crystalline order. As the temperature was increased to 800 °C, 

distinct characteristic peaks of α-WP2 (PDF 01-076-2365) were observed. A further increase in 

annealing temperature to 950 °C resulted in the formation of a different compound which could 

be matched to WP (PDF 00-029-1364). However, due to the presence of Mo, the peaks were 

slightly shifted to higher 2θ as shown in Fig 5(a). Seemingly, high annealing temperature 

promotes the loss of excess phosphorus resulting in phase transformation from the phosphorus 

rich monoclinic tungsten diphosphide (α-WP2) into the orthorhombic tungsten monophosphide 

(WP). The catalysts were then tested for activity in 0.5 M H2SO4 solution and the corresponding 

polarization curves are shown in Fig. 5(b). As depicted, to produce current density of 10 mA 

cm-2, the Mo(10%)/α-WP2-0 °C, Mo(10%)/α-WP2-600 °C, Mo(10%)/α-WP2-800 °C and 

Mo(10%)/WP-950 °C catalysts required overpotentials of -205, -267, -165 and -350 mV, 

respectively. The corresponding Tafel slopes (Fig. 5(c)) for the Mo(10%)/α-WP2-0 °C, 

Mo(10%)/α-WP2-600 °C, Mo(10%)/α-WP2-800 °C and Mo(10%)/WP-950 °C catalysts were 

determined to be 75.18, 88.52, 71.65 and 98.10 mV.dec-1, respectively. The catalytic activity 

of these catalysts follows the order of Mo(10%)/α-WP2-800 °C > Mo(10%)/α-WP2-0 °C 

Mo(10%)/α-WP2-600 °C > Mo(10%)/WP-950 °C. Interestingly, even though Mo(10%)/α-WP2-

800 °C was the best performing catalyst, the as-synthesized catalyst exhibited HER activity 

which is much higher than those of Mo(10%)/α-WP2-600 °C and Mo(10%)/WP-950 °C. 

Amorphous catalysts lack long range order which promotes formation of dangling bonds that 

have a substantial density of unsaturated sites. The non-symmetrical bonding aids adsorption 

of H+ ions on the catalyst surface resulting in improved catalytic activity.41-42 The 

Mo(10%)/WP-950 °C catalyst displayed the lowest catalytic activity with ƞ10 of -350 mV, 

which suggests that the phosphorus poor WP structure is less active than the phosphorus rich 

α-WP2. To further understand the difference in catalytic activity, EIS was conducted to 



124 

 

determine the electron transfer ability of the catalysts heat treated at different temperatures. As 

observed from the EIS plots (Fig. 5(d)), the Mo(10%)/α-WP2-800 °C catalyst exhibits a charge 

transfer resistance (Rct) of 53 Ω, which is smaller than those of Mo(10%)/α-WP2-600 °C (68 Ω) 

and Mo(10%)/α-WP2-950 °C (152 Ω), signifying better electrical conductivity. The EIS results 

corroborate with the HER activity trend that was observed in the polarization curve  

 

4. Conclusion 

Colloidal synthesis was utilized to systematically introduce different concentrations of Mo-

dopant (2.5, 5 and 10 mol%) into the crystal structure of α-WP2. The resultant pure tungsten 

diphosphide (α-WP2) and molybdenum tungsten diphosphide (Mo/α-WP2) nanoparticles were 

studied as electrocatalysts for HER in acidic medium. The combination of XRD, EDS and XPS 

analysis confirmed the successful incorporation of Mo atoms into the crystal structure of α-

Fig. 5: (a) XRD pattern of Mo(10%)/α-WP2 before and after annealing at 600, 800 and 

950 °C under N2 gas. (b) LSV curves of Mo(10%)/α-WP2 heated at various temperatures. 

The corresponding (c) Tafel and (d) EIS plots. 
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WP2. HER results reveal that the presence of the Mo dopant optimized the electronic structure 

of the active sites of α-WP2 resulting in enhanced catalytic performance. A small charge-

transport resistance, more exposed electrochemically active sites, high electron density on the 

W sites and high stability were responsible for the superior activity of the Mo(10%)/α-WP2 

catalyst. A study on the effect of annealing revealed that heat treatment of Mo(10%)/α-WP2 at 

high temperatures (i.e. 950 °C) result in the formation of a phosphorus poor Mo(10%)/α-WP-

950 °C phase, with inferior catalytic activity. Whereas excellent activity was observed from 

the as-synthesized catalyst due to unsymmetrical bonding found in amorphous structures. This 

work provides new insight into the development of TMPs into highly active HER in acidic 

medium by tuning of electronic properties through doping. 
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6. Supporting Information  

 

 

 

 

 

 

 

 

 

 

Fig. S1: XRD patterns of the pristine pure and doped α-WP2 catalyst. 

Fig. S2: Energy-dispersive X-ray spectroscopy of (a) α-WP2, (b) Mo(2.5%)/α-WP2 (c) 

Mo(5%)/α-WP2  and (d) Mo(10%)/α-WP2 catalysts. 
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The three possible reactions undergone by a catalyst in acidic medium 

1. H+(aq) + e− →  Hads                                (Volmer reaction)                   Eq. S1 

2. Hads + H+(aq) + e−  →  H2                    (Heyrovsky reaction)             Eq. S2 

3.  Hads + Hads →  H2 (g)                               (Tafel reaction)                       Eq. S

Fig. 3: The high resolution (a) P 2p and (b) W f4 spectrum of pristine α-WP2 catalyst. 

Fig. S4: XRD pattern of long term stored α-WP2 catalyst. 
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Table S1: Catalytic activity comparison of metal doped transition-metal phosphide 

electrocatalysts for HER in 0.5 M H2SO4. 

Catalyst Catalyst 

loading 

(mg.cm−2) 

Current 

density 

(j, mA.cm-2) 

Overpotential 

(mV) 

(at 10 mA.cm-2) 

Tafel slope 

(mV.dec-1) 

Ref 

Mo(10%)/α-WP2 0.35 10 -165 71.65 This 

work 

NiCoP HA/CC - 10 -74 77.2 1 

NiCoP/CC - 10 -118 114.4 1 

Mo-WP 0.2 10 -139 65 2 

CoP-FeP - 10 -130.9 45.1 3 

CoP-MnP - 10 -193.1 88.2 3 

Co-FeP 0.04 10 -126 63.6 4 

Ni-FeP 0.04 10 -169 86.9 4 

Mn-FeP 0.04 10 -175 63.6 4 

0.1Mn-MoP 

NiCoP/Ni Foam 

NiCoP 

N-NiCoP NWs 

W-CoP/CC 

0.5% Ni-WP2 

NS/CC 
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Calculating the electrochemical active surface area. 

From the slopes of the linear plots of capacitive current against the scan rate (20-100 mV s-1), 

the specific capacitance was determined to be 6440, 8890, 14760 and 22970 µF cm-2 for α-

WP2, Mo(2.5%)/α-WP2, Mo(5%)/α-WP2 and Mo(10%)/α-WP2, respectively. The specific 

capacitance was then converted into ECSA using the value for a flat standard with an actual 

SA of 1 cm2. Generally, Cs for a flat surface is in the range of 20-60 µF cm-2. Hence a median 

value of 40 µF cm-2 for Cs was assumed for the calculation of ECSA.1-2 

𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙

𝐶𝑠
 

Where Cdl is the double layer capacitance and Cs is the specific capacitance. 

 

Fig. S5: The electrochemical double-layer capacitance for (a) α-WP2, (b) Mo(2.5%)/α-

WP2, (c) Mo(5%)/α-WP2 and (d) Mo(10%)/α-WP2 measured using CV to calculate the 

ECSA. 
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α-WP2:  

𝐸𝐶𝑆𝐴 =  
6440 µ𝐹

40 µ𝐹 𝑐𝑚−2𝑝𝑒𝑟 𝑐𝑚𝐸𝐶𝑆𝐴
2 =  161 𝐸𝐶𝑆𝐴

𝑐𝑚2
  

Mo(2.5 %)/α-WP2:  

𝐸𝐶𝑆𝐴 =  
8890 µ𝐹

40 µ𝐹 𝑐𝑚−2𝑝𝑒𝑟 𝑐𝑚𝐸𝐶𝑆𝐴
2 =  222 𝐸𝐶𝑆𝐴

𝑐𝑚2
 

Mo(5 %)/α-WP2:  

𝐸𝐶𝑆𝐴 =  
14760 µ𝐹

40 µ𝐹 𝑐𝑚−2𝑝𝑒𝑟 𝑐𝑚𝐸𝐶𝑆𝐴
2 =  369 𝐸𝐶𝑆𝐴

𝑐𝑚2
 

Mo(10 %)/α-WP2:  

𝐸𝐶𝑆𝐴 =  
22970 µ𝐹

40 µ𝐹 𝑐𝑚−2𝑝𝑒𝑟 𝑐𝑚𝐸𝐶𝑆𝐴
2 =  574 𝐸𝐶𝑆𝐴

𝑐𝑚2
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Chapter 7  

General conclusions and future work 

 
1. Conclusions 

In this thesis, we report on the utilization of the colloidal synthesis method to prepare transition-

metal phosphides as alternative electrocatalysts to platinum (Pt) in hydrogen evolution reaction 

in acidic media. Within the different chapters (3-6), the effect of size, crystallinity, crystal 

phase, and doping on the electrocatalytic performance was investigated. 

In Chapter 3, we employed the colloidal synthesis method to prepare amorphous, small and 

quasi-spherical MoP nanoparticles using MoCl5, TOP and 1-ODE. Through heat treatment, the 

corresponding crystalline phase of MoP was ascertained. A comparative study of the 

electrocatalytic performance showed that the amorphous MoP phase was more active than the 

crystalline phase requiring an overpotential of only -235 mV to generate current density of 10 

mA.cm-2 with a Tafel slope of 84 mV.dec-1. The enhanced catalytic performance of the 

amorphous phase was attributed to high conductivity and high density of active sites, 

characteristic of amorphous structures. In Chapter 4, we investigated the effect of introducing 

W atoms into crystal structure of the amorphous and crystalline MoP phases on the catalytic 

activity. HER results revealed that combining the sort after properties found in amorphous 

structures with those emanating from doping significantly improves activity. The amorphous 

tungsten-doped MoP exhibited efficient catalytic activity, requiring an overpotential of only -

145 mV to generate current density of 10 mA.cm-2 and a small Tafel slope of 65.64 mV.dec-1.    

In Chapter 5, we synthesized tungsten monophosphide (WP) and tungsten diphosphide (α-WP2) 

by varying the molar ratios of the tungsten and phosphorus precursors using colloidal synthesis. 

The phosphorus-rich α-WP2 displayed enhanced activity compared to WP, generating a current 

density of 10 mA.cm-2 at an overpotential of -271 mV and a Tafel slope of 86.83 mV.dec-1. In 

addition to high electrical conductivity and high density of electrochemically active sites, DFT 

studies revealed that the improved activity displayed by α-WP2 was also due to favourable 

hydrogen adsorption energy, lower barrier for formation of transition state and low d-band 

center energy. In Chapter 6, the electrocatalytic activity of molybdenum-doped α-WP2 catalysts 

with different dopant concentrations (α-WP2, Mo(2.5%)/α-WP2, Mo(4%)/α-WP2, Mo(10%)/α-
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WP2) were explored. The combination of XRD, XPS and EDS confirmed the successful 

incorporation of the Mo-atoms into the crystal lattice of α-WP2. XPS results showed that the 

presence of Mo optimised the electronic properties of the α-WP2 catalysts and enhanced its 

performance. Amongst the catalysts studied, Mo(10%)/α-WP2 exhibited superior activity, 

requiring an overpotential of -165 mV to produce current density of 10 mA.cm-2 and a Tafel 

slope of 71.65 mV.dec-1. It was also found that annealing the Mo(10%)/α-WP2 catalyst at 

elevated temperature result to liberation of phosphorus atom to form a less active Mo(10%)/α-

WP phase. The amorphous phase of WP2 displayed enhanced catalytic activity which was 

slightly less active than the crystalline Mo(10%)/C.    

In summary, metal chloride salts were used to successfully synthesis molybdenum and 

tungsten-based electrocatalysts using the infrequently reported colloidal synthesis method in 

the preparation of transition metal phosphide. It was possible to control the size, crystallinity, 

dopant concentration and crystal phase of the catalysts. The influence of the forementioned 

parameters in hydrogen evolution reaction were addressed. 

  

2. Future work 

Despite the great progress made in studying the influence of physical properties of the   

molybdenum and tungsten-based catalysts in hydrogen evolution reaction in this work, there 

are still several questions, amongst others, that need be addressed in the future: 

1) Expand on the phase dependant study of tungsten phosphide by synthesizing metal rich 

phases (e.g. W3P) to fully understand the effect of the degree of phosphirization (P:W) on 

electrochemical performance.    

2) Study the electrocatalytic activity of the amorphous WP and α-WP2.   

3) Employ gas chromatography (GC) to identify and quantify the H2 gas generated as a 

function of time. 

4) Determine the actual doping molar concentration using inductively coupled plasma mass 

spectrometry (ICP-OES). 

5) Conduct DFT calculations to study the Gibbs free energy of adsorption of hydrogen (ΔGH*) 

of the pure and doped catalysts to understand the improved HER performance.  

 

 


