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Preface 

Among all the available carbide materials, carbides of tungsten (WC/W2C) are unique class 

of materials exhibiting versatile applications in the field of mechanical and electrochemical 

engineering. Further, it is observed that the materials at nano scale can be used for different 

electrical, electronics, mechanical, chemical and electrochemical applications, thus widening 

their demands. These widened applications are due to their different morphological features. 

The performance of WC especially in electrochemical devices can be enhanced by reducing 

their size. Due to their smaller sizes, it attains higher surface area, which provides additional 

active sites for reactants. So the synthesis of tungsten carbide nano powder has become the 

subject of interests where main focus is to meet the demands of industry. Many recent 

important technological breakthroughs can be attributed to the ongoing developments in the 

synthesis of WC nano powder. The synthesis of WC nanoparticles normally includes control 

of size and shape. Conventionally, the synthesis of WC done at high temperature (> 1400 ºC) 

involving many intermediate steps. Therefore, there is a need to develop new synthesis routes 

to obtain the product at relatively lower temperature in single step.  

The present work deals with the synthesis and characterization of tungsten carbide(s) 

(WC/W2C) nano powder by thermo-chemical route. Further, the prepared materials have 

been tested as electrocatalyst in acidic and alcohol media. The entire work of the thesis is 

divided into six chapters. 

 In Chapter 1, the details of the transition metal carbides (TMCs) with their crystal 

structure and properties are given. Among all the TMCs, the importance of tungsten 

carbide(s) has been focused and presented. The phase diagram of tungsten–carbon 

along with the crystal structures of different allotropes (WC/W2C/WC1-x) of tungsten 

carbide(s) is also described. The applications of the WC in mechanical and energy 

production are discussed. At last a brief idea about the different synthesis techniques 

adopted for the preparation of tungsten carbide(s) nano powder has been described. 

 Chapter 2 presents the literature on the synthesis of WC/W2C nano powder, obtained 

through different method by using different tungsten precursors in the presence of 

different carbon source and reducing agents. In literature work, all the efforts made by 

different group for getting carbide(s) (WC/W2C) powder at nano scale has been 

described by giving the details of synthesis conditions. Furthermore, the work on the 
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electrochemical activity of the nano crystalline tungsten carbide powders with Pt and 

Pd as supporting materials done by the other groups has been presented.  

 Chapter 3 describes the detail of experimental procedure followed for the synthesis 

of WC and W2C nanopowders from WO3. The different techniques like X-ray 

diffraction (XRD), Thermal analysis (TGA/DTG/DSC), Transmission electron 

microscopy (TEM), Raman spectroscopy, BET analysis used for the characterization 

of prepared nano powders have been discussed in this chapter. To check the feasibility 

of the synthesized powders for catalytic activity, the electrochemical measurements 

have been performed. For this, the details of sample preparation and their testing have 

also been given in this chapter.  

 Chapter 4 deals with the results and discussion part of the present work. It has been 

presented in two sections. In the first section the synthesis of tungsten mono-carbide 

(WC) nano powder by thermo-chemical route with three different carbon sources has 

been described. The reaction path for the reduction and carburization with 

temperature and time has been presented for all three carbon sources. On the basis of 

reaction path the reaction mechanism for obtaining WC nano particles have also 

proposed. The thermodynamic study has been done to predict the feasibility of 

reduction and carburization reactions at different temperature. Further, the structural, 

thermal, surface area and micro structural analysis have been done for all the samples.  

 In the second section, the formation of tungsten semi-carbide (W2C) nano powders 

under the influence of fast cooling has been discussed. In this section the same carbon 

source viz acetone, activated charcoal and hexane have been taken. For obtaining the 

W2C nano powder the optimization in the synthesis conditions has been done by 

varying temperature, time and carburizing agent amount. Among all the obtained 

products, the best sample which contained higher amount of W2C has been 

characterized using different techniques for structural, thermal analysis, Raman, 

specific surface area and microstructural analysis. 

 Chapter 5 deals with the results related to the suitability of the obtained product as 

electrocatalyst in acidic and alcohol media with and without depositing platinum nano 

particles. The effect of alcohol concentration on the electrocatalytic activity of 

prepared electrocatalyst has also been analyzed in this chapter. 
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 In chapter 6, the entire work of the present study is summarized and concluded. The 

present work shows that tungsten carbide(s) nano powder having different 

morphology can be synthesized from WO3 by changing the carburizing agent in 

single-step. The conclusion made on the synthesis of carbide nano powder has been 

presented. Moreover, the results obtained from the electrochemical study of prepared 

carbide have also been concluded in this chapter and found that the product obtained 

from solid carbon source attributes better electrochemical properties than the liquid 

carbon sources. 
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CHAPTER 1 

INTRODUCTION 

 

Overview 

In this chapter the details of the transition metal carbides (TMCs) with their crystal structure 

and properties are given. Among all the TMCs, the importance of tungsten carbide(s) has 

been presented. The history on the development of tungsten carbide is also mentioned. The 

phase diagram of tungsten–carbon along with the crystal structures of different allotropes 

(WC/W2C/WC1-x) of tungsten carbide(s) is also discussed. The applications of the WC in the 

form of cemented carbide (WC-Co) for mechanical and platinum deposited active catalyst 

(Pt/WC) for energy production applications are discussed. At last a brief idea about the 

different synthesis techniques for the preparation of tungsten carbide(s) nano powder with 

their limitations has been described. 
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1.1 Transition metal carbides (TMCs) 

The term carbides are only applied to those compounds which are formed by carbon and 

other elements of lower or equal electronegativity. Metal carbides because of higher strength 

and durability constitute a diverse class of materials and traditionally have been used in 

extreme conditions of temperature and pressure; for example, in rocket nozzles and drill bits. 

The higher hardness property increases its usage in cutting tools, golf shoe spikes and in 

ferrous alloys to enhance the toughness of steels. Moreover, due to the higher melting point 

(>1800 °C) these carbides are also called refractory carbides [1].  

Among all types of carbides, the interstitial carbide known as transition metal carbides 

(TMCs) from group IV-VI is only carbide, which meets the criteria of refractory and its 

structure leads to combinations of metallic, covalent and ionic bonds. Although in carbides, 

the C-atoms are situated in the interstitial voids of the metallic sublattice to form a 

nonmetallic sublattice [2] but these interstitial C-atoms have greater influence on the crystal 

structure and certain properties of the parental metal lattice. Moreover, due to the stability of 

interstitial carbides over a broad range of composition, it can be considered essentially as 

non-stoichiometric materials [3]. In other words, there exist vacancies in terms of missing C-

atoms within the lattice of carbides which are called structural vacancies. However, the 

presence of these vacancies is a characteristic feature of carbides that are related to the group 

of non-stoichiometric compounds. The concentration of vacancies as well as their ordered or 

disordered distribution in a crystal lattice has a strong effect on the properties of such 

carbides. Because of such a kind of nature, TMCs have highest melting point, high thermal 

and chemical stability and could be considered as potential low cost substitutes for now-a-

days industrial refractory materials.  

1.2 Crystal structure of interstitial metal carbides/TMCs 

Since, in carbides the metallic sub lattice symmetry differs from that of transition metallic 

lattices, hence, the crystal structure of metals get modified with the formation of carbides e.g. 

metals with the body centered cubic (bcc) structure (W, Nb, Mo, Ta, V, Cr) form carbides 

having cubic or hexagonal metallic sublattices. Moreover, both the experimental and 

theoretical studies also confirm that with introducing C-atom into the lattice of the early 

transition metals an expansion of the lattice constant occurs [4]. The changes within the 

crystal structure of metals after the formation of carbides attribute strong metal-carbon 
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interactions while direct interactions between carbon atoms are negligibly small [5]. Such 

kind of variation has been explained by Hagg’s rule. According to Hagg’s rule the formed 

structure depends on the ratio r = rX/rM; where rX and rM corresponds to the radii of the 

nonmetal (C atom) and metal atoms, respectively. When r is less than 0.59, the common 

structures will be simple like face-centered cubic (fcc), hexagonal closed packed (hcp) or 

simple hexagonal (hex), with the C atoms placed in the large interstitial sites of octahedral. 

However, with the increase in value of r greater than 0.59, the metallic arrangement distorts 

and forms complicated structure. When r is less than 0.59, the light elements are 

accommodated in the large interstitial sites of the relatively simple host metal structure. The 

interstitial site must be smaller than the interstitial atom to avoid insufficient bonding 

between C-atoms and metal atoms, which makes the structure unstable. On the other hand, 

the interstitial site should not be too much smaller than the interstitial atom otherwise the 

interstitial atom will expand the host metal lattice. It leads to weak the metal-metal 

interactions, and the structure will lose its stability. 

It has been shown that the TMCs shows the range of performances depending on the 

nature of the metal centers, the carbon (C)/metal (M) ratio, and orientation of the carbide 

surfaces [6-8]. The increase in M/C ratio in moving towards the right in the periodic table 

represents the rejection of C by the metal and reflects the decreasing stability of the carbides.  

1.3 Properties of carbides  

 The bonding in carbides arises due to the interaction of carbon 2s and 2p orbital with 

d orbital of metal. Moreover, due to the comparable electronic properties of carbides 

with noble metal, tungsten carbide (WC) has an electrocatalytic property similar to 

platinum (Pt). 

 The physical and mechanical properties of carbides resemble to ceramic materials but 

not to metals. Carbides are well known materials for high melting point, higher 

hardness and strength. These properties are even highest as compared to ceramic 

materials.  

 The electric and magnetic properties of carbides are similar to metals. The carbides 

have higher resistivity than pure metals, but the region of resistivity still exists within 

the range of metals. Moreover, the carbides also show paramagnetism with lower 

magnetic susceptibility within the range of magnitude of parent metal. 



Chapter 1: Introduction  Page 4 

 

Transition metal 
carbides (TMC)

Mechanical 
tools

Electro-
catalysis

Super-
conductivity

Erosion 
resisistivity

Anti-
corrsosive 
coatings

As shown in figure 1.1, transition metal carbides (TMCs) become the backbone of 

several components and utilized for different applications like metal cutting, mining, rock 

drilling, wear parts, corrosion resistance parts, coating materials, catalyst, thermal protection 

systems, superconductor, hypersonic vehicles [4, 9-14]. However, in most of the high-

performance applications, the material of choice among TMCs is ultimately based upon 

tungsten carbide(s) (WC/W2C) either as cemented carbide WC-Co for mechanical tools [15-

18] or electrocatalyst used in fuel cell applications [19-21].  

 

 

 

 

 

 

 

Figure 1.1: Applications of transition metal carbides. 

1.4 Properties of tungsten carbide (WC) 

Tungsten carbide (WC) was first synthesized by H. Moissan in 1893. Moissan had also 

produced fused tungsten metal by the electro-thermal way (earlier tungsten metal produced 

which is only in the form of a powder) in 1897. Since, in metal carbide (MC), the C-atoms 

modify the chemical reactivity through ensemble and ligand effects to moderate level [22-

24], so due to the presence of the C-atoms the number of metal atoms will be limited that can 

be exposed to metal carbide surface. Moreover, the formation of metal-carbon (M-C) bonding 

changes the electronic properties of the metal [25]. Hence, the specific features of formed 

compound are the combinations of main attributes of parental metal (thermal and electrical 

conductivity) and compound (hardness). So, the metal carbides can exhibit clear advantages 

over their parent metals in terms of activity, selectivity, and durability [22]. Moreover, 
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partially filled 5d subshell of W extends outward to the periphery of the atom and is strongly 

influenced by carbon atom. Since, the change of symmetry and a slight expansion of the 

metallic lattice in carbide ensure stability in the structure. So, the practical interest in WC 

determines the active elementary investigations of its concentrations through phase diagram 

and crystal structure.  

1.5 Crystal structure and phase diagram of tungsten carbide(s) 

 

 

 

 

 

 

 

Figure 1.2: Phase diagram of W-C system [26]. 

The phases of tungsten carbide(s) formed in the W–C systems belong to the group of non-

stoichiometric interstitial compounds. The W–C system has mainly three phases, WC1-x, W2C 

and WC, having several structural modifications. These phases are stable in certain 

temperature and concentration ranges (figure 1.2). The major phase in the W–C system is the 

higher tungsten carbide δ-WC (WC), which has no homogeneity region, while lower carbide 

W2C has relatively wide homogeneity regions. In δ-WC (figure 1.3(a)) system, both the W 

and C atoms form simple hexagonal sub-lattices (space group P-6m2) with lattice parameters 

a = 0.2906 nm and c = 0.28375 nm.  
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Figure 1.3: Crystal structure of (a) WC (b) W2C and (c) WC1-x [5]. 

The host-metal atom (tungsten) is arranged in a close-packed structure, and the C-atom 

occupies specific interstitial sites in that structure as shown in figure 1.3(a). Moreover, the 

lower tungsten carbide W2C is designated by three modifications viz low-temperature β"-

W2C, intermediate β'-W2C and high-temperature β-W2C, which are also represented as α-, β- 

and γ-W2C, respectively [26]. In all W2C types, the W-atoms form hcp structure (space group 

P63/mmc), in which one-half of octahedral interstitials are occupied by C-atoms (figure 

1.3(b)). Depending on the distribution of C-atoms, the lower carbide W2C can be disordered 

at a high temperature or ordered at a low temperature. Hence, due to the different types of C-

atom distribution, the possibility of the formation of several structural modifications of W2C 

exists. In the composition range between the lower tungsten carbide β-W2C and the higher 

carbide δ-WC, there exists the cubic phase (space group ) WC1-x (figure 3(c)) [26]. 

1.6 Applications of tungsten carbide(s) 

Tungsten carbide (WC) has the potential to improve the mechanical properties of cutting 

tools. Moreover, among hard alloys and refractory carbides specifically in group VI, tungsten 

carbide (WC) is one of the carbide which has high melting point (2800 °C), high hardness 

(Hv = 22 GPa), low coefficient of thermal expansion (5.2 × 10
-6

 /K), high thermal 

conductivity, good wear resistance over as wide range of temperature [26, 27-29]. In 

industries, tungsten carbide (WC) in the form of cemented carbide with nanocrystalline grain 

 

 

 

(a) (b) (c) 
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structure after sintering has been well known for its exceptional hardness and wear/erosion 

resistance.  

 

 

 

 

 

 

Figure 1.4: The percent of densification of WC–Co as a function of the temperature during 

continuous heating for various initial particle sizes [30]. 

Basically cemented carbide is a metal matrix composite which is formed by hard ceramic 

particles, like WC, into a cobalt metallic (Co) matrix [31]. Cemented carbides have a unique 

combination of good toughness and high hardness within a wide range and used in the most 

versatile hard materials group for engineering and tool applications. The proportion of 

carbide phase is normally 70 % to 97 % of the total weight of the composite having grain 

between 0.2 µm and 20 µm. The hardness which is indirectly depended on the densification 

of the materials is significantly higher especially from consolidation of nanosized powders as 

could be expected from conventional powders (figure 1.4). 

1.6.1 Importance of WC/W2C in catalysis  

Moreover, in recent years, all fuel cells used in electric vehicles require hydrogen (H2) as 

a fuel [32] which can be generated directly by reforming the methanol, ethanol, butane, or 

biomass-derived materials. It converts chemical energy of fuel into electrical energy through 

an electrochemical reaction [33] by using a material (Pt) which effectively catalyzes the 

electrochemical reactions on each electrode surface of fuel cells [34]. However, Pt as a 

catalyst suffers from several drawbacks, including slow kinetics, low efficiency, high cost, 

and limited lifetime [35, 36]. So, in order to commercialize the usage of energy conversion 
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technologies one of the most important challenges is to either replace or support the high-cost 

metal catalyst with a high surface area substrate. But due to the continuous advancing 

development of energy storage and production, the carbon supported Pt catalysts (Pt/C) have 

been used extensively [36, 37]. However, due to the higher operating temperature conditions 

and cycling conditions of fuel cells carbon support catalysts corrode rapidly [38, 39]. 

Furthermore, due to the carbon oxidation/corrosion Pt catalyst agglomeration occur which 

tends to degrade the performance significantly [40]. Thus, current research is focused upon 

the development of new non carbon-based support catalyst materials, which have low cost, 

high performance, stability, and durability. 

Among the non-carbon supports candidates; metal carbide (MC) appears to be an 

important material that shows good electronic conductivity, chemically inert, low cost, 

tolerance to CO poisoning and are widely used in cutting tools [15, 41, 42]. Moreover, the 

experimental results showed that at ambient conditions MC has been oxidized at around 600 

°C [43, 44], which is much higher than the required temperature for operating the low 

temperature operated fuel cells. In addition, the Pt like catalytic behavior of MC could result 

in a cooperative way with the metal catalyst, leading to enhancement in the catalyst activity 

[45].  

Moreover, an early study of Levy and Boudart [45] on an isoelectronic structure of WC 

and platinum has focused a considerable amount of attention on the new scope of WC in the 

research field. The continuous extensive study on WC has made it a good candidate as a 

catalyst for substitute materials like noble metals (Pt, Pd, Au etc.). For the application of 

tungsten carbide(s) (WC, W2C) as a catalyst, it has been observed that it shows high catalytic 

activity in fuel cells because of its noble metal-like activity, high stability, and CO poisoning 

tolerance [46, 47]. Some research has also revealed that WC can act as excellent anodic and 

cathodic materials [46]. Furthermore, many experiments and calculations indicate that 

WC/W2C is utilized as an excellent candidate for fabrication of a high-efficient and stable 

catalyst system in which small-sized metal nano particles (Pt, Pd, etc.) are deposited onto the 

surface of WC/W2C [14, 46-48]. Moreover, the synthesis of materials in nano range increased 

the exposed active sites and improved contact areas with reactants [49-51] which results in 

improvement of the performance. So, WC/W2C in nano sized can be considered as a 

promising candidate for next-generation as an electrocatalyst support due to its synergistic 

effect when combined with platinum nanoparticles (figure 1.5). It could lead to Pt/WC 

electrocatalysts with a higher intrinsic activity [52]. 
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Figure 1.5: Schematic process of platinum nano particles deposition on WC nano particles. 

1.7 Synthesis of nano crystalline tungsten carbide(s)  

In the era of nanotechnology, when we discuss about nano particles then we usually 

emphasize on particles with dimensions less than 100 nm on an atomic and molecular scale. 

However, the significant contributions of nanotechnology have been revealed in the fields of 

materials science. Many recent important technological breakthroughs can be attributed to the 

ongoing developments in nanotechnology. There are many ways to synthesize nano materials 

by suitable processing techniques such as top-down and bottom-up approaches. In the top- 

down approach the nano structured material has been prepared by breaking up the bulk 

shaped material into the lower size until the microstructure exhibit nanostructure. While in 

bottom-up approach, involve the synthesis of nanocrystalline materials from nanocrystalline 

particle even at atom, ions or molecules orderly assembled into the desired structure. While 

several techniques to produce WC nanopowders have been developed, but only a few of them 

have been proven at the industrial level. Production challenges include economic 

considerations, properties of powder and its process-ability. The preparation techniques cover 

a diverse array of processes as is evident from the discussion below:  

1.7.1 Mechano-chemical synthesis 

In mechanical ball milling process a powder mixture has been placed in the ball mill to 

produce homogeneous material via high-energy collision from the balls. It was found that this 

process, named as mechanical alloying could successfully produce fine, uniform dispersions 

of particles. Hence, their advancement in synthesis techniques has changed the conventional 

methods to obtain the material which is carried out by high-temperature synthesis. The high-

energy ball milling method not only synthesized the materials but also modified the 

conditions of reactivity of as-milled solids (higher reaction rates, lowering reaction 

Methanol/ethanol 

 

 

WC nano particles Pt/WC- nano particles 

 

 Pt- nano 

particles 
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temperature of milled powders) or inducing the chemical reactions during milling process 

(mechano-chemistry) [53]. Many ceramic powders, alloys as well as composites have been 

prepared by this method. 

Furthermore, high-energy milling is one of the simplest methods to produce WC nano 

powder by mechanical activated chemistry occurred between tungsten sources and carbon 

sources during milling process [54-56]. The mechanical activation is responsible to enlarge 

the surface area or to accelerate the reactions by correct mixing of the reagents for enhancing 

the reactivity of solids. However, the biggest problem associated with this process is to 

produce nanosized particles which require long processing times, contamination, and high 

energy expenditures [53, 57]. 

1.7.2 Spray conversion process 

Spray conversion process is a continuous and scalable process dedicated for converting 

liquid streams (slurries, pastes or even melts, suspensions, emulsions, solutions) into dry free-

flowing powders. It further enables to produce the particles with controlled size and 

morphological aspects, which subsequently scaled up to the production at an industrial level. 

Moreover, the advantages of processing the materials from chemical precursors seem to be a 

reduction in the production cost of novel materials having homogeneous ultrafine 

microstructures (nanostructures) and improved properties [58]. Furthermore, due to 

controlling of the processing parameters, the chemical and microstructural uniformity at the 

nanoscale has been maintained [59]. So, the spray conversion process allows the mixing of 

precursors at the molecular level which yield nano sized materials. However, the problem 

with this process is that it consists of three-step, which involve the formation of aqueous 

solution, spray drying to form an amorphous powder, and carburization with carbon 

containing gases to form pure WC phase [60]. 

1.7.3 Chemical vapor phase reaction synthesis 

In this method, the vapor phase precursors are brought into a hot-wall chamber under the 

conditions in which instead of the deposition of a film on the wall, nucleation of particles in 

the vapor phase occur. It is called chemical vapor synthesis or chemical vapor condensation 

in similar to the chemical vapor deposition (CVD) technique which is used to obtain thin 

solid films on surfaces. In current approach the nanoparticles has been synthesized by 

creating conditions where the vapor phase mixture is thermodynamically less stable as 
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compared to solid material prepared in the nano form [61]. Furthermore, in this process a 

chemical supersatuartion stage is included, which is thermodynamically favorable for the 

vapor phase molecules to react chemically and form a condensed phase [61]. Moreover, the 

reactions at vapor phase offer the advantages of getting highly pure nanopowders which have 

good control over the size, shape, and crystal structure as well as easy control of reaction rate. 

The precursors can be solid or liquid in nature but are introduced into the reactor as a gas. 

Normally in case of chemical vapor phase reaction synthesis, metal chloride precursors are 

used due to their lower volatilization temperature [62]. But in case of WC nano powder 

synthesis, different precursors like tungsten hexacarbonyl (W(CO6)) [63], tungsten 

hexafluoride [64], have also been used. In the next chapter the advancement in the synthesis 

and electrochemical studies of tungsten carbide(s) has been given. 
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CHAPTER 2 

LITERATURE REVIEW 

 

Overview 

In this chapter, the works for getting different allotropes of tungsten carbide (WC/W2C) nano 

powders by different methods are presented. The entire literature describes the details of 

WC/W2C nano powders synthesis from different tungsten precursors using different carbon 

source and reducing agents. The literature work describes all the efforts made by different 

group to get single phase of carbide(s) (WC/W2C) at nano scale giving details of the 

synthesis conditions. The last part of the literature deals with electrochemical activity of the 

synthesized nanocrystalline carbide powders for its use as electrode in fuel cell applications. 

Apart from this, different approach for designing varieties of catalysts with improved 

efficiency, reliability and interaction with Pt and Pd as supporting materials has also been 

reviewed in this chapter.
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With increased applications of WC/W2C nanopowders, efforts are being made to prepare 

them at lower cost with ease of synthesis procedure. However, the applications of obtained 

product mainly depend upon the process and hence the reactions involved in the process by 

which carbide(s) is produced (carburization by liquid hydrocarbon, solid carbon, and 

synthesis temperature). Hence, the materials scientists are continuously working to improve 

the properties and performance of such materials which can be achieved by significant 

improvement through modifying the surface via conventional thermal, mechanical, and 

thermo-mechanical processing methods associated with high end applications.  

2.1 Synthesis of Tungsten Carbide Nanopowder (WC/W2C) 

2.1.1 Direct carburization reactions 

In this process, the metallic powders react with solid carbon in the presence of protective 

atmosphere (H2 or vacuum). Such kinds of reactions are normally affected by the 

temperature, pressure, time and the state of initial ingredients. Moreover, depending upon the 

operating conditions the carbon content in the final product obtained by this method may vary 

significantly. Commercially tungsten carbide (WC) was also produced by direct reaction 

between tungsten (W) and carbon (C) at very high temperatures, typically 1400-1600 °C 

under vacuum or inert atmosphere [1]. Koc and Kodambaka [2] have also followed the 

same process of carburization using pure tungsten oxide (WO3) as tungsten (W) source and 

established a reaction path for getting pure WC. In order to reduce the operating temperature, 

two steps method was followed by them. Firstly, the oxide powders were coated with carbon 

by cracking of propylene (C3H6) gas followed by mixing with a substantial amount of carbon 

black. Finally the mixture was treated at temperatures in the range of 600-1400 °C for 2 h in 

the presence of Ar or 10% H2-Ar atmosphere. This process led to formation of WC directly 

without the formation of W2C at higher temperature.  

Hatano et al. [3] studied the solid-state reaction between W and amorphous carbon (AC) 

at 700, 800 and 900 °C and concluded that rate of nucleation and growth of W2C is 

significantly higher than those of WC at these temperatures. Oliveira et al. [4, 5] studied the 

formation of WC and its stability by using graphite and W powders as the precursor in the 

controlled mole ratio in a solar furnace. In this process, synthesis temperature was achieved 

from the ambient temperature upto 1600 °C or 1900 °C quickly. Li et al. [6] used WO3 as 

tungsten source and cyanamide (CN2H2) as a carbon source. The WC nano powder with size 

~6 nm have been obtained by heating the mixture of starting precursor in molar ratio 10:1 at 
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1150 °C for 30 min. Jin et al. [7] have obtained WC nano powder by heating ammonium 

metatungstate (AMT) and glucose (C6H12O6) at 1000 °C and discussed the formation of 

different phases and their microstructure during the synthesis of WC nanopowders. 

Due to the process limitations of consuming higher energy and higher time reaction 

phenomenon for getting WC nano powder by these methods, mechanical alloying (MA) also 

called mechano-chemical route has been employed for the production of nano-structured WC.  

2.1.2 Mechano-chemical synthesis 

Mechano-chemical synthesis is a technique used to produce homogeneous material from 

blending of elemental powder mixtures. The powders obtained by this method have particles 

of uniform shape and narrow size distribution in the nano meter range [8]. Le Caër et al. [9] 

have employed the synthesis of carbide systems by mechano-chemical route. Subsequently, 

Matteazzi and Le Caër [10] have reported the effect of milling on atomic mixture of W and 

C (50:50) powders and obtained powder of particle size of the order of 20 nm. However, 

because of the contamination from milling media, they were unable to draw any major 

conclusion. Wang et al. [11] synthesized WC nano powder directly by milling the mixture of 

W and C powder in vacuum up to milling time 310 h. The tendency to obtain pure single 

phase WC was enhanced by subsequent heating the milled materials at 1000 °C in vacuum 

for 1 h.  

Tan et al. [12] modified the classical high-energy milling process by the reduction of 

WO3 using magnesium (Mg) containing graphite mixtures. The graphite is used as carbon 

source for carbide formation while the Mg as catalyst to enhance the reactive synthesis. El-

Eskandarany [13] prepared nano crystalline WC powder of 7 nm size by ball-milling of 

WO3, Mg, and C at room temperature in 48 h. El-Eskandarany et al. [14] have also obtained 

WC nanopowders of particle size 70-90 nm by high-energy ball milling of W and C powders 

after 71 h milling time, which further decreased to 5 nm by increasing the milling time upto 

120 h. The obtained powder has better morphological features, such as homogeneous shape 

(spherical-like morphology) with fine and smooth surface and uniform size.  

Liu et al. [15] have done mechanical alloying (MA) of new carbon source fullerene with 

W for 10 h and concluded that the heat of formation for carbide plays an important role in the 

MA process which act as a driving force for reaction to get WC (-20.64 kJ/mol). Zhang et al. 

[16] prepared nano WC powder by taking W and graphite powder with paraffin wax based 

macromolecule compound via wet milling for 12 h in a multi-component ball-milling organic 
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medium. The liquid medium in the colloidal slurry was evaporated under vacuum. Further, 

the carbon coated precursor was carburized in a muffle furnace with molybdenum wire as 

heating element at 1000 °C for 10 h under hydrogen. The final obtained powder (WC) by this 

approach has BET specific surface area 5.86 g/cm
3
 and particle size 65.2 nm. 

Ma and Zhu [17] have done the solid-state carbothermic reduction of WO3 to obtain WC 

nanoparticles by calcining mechanically activated mixtures of WO3 and graphite powder at 

1215 °C under vacuum. They observed that the final product WC formed in this process via 

intermediates, including Magneli phases (WO2.72 and WO2) and W. Bolokang et al. [18] 

studied the effect of carbon amount and milling parameters on the synthesis of WC. 

According to them, higher carbon content takes longer milling time to form WC. Moreover, 

W2C phase was also observed with higher carbon content when milled at low speed and 

lower ball-to-powder ratio (BPR). Consequently, in order to get carbon-deficient composition 

milling was done for a short time period. Razavi et al. [19] obtained single phase WC nano 

powder by milling W and C along with commercial WC powder (particle size of 1 µm) in a 

planetary ball mill for 100 h.  

Yang et al. [20] followed a new novel method for synthesizing ceramic powders in 

molten salt. Unlike a traditional mechanochemical process, this is based on mechanical 

alloying followed by chemical reaction in liquid phase (molten salt) at 1000 °C. They have 

synthesized W2C and WC powder successfully by this method. Although the milling 

techniques can produce powders at nano scale but contamination, long durations of 

processing and high-energy consumption problems are also associated with this process.  

2.1.3 Spray conversion process 

The spray conversion process is an advance technology for producing nanosized WC 

powder and has been adopted at the industrial level. Spray conversion processing has 

appeared as the most versatile and reproducible process. This process is normally applied for 

the production of nano sized composite powders. The phase uniformity is maintained in the 

spray drying process which gives a large, porous and flow able precursor powder. In this 

process the aqueous solution of precursors are subjected to spray drying. This process leads 

to the formation of amorphous powder which is further carburized in the presence of carbon 

containing gases to obtain pure WC [21, 22]. Gao et al. [23] have reported the formation of 

nano grained WC through this method by controlling simultaneous reduction and 

carburization reaction directly from the ammonium metatungstate (AMT) and gas mixture 
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(H2 + CO). Seegopaul et al. [24] have proposed that the carbide formation is possible through 

a substitution of carbon for oxygen in the matrix. The authors also demonstrated a recycling 

process using scrap materials which is further oxidized. This is then further dissolved in a 

solution of NaOH and spray dried to form a precursor compound. As a carbon source, a 

compound such as citric acid (C6H8O7) has been added to the prepared solution before the 

spray drying for the formation of WC. Furthermore, the obtained powder formed from the 

spray dried solution is calcined and carburized at 775 °C to form WC nano powder. Kim et 

al. [25] followed the thermochemical process by taking AMT as W source and introduced an 

additional mechanical milling treatment of the spray dried powder in which carbon is added 

intentionally to support the formation of carburizing phase. Furthermore, the milled powder is 

converted into nano powder by gas phase reduction and carburization at about 800 °C for 24 

h.  

Moreover, another change in the spray conversion process has been done by Zhang et al. 

[26]. They involve the co-precipitation of cobalt (Co) with salts of tungsten such as 

ammonium paratungstate (APT). The hard metal constituents are mixed at the atomic level, 

followed by hydrogen reduction and further carburize in the presence of different mixture of 

CO and CO2. The average size of particle in the prepared powder reported was of the order of 

20–50 nm. But the major problem associated with this method is the formation of large 

agglomerates. 

2.1.4 Chemical vapor phase reaction synthesis 

The chemical vapor phase reaction technique also known as chemical vapor deposition 

(CVD) is a process where a solid material is deposited from a vapor occurring due to a 

chemical reaction on or in the region of a normally heated substrate surface. The solid 

material can be obtained in the form of coating, powder, or as single crystals after looking the 

demand of WC used under severe conditions (at high temperature, high pressure and in 

corrosive media).  

Hojo et al. [27] synthesized WC and W2C powders by vapor phase method using WCl6-

CH4-H2 system at 1000–1400 °C. According to them, the particle size and yield of WC was 

affected by the different reaction mechanism involved in the process. The reductions at lower 

temperature followed by carburization at higher temperature show better result as compared 

to simultaneous reduction and carburization occurring at higher temperature. However, the 

low temperature CVD process has also been reported by authors [28, 29]. In this process, the 
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coating of WC has been done onto the substrates by hydrogen reduction of tungsten 

hexafluoride (WF6) in the presence of dimethyl ether. The coating comprises of mixture of 

the W and WC which improved the erosion property of the mechanical component. Won et 

al. [30] synthesized nanosized WC powder in a horizontal tube reactor by the CVD technique 

using WCl6–C2H2–H2 mixtures. The obtained product was a mixture of α-WC and β-W2C. 

According to them, the particle size of product increased with the increase in volatilizer 

temperature of WCl6 and decreased with the increase in H2 flow rate. Particles of wide size 

range of 100-1000 nm were obtained in this work.  

Fitzsimmons and Sarin [31] have studied the thermodynamics and kinetics of a desired 

reaction for two different coating systems WCl6-CH4-H2-Ar and WF6-CH4-H2-Ar. The 

authors have found that both systems exhibit an increasing WC phase region at lower 

temperature and observed the requirement of lower partial pressure of CH4 for WF6 than 

WCl6 to produce WC. Tang et al. [32] reported the synthesis of WC nano powder by the 

vapor phase reaction of WCl6–C3H8–H2 mixtures in a downstream tube reactor. While for 

getting the complete transformation into WC phase, an excess amount of C3H8 and 

temperatures above 1400 °C were required. It further required a post-treatment of obtained 

powder by hydrogen for 1 h at 1000 °C, to remove an excess amount of carbon in the 

product. Medeiros et al. [33] synthesized very fine WC crystallites by using APT and 

tungsten blue oxide (TBO) as the W sources and mixture of gas CH4 and H2 as the carbon 

source and reducer respectively at temperatures ~850 °C in 2 h. 

Sohn et al. [34] followed the chemical vapor synthesis (CVS) process for the production 

of WC nanopowder of size less than 30 nm by using WCl6 as the precursors with H2 and CH4 

as the reducing and carburizing agents, respectively. They observed that the formation of WC 

is highly dependent on the reaction temperature as well as the ratio of H2/CH4. However, in 

the absence of sufficient reaction temperature or CH4 concentration, W2C or even W was 

formed instead of WC. Yang et al. [35] have deposited nanocrystalline WC thin films on 

quartz substrates using hot-filament chemical vapor deposition (HFCVD) technique. The 

authors have observed the effect of temperature on the particle size as well as phase 

formation using Raman as well as XRD analysis.  

Medeiros et al. [36] have reported the carburization of APT by CH4 directly into WC at 

800 °C in short times. The obtained carbide powder has specific surface area around 35 m
2
/g. 

The authors have found that the overall reaction rate (reduction and carburization) can be 

increased by increasing temperature, gas flow, amount of CH4 in the mixture and powder 
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fineness with decreasing the powder charge. This method still involves the difficulty of 

excess carbon coating on the produced particle which can be removed by the post-treatment 

with hydrogen. They have also observed that delicate balance is required between the 

simultaneous reduction and carburization for the synthesis of single phase of WC, when 

oxide is used as precursor. Cetinkaya and Eroglu [37] have initially obtained W powders 

from WO3 by H2 treatment. The reduced W powder was carburized at 627-827 °C in the 

presence of pure Ar and H2-diluted CH4 atmospheres to get single phase WC powder of 

particles size 40–65 nm in a relatively short time.  

2.1.5 Thermal plasma processing  

After successively synthesis of WC by CVD processing technique, a plasma processing 

technique has also been applied for the synthesis of nano carbide powder by Tong and 

Reddy [38]. Thermal plasma processing (TPP) provides a very high processing temperature, 

at which metal oxides in monatomic gaseous state and very high quenching rates strongly 

suppresses the growth of product for the production of nano-powders [38]. Ryu et al. [39] 

followed the TPP technique to obtain WC nano powder. The authors have used WCl6 as the 

W source with CH4 and H2 gases as carburizing and reducing agent, respectively. The final 

product obtained by TPP technique contained the mixture of WC1-x powder and small amount 

of WC and/or W2C phase. The particle size of WC1-x was affected by plasma torch power, the 

plasma gas flow rate, and the secondary plasma gas (H2). Moreover, the obtained WC1-x and 

W2C phases were converted to WC phase while the excess carbon present in the product was 

completely removed by the hydrogen post-treatment at 900 °C. The particle size obtained by 

this method was found to be less than 40 nm. However, the formation of pure-phase WC 

powder with control amount of free carbon remained as problem which yet required to be 

overcome. 

2.1.6 Combustion Synthesis/ Self-propagating High-temperature Synthesis 

Since, the formation of carbides requires high heat of formation, which is found to be low 

(ΔH= -9.69 kcal/mol) in case of reaction between W and C mixture. So, the authors [40, 41] 

have proposed the combustion synthesis (CS) or self-propagating high-temperature synthesis 

(SHS) which exhibit high energy efficiency and attractive technology for the synthesis of 

carbides at nano scale. Nersisyan et al. [42] followed the CS technique for the production of 

nanostructured WC from WO3+Mg+C+sodium salts (NaCl, Na2CO3) systems. Consecutively, 

Nersisyan et al. [43] obtained the nanostructured WC from WO3 + NaN3 + C system in the 
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presence of Ar gas by the same technique in which NaN3 act as a reducing agent. In this 

system, the obtained powder has the particle size less than 100 nm. In another approach of 

CS, the reduction and carburization of WO3 was done with Mg and mixture of carbon black 

with ammonium carbonate respectively. The WC nano powder obtained by this system has 

particle size in the range of 200 nm [44].  

Won et al. [45] synthesized WC nano powder having size less than 100 nm from WO3 + 

3 Mg + C system with sodium halides and carbonate. The investigations proved that small 

amount of carbon-containing compounds (ammonium carbonate) significantly enhance the 

combustion synthesis process to activate the carburization of W during the reaction. One of 

the approach has also been proposed by Wang et al. [46] in which hexagonal tungsten 

carbide (h-WC) was synthesized by heating the tungsten-sodium and supercritical carbon 

dioxide at moderate temperature 600 °C. The authors have found that the synthesis of WC is 

taken by the transformation of CO2 into graphite by Na. While tungsten has been transformed 

into tungsten oxide, which carburized further by the in-situ formed graphite and transformed 

into WC. 

2.1.7 Thermo-chemical process 

This process consists of chemical conversion of initial ingredients into final product via, 

heat and pressures which helps to enhance the chemical reactions by breaking down the 

constituent parts. This process provides control over the size and shape of the finally obtained 

particle. Reddy et al. [47] have also adopted this method to obtain the nanostructured WC 

and observed the influence of precursor structure on nanostructured WC phase during 

reduction and carburization. The authors have concluded that the chemically obtained WO3 

after reacting with amorphous C at 1000 °C provide fraction of amorphous WC. While the 

commercial WO3 after reacting with graphite as well as amorphous carbon provides W2C and 

mixture of WC/W2C phases, respectively. The average crystallite size of pure WC estimated 

from XRD peak profile was about 38 nm. Consecutively, the stability of nanostructured WC 

phases during carburization of chemically obtained WO3 was studied by Reddy et al. [48]. 

They have given the sequence of conversion of carburization WO3→W→WC1-x→W2C→ 

WC. Aravinth et al. [49] synthesized h-WC nano powder by carburization of tungsten 

/tungsten oxide/non-stoichiometric tungsten oxide particles which was obtained from a wire 

explosion process with multi walled carbon nano tubes (MWCNT). The obtained WC 

particles are of spherical shape having geometric mean size about 19 nm.  
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In all the above mentioned process, the cost of production for the synthesis of carbide at 

nano scale is very high due to the involvement of multi-steps and high temperature. Hence, in 

order to enhance the reaction kinetics of carburization, the autoclave synthesis route has been 

employed by using Mg as reducing agent [50]. This is a chemically co-reduction route for the 

synthesis of nanostructures at relatively lower temperature (~600 °C) in which hydrocarbons 

and Mg are used as carbon source and reducing agent, respectively in autoclave. Guo et al. 

[51] reported the synthesis of WC nano crystal via solvothermal reaction between WO3, Mg 

and anhydrous ethanol (CH3CH2OH) in autoclave at 600 °C for 15 h. The obtained powder 

consists of particle size in range between 100 to 200 nm. Ma et al. [52] have done the 

hydrothermal treatment of AMT and ammonium carbonate mixture at different temperature, 

followed by heating at 800 °C to obtain WC having mesopores structure. Since, the nascent 

carbon produced during the reaction had good reaction activity as compared to carbon black, 

so Ma and Du [53] synthesized nanocrystalline h-WC via co-reduction-carbonization 

mechanism in an autoclave at 600 °C. In this process, WCl6 was used as W source, sodium 

carbonate (Na2CO3) and Mg were used as carbon source and reductant, respectively. The 

particle size of the obtained powder was about 20 nm with specific surface area of the order 

14.5 m
2
/g. The powder obtained from this process had good thermal stability and oxidation 

resistance below 500 °C in air.  

Kumar et al. [54, 55] have presented the work on the synthesis of WC nano particles via 

solvothermal route by taking WO3, Mg and two different carbon source (acetone and 

ethanol). The authors have found the conversion of WO3 into WC and maximum yield at 800 

°C in time 20 h by taking 36 mL acetone. Additionally, Kumar et al. [56] also reported the 

work on the formation of WC nano particles directly from wolframite ore with and without 

ball milling the W source and taking three different carbon source (methanol, ethanol, 

acetone) in autoclave in the presence of Mg as reductant. The authors have found WC nano 

powder by heating the mixture at 800 °C for 20 h in the presence of suitable solvent acetone. 

Moreover, the possibility of WC formation at lower synthesis time (10 h, 15 h and 20 h) 

increased by using milled W source in the autoclave for 36 mL acetone. The average size of 

obtained WC nano particle is of the order of 13 nm. Singh and Pandey [57] have reduced the 

multistep of the processing for getting WC directly from scheelite ore by milling it for 50 h. 

The milled ore was put in autoclave with activated charcoal and Mg. The mixture was heated 

at 800 °C for 20 h and found WC nano powder after removing impurities CaO and MgO.  
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2.2 Electrochemical study 

Because of the diminishing of limited natural resources, energy crisis has become the 

major global concern. Therefore, extensive research has been pursued for the development of 

alternative energy storage and conversion systems. In this respect, the oxygen-reduction 

reaction (ORR)/ hydrogen-evolution reaction (HER) and hydrogen oxidation reaction (HOR)/ 

oxygen evolution reaction (OER) that occur at cathode and anode, respectively have become 

the important reactions in the field of energy conversion system [58-62]. These reactions are 

playing important role in the conversion of the chemical energy to electrical energy [63]. But, 

all these reactions are slow in nature which limits the performance of the fuel cell system and 

traditionally used precious metals such as platinum (Pt) and palladium (Pd) [64]. The high 

cost and shortage of the costly noble metals put limitations on the large-scale execution of 

these materials. Thus a need is felt to develop catalysts which can speed up the kinetics of 

these reactions to reach a usable level in fuel cells by either replacing them or using as 

support to the noble metals. Hence after the attributing of Pt like catalytic behavior of WC in 

1973 by Levy and Boudart [65]; WC supported noble metals (Pt, Pd) catalysts are widely 

used for electrochemical reactions. Furthermore, depending upon its physical properties, 

electrochemical stability, operating potential range and requirements, scientists are using it as 

electrode (cathode/anode) electrocatalyst for different reactions which is discussed below: 

2.2.1 Oxygen-reduction reaction (ORR) 

Oxygen-reduction reaction (ORR) is a normal cathodic process to remove the electrolysis 

produced oxygen via oxygen reduction activity which results to enhance the performance of 

fuel cell and becomes the important studies of electrode reactions in different media. 

However, due to sluggish nature of ORR on the cathode side, it restricts the accessibility of 

fuel cells usage. In order to enhance it Meng and Shen [66] studied the Pt modified WC 

nano crystals as cathode electro catalyst towards ORR. The authors have also observed the 

influence of the concentration of methanol on activity along with shifting of onset potential 

for ORR towards the positive side on Pt-W2C/C as compared to Pt/C.  

Nie et al. [67] have analyzed the performance of Pt-WC/C electrocatalyst for ORR in 

acidic media. The results revealed the shifting of onset potential for ORR towards more 

positive as compared to commercial Pt/C. Nie et al. [68] have studied the effect of nano 

bimetallic (AuPd-WC/C) system on ORR. The results show that AuPd-WC/C has 70 mV 

higher onsets potential for ORR as compared to Pt/C with higher current density in acidic 
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solution. Chhina et al. [69, 70] have synthesized high surface area WC and performed its 

electrochemical testing by opting specific amount of Pt deposition for ORR. The reports 

confirmed that Pt/WC catalyst is electrochemically stable up to higher oxidation cycle which 

seems to be suitable as cathode catalyst in PEMFC in long term. Yan et al. [71] have loaded 

WC nano particles on graphitic carbon (WC/GC) to improve the ORR and found 

improvement in electrocatalytic activity in terms of higher kinetic current as compared to 

Pt/C. Meng et al. [72] have studied the ORR of W2C nanocrystals on carbon (W2C/C) and Pt 

deposited W2C/C (Pt-W2C/C) composite as electrocatalysts prepared by the intermittent 

microwave heating (IMH) method in the acidic media. The results revealed that Pt-W2C/C 

proved to be more active for ORR by observing 100 mV shifting towards positive as 

compared to Pt/C. Elezović et al. [73] have studied the results of surface carbon free WC for 

ORR with and without Pt, in alkaline solution (NaOH). The authors have observed 150 mV 

shifting of onset potential towards positive side for ORR which is better than Pt/Vulcan.  

The recently interest is to improve the catalytic activity of catalysts by obtaining 

mesoporous structure which can provide more active sites. Zhu et al. [74] have noticed the 

greater ORR activity of Pt deposited mesoporous modified WC (Pt-WC/C) with higher 

current density as compared to unmodified mesoporous carbon support. Zhu et al. [75] have 

prepared the nanocrystalline WC with a high surface area containing minimum free carbon 

by polymer route and observed its electrochemical stability. They have observed that this 

material exhibited low electrochemical stability in acidic media when subjected to potential 

cycling at potentials larger than 0.7 V vs. RHE, due to the electrooxidation of WC. They have 

also analyzed the ORR of 20 wt% of Pt supported on WC which was significantly lower than 

commercial Pt supported on carbon. Ko et al. [76] have reported the synthesis of mesoporous 

WC by hydrothermal method from W2N at different reaction temperatures. The sample 

obtained at 900 °C exhibited better ORR activity in alkaline solution even after 2000 cycles 

which can be improved by depositing the Pd nanoparticles. 

2.2.2 Hydrogen-evolution reaction (HER) 

Hydrogen-evolution reaction (HER) is a cathodic process to generate the hydrogen for the 

minimization of energy consumption by efficient and abundant electrocatalyst. Insipte of 

numerous efforts and significant technological interest, it is still a challenge to develop a low 

cost hydrogen electrode catalyst with high activity. The efforts made in this direction to 
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develop a hybrid material made of Pt/Pd supported on WC as a high performance 

electrocatalyst for HER is described below:  

Wu et al. [77] have prepared (PdPt-WC/C) as cathode electrocatalyst to determine the 

better performance in HER activity for the production of hydrogen as fuel in acidic media. 

They have observed the shifting of the onset potential on positive side with higher current 

density. The authors have also discussed the kinetic of HER by changing the concentration of 

H2SO4 and observed improvement in HER with the increasing sulfuric acid concentration. 

Rees et al. [78] have studied the electrocatalytic activity of WC obtained by microwave 

carburization method and also analyzed the effect of KCl, Ni(II), Fe(II) and Mn(II) reactants 

used during synthesis on the HER activity. Hsu et al. [79] have deposited mono layer (ML) 

of Pt on WC by physical vapour deposition (PVD) technique to reduce the amount of Pt and 

cost of prepared electrocatalyst. The prepared Pt–WC core–shell powder catalysts prepared 

by minimum amount of Pt (~0.85 wt%) produced HER activity better than 10 wt% Pt 

deposited C (Pt/C) and it even remained stable under HER conditions. Yan et al. [80] have 

reported the results of novel ternary composite of MoS2, WC and reduced graphene oxide 

(RGO) (MoS2/WC/RGO) for HER activity. In this combination, WC proved as an effective 

co-catalytic support for electrochemical water splitting.  

Kelly et al. [81] have synthesized Pd supported WC (Pd/WC) to reduce the cost of electro 

catalysts for HER. The results of obtained catalysts (Pd/WC) exhibited two orders of 

magnitude increment in current density at overpotential of -0.1 V relative to the unmodified 

carbides. Kimmel et al. [82] have studied the effect of surface carbon on electrocatalytic 

activity of WC and Pt modified WC (Pt/WC) thin film through HER analysis. They have 

found that the HER activity of WC was relatively not affected by very small amounts of 

surface carbon but decreased when several MLs of surface carbon was present. On the other 

hand, Pt/WC without surface carbon was found to have slightly higher HER activity as 

compared to Pt deposited on WC with surface carbon. García et al. [83] have compared the 

electrochemical activities of different transition metal (W, Ta, Nb, Cr, Mo) carbides 

electrodes towards HER in concentrated phosphoric acid in a temperature range from 80 to 

170 °C. The authors have observed that among all the studied carbides, WC showed the 

highest HER activity throughout the studied temperature range.  

Nikiforov et al. [84] have investigated the electrochemical performance of WC at 

temperature up to 150 °C. The results proved that the HER activity of WC increases 

significantly with temperature and this effect is more pronounced than that of Pt. Harnisch et 
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al. [85] have analyzed the catalysts which contain different fractions of WC, W2C, W and 

WO2 and reported that the performance of the catalyst is proportional to the content of WC, 

whereas other impurity phase (W2C, W and WO2) play minor role. The relationship between 

WC content and electrocatalytic activity indicates that hydrogen evolution through HER 

seems to relate to surface sites preferentially formed on WC. Ham et al. [86] have prepared 

W2C microsphere by carburization of AMT and resorcinol-formaldehyde resin via polymer-

induced carburization method and obtained microspheres having high surface area. The 

prepared material has been tested for HER activity with 7.5 wt% of Pt and observed activity 

2.3-3.2 times higher than Pt/C catalyst. Zheng et al. [87] have prepared nano crystalline WC 

thin film on Ni substrate by plasma enhanced CVD technique to investigate the 

electrocatalytic properties for HOR in alkaline solution (KOH). The results shows that the 

hydrogen evolution exchange current density (4.02−4.22 × 10
-4

 A/cm
2
) have been obtained 

for WC/Ni electrode which is comparable to Pt electrode. 

2.2.3 Hydrogen oxidation reaction (HOR) 

Hydrogen oxidation reaction (HOR) is an anodic process to oxidize the produced 

hydrogen during HER into H2O in different electrochemical environment. Yang and Wang 

[88] have proposed nanoscale WC as the anode catalyst for HOR. The authors have obtained 

high current density of 0.9 A/cm
2
 in the presence of hydrogen/air in polymer electrolyte fuel 

cell (PEMFC). Lu et al. [89] followed the scanning electrochemical microscopy (SECM) for 

Pt–Ru system to investigate the response of HOR and CO tolerance in acidic electrolyte after 

the addition of WC. The results show that the optimum composition of ternary system 

Pt25±5Ru5±5WC70±5 attributes better HOR activity as well as CO tolerance.  

Hara et al. [90] have compared the HOR for the different phases of WC (α-WC>β-WC1-

x>β-W2C) having high surface area obtained by carburization of nitride and sulfide, prepared 

from WO3. The study on different WC phases shows better response of HOR as compared to 

direct carburized powder. Moreover, a small amount of Pt loading on WC phase obtained 

from W2N and WS2 attribute better utilization of Pt for the HOR. Surface chemistry of WC 

nano powder have been studied by Glibin et al. [91]. After considering the fact that non-

stoichiometric oxides serve as active sites for catalytic activity [92], the authors have also 

confirmed that after insertion of oxygen atoms in the WC lattice the anodic range for HOR 

has been widened. 
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2.2.4 Methanol /Ethanol oxidation reaction ((MOR/EOR) 

Since, the current strategy in accessing fuel cells has been adopted because of their high 

efficiency and clean energy production (no formation of SO2, NxOx) [93]. This has been 

accomplished by the oxidation of liquid fuels (methanol and ethanol) at anode in fuel cells. 

However, the critical obstacles including lower electrocatalytic activity of anode material and 

high cost of Pt electrocatalysts inhibit their usage in fuel cells. So, tungsten carbide as an 

alternative has also been studied and proposed as an anode catalyst that allows not only the 

oxidation of hydrogen (HOR) but also of small molecular organic compounds such as 

methanol and ethanol. Huang et al. [94] have analyzed the ORR electrocatalytic performance 

of novel nanocomposites of spherical graphite-carbon (GC) encased WC (GC-WC) in 

alkaline medium. The results show that GC-WC has a considerable performance for ORR in 

the view of activity, stability and methanol tolerance and can be used as proper supports for 

noble-metal based ORR catalysts in alkaline fuel cell. Zheng et al. [95] have verified that 

ordered mesoporous carbon modified WC (OMC/WC) show higher activity for methanol 

oxidation (MOR) which is very close to Pt-based material.  

Bukola et al. [96] studied the cobalt (Co) and nitrogen (N) co-doped WC catalyst for 

ORR and HER activity in 0.1 M KOH. The results confirmed that after the doping of Co and 

N, the prepared electrocatalysts exhibits good durability for both cathodic processes with 

excellent tolerance towards methanol oxidation. Zhong et al. [97] have also prepared carbon-

encapsulated cobalt-WC (CoWC@C) composite, which show ORR activity comparable to 

Pt/C associated with higher current density response. The catalyst also showed better 

tolerance to CO in the presence of methanol. Moreover, due to the unique structural effect of 

carbon nano tube (CNT), PtWC/MWCNT as an electrocatalyst has also been analyzed for 

electrochemical applications in acidic media [98, 99]. The authors have found lower onset 

potential for MOR in PtWC/MCNT system which confirmed its superior electrochemical 

performance as compared to PtRu/C and Pt/C. Bosco et al. [100] have prepared three-

dimensionally ordered macroporous (3DOM) WC and compared the catalytic activity of 

modified and unmodified 3DOM WC materials. The results demonstrated low methanol 

electro-oxidation activity and significant hydrogen adsorption/desorption activity of 

unmodified 3DOM WC. They have found substantial activity for methanol oxidation as 

compared to Pt supported on activated carbon after the modification of 3DOM WC with Pt.  

Weigert et al. [101] studied WC as potential replacement of Pt for MOR. The results of 

this study have revealed that due to strong interaction between Pt and the WC substrate, no 
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agglomeration of Pt particles occur which helps to maintain the electrochemical activity of 

catalyst. Mellinger et al. [102] modified the WC nano structured by Pd (Pd/WC) for its use 

as catalyst in MOR. The studies showed that the WC surface was very active to produce a 

methoxy intermediate after the cleavage of the O−H bond. Although WC was observed to be 

less active for the C−H bond scission, but the enhancement in the scission of C−H bonds of 

methoxy by Pd/WC, attributes a synergistic effect of Pd-modified WC as electrocatalysts for 

methanol decomposition. Zellner et al. [103] have examined the electrochemical stability of 

WC and W2C films prepared by PVD techniques. The results of the studies attributes that 

W2C has been converted into WxOy species; while, WC film remains stable at the anode 

potential below 0.6 V in the electrochemical environment. The reaction of methanol 

decomposition has also been investigated on Pt modified WC films, which shows a 

promoting effect of Pt for the dissociation of intermediate methoxy (CH3O). Yang et al. 

[104] have discussed the effect of free surface carbon at the surface of WC on the catalytic 

activity. The authors have prepared the carbon free WC by O2 plasma technique and found 

significant improvement in the HER and MOR activities for WC foils as well as Pt/WC foils. 

Hsu et al. [105] have studied the effect of Pt particles shape (dendrites and cubic) on the 

electrocatalytic activity of modified WC substrate (Pt/WC). The results have revealed that the 

dendrites Pt shows higher electrocatalytic activity for methanol oxidation as compared to 

cubic shape. 

Hu et al. [106] prepared WC nano particles at an average size of 20 nm by using 

intermittent microwave heating (IMH) technique to support the Pd nanoparticles (Pd–WC/C). 

It gave much better performance for the oxidation of ethanol in alkaline media as compared 

to that of Pd/C with the more negative onset potential and higher peak current densities. The 

authors have also found reduction in the activation free energy for the reaction on Pd–WC/C 

electrocatalyst. Hu et al. [107] have extended the work for ethanol oxidation by analyzing the 

effect of porous MWCNT as well as Pd deposition on WC (Pd-WC/MWCNT). The current 

density obtained from this catalyst was found to be three times higher than Pd/C at the same 

Pt loading. The kinetic of the catalysts has also been measured with temperature which shows 

the enhanced activity with temperature.  

Yang et al. [108] have proposed a mechanism for the enhancement in the catalytic 

activity for ethanol oxidation on anode by Pd decorated WC on graphene catalyst. The 

analysis revealed that due to the electron transfer from WC to Pd, electron density of Pd 

increases which weakens the adsorption of CO and promote the higher activity. Yan et al. 
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[109] loaded WC particles on hollow carbon spheres (HCS) to prepare WC-HCS composite. 

The prepared composite has small WC size, hollow and spherical shape with high specific 

surface area and can be used to analyze overall catalytic performance after Pd dispersion 

(Pd/WC-HCS) especially for ethanol oxidation. The results revealed that Pd/WC-HCS as 

electrocatalyst has 4.6 times higher peak current density and at least 130 mV more negative 

onset potential than those of Pd/C for ethanol oxidation. Xiong et al. [110] prepared high 

surface area WC microspheres by the template of carbon microspheres (WC/CMS). After the 

dispersion of Pt nanoparticles on the surface of WC/CMS to form Pt/WC/CMS, it shows 

higher electrocatalytic activity and anti-poisoning ability for the electrooxidation of ethanol 

over Pt/C electrocatalyst. Moreover, the rate constant of ORR for Pt/WC/CMS is observed to 

be twice as high as that of Pt/C, which indicates the synergetic effects between the Pt and the 

WC support.  

Although, Pt show better performance as catalyst but its high cost and shortage provide a 

blockage in its usage for catalytic applications. Hence, an alternative low cost and 

comparable highly active metal electrocatalyst is essential. Among metals, silver (Ag) is 

found to be most active for the catalytic activity and can be used as electrocatalyst at nano 

scale [111]. Most of the authors [111-113] have tried to synthesize Pt free composite (Ag-

WC/C) and used them as catalyst in electrochemical study. The results of the study have 

confirmed that due to the cooperative effect between WC and Ag, the electrode attribute 

enhanced HOR/HER response as well as shift in the onset potential for ORR towards positive 

side which is comparable to Pt based electrocatalyst (Pt/C). In one of the report, Meng and 

Shen [114] have studied ORR activity of Pt-free, Ag-W2C/C composite in alkaline solution 

(KOH). The results revealed that the overpotential for ORR was significantly reduced on the 

WC nanocrystals promoted Ag (Ag-W2C/C) composite electrocatalyst, showing a synergetic 

effect to improve the activity for ORR. This Pt free electrocatalyst also show unique activity 

for alcohol containing solution.  

The work on the significant improvement in catalytic activity have also been reported by 

synthesizing core-shell structured catalyst in which titania [115] and W [116] act as core and 

WC act as shell. Additionally, authors have tried to reduce the metal loading after getting a 

composite by decorating the WC on high surface area material like reduced graphene oxide 

(WC/RGO) [117, 118] and hollow carbon spheres (WC/HCS) [109]. These metal deposited 

composites (Pt-WC/RGO; PtRu-WC/RGO, Pd-WC/HCS) attribute higher electrochemically 

active surface area and better CO tolerance toward MOR.  
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Tungsten carbide is not only used in fuel cell but also becomes important materials for the 

process of refining (hydro treating) the liquid fuel for getting nitrogen and sulphur content 

below 10 ppm [119]. The work of simultaneous hydrodesulphurization (HDS) has also been 

done by using tungsten carbide(s) doped with Pt [120]. Authors have also compared the 

effect of Pt addition before (Pt-W2C) and after (W2C-Pt) the synthesis of W2C activity and 

found that for contact times between 0.08 and 0.31 s no influence of Pt on the 

hydrodesulphurization (HDS) activity was observed. Addition of Pt after the synthesis of 

W2C (W2C-Pt), show better response in the entire range of applied contact time as compared 

to W2C and Pt-W2C. Zheng et al. [121] have prepared nano rod WC (NR-WC) thin film on 

Ni substrate by DC magnetron sputtering technique. The main component formed in this film 

is WC1-x which showed a good electrochemical activity for nitromethane electroreduction 

attributing higher current of 14.9 mA/cm
2
 at potential -0.89 V while the required reaction 

activation energy was 12.3 kJ/mol. Li et al. [122] have tested the electrocatalytic activity for 

p-nitrophenol reduction by WC/CNT composites. The results showed that prepared 

nanocomposite (WC/CNT) have 29.55 m
2
/g specific surface area and higher current peak 

value of 16.37 µA in basic solution as compared to purified CNT, nano size WC and hollow 

globe WC with mesoporosity. So it can be concluded that the catalytic activity of WC is 

strongly dependent on W/C ratio; particle size and surface oxidation.  

Some of the critical works giving higher response for different electrochemical reactions 

(ORR/HER) are given in table 2.1. 

Table 2.1: Comparative critical review of electrocatalysts for different electrochemical 

reactions. 

Catalyst Reaction Onset potential  Remarks 

Pt-WC/C ORR 1.05 V vs SHE 150 mV more positive than commercial Pt/C 

electrocatalyst [67] 

Pt-W2C/C ORR 1.0 V vs SHE 100 mV more positive than commercial Pt/C 

electrocatalyst [72] 

PtPd-WC/C HER 0.2 V vs SHE Pd significantly increase the activity of Pt-

WC/C for HER at higher acidic concentration 

[77] 

Pt/W2C HER -0.005 V vs RHE 2-3 times higher active than commercial Pt/C 

[86] 
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2.3 Goal of the present study 

The literature study has explored different synthesis routes for obtaining tungsten 

carbide(s) nano powder and its electrochemical activity. It was observed from the synthesis 

part that precursor plays a very important role in shape, size and yield of the final product. 

However, these parameters are also influenced by reaction temperature, time and carbon 

source. Although literature has highlighted sufficient work done on the synthesis of tungsten 

mono-carbide (WC), but it lacks in providing sufficient information about the synthesis of 

tungsten semi-carbide (W2C) as well as explaining the reaction mechanism of both phase 

(WC/W2C). Moreover, the electrochemical study cannot explore the effect of different carbon 

sources (used for the synthesis of carbide) on the electrocatalytic activity of final product. 

Additionally, the influence of surface carbon on the electrochemical activity of tungsten 

carbide system (WxC@C; x=1 or 2) has not presented in detail. 

The goal of the present study is to optimize the conditions for the synthesis of WC and 

W2C nano powder with the variation in temperature and time using thermo-chemical 

reduction method by using different carbon source(s). The basic understanding of the 

reduction/carburization mechanism based on the experimental results has been studied in 

detail in the present work. Also, the effect of carbon source on the thermal and 

electrochemical stability of final product has been studied. The aim of the present study is 

also to check the suitability of the synthesized product for oxidation of methanol and ethanol.  

The procedure adopted for the synthesis and characterization details of WC/W2C nano 

powders are given in next chapter of this thesis (Experimental procedure). 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

Overview 

The detail of experimental procedure followed for the synthesis of WC and W2C 

nanopowders from WO3 is presented in this chapter. Different techniques like X-ray 

diffraction (XRD), Thermal analysis (DSC/TGA/DTG), Transmission electron microscopy 

(TEM), Raman spectroscopy, BET analysis used for the characterization of prepared nano 

powders have also been given in this chapter. The feasibility to use the synthesized powders 

for catalytic application has been analyzed by electrochemical measurements. For this, the 

details of samples preparation and their testing have been given at the end of this chapter. 
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3.1 Carbide powder synthesis (WC/W2C) 

3.1.1 Precursors 

For the synthesis of carbide nano particles, tungsten trioxide (99.9%, Loba Chemie), 

magnesium (99.9 %, Loba Chemie), ethanol (99%, Merck, Germany), acetone (99%, Merck, 

Germany), hexane (99% Merck, Germany) activated charcoal (99%, S.D. Fine Chemicals), 

HCl (99%, S.D. Fine Chemicals) are used as per their requirement without any further 

purification.  

3.1.2 Methodology 

The synthesis route followed has been categorized in two-part viz wet synthesis and dry 

synthesis. In case of wet synthesis, the known amount of WO3 and Mg powders are mixed 

properly in an agate mortar pestle for 5 min. The mixture is then put into a specially designed 

stainless steel autoclave along with the source of carbon in the liquid form (acetone and 

hexane). Similarly in case of dry synthesis, the known amount of WO3, Mg and activated 

charcoal as a carbon source after mixing properly for 5 min in an agate mortar pestle were 

charged in the autoclave. The autoclave was sealed and then put inside the electric furnace at 

room temperature. The temperature of the furnace was raised from room temperature to 

desired temperature with the heating rate 5 °C/min and then maintained at that temperature 

for different time period. After that the autoclave was allowed to cool to room temperature 

normally inside the furnace for the synthesis of tungsten mono-carbide (WC) nano powder. 

While for getting the product tungsten semi-carbide (W2C) nano powder the air quenching of 

the autoclave has been done. The resultant product was collected and washed by dilute HCl 

(1:1) to remove MgO and other by products. After leaching, the powder was washed with 

distilled water several times to remove HCl. Finally, the obtained product was washed with 

acetone and then dried in vacuum at 100 °C. The details of experimental procedure are given 

in figure 3.1 as flow chart. 
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Figure 3.1: Flow chart of WC/W2C nano powder synthesis. 

3.2 Materials characterization 

The obtained powders were characterized using different techniques; the technical details 

of these are given below.  

3.2.1 X-ray diffraction study (XRD) 

X-ray diffraction (XRD) is a technique, which is most commonly used to determine the 

crystal structure of synthesized materials. In this technique the intensity of the scattered X-ray 

is measured as a function of the angle between X-ray source and the sample, wavelength as 

expressed according to Bragg´s law [1]:  

HCl leaching (1:1) 

Characterizations 

Black mass B 

Black mass A 

W2C 

Air quenching 

Wet synthesis Dry synthesis 

WO3 Mg 

Acetone/Hexane Activated charcoal Mixture 

Autoclave heating 

WC 

Normal cooling 



Chapter 3: Experimental Procedure  Page 42 

 

nλ = 2d Sinθ                                                               (3.1) 

where n is an order of reflection, λ is wavelength of the incident X-ray, d is the spacing 

between the lattice planes, and θ is the angle between the incident ray and set of parallel 

atomic planes.  

In the current work, the XRD of the samples was performed using PANalytical Xpert-Pro 

with CuKα radiation (λ = 1.54 Å) obtained from the copper target using an inbuilt Ni filter. 

The X-ray powder diffraction data were collected for all samples at room temperature 

between 20°≤2θ≤80° with a step size of 0.0130° (2θ). Moreover, before the XRD analysis, 

the grinding of powder samples was done in an agate mortar pestle for uniform particle size 

distribution. Crystallite size of the synthesized samples was determined by XRD profile 

technique. All the peaks in the XRD pattern are indexed by International Centre for 

Diffraction Data (ICDD) data base.  

3.2.2 Raman spectroscopy 

Raman spectroscopy is based on the inelastic scattering of light emitted from a 

monochromatic source of light i.e. laser source. It represents a spectral fingerprint, by which 

molecular units can be recognized. The Raman technique provides both qualitative and 

quantitative information for multi-component mixtures to study solid, liquid and gaseous 

samples. In this work, Raman spectroscopy was used to determine the type of carbon in the 

synthesized carbide nano powder. The Raman measurements of the powders were collected 

at room temperature in the range of 400 cm
-1

−2000 cm
-1

 using Renishaw via Raman 

spectrometer. Argon ion laser of wavelength 514.5 nm was used for excitation with 20 mW 

output. All samples were deposited on a glass plate in powder form without using any 

solvent.  

3.2.3 N2 Physisorption 

The surface area and porosity (texture properties) of any solid materials are considered by 

two main important physical properties that impact the quality and utility of solid phase. 

Hence, textural properties of materials plays major role in the processing, blending of 

chemical products, purification and their stability. Gas physisorption is generally used for the 

measurements of surface area and porosity of sample. This involves exposing solid materials 

to gases at a specific conditions and evaluating either the weight uptake or the sample volume 

[2]. Among all the readily available gases and vapours, nitrogen gas has been used as 
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adsorption/desorption to determine the specific surface areas and pore volumes of porous 

materials. The adsorption/desorption isotherm represents the changes of adsorbed gas volume 

at a fixed temperature as a function of pressure. However, its shape gives direct information 

about the porosity, total pore volume, and pore size distribution and layer-by-layer 

adsorption. Referring to the IUPAC conventions [3], porous materials can be described by 6 

different isotherm types, shown in figure 3.2. The type I isotherm is attributed to 

microporous solids, while type II isotherm represents non-restricted monolayer-multilayer 

adsorption for non-porous or macroporous adsorbents [4]. The type III and V isotherms are 

uncommon; in those cases, the adsorbent-adsorbate interactions are rather weak. 

The type IV isotherm, with a distinct hysteresis loop governed by capillary condensation, 

and is characteristic for mesoporous materials. The type VI isotherm is associated with 

multistep layer-on-layer adsorption on a non-porous surface. Specific surface areas (SSAs) 

are determined by the Brunauer-Emmett-Teller (BET) method [5]. Pore-size distributions are 

commonly obtained using the Barrett-Joyner-Halenda (BJH) method [6]. The N2 sorption 

studies for surface analysis of synthesized samples were conducted using a Tristar 3000 

(Micromeritics) to determine the Brunauer–Emmett–Teller (BET) surface area, the pore size, 

and the pore volume at 77 K by degassing the sample at 150 °C for 2 h. 

 

 

 

 

 

 

Figure 3.2: Types of sorption isotherms [3]. 
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3.2.4 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is used to study the structure of specimens 

below the atomic level [7]. For TEM analysis, the specimen must be thin enough (<100 nm) 

to transmit the electron. This facilitates to increase the spatial resolution in imaging (down to 

individual atoms) as well as the possibility of carrying out diffraction from nano-sized 

volumes. Moreover, high resolution transmission electron microscopy (HRTEM) provides 

information about the structural defects, interfaces as well as individual grains having 

diameter of a few nanometres and lattice spacing. The microstructural features of the 

synthesized powder samples were analyzed with JEOL 2100F operating at 200 kV. For TEM 

analysis, the powder samples were dispersed in ethanol by ultrasonication for 20 min. One 

drop of the suspension was dropped on the carbon coated copper TEM grid and allowed to 

evaporate the ethanol at room temperature.   

3.2.5 Thermal analysis 

Thermal analysis is a technique which observes the changes in properties of material with 

temperature. In this technique, the sample specimen is handled with a controlled temperature 

program in a controlled atmosphere. In thermal analysis, thermo gravimetric analysis (TGA) 

is a technique which determines thermal stability of a specimen by monitoring the changes in 

mass of the specimen as a function of temperature or time. This technique is commonly 

employed to determine the change in mass of composite materials, degradation temperatures 

of polymers, and the amount of solvent residues [8]. In addition to weight changes, the heat 

flow into the specimen compared to that of the reference can also be recorded via differential 

scanning calorimetry (DSC). In this case, the temperature should be the same until two 

thermal events (exothermic and endothermic) occur. The area under the endotherm or 

exotherm peak is also related to the enthalpy (ΔH) of the thermal event [9]. Moreover, in 

order to understand the kinetics of samples oxidation first derivative of TG curve has been 

taken and analyzed under derivative thermogravimetry (DTG). The TGA/DSC analysis of the 

synthesized powder samples was done at heating rate of 5 °C/min in the temperature range 

50-900 °C in air atmosphere by NETZSCH STA 449F3 using alumina crucible. 

3.2.6 Electrochemical measurements  

The electrochemical measurements of the synthesized sample normally use cyclic 

voltammetry technique (CV). It is a reversible technique generally used to acquire qualitative 
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information about electrochemical properties of redox active species displaying a reversible 

wave within a specified wide potential range. It can be used to get kinetic information about 

the electrode reaction which usually involves electron-transfer reaction. It is influenced by 

electrode potential. It provides a direct estimation of electrode reversibility, because the 

potentials at which oxidation and reduction occur are observed directly [10]. In a typical 

experiment, the working electrode´s potential is controlled relative to a reference electrode 

(RE) such as a saturated calomel electrode (SCE) or a silver/silver chloride electrode 

(Ag/AgCl) and cycled linearly between two potential values at which the oxidation and the 

reduction occur. Actual current flow is scanned between the working electrode (WE) and the 

counter electrode (CE) resulting in a potential-current cyclic voltammogram. A CV curve is 

acquired by measuring the current at the working electrode during the potential scan. Such 

kind of technique can be widely used in numerous applications, such as understanding redox 

and mechanistic behavior in chemical reactions.  

3.2.6.1 Deposition of Pt 

In order to measure the electrochemical properties of the synthesized powders, Pt nano 

particles were deposited on synthesized powder by dispersing 40 mg powder in 20 ml of 

ethanol in ultrasonic bath and then 100 µL hexachloroplatinic acid (H2PtCl6) aqueous 

solution was added to ultrasonicated solution. In the mixture of metal salt and synthesized 

powder support, appropriate amount of 0.05 M NaOH/ethanol was added to maintain the 

pH~10. The precipitate was washed with high purity water and then dried at 80 °C.  

3.2.6.2 Electrode fabrication 

The top surface of glassy carbon electrode (GCE) rod having 3 mm diameter was pre 

cleaned with emery paper. Typically 4 mg powder sample with and without Pt loadings was 

mixed with 1mL of ethanol. The mixture was treated ultrasonically for 20 min for uniform 

dispersion. 10 µL of mixture was then dropped onto the surface of GCE. Finally a drop of 10 

µL of Nafion® 117 solution (Sigma Aldrich) was dropped onto the top surface and left in air 

for overnight drying. 

In current work, the electrochemical measurements were performed at Bio-Logic EC Lab 

SP300 by standard three compartment electrochemical cell. For CV measurements GCE with 

an area of 0.07065 cm
2 

used as working electrode, Pt wire as the counter electrode and 

saturated calomel electrode (SCE) as the reference electrode. For electrochemical stability, 
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the electrodes were immersed in 0.5 mol/L H2SO4 solution and CV curves were recorded at 

room temperature from -0.2 V and 1.2 V with a scan rate of 30 mV/s. Thereafter, the 

methanol and ethanol electrolyte was added and CV curves were recorded at room 

temperature for methanol oxidation reaction (MOR) and ethanol oxidation reactions (EOR) 

separately from -0.2 to 1.2 V at a scan rate of 30 mV/s. The influence of methanol and 

ethanol concentration on the catalyst catalytic performance was tested with concentrations 

0.5, 0.7 and 0.9 mol/L.  
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CHAPTER 4 

RESULTS AND DISCUSSION-I 

(SYNTHESIS OF TUNGSTEN CARBIDES NANO POWDERS)

 

Overview 

This chapter comprises of two sections. In the first section the synthesis of tungsten mono-

carbide (WC) nano powder and in the second section the formation of tungsten semi-carbide 

(W2C) nano powders by using three different carbon sources has been presented. XRD results 

of all the synthesized samples have been analyzed and discussed. Based on XRD results and 

thermodynamics parameters, the formation mechanism of these nano particles has been 

described. From the thermal analysis results, the stability of the synthesized powders over 

different range of temperature(s) has been evaluated. Raman analysis has been done to 

ascribe the amorphous and crystalline behavior of the synthesized samples. Surface area and 

pore size distribution of the synthesized samples has been analyzed by BET technique. TEM 

results have been presented and discussed to analyze the microstructure of the synthesized 

powders to confirm the crystal structure of product phase by measuring the lattice spacing 

using HRTEM. 
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In this chapter, the work on synthesis of WC and W2C nano particles using different 

carbon sources are presented. In the first part of this chapter, the details of the synthesis of 

WC nano powder have been presented and discussed. The synthesis has been done by taking 

magnesium (Mg) metal powder as reducing agent and different carbon sources viz acetone, 

activated charcoal and hexane along with tungsten oxide (WO3). The reaction kinetics of 

these carbon sources for the single- phase formation of WC have been analyzed and is 

presented. 

4.1 Synthesis of tungsten mono-carbide (WC) 

4.1.1 X-ray diffraction analysis (XRD) 

4.1.1.1 Acetone as carburizing agent 

In order to obtain the pure phase of WC nano powder, WO3 (2.314 g), Mg (2.304 g) and 

acetone (30 mL) have been used as metal oxide, reducing agent and carburizing agent, 

respectively. The samples obtained at different reaction temperature and times are designated 

as AT-t where A, T and t corresponds to acetone, reaction temperature (°C) and reaction time 

(h), respectively.  

 

 

 

 

 

 

 

 

 

Figure 4.1: XRD patterns of (a) pure WO3 (b) A600-01 (c) A600-02 and (d) A600-10.  
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Figure 4.1 shows the XRD patterns after acid treatment of samples obtained at 600 °C for 

different holding time by using acetone as carbon source. Tungsten-containing phases are 

identified using reference XRD patterns as WC (ICDD reference number 01-072-0097); W2C 

(ICDD reference number 00-020-1315) and WO2.72 (ICDD reference number 01-071-2450). 

The effect of reaction time on the reduction/carburization of WO3 has been observed clearly 

in figure 4.1.  

It is evident from figure 4.1(b) that precursor WO3 reduced to WO2.72 and partially 

carburized after 1 h in sample A600-01. But the appearance of small peak of WC phase along 

with oxide (WO2.72) signifies the lack of sufficient time for the reduction/carburization. The 

appearance of WO2.72 clearly indicates that such kind of reduction will be very fast and 

occurred in multi-step. However, a significant change has been revealed in the XRD pattern 

with the increase in reaction time to 2 h with the appearance of WC and W2C peaks in figure 

4.1(c)). It seems that the percentage of WC has been increased with the increase in synthesis 

time from 1 to 2 h. After considering this fact, the reaction time has been increased to 10 h 

and observed that the lower oxide WO2.72 and semi carbide (W2C) phases have been fully 

converted into WC (figure 4.1(d)). Figure 4.2 shows the Rietveld refined XRD pattern of 

acid treated sample A600-10, which confirms the formation of WC phase (hexagonal; P-6m2, 

χ
2
 =1.83). 

 

 

 

 

 

 

 
 

 

 

Figure 4.2: Typical Rietveld refined profile with difference plot for the XRD pattern 

showing WC phase of sample A600-10. 
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4.1.1.2 Mechanism for the synthesis of WC 

In order to obtain the reaction mechanism for the formation of WC, it becomes essential 

to consider the various reactions that eventually take place while heating the autoclave at 

specified temperature. After heating the mixture of WO3, Mg and acetone to a certain 

temperature, there are several reactions that occur during the reduction/carburization of 

oxide. During the reduction reactions, lower tungsten oxide phase(s) as intermediate products 

formed before the final tungsten (W) phase is obtained. The path followed by the reduction of 

WO3 through intermediates products has been reported by many authors [1-4].  

Initially, the kinetics of the carburization process, mainly involves the decomposition of 

acetone (C3H6O) into carbon and diffusion of carbon atoms into the reduced W particles. 

Magnesium (Mg) being highly reactive substance, absorbs oxygen from the autoclave 

atmosphere and converts into MgO as a byproduct. It is well reported that MgO is the most 

active catalyst for the decomposition of acetone [5]. So, it facilitates the decomposition of 

acetone at lower temperature. The acetone gets decomposed into C-containing intermediate 

complex species and hydrogen with homogeneous reactions. But, it is difficult to say about 

the formed intermediate product at such a low temperature range. Since, the overall reaction 

is taking place in the presence of air inside the autoclave, so the reaction will be exothermic 

and the internally generated act as endothermic heat for the breaking of C-C and C-H bond. 

Hydrogen being the smallest molecule has higher diffusion coefficient and diffused 

through the surface of WO3. This diffused hydrogen reacts with oxygen of WO3 and creates 

steam, which causes the stresses at the surface of WO3 and at a later stage; it leads to the 

fragmentation of WO3 powders [6]. This fragmentation process enhanced the reaction rate 

due to produced higher surface area of WO3. Once a critical crystal size of fragmented WO3 

is reached, the reaction becomes self-propagating with either unreacted Mg or in-situ 

produced carbon to form W via the formation of lower oxide (WO3→WxOy(WO2.72)→W). 

Hence, the kinetic of this reduction is clearly favored by increasing the surface energy of 

metal oxide(s) because of the newly generated surfaces of fragmented WO3 and favoring the 

intimate contact with the reductant(s). The formation of the intermediate Magneli phase 

(WO2.72) shown in figure 4.1(b) also play an important role in reducing the synthesis 

temperature of carbide phase [7].  

Since, the entire system is under significant pressure of gasses, so lower tungsten oxides 

WO2.72 at 600 °C has relatively high vapor pressure [8]. Li et al. [9] have also observed that a 
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derivative sub-oxide or possibly defective sub-oxide, acts as a preferential nucleation site for 

the carbide formation. However, the process of carburization begins only when the solid is 

reduced to an overall stoichiometry lower than WO1 [10]. Hence, in subsequent in situ 

process, the reduced lower tungsten oxide (WO2.72) encapsulated by the fresh carbon layer 

also leads to its reduction to W. Because of higher affinity between fresh C and W atoms 

[11], diffusion and carburization process occur simultaneously in single step through 

unreacted W core [12] and results to form single phase of WC. The presence of lower 

tungsten carbide (W2C) in spite of the presence of excess carbon in sample A600-02 (figure 

4.1(c)) may be due to the C accumulation in the surface layer of the particles. It also signifies 

the lack of reaction time for the carburization reactions to take place. However, the 

disappearance of W2C peak with the increase in reaction time in sample A600-10 (figure 

4.1(d)) indicates that the final WC products might have transformed from W2C 

(W2C+C→2WC). Hence, the reduction and carburization of WO3 at temperature 600 °C may 

occur through the reaction path (WO3→WO2.72→WO2→W→W2C→WC). This path has also 

been reported by many authors with the appearance of some extra lower oxide(s) as 

intermediate products [4, 13-15]. The overall possible reactions that take place in the WO3-

C3H6O-Mg system can be proposed as follows: 

3                                          (i) 

ΔH298 = -1548.32 kJ/mol, ΔG298 = -1567.76 kJ/mol 

                                          (ii) 

ΔH298 = -1866.92 kJ/mol, ΔG298 = -1879.86 kJ/mol 

According to free energy calculations, the in-situ reduction as well as carburization in 

reaction (ii) is thermodynamically spontaneous and highly exothermic. So, this reaction 

generates a lot of heat and results to increase the local temperature, which favors the whole 

reaction. Also, this indicates that theoretically at least, WC obtained through reaction (ii) is 

more stable as compared to reaction (i) and the gas product during reduction will be CO. The 

production of CO gas enhances the reduction as well as carburization rate of WO3 [4], which 

leads to the formation of carbon coated WC (WC@C) nano composites. The entire 

mechanism of WC@C composite formation is illustrated in figure 4.3.  
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Figure 4.3: Schematic mechanism of WC@C nanoparticles formation. 

4.1.1.3 Activated charcoal as carburizing agent 

In further study of WC nano particle synthesis the activated charcoal in solid-state has 

been used as carburizing agent in this experiment. The mixture of WO3 (1.157 g), Mg (2 g) 

and activated charcoal (2 g) were added into the autoclave. The samples obtained at different 

temperature and time are denoted as CT-t; where C, T and t corresponds to activated charcoal, 

reaction temperature (°C) and time (h). 

Figure 4.4 shows the XRD patterns of the product phase(s) obtained at different 

temperatures and reaction time after acid leaching the samples. Tungsten-containing phases 

are identified using reference XRD patterns as WC (ICDD reference number 01-072-0097); 

W2C (ICDD reference number 00-020-1315); W (ICDD reference number 00-001-1204), 

WO2 (ICDD reference number 01-082-0728) and WO2.72 (ICDD reference number 01-071-

2450). The effect of time and temperature on the reduction/carburization of WO3 via solid-

state reactions has been observed clearly in figure 4.4. In order to understand the kinetics of 

W

C 

C 

W

C 
C 

WO3 particle 

Diffused 

Hydrogen 

atoms 

Carbon  

Fragmented 

WO3 particles 

Carbon coated 

Fragmented 

WO3 particle 

WxOy WC 
Carbon 



Chapter 4: Results and Discussion-I  Page 55 

 

reduction as well carburization of WO3 in the presence of solid carbon source, the reaction 

has been initiated at lower temperature (500 °C) for 10 h. Figure 4.4(a) display the peaks of 

WO3, WO2.72, WO2 and W in the XRD pattern of sample C500-10, which gives a path way 

for the reduction of WO3 as (WO3→WO2.72→WO2→W). 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: XRD patterns of synthesized samples (a) C500-10 (b) C600-02 (c) C600-10            

(d) C600-15 (e) C700-10 and (f) C800-10. 

As discussed earlier, the formation of intermediate lower oxides WO2.72 and WO2 

attributes that such kind of metal oxide reduction will be very fast and occur in multi-step [7]. 

Further heating the mixture of ingredients at higher reaction temperature (600 °C) for short 

time 2 h reveals the complete reduction of WO3 into lower oxide (WO2.72) as well as the 

formation of higher content of WC phase as shown in figure 4.4(b). This result shows that 

minimum temperature 600 °C is required for the initiation of carburization of WO3 via solid-

state reaction. With the increase in the reaction time to 10 h in sample C600-10 the minor 

peak of W2C as impurity phase appeared in figure 4.4(c) due to the consistently reduction of 

WO2.72 into W followed by carburization. In order to completely remove this impurity phase 

the reaction time has been increased to 15 h at the same temperature 600 °C. It results to 

display the peaks of lower oxide WO2.72, W2C and W in XRD pattern of sample C600-15 as 

shown in figure 4.4(d). It is due to the occurrence of reversibility of carburization process at 

higher reaction time. So, to avoid the reversibility of carburization (decarburization) process 
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at higher reaction time, the reaction temperature has been increased to 700 and 800 °C at 

constant reaction time of 10 h. The XRD pattern of sample C700-10 as shown in figure 

4.4(e), displays that the peak intensity of the impurity phases WO2.72, W2C and W got 

decreased. The peaks corresponding to these phases finally disappeared in sample C800-10 

(figure 4.4(f)) and show the formation of single phase WC nano powder. Hence, it is clear 

that the pure phase of WC nano powder can be obtained at 800 °C with the holding time of 

10 h via solid-state reaction in autoclave.  

4.1.1.4 Thermodynamic analysis on series of reduction and carburization reactions 

Generally, the change in Gibbs-free energy (ΔG) gives an idea for the spontaneous 

direction of the reduction/carburization process. After heating the mixture of tungsten oxide, 

magnesium and activated charcoal to certain temperature, several reactions will occur during 

the reduction as well as carburization. Hence, in order to analyze these transformations, the 

heat of reaction associated with each reaction is to be considered for calculating ∆G for 

respective reaction by the following equation: 

                      (4.1) 

where                      (4.2) 

where Cp is specific heat capacity and a, b, c and d are the thermodynamic data of reactants 

and products at the standard state. 

During the reduction of WO3, it is reported by many authors [2-4] that different phases of 

tungsten oxide will form as an intermediate product before the final W phase obtained. 

Thermodynamically different solid-state reactions may occur during reactions of WO3 with C 

and Mg as the temperature is increased. The corresponding most probable reactions 

associated with reduction of WO3 to W and then carburization are given below:  

                                             (iii) 

                          (iv) 

                        (v) 

                                   (vi) 

                      (vii) 

                     (viii) 
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                         (ix) 

                          (x) 

                         (xi) 

                         (xii) 

                        (xiii) 

                         (xiv) 

The values of ΔG for all the above possible reactions can be calculated with the help of 

equation (4.1) at different temperatures by using the thermodynamic values mentioned in Ref. 

[16]. Most of the authors [2, 4] have reported the reduction of WO3 by carbon at higher 

temperature range (600-900 °C). But magnesium being a highly reactive substance, also 

reacts with WO3 to yield lower intermediate tungsten oxide phases as a solid-state reaction 

product(s). Because of lower ΔG (ΔG<0) value of reactions (v, viii, xi) through Mg reactant 

as compared to carbon reducing reactions, it acts as a best catalyst to enhance the reduction 

rate at lower temperature range (500 °C). The thermodynamic analysis of magnesium 

reduced tungsten oxide reactions is shown in figure 4.5(a-c). From thermodynamic study, it 

is clear that at 500 °C both magnesium (Mg) as well as carbon (C) play vital role in the 

reduction of WO3 into lower intermediate oxide (WO2.72) in 10 h reaction time as shown in 

figure 4.4(a). The formation of this oxide phase helps to decrease the reduction temperature 

as compared to temperature reported by Koc and Kodambaka [2]. Because of higher ΔG 

value of all carbon reduced reactions at 600 °C in figure 4.4(b & c), magnesium induced 

reduction process will dominate, which leads to reduce intermediate oxide (WO2.72) into pure 

tungsten (W) through the formation of WO2. 
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Figure  4.5: Change of ∆G with temperature of tungsten oxides of (a) WO3 (b) WO2.72 (c) 

WO2 when reacting with carbon and magnesium and (d) change of ∆G during 

carbonization reactions. 

Due to the greater affinity of C with the in-situ produced fresh W atoms, it will diffuse at 

faster rate through unreacted W core at 600 °C and form W2C phase. Such kind of activity is 

confirmed by observing the lower ΔG value of reaction (xii) as compared to reaction (xiv) at 

600 °C. While, on the other hand, the lower value of ΔG in reaction (xiv) as compared to 

reaction (xiii) attributes that freshly prepared W also reacts with carbon atoms and carburized 

directly into WC. One of the aspects has also been observed from the ΔG-T curve (figure 

4.5(b & c)) that at synthesis temperature 700 and 800 °C, carbon also reacts with the metal 

oxide(s) and formed metallic phase (W) with the emission of CO2 and CO gases as 

byproduct. This process has been confirmed by observing the lower value of ΔG at these 

temperatures (figure 4.5(b & c)).  

From ΔG-T curve it has been observed that at temperature ~700 °C, the gas product for 

carbon reduced reactions will be CO2 which transforms to CO with the increase in 

temperature up to 800 °C. It means that at distinct reaction temperatures, the same reactants 

can have different byproducts [17]. However, the ratio of CO and CO2 play a very important 

role to decide the direction of carburization process. Hence, as compared to sample C600-10 

a decrease in reaction rate for carburization has been observed in sample C700-10, which 

attributes that the reaction moves backward with the formation of W2C phase. Moreover, the 

reoxidation can even takes place at a specific temperature in CO2 rich reaction (CO2/CO>0.1) 

[4, 18]. Hence, the appearance of WO2.72 in XRD pattern of sample C700-10 (figure 4.4(e)) 
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indicates that the reaction at 700 °C occurs in the presence of CO2 rich gas. With further 

increase in temperature, the ratio of CO2/CO is going to decrease, because of which the 

reduction/carburization reaction goes in forward direction at 800 °C and increase the ratio of 

WC/W2C. From thermodynamic analysis, it is clear that the reduction of WO3 by magnesium 

corresponds to rise in ΔG-T curve with temperature, which may lead to the production of 

lower intermediate oxides and these oxides proved to be unstable at higher temperatures and 

react easily.  

From the above discussion, it can be said that, all three tungsten oxides (WO3, WO2.72 and 

WO2) can be reduced by magnesium as well as carbon at the temperature range of (500-800 

°C) giving rise to the byproducts MgO, CO and CO2 at different temperatures. All the above-

mentioned reactions generate a lot of heat and results to an increase in the local temperature 

as indicated by lower calculated ΔG values with temperature. So, based on XRD and 

thermodynamic analysis, the route of reduction as well as carburization of WO3 will be 

WO3→WO2.72→WO2→W→W2C→WC that may occur in a wide range of temperatures.  

4.1.1.5 Hexane as carburizing agent 

In this set of experiments, the reaction kinetics for the formation of pure phase of WC has 

been studied by using another hydrocarbon, (hexane) as carburizing agent. The mixture of 

WO3 (2.314 g), Mg (2.304 g) and hexane (30 mL) have been used as reactants in the 

autoclave. The samples obtained at different reaction temperature and time are denoted as 

HT-t where H, T and t corresponds to hexane, reaction temperature (°C) and time (h), 

respectively.  

Figure 4.6 shows the XRD patterns obtained after acid treatment of samples synthesized 

at temperature range of 500-800 °C. It shows the peaks of tungsten-containing phases 

identified using reference XRD patterns as WC (ICDD reference number 01-072-0097); W2C 

(ICDD reference number 00-020-1315); W (ICDD reference number 00-001-1204), WO2 

(ICDD reference number 01-082-0728), WO2.72 (ICDD reference number 01-071-2450), 

WO2.625 (ICDD reference number 01-077-0810) and WO2.76 (ICDD reference number 01-

079-0171).  

The presence of intermediate lower oxides WO2.76, WO2.72, WO2.625 and WO2 in figure 

4.6(a) for sample H500-10 indicates the reduction of WO3 into its lower oxides. As discussed 

earlier, such kind of reduction will be fast and multi-step, so with the increase in temperature 

to 600 °C for 2 h, the appearance of WC peaks was observed in figure 4.6(b). But the 
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presence of minor peaks of oxide(s) in sample H600-02 attribute incomplete 

reduction/carburization process at this condition. Therefore, the synthesis time has been 

increased to 10 h by keeping the temperature constant (600 °C). The results obtained at this 

condition show the disappearance of WO2.76 and WO2.72 phase in figure 4.6(c). But still the 

presence of negligible peak intensity of WO2.625 phase has been observed, which support the 

consistent reduction at this condition. 

 

 

 

 

 

 

 

 

 

Figure 4.6: XRD patterns of synthesized samples (a) H500-10 (b) H600-02 (c) H600-10            

(d) H600-15 (e) H700-10 and (f) H800-10. 

By keeping this result in view the reaction time has been increased to 15 h. The XRD 

profile for this shows the appearance of WO2.72 and WO2 peak in figure 4.6(d). This result 

attributes that at higher reaction time, due to the reversibility of reduction/carburization 

process the complete formation of WC could not take place. Hence, in order to avoid the 

reversibility, the reaction temperature has been increased to 700 °C for 10 h. The XRD 

profile under this condition for sample H700-10 is shown in figure 4.6(e). The presence of 

oxygen deficient tungsten oxide WO2.625 phase in XRD profile for sample H700-10 attributes 

the favorable conditions of reduction. Finally the disappearance of all lower oxides as well as 

lower carbide phases at higher synthesis temperature of 800 °C in sample H800-10 (figure 

4.6(f)) confirms the formation of pure phase of WC. Hence, the appearance of different peaks 

in XRD patterns gives a path way for the reduction as well as carburization of WO3 as (WO3 

→WO2.76→WO2.72→WO2.625→WO2→W→W2C→WC). 
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As discussed earlier, the kinetics of the carburization process essentially involves the 

decomposition of hydrocarbon and diffusion of carbon atoms into the reduced metallic phase 

(W). The Magnesium (Mg) being highly active element absorb oxygen from the autoclave 

atmosphere and convert into MgO. Moreover, the reaction inside the autoclave will be 

exothermic and the internally generated heats act as endothermic heat for the breaking of C-C 

and C-H bond. According to Boyadjian et al. [19], the presence of MgO as a catalyst 

enhances the decomposition of hexane (C6H14) and breaking of C-C and C-H bond at 

relatively lower temperature. By assuming the homogeneous decomposition process of 

hexane, the possible formed species may be the C-containing intermediate complex 

compounds and different hydrocarbon gases like Methane (CH4), Ethane (C2H6), Ethylene 

(C2H4) and Butane (C4H10) [20].  

 

 

 

 

 

 

Figure 4.7: Change of ΔG with temperature during decomposition of hydrocarbon gases. 

To analyze the decomposition of hydrocarbon(s) into lower species (C and H), ∆G for 

each probable reaction has been calculated at different temperatures by using equation (4.1) 

and (4.2) and plotted in figure 4.7. However, the ΔG-T curve shown in figure 4.7 attributes 

lower ∆G value (ΔG<0) for the decomposition of C2H4 and C4H10 gases. This result represent 

that the hexane may break initially into C2H4 and C4H10, which further decomposed into 

carbon and hydrogen. This in situ produced hydrogen and carbon further help to reduce and 

carburize WO3 whose detailed mechanism is discussed earlier.   
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On comparing the results of XRD obtained by two different liquid hydrocarbon (C3H6O 

and C6H14), it is clear that both the reductant species (C and H) after the decomposition of 

hydrocarbon help to reduce as well as carburize the WO3 easily. But the higher amount of 

carbon produced after the decomposition of hexane may delay the whole process of 

reduction/carburization due to the formation of thick carbon coating around the induced 

particles. The occurrence of fast reduction in case of acetone has also been confirmed from 

the appearance of lesser number of intermediates oxide(s) products as compared to hexane. 

 

 

 

 

 

 

Figure 4.8: Williamson–Hall plot of samples (a) A600-10 (b) C800-10 and (c) H800-10 by 

assuming UDM. 

From the broadened nature of XRD peaks, the strain and crystallite size for samples 

synthesized at different reaction conditions have been obtained by using Williamson-Hall’s 

(W-H) equation (4.3) by plotting the value of βhkl Cosθhkl as a function of 4Sinθhkl. The value 

of strain (ε) and the crystallite size (D) are estimated from the slope of the line as well as 

from the intersection with the vertical axis, respectively. 

                                     (4.3)  

where β (2θ) is the full width at half maximum (FWHM), λ is the X-ray wavelength, D is the 

crystallite mean size and ε is strain. The peak position (2θ), integrated intensity, the peak 

maximum position and the peak width of the individual reflections is obtained through fitted 

Gaussian function. The above equation (4.3) represents the uniform deformation model 

(UDM) in which strain is assumed to be uniform in all crystallographic directions by 

considering the isotropic nature of the crystal.  
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The W-H plot by assuming UDM for the samples are shown in figure 4.8 and the values 

obtained from this plot corresponding to strain and crystallite size are given in table 4.1. 

However, all the above discussions have been done after considering uniform strain in all 

directions of isotropic crystal. But, in most of the cases, the assumption of the homogeneity 

and isotropy is not fulfilled, so Uniform Stress Deformation Model (USDM) and Uniform 

Deformation Energy-Density Model (UDEDM) have been taken by assuming the cause of 

anisotropic micro strain εhkl to be uniform deformation stress σ. The generalized Hooke’s law 

refers to the strain by keeping only the linear proportionality between deformation stress and 

strain as given by σ = εhklEhkl, where σ is the deformation stress of the crystal and Ehkl is 

modulus of elasticity. 

This equation is just an approximation and is valid only for significantly small strain. 

With a further increase in strain, the particles deviate from this linear proportionality [21]. By 

considering this approach, the W-H equation (4.3) has the form: 

 

where Ehkl is Young’s modulus in the direction perpendicular to the set of planes (hkl). The 

uniform stress can be calculated from the slope line plotted between 4Sinθ/Ehkl and βhklCosθ, 

and the crystallite size (D) from the intercept if Ehkl of hexagonal WC nanoparticles is known. 

For a sample with hexagonal crystal phase, Young’s modulus Ehkl is given by the following 

relation [22-24]: 

 

where s11, s13, s33, s44 are the elastic compliances of tungsten carbide (WC) with values of 

1.55 × 10
-3

, 0.191 × 10
-3

, 1.087 × 10
-3

 and 3.25 × 10
-3

 GPa
-1

 respectively [25].  

Young’s modulus E for hexagonal tungsten carbide (WC) is calculated as ~791 GPa, 

which is in close approximation as reported earlier by El-Eskandarany [26]. The W-H plot 

assuming USDM is shown in figure 4.9. Since in many cases, the assumption of 

homogeneity and isotropic is not fully justified so there is another model UDEDM, that has 

been taken into account. It assumes the cause of lattice strain to be density of deformation 

energy u (energy per unit volume). 
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Figure 4.9: The modified form of W–H analysis assuming USDM for samples (a) A600-10 

(b) C800-10 and (c) H800-10. 

According to Hooke’s law the energy density can be calculated by using a relation u = 

(ε
2
Ehkl)/2. So, equation (4.4) can be written as  

 

The anisotropic energy density u and crystallite size (D) is estimated form the slope and 

intercept of fitted line between βhklCosθhkl and 4Sinθ(2u/Ehkl)
1/2

 as shown in figure 4.10. 

 

 

 

 

 

 

 

 

 

Figure 4.10: The modified form of W–H analysis assuming USEDM for samples (a) A600-

10 (b) C800-10 and (c) H800-10.  
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The deformation stress and deformation energy density are related as u = σ
2
/2Ehkl. So, 

clearly both the equations (4.4) and (4.6) are considering the anisotropic nature of elastic 

constant, so they are essentially different. Hence, W-H plots using equation (4.4) and (4.6) 

for a given sample may result different value of lattice strain and crystallite size. The results 

obtained from USDM and UDEDM are summarized in table 4.1.  

From the calculated value of ε, it is clear that the synthesized samples are in the strained 

form. The positive value of strain clearly indicates the existence of tensile strain, which 

results to induce lattice expansion in the samples [27]. It may arise due to the transformation 

of lower ionic radii ion (0.6 nm) W
6+

 to higher ionic radii (0.66 nm) W
4+

 during the formation 

of WC nano powder. Since, the lattice strain in any material indicates the disorderness in the 

system so, it is responsible for its higher activity. Moreover, Lewin et al. [28] also correlated 

the crystallite size with lattice parameter of unit cells. According to them, the decrement in 

the crystallite size leads to increase in the electron deficiency per metallic (Me)-atom and 

results to gradually weakens the Me-C bonds. It leads to an increased lattice parameter which 

results to an increase in the lattice volume with reduced crystallite size which is also observed 

in respective samples. For the evaluation of unit cell volume, the lattice parameters are 

calculated by using (001) and (100) peaks in the XRD patterns.  

Table 4.1: The data obtained from XRD analysis of the samples A600-10, C800-10 and     

H800-10. 

 

 

 

 

 

 

  A600-10 C800-10 H800-10 

UDM 
ε×10

-3
 1.79 1.05 1.76 

D (nm) 59 17 41 

USDM 

ε×10
-3

 1.39 0.55 1.37 

D (nm) 98 19 55 

σ (GPa) 0.995 0.400 0.981 

UDEDM 

ε×10
-3

 1.62 0.68 1.56 

D (nm) 141 20 63 

σ (GPa) 1.165 0.491 1.119 

u×10
3
 (kJ/m

3
) 0.945 0.168 0.872 

Volume of unit cell (Ǻ
3
) 20.72 20.84 20.80 
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Moreover, from the observed USDM and UDEDM, it has been concluded that after 

considering non uniformity in the crystal of the samples, the strain is minimum in WC lattice 

of sample C800-10 as compared samples A600-10 and H800-10. It may be due to the 

distortion arising in the system during the defragmentation of WO3 due to in-situ produced 

hydrogen gas in liquid hydrocarbon source. While in case of sample C800-10, no such kind 

of activity occur for the reduction of WO3 due to which the strain is minimum in this sample. 

Moreover, due to the interaction of hydrogen with metallic oxide after the decomposition of 

hydrocarbon, the induced steam inside the metallic oxide is highly responsible for the 

crystallinity in the samples A600-10 and H800-10 and results to increase the crystallite size. 

4.1.2 Thermal Analysis 

Among all the synthesized samples using different carbon sources and synthesis 

conditions, the thermal analysis has been done only for selected samples in which pure phase 

of WC was obtained. It is clear from the TGA plot (figure 4.11) that for all the selected 

powder samples the weight decreases continuously during heating. The rate of weight loss 

observed to be quite low below ~425 °C and high above 500 °C. However, the loss of weight 

slows down beyond the temperature 700 °C for all samples. The reduction in weight below 

425 °C may be due to the presence of moisture and some functional group available on the 

surface of carbon [29]. Afterwards, the oxidation of free carbon and carbon coated WC nano 

particles begin, which transforms WC into WO3. However, the plateau after ~700 °C 

indicates that all carbon and carbon coated WC (WC@C) nano particles have been oxidized 

leaving only stable WO3. This kind of behavior in TG curve has also been observed by many 

authors in their own systems [30, 31].   

Further, the sample composition is also calculated from the final mass change by 

assuming the presence of WC and freshly prepared elemental carbon in the sample [29]. The 

fraction of carbon present in the final synthesized powder is calculated as follows: 

Free C (%) = 100 × (                                            (4.7) 

where mi and mf are the initial and final masses observed from the TGA experiment, 

respectively; MWWC and MWWO3 are the molecular weights of WC and WO3, respectively. 

The results obtained from the calculation are summarized in table 4.2: 
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Figure 4.11: TG, DSC and DTG results of samples (a) A600-10 (b) C800-10 and (c) H800-

10. 

Furthermore, the starting of weight loss is an indication of carbide oxidation with the 

formation of COx (x=1, 2). So, the TG curves in figure 4.11 reflects the stability of the 

carbon coated carbide nano particles, by observing the shifting of onset temperature for 

oxidation on the higher side for the sample C800-10. It may be due to either strong Me-C 

bonding or the presence of oxide/carbon content on the particle surface in the form of 

thick/thin layer, which restricts the further oxidation and delaying the oxidation process. 

Moreover, the presence of higher value of strain (table 4.1) in samples obtained by liquid 

hydrocarbon (A600-10 and H800-10) also initiates their oxidation earlier with temperature. 

The absence of sharp weight loss in TG curves for samples A600-10 and H800-10 indicates 

the formation of oxide layer during heating, which may act as a protective layer against 

further oxidation.  

 

100 200 300 400 500 600 700 800 900

75

80

85

90

95

100

 

 TGA

 DTG

 DSC

Temperature ( C)

W
e
ig

h
t
 (

%
)

d
m

/d
T

 (
%

/
C

)

H
e
a
t 

f
lo

w
 (

m
W

)

-0.4

-0.3

-0.2

-0.1

0.0
(c)

 
-60

-50

-40

-30

-20

-10

0

 

100 200 300 400 500 600 700 800 900

50

60

70

80

90

100 (a)

H
e
a
t 

f
lo

w
 (

m
W

)

d
m

/d
T

 (
%

/
C

)

W
e
ig

h
t
 (

%
)

Temperature ( C)

 

 TGA

 DTG

 DSC

-0.18

-0.16

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

 

-8

-6

-4

-2

0

2

4

6

 

100 200 300 400 500 600 700 800 900

40

50

60

70

80

90

100 (b)

H
e
a
t 

f
lo

w
 (

m
W

)

d
m

/d
T

 (
%

/
C

)

 

 TGA

 DTG

 DSC

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

 

0

5

10

15

20

25

W
e
ig

h
t
 (

%
)

Temperature ( C)

 



Chapter 4: Results and Discussion-I  Page 68 

 

Table 4.2: Data obtained from TGA thermo-gram of the synthesized samples. 

 
 

Moreover, the presence of peaks in DSC curve in the temperature range 500-550 °C 

attributes the onset temperature for the oxidation of powder samples. The appearance of 

peaks confirms that the process of oxidation is highly exothermic. It generates a lot of heat 

which can be calculated from the total area enclosed by the thermal analysis of DSC peak and 

the results of obtained ΔH corresponding to area has been mentioned in table 4.2. The higher 

value of ΔH for sample C800-10 attributes the complete combustion of carboneous elements 

at specific temperature, which also support to the sharpness in the peak. In contrary, the 

results of ΔH for samples obtained by liquid carbon source reveals that the carboneous 

elements take some time to oxidize which is reflected from the broadness of exothermic peak. 

Moreover, the shifting in the peaks also depends on the amount of free carbon present in the 

final product. Hence, the exothermic peak at higher temperature for sample C800-10 reveals 

the presence of higher amount of carbon in the obtained sample as mentioned in the table 4.2. 

While the sharp peak in the samples attributes the presence of fine size of carbon powder in 

the product.  

All the process occurred with thermal treatment have also been confirmed by the 

appearance of multiple peaks in derivative thermo-gravimetric (DTG) analysis. The presence 

of DTG peaks (figure 4.11) at 550, 543 and 510 °C corresponding to samples A600-10, 

C800-10 and H800-10, respectively designates the oxidation of carbide. The appearance of 

peaks at these temperatures attributes the maximum weight loss due to the removal of carbon. 

Further, the appearance of the DTG peak at temperature 760 °C and 600 °C for samples 

A600-10 and H800-10 respectively indicates the delay in weight loss due to the formation of 

oxide layer during heating on the surface of product. The single step oxidation process has 

been designated by the sharp weight loss supported by single DTG peak in sample C800-10 

as shown in figure 4.11(c). Moreover, the resultant loading of WC in all the obtained samples 

Sample  DSC 

peak (°C) 

Free C 

(%) 

WC content 

(%) 

ΔH 

(kJ/g) 

A600-10 534 56 44 -3.32 

C800-10 546 65 35 -7.81 

H800-10 516 35 65 -2.56 
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by this analysis is observed to be higher than the WC@C nano composites as reported by 

Yan et al. [31].  

4.1.3 BET surface area analysis 

Since the catalytic activity of any material depends upon surface area and its pore texture 

[32], so the N2 adsorption–desorption technique has been used to determine textural 

properties of the synthesized powder samples. As per our earlier discussion, the samples are 

synthesized in the presence of in-situ produced CO gas, so it will provide an excess carbon 

layer on WC nano particles [33, 34]. 

Due to the presence of carbon layers on carbide nano particles, samples may have suitable 

porous structure and high surface area due to which the N2 adsorption/desorption isotherm of 

samples exhibit typical IV curve in figure 4.12. These curves designate the characteristics of 

materials, which contain mesoporosity and attain high energy of adsorption (type IV) [35]. 

The isotherms observed in the N2 adsorption/desorption isotherm (figure 4.12) for the 

synthesized samples revealed a distinct hysteresis loop of H3 type. This hysteresis are usually 

found for the solids consisting of aggregates or agglomerates of particles forming slit shaped 

pores with non-uniform size and/or shapes [36]. As observed from figure 4.12, the increment 

in the adsorption curve at relative pressure lowers than 0.1 attributes the presence of 

micropores in sample C800-10.  

 

 

 

 

 

 

Figure 4.12: N2 sorption isotherms of samples (a) A600-10 (b) C800-10 and (c) H800-10. 
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The observed value of BET specific surface area for all samples seems to be higher than 

that of estimated from particle size analysis, which is also observed by Liu et al. [37]. This is 

attributed due to the combined effect of morphology and porous structure of outer carbon 

layer on WC nanoparticles which significantly increases the specific surface area of WC@C 

[38]. The BET surface area of WC@C powder sample obtained from current synthesis 

method is comparable to value as reported by other methods [39, 40], which makes it suitable 

material for electrochemical applications. Figure 4.13 shows the typical pore size distribution 

curves of the synthesized samples. This shows that the samples have narrow pore size 

distribution in the range of 3 to 5 nm. The presence of pore size less than 2 nm is also 

showing the presence of micropores in the sample C800-10. The pore size, specific surface 

areas and pore volumes of the synthesized nano samples from N2 adsorptions are mentioned 

in table 4.3. In the pore size distribution curve, the peak around pore diameter 4 nm shows 

the presence of mesopores in the samples. Its existence may be due to the stabilization in the 

outer surface of the synthesized samples. As shown in the table 4.3, the sample synthesized 

by solid carbon source (C800-10) has higher specific surface area and larger pore volume. 

But, in the case of samples synthesized by liquid carbon source (A600-10 and H800-10) the 

graphitization of outer carbon layer tends to decrease the micropores and mesoporous which 

results to decrease the surface area and pore volume [41, 42].  

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Pore size distribution of samples (a) A600-10 (b) C800-10 and (c) H800-10. 
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Table 4.3: Structure parameters of samples obtained from N2 sorption isotherms. 

Sample A600-10 C800-10 H800-10 

BET (m
2
/g) 22.4 522.5 8.4 

Total pore volume (cm
3
/g) 0.213 0.343 0.017 

Average pore diameter (nm) 10.5 2.6 8.4 

4.1.4 Raman analysis 

Figure 4.14 shows the Raman spectra for the synthesized nano powder A600-10, C800-

10 and H800-10 to investigate the degree of graphitization and content of defects in the 

carbon materials present in the synthesized samples. The most common and important bands 

appearing in samples are D-band around 1350 cm
-1

 and G-band around 1580-1600 cm
-1

 [43, 

44]. According to Ferrari and Robertson [44], the D-band is often attributed to disorder 

scattering, and this mode remains absent in perfect graphite. Whereas the G-band is 

associated with the I
st
 order scattering of E2g mode of graphite. Both G and D-bands undergo 

significant changes upon amorphization of graphite as amorphous carbon contains a certain 

fraction of sp
3
 carbons [44]. A universal observation is that higher disorder in graphite leads 

to a broader G-band, as well as to broad D-band of higher relative intensity compared to that 

of the G-band. The position of G-band at 1601 cm
-1 

in case of A600-10 (figure 4.14(a)) is 

related to the tangential stretching mode of all pairs of sp
2
 atoms [45] and the D-band at 1342 

cm
-1 

are associated with the structural defects and impurities.  

It has been observed that the shifting of G-band from 1601 to 1585 cm
-1 

for samples 

C800-10 and H800-10 attributes defects/disordering in the graphitic cluster [46]. The data 

obtained from peaks fitting are summarized in table 4.4. The transition of ordering for 

sample A600-10 to disorder in sp
2
-C phase for sample C800-10 and H800-10 indicates the 

ordering in the shrinking core with increased distortion in the outer layer [44]. This effect 

also enhances the reactivity of outer carbon layer with atmosphere that tends to react with 

oxygen easily to oxidize, which is also confirmed from the lower oxidation onset value of 

H800-10 (table 4.2). 
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Figure 4.14: Raman spectra results of samples (a) A600-10 (b) C800-10 and (c) H800-10. 

It designates that ordered sp
2
-C graphitic phase cluster exists around the WC nano 

particles in sample A600-10 and it became thermodynamically stable as compared to H800-

10. Moreover, ordered sp
2
-C phase in the form of layered structured also assembles to the 

onion like structure in sample A600-10 whose discussion will be done in microstructure 

analysis section [47]. The presence of such kind of structure (onion structure) in sample 

A600-10, results to maximum weight loss at higher temperature (550 °C) which has been 

discussed in TGA analysis earlier [47]. Moreover, the existence of G-band position at higher 

wave number (1601 cm
-1

)
 
also supports to the formation of graphitic sheets around the WC 

nano particles in sample A600-10 [46] which is shown in TEM images which are discussed 

later. Since, the level of graphitization has decided the resistance against oxidation which is 

minimum for amorphous carbon. So, the idea about this feature has been determined by the 

intensity ratio between the D‐band and G‐band (ID/IG), which also provides information about 

the structural ordering of sp
2
-phase [47]. 

The lower value of ID/IG for sample A600-10 ascribed the formation of higher 

graphitization among the obtained samples. While, on the other hand, the higher value of 

ID/IG in sample C800-10 and H800-10 designates the appearance of more defects, which 

results to lower the graphitization in the sample on changing the carburizing agents. Hence, 

this may be the reason of shifting of peak corresponding to maximum weight loss in DTG 

curve in figure 4.11 (b & c) towards lower side for sample C800-10 and H800-10. 
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Table 4.4: Raman characteristics of samples obtained from different carbon sources. 

Sample A600-10 C800-10 H800-10 

D-band (cm
-1

) 1342 1348 1350 

G-band (cm
-1

) 1601 1596 1585 

ID/IG 0.32 1.40 0.79 

4.1.5 Microstructure analysis 

Morphological characteristics of the samples were analyzed by TEM/HRTEM analysis. 

The TEM images in figure 4.15(a & c) shows the carbon coated carbide nano particles in the 

form of core-shell morphology which has been observed by many authors in their work for 

the carbide systems [48, 49]. These synthesized nano particles are composed of internal core 

with dark shade and external layer with light shade. This outer layer with light shade of the 

prepared sample is of carbon as has been also observed by Zhong et al. [48]. Further 

HRTEM of samples especially synthesized with liquid hydrocarbons also reveals that the 

outer layer is of graphitic carbon, which is also confirmed by the d-spacing between the 

carbon layers. This graphitic carbon layer in the form of onion type is clearly visible in the 

inset of figure 4.15(a) formed due to the ordering of carbon as discussed in Raman analysis.  

The lattice spacing of WC in the inner core of synthesized samples observed from 

HRTEM can be clearly seen and the d-spacing value of 0.18, 0.28 and 0.25 nm belongs to the 

(101), (001) and (100) reflections of WC phase, respectively. Hence, it is evident that the 

outer nano chains are made of graphitic carbon except for sample synthesized by activated 

charcoal. So it is clear that sphere like nano particles are not uniformly dispersed but arranged 

into chainlike nanostructure. These nanochains consist of two parts; the interior WC 

nanoparticles encapsulated by outer carbon layer (graphitic carbon/amorphous carbon) 

namely core-sheath nanostructures. According to Xi et al. [50] there are two factors which 

are responsible for such kind of core-sheath nanostructures. One is the template effect of the 

tungsten carbide nanoparticles and the other is the activated effect of intermediary formed 

magnesium oxide nanoparticles. Further, on comparing the TEM obtained from two different 

liquid hydrocarbons it is clear that particle attained spherical shape for acetone and cubic 

shape for hexane. Such kind of change in the morphology in carbide particles on changing the 

hydrocarbon has also been observed by Grove et al. [51] in their system. As observed from 
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TEM images in different direction the average size of the prepared WC nano particles is in 

the range of 21 nm, 70 nm and 75 nm for samples obtained from acetone, activated charcoal 

and hexane as carbon source respectively. The effect of fragmentation of particles due to 

hydrogen diffusion seems dominating factor for the lower size of obtained particles by using 

acetone as carburizing agent. While on the other hand the observed higher size of WC nano 

particles obtained in sample H800-10 may be due to the influence of higher synthesis 

temperature.  

The SAED patterns has been obtained for the samples (A600-10 and C800-10) containing 

WC nano particles having hexagonal structure and shown in figure 4.15(g & h). The spots in 

the diffraction patterns for samples A600-10 and C800-10 show the reflections of crystalline 

phase of WC which is in agreement with XRD result. 
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Figure 4.15: TEM/HRTEM images of WC@C samples (a,b) A600-10 (c,d) C800-10 (e,f) 

H800-10; SAED patterns of (g) A600-10 and (h) C800-10. 
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In the earlier part, extensive studies have been performed on the synthesis and 

characterization of tungsten mono-carbide (WC) nano powder. Since not much work is 

reported on the synthesis of tungsten semi-carbide (W2C) so, in the successive part, we will 

focus on the reduction and carburization of metal oxide into the tungsten semi-carbide (W2C). 

In this work, magnesium (Mg) metal powder is used as reducing agent, with three different 

carbon sources acetone, activated charcoal and hexane. In ordered to obtain tungsten semi-

carbide (W2C), initially the optimization of temperature, time and carbon amount has been 

done by taking acetone and activated charcoal as a carbon source. The samples obtained at 

different temperatures, different time and carbon source amount were denoted as A/C/HT-t-a, 

where A, C and H corresponds to acetone, activated charcoal and hexane carbon source 

respectively; T, t and a corresponds to temperature, time and amount of carbon source. 

However, the whole experiments have been carried out with air quenching the autoclave to 

provide less time for the diffusivity of carbon atoms. The results of different characterizations 

obtained by using different carbon sources are discussed below: 

4.2 Synthesis of tungsten semi-carbide (W2C) 

4.2.1 X-ray diffraction analysis (XRD) 

4.2.1.1 Acetone as carburizing agent 

Figure 4.16 shows the X-ray diffraction patterns after acid treatment of the samples 

A575-2-10, A600-2-10, A615-2-10, A625-2-10 and A700-2-10, which were obtained by 

taking 10 mL of acetone at different temperatures for 2 h holding time. The three most 

intense peaks of patterns with 2θ values at 31.5°, 35.7°, 48.4° correspond to the plane of WC 

(001), (100) and (101) respectively according to ICDD reference number 01-072-0097. 

However, the diffraction peaks obtained with 2θ values at 34.4°, 38.1° and 39.5° could be 

assigned to the planes of W2C (002), (200) and (102) respectively according to ICDD 

reference number 00-020-1315. A minor peak with 2θ value of 40.4°, indicates the presence 

of pure W (ICDD reference number 00-001-1204) nano crystalline phase produced during the 

reduction of WO3. 

The presence of peak at 2θ~26.45° corresponds to the graphitic carbon (GC), which 

represents its crystalline nature. However, some amorphous carbon (AC) is also present in the 

obtained samples whose existence is revealed by the appearance of peak at 2θ~25.75° [52]. It 
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appears due to the fast quenching of the autoclave which provides it less time to attain 

crystalline behavior. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: XRD patterns of samples (a) A575-2-10 (b) A600-2-10 (c) A615-2-10 (d) 

A625-2-10 and (e) A700-2-10 synthesized by acetone (10 mL) for reaction time 

of 2 h at reaction temperature 575 °C, 600 °C, 615 °C, 625 °C and 700 °C.  

The appearance of peaks corresponding to W, W2C and WC phase in figure 4.16(a) 

indicates the complete reduction of WO3 into W at temperature 575 °C, which further 

continue to carburize. The molar fractions “m” of each phase(s) in a W2C-WC-W mixture 

was calculated from XRD using equation (4.8) and is listed in table 4.5 [53]. 

 

where h1, h2 and h3 are the peak heights of the most intense reflections of W2C, WC and W, 

respectively. The tabular data clearly revealed that higher content of WC is obtained at 

temperature 575 °C, which decreased with the increase in reaction temperature to 600 °C. 

However, the increment in the % age of W2C at this temperature displays the reversibility of 

carburization process. While, with the further increase in the reaction temperature upto 700 

°C, the consistent increase in the content of WC attributes that the carburization process again 

moves in the forward direction with the diffusivity of more carbon in W2C (W2C + 

C→2WC).  

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

*

In
te

n
si

ty
 (

a
.u

.)

***

*

*

 

 2  (degree) 

 

(a)

****

*

** 

(b)

 

****
*

**

*

 WC     * W2C      W       GC      AC

  

(c)

(d)

****

*
**

  

(e)

*

 

 

 



Chapter 4: Results and Discussion-I   Page 78 

 

Table 4.5: Comparison of phase(s) percentage obtained in W2C–WC–W mixture at different 

temperatures and constant holding time 2 h. 

 

 

 

 

 

 

 

As mentioned in our earlier discussions, the freshly prepared W phase reacts with in-situ 

produced nascent C atoms and results to form WC nano particles. Hence, the synthesis 

temperature 600 °C for reaction time 2 h has been decided the optimum synthesis temperature 

for getting higher amount of W2C phase with 10 mL acetone. Furthermore, in order to obtain 

the higher amount of W2C at this reaction temperature, the next variation has been done in 

the reaction time from 1 to 3 h. The XRD patterns with the variation in reaction time at 

constant temperature (600 °C) and acetone amount (10 mL) is shown in figure 4.17. The 

observed fraction of all the phase(s) present in figure 4.17 has been given in table 4.6. The 

tabular data clearly indicates that, the higher content of WC has been found at lower time 1 h 

in the sample A600-1-10 due to the fast diffusion of carbon.  

With the increase in time to 2 h, the content of WC is decreased due to the reversibility of 

the carburization process which results in increase in the content of W2C phase in the 

obtained sample A600-2-10. However, the increment in both the content of WC and W 

observed at higher reaction time 2.5 h, attributes the eutectoid decomposition of W2C 

(W2C→WC + W) which occur below 1300 °C [54]. But the reaction between W and C at the 

reaction time of 3 h contributes in the increment of W2C and WC content. So, based on these 

results, the reaction time of 2 h has been observed suitable for getting higher content of W2C 

phase. Afterwards, the influence of acetone amount on the percentage of W2C phase has been 

analyzed at 600 °C for 2 h holding time in the next set of experiments.  

Sample 
Temperature 

(°C) 

% age of phase(s) 

WC W2C W 

A575-2-10 575 64 31 5 

A600-2-10 600 20 77 3 

A615-2-10 615 74 23 3 

A625-2-10 625 77 21 2 

A700-2-10 700 95 5 - 
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Figure 4.17: XRD patterns of samples (a) A600-1-10, (b) A600-2-10, (c) A600-2.5-10 and 

(d) A600-3-10 synthesized by acetone (10 mL) and reaction temperature 600 

°C at reaction time 1 h, 2 h, 2.5 h and 3 h.  

Table 4.6: Comparison of phase(s) percentage obtained in W2C–WC–W mixture at different 

reaction time and constant temperature 600 °C. 

 

 

 

 

 

 

A typical XRD pattern of the synthesized black powder with the variation in the acetone 

amount is shown in figure 4.18. The details of the fraction of phase(s) appeared in figure 

4.18 have been summarized in table 4.7. The higher content of W2C phase obtained in 

sample A600-2-2.5 indicates that reduced WO3 is not carburized completely into WC either 

due to lower carbon concentration gradient or fast quenching of autoclave. With the further 

increase in the acetone amount due to the higher amount of in-situ produced carbon, it starts 

Sample 
Reaction time  

(h) 

% age of phase(s) 

WC W2C W 

A600-1-10 1 79 17 4 

A600-2-10 2 20 77 3 

A600-2.5-10 2.5 59 26 15 

A600-3-10 3 62 31 7 
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to diffuse inside reduced W/W2C phase, which results to form tungsten mono-carbide (WC) 

on the expense of W2C (W2C + C→2WC) and W (W+C→WC). But higher carburizing agent 

amount in sample A600-2-10 also restricts further diffusion of carbon, which results to 

increase the content of W2C again. In all this process, the content of W phase decreases 

consistently which supports the carburization reaction to move in the forward direction. 

However, on the further increase in acetone amount (20 mL), it has been observed that the 

content of WC increase with the consumption of W2C phase (data not shown). So, it is 

worthwhile to point out that higher content of W2C by using acetone as a carbon source could 

be obtained at specific synthesis conditions which have been followed in sample A600-2-10. 

 

 

 

 

 

 

 

Figure 4.18: XRD patterns of samples (a) A600-2-2.5 (b) A600-2-5 and (c) A600-2-10 

synthesized by using acetone as carburizing agent at constant reaction 

temperature 600 °C and reaction time 2 h after varying acetone amount 2.5 

mL, 5 mL and 10 mL. 

Table 4.7: Comparison of phase(s) percentage obtained in W2C–WC–W mixture by varying 

acetone amount at constant temperature 600 °C and holding time 2 h. 
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A600-2-2.5 2.5 26 65 9 
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A600-2-10 10 20 77 3 
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4.2.1.2 Activated charcoal as carburizing agent 

In this set of experiments, figure 4.19 shows the XRD patterns after acid leaching of 

samples C600-1.25-0.5, C600-1.5-0.5, C600-2-0.5, C600-2.25-0.5, C600-3.5-0.5, C700-2-0.5 

obtained by using activated charcoal as a carbon source. The influence of reaction time on the 

% age of phase(s) within the prepared materials has been investigated at constant temperature 

600 °C by taking 0.5 g activated charcoal.  

 

 

 

 

 

 

 

 

Figure 4.19: XRD patterns of samples (a) C600-1.25-0.5 (b) C600-1.5-0.5 (c) C600-2-0.5 

(d) C600-2.25-0.5 (e) C600-3.5-0.5 and (f) C700-2-0.5 synthesized by using 

activated charcoal as carbon source with constant amount 0.5 g. 

The details of phase % age with the variation in reaction time are summarized in table 

4.8. It is worth noting from the XRD pattern (figure 4.19(a)) and table 4.8, that at lower 

reaction time (1.25 h), content of W is on the higher side due to the lack of time for the 

carbon diffusivity in the freshly prepared W phase. With the increase in the reaction time to 

1.5 h, the carbon atoms have sufficient time for diffusion inside the W and results to increase 

the content of WC abruptly (table 4.8). With the further increase in reaction time to 2 h for 

sample C600-2-0.5, the content of W2C and W increased, which shows the reversibility of 

carburizing reaction (decarburization). Moreover, with the increase in the reaction time after 

2 h the rate of decarburization seems to be increased. It results to decrease the content of both 

carbides phase especially WC which is represented by reaction 2WC↔W2C+C↔W+C. 
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Hence, the reaction time of 2 h has been observed as the time for the initiation of reversibility 

of carburization process.  

Table 4.8: Comparison of phase(s) percentage obtained in W2C–WC–W mixture at different 

reaction time and temperature 600 °C/700 °C. 

Sample 
Reaction time 

(h) 

% age of phase(s) 

WC W2C W 

C600-1.25-0.5 1.25 17 33 50 

C600-1.5-0.5 1.5 53 30 17 

C600-2-0.5 2 24 47 29 

C600-2.25-0.5 2.25 16 28 56 

C600-3.5-0.5 3.5 7 23 70 

C700-2-0.5 2 41 27 32 

However, on comparing the results obtained by varying the reaction temperature from 

600 °C to 700 °C at constant reaction time 2 h, the content of W2C decreases. That may be 

due to the eutectoid decomposition of W2C into W and WC (W2C→W+WC) which could 

exist below 1300 °C [54], and results to increase the contents of both WC and W phase. 

Hence, by observing the higher amount of W2C in the sample C600-2-0.5, next set of 

experiments was planned by varying the amount of activated charcoal to carburize 29% 

unreacted W phase. In this case, at lower amount of activated charcoal (0.25 g) the obtained 

product has been visualized oxide, so the amount of activated charcoal has been varied in 

between 0.5 to 2 g for getting W2C nano powder enriched phase in the prepared powder 

samples. The XRD patterns at these conditions is shown in figure 4.20 and the variation in % 

age of phase(s) evaluates from this patterns has been mentioned in table 4.9. From the XRD 

results and data shown in table 4.9, it is clear that with the increase in the amount of 

carburizing agent, the carburization of W has taken place, which also activates the 

carburization of W2C and results to increase in the content of WC. It occurs due to the higher 

concentration gradient of carbon in the outer region of the reduced nano particles and 

enhances the carburization process which results to decrease the W2C and W content 

consistently.  
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Figure 4.20: XRD patterns of samples (a) C600-2-0.5 (b) C600-2-1 and (c) C600-2-2 

synthesized by using activated charcoal as carburizing agent at constant 

reaction temperature 600 °C and reaction time 2 h after varying activated 

charcoal amount 0.5 g, 1.0 g and 2.0 g. 

Table 4.9: Comparison of phase(s) percentage obtained in W2C–WC–W mixture by varying 

charcoal amount at constant temperature 600 °C and holding time 2 h. 

 

 

 

 

4.2.1.3 Hexane as carburizing agent 

In order to understand the kinetic of W2C formation, one of the hydrocarbon source 

(hexane) having higher amount of carbon is also used in this study. But due to the higher 

number of carbon atoms in hexane (C6H6) as compared to acetone (C3H6O), only the amount 

of hexane has been optimized to get the W2C enriched phase in the obtained black powder. It 

is evident from the XRD results of samples obtained from acetone and activated charcoal that 

the 2 h reaction time at 600 °C is optimum and is the best synthesis conditions for getting 

higher content of W2C. So in this set of experiment, these conditions are used in order to 
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observe the influence of hexane amount on the content of W2C. The XRD patterns of samples 

synthesized by using different amount of hexane have been plotted in figure 4.21. The 

fraction of phase(s) with the variation in the amount of carburizing agent (C6H6) has been 

mentioned in table 4.10. The XRD patterns of samples H600-2-2.5 and H600-2-5 in figure 

4.21(a & b) shows that with the lower amount of hexane (2.5 and 5 mL), the reduction as 

well as carburization of metal oxide (WO3) has not been accomplished completely.  

However, the presence of lower oxide (WO2) in figure 4.21(a & b) clearly indicates that 

the reduction as well as carburization process would be very fast with the change in synthesis 

conditions. This effect has been confirmed by the XRD pattern of sample H600-2-10 in 

figure 4.21(c), which is obtained at higher hexane amount (10 mL). It shows the existence of 

both phases WC and W2C at this synthesis condition, which is due to the higher concentration 

gradient of in-situ produced carbon in the system. This enhances the carburization rate and 

results to decrease WO2 content. In order to understand the kinetic of carburization at higher 

amount of hexane, the XRD pattern showing monoclinic WO3 (ICDD reference number 01-

088-0550), monoclinic WO2 (ICDD reference number 00-032-1393) and W with minor 

appearance of W2C at lower amount of hexane needs to be analyzed with the help of 

thermodynamic study. The peaks corresponding to these phases (WO3, WO2 and W) in 

figure 4.21 are so broad that the pattern appears more like that from an amorphous nature 

than the crystalline.  

According to Li et al. [9] a derivative sub-oxide or possibly defective sub-oxide, acts as a 

preferential nucleation site for carbide formation. But the carburization process begins only 

when the solid is reduced to an overall stoichiometry lower than WO1 [10]. So, it is assumed 

that due to lower crystallite size of WO2 (~3.6 nm) calculated by Scherrer equation, it 

becomes highly reactive and tends to convert into W easily through the most probable 

reaction (xi). Hence, the constant content of W2C at higher hexane amount (table 4.10) and 

lower value of ΔG for reaction (xiv) as compared to (xiii) at 600 °C attributes that W phase 

after successfully reduction carburized directly into WC. Moreover, due to the 

defragmentation of metal oxide into smaller size due to H2 gas arising during the 

decomposition of liquid hydrocarbon; the content of carbide seems to be on higher side as 

compared to samples obtained by using activated charcoal. The detail of reduction as well as 

carburization in terms of schematic mechanism has already been discussed in our earlier part. 
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Figure 4.21: XRD patterns of samples (a) H600-2-2.5, (b) H600-2-5 and (c) H600-2-10 

synthesized by using hexane as carburizing agent at constant reaction 

temperature 600 °C and reaction time 2 h after using hexane amount 2.5 mL, 5 

mL and 10 mL. 

Table 4.10: Comparison of phase(s) percentage obtained in W2C–WC–W mixture by varying 

hexane amount at constant temperature 600 °C and holding time 2 h. 
 

From the above focused experiments, it can be concluded that it is difficult to produce 

single phase W2C from this method. However, under optimized condition W2C- rich carbide 

phase can be obtained. Most of the authors have also obtained carbide nano powder by 

adopting different methods and found mixed phases (WC/W2C) with W2C main phase [55-

57]. 
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Figure 4.22: Williamson–Hall plot of samples (a) A600-2-10 (b) C600-2-0.5 and (c) H600-

2-10 by assuming UDM. 

From the broadened nature of XRD peaks of obtained W2C phase, the strain (ε) and 

crystallite size (D) has been obtained by using W-H equation (4.3) by plotting the value of 

βhklCosθhkl as a function of 4Sinθhkl especially, for samples A600-2-10, C600-2-0.5, H600-2-

10 having higher content of W2C in figure 4.22. The peak position (2θ), integrated intensity, 

the peak maximum position and the peak width of the individual reflections was obtained 

through fitted Gaussian function. The values of ε and D are estimated from the slope of the 

line as well as from the intersection with the vertical axis, respectively and are given in table 

4.11. As discussed earlier, the equation (4.3) represents the UDM in which strain was 

assumed to be uniform in all crystallographic directions by considering the isotropic nature of 

the crystal.  

However, all the above calculations have been done after considering uniform strain in all 

directions of the isotropic crystal. But, in most of the cases, the assumption of the 

homogeneity and isotropy is not fulfilled so USDM and UDEDM have been taken by 

assuming the cause of anisotropic micro strain εhkl to be uniform deformation stress σ. After 

considering the Hooke’s law which refers to the strain by keeping only the linear 

proportionality between deformation stress and strain as given by σ = εhklEhkl, where σ is the 

deformation stress of the crystal and Ehkl is modulus of elasticity.  
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Figure 4.23: The modified form of W–H analysis assuming USDM for samples (a) A600-2-

10 (b) C600-2-0.5 and (c) H600-2-10. 

For a sample with hexagonal crystal phase (W2C), Young’s modulus Ehkl is given by the 

equation (4.5). The value of elastic compliances (s11=2.415 ×10
-3

 GPa
-1

, s13=0.947 × 10
-3

 

GPa
-1

, s33=2.77 × 10
-3

 GPa
-1

 and s44=4.61 ×10
-3

 GPa
-1

) used in this equation for W2C has 

been calculated from elastic constant by using relations between them [58, 59]. The results 

obtained from USDM and UDEDM corresponding to equations (4.4) and (4.6) are plotted in 

figure 4.23 and figure 4.24 respectively. The data obtained from these figures are 

summarized in table 4.11. From the calculated value of ε, it is clear that the synthesized 

samples are in the strained form. It arises due to the transformation of lower ionic radii ion 

(0.6 nm) W
6+

 to higher ionic radii (0.66 nm) W
4+

 during the formation of W2C nano powder. 

The positive value of strain clearly indicates the presence of tensile strain in the system, 

which results to induce lattice expansion [27]. 

As observed from table 4.11, the higher value of strain for samples obtained from liquid 

hydrocarbon (A600-2-10, H600-2-10) might be because of the distortion that arises in the 

system during the fragmentation of WO3 via in-situ produced hydrogen gas in liquid 

hydrocarbon source. Due to the smaller size of these fragmented oxide particles; the 

carburization occurs rapidly and results to more distortion in the system [60]. While, in case 

of sample C600-2-0.5, no such kind of activity occur for the reduction of WO3 due to which 

the strain is minimum in this sample. The unit cell volume has also been evaluated by 

calculating the lattice parameters using (100) and (002) peaks in the XRD patterns.  
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Figure 4.24: The modified form of W–H analysis assuming USEDM for samples (a) A600-

2-10 (b) C600-2-0.5 and (c) H600-2-10.  

Table 4.11: The data obtained from XRD analysis of the samples obtained at temperature 

600 °C for 2 h with varying carbon amount. 

 

 

 

 

 

 

Moreover, the interaction of hydrogen with metallic oxide after the decomposition of 

hydrocarbon, is highly responsible for the crystallinity in the samples A600-2-10 and H600-

2-10 and increases the crystallite size (D) of A600-2-10 sample, especially. While, the lower 

crystallite size in sample H600-2-10 may be due the disordering in the system that arise as a 

result of fast diffusion of carbon to carburize into WC. The correlation between crystallite 

size and lattice parameter as discussed earlier in the synthesis of WC has been reversed in this 
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case. The current trend attributes that in carbon deficient system, with the decrease in the 

crystallite size, the Me-C bond seems to be strong which decreases the lattice parameter and 

hence, lattice volume of the crystal.  

Due to the deficiency of carbon atom in W2C, the order of strain obtained in W2C nano 

particles is lower as compared to WC which is shown in table 4.1. Hence, it is confirmed that 

the diffusion of carbon in the reduced transition metal (W) play an important role to enhance 

the distortion in the system in terms of inducing strain. Since, the lattice strain in any 

materials indicates disorderness in the system so; it is responsible for its higher activity. 

Moreover, from the observed USDM and UDEDM, it has been concluded that the lower 

value of deformation stress and deformation energy density in the carbide phase W2C 

synthesized by activated charcoal corresponds to lower distortion in the lattice due to the 

lower interaction of amorphous solid carbon with metal oxide (WO3). It creates little internal 

stress in the synthesized sample due to which the strain is also lower among all synthesized 

samples.  

4.2.2 Thermal Analysis 

Figure 4.25 shows the thermal analysis of selected samples (A600-2-10, C600-2-0.5 and 

H600-2-10) synthesized by using different carbon sources under the effect of fast cooling of 

autoclave which have higher content of W2C phase. It is clear from the TGA plot that for all 

the samples, weight loss (2-7 %) occurs continuously during heating upto ~400 °C. The 

reduction in weight below 400 °C may be due to the presence of moisture and some 

functional group available on the surface of carbon [29]. Afterwards, the oxidation of free 

carbon and carbon coated obtained nano particles (mixture of oxide, carbide and metallic (W) 

phase) begin and results to leave stable WO3 at higher temperature which is represented by 

the plateau after ~700 °C. Such kind of behavior in nano carbide samples has already been 

observed by many authors in their own systems [30, 31]. The rate of weight loss is quite low 

below ~400 °C and high loss rate occurs above 500 °C especially for sample A600-2-10. 

Moreover, the behavior of TG curve for sample C600-2-0.5 attributes the increment in 

weight at 450 °C due to the presence of higher content of W (29%) phase in the sample as 

given in table 4.9. The appearance of metallic phase (W) in the product initiates the oxidation 

process in terms of weight gain earlier. Also, the small hump of weight gain at temperature 

~350 °C for sample H600-2-10 corresponds to the oxidation of lower oxide/defective oxide 

(WO2) present in the product which has more tendencies to get oxidized. 
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Furthermore, the peak corresponding to weight gain due to the oxidation of carbides 

content in sample H600-2-10 appeared at higher temperature ~600 °C. As discussed earlier, 

the initiation of weight loss/gain in TG curves of carbide samples correspond to their 

oxidation with the formation of COx (x=1, 2) and is an indicator of stability of the obtained 

product. The higher thermal stability of synthesized samples is also influenced by the strong 

Me-C bonding or the presence of oxide/carbon content on the particle surface in the form of 

thick/thin layer. 

 

 

 

 

 

 

 

Figure 4.25: TG, DSC and DTG results of powder samples (a) A600-2-10 (b) C600-2-0.5 

and (c) H600-2-10. 

These layers restrict the further oxidation and delay the oxidation process. The fraction of 

carbon present in the final synthesized powder is calculated by using equation given below 

[29].  
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However, the presence of peaks in DSC curve in the temperature range 525-550 °C attributes 

the onset temperature for the oxidation of powder samples. The appearance of these peaks 

confirms that the process of oxidation is highly exothermic. The amount of heat generated 

during exothermic process is calculated from the total area enclosed by the thermal analysis 

DSC peak and the results of obtained ΔH corresponding to that area has been mentioned in 

table 4.12. The higher value of ΔH corresponds to the presence of higher amount of 

carboneous elements in the samples which has been confirmed from table 4.12. Moreover, 

the samples which contain higher amount of free carbon also display the shifting in the 

exothermic peak towards higher temperature. Hence, the value of ΔH and shifting in the DSC 

peaks are correlated with the presence of carboneous amount in the product which affect the 

thermal stability.  

Table 4.12: The data obtained from TGA thermo-gram analysis of the synthesized samples. 

Sample  DSC peak 

(°C) 

Free C  

(%) 

Carbides 

content (%) 

ΔH 

(kJ/g) 

A600-2-10 535 39 61 -2.79 

C600-2-0.5 527 25 75 -2.70 

H600-2-10 525 24 76 -2.45 

As mentioned earlier, the oxidation process of carbide sample has also been discussed by 

DTG analysis. The appearance of multiple peaks designates the multi step process of 

oxidation. The DTG peak at temperature 483 °C attributes to maximum weight gain in 

sample C600-2-0.5 corresponding to the oxidation of W phase present in the obtained powder 

sample. While, the oxidation of lower oxide contents (WO2) in sample H600-2-10 is also 

revealed by the DTG peak at 350 °C. But the presence of DTG peaks (figure 4.25) at 541, 

543 and 423 °C corresponding to samples A600-2-10, C600-2-0.5 and H600-2-10, 

respectively designates the oxidation of carbide. The appearance of peaks at these 

temperatures attributes the maximum weight loss due to removal of carbon from the sample. 

The DTG peak appeared at temperature ~750 °C for samples A600-2-10 and H600-2-10 

indicates the delay in weight loss due to the formation of oxide layer during heating on the 

surface of obtained product.  
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4.2.3 Raman analysis 

Figure 4.26 shows the Raman spectra for samples A600-2-10, C600-2-0.5 and H600-2-

10 obtained by using different carbon sources at temperature 600 °C. The most common and 

important bands appearing in Raman spectra of samples are D and G-band around 1350-1375 

cm
-1

 and 1580-1600 cm
-1

, respectively [43, 44]. According to Ferrari and Robertson [44], 

the D-band is often attributed to disorder scattering, and this mode remains absent in perfect 

graphite.  

 

 

 

 

 

 

Figure 4.26: Raman results of samples (a) A600-2-10 (b) C600-2-0.5 and (c) H600-2-10. 

While, the position of G-band is related to the tangential stretching mode of all pairs of 

sp
2
-C atoms present in the system [45]. The shifting of G-band position from 1592 cm

-1
 to 

lower wave number has been observed when the carbon source(s) is changed (table 4.13). It 

attributes the defects/disordering in the graphitic cluster within the system [46]. The data 

obtained from peaks fitting are summarized in table 4.13. This transition from ordering to 

disordering enhances the reactivity of outer carbon layer which tends to react with oxygen 

easily. Hence, due to this fact, the onset temperature corresponding to oxidation for samples 

C600-2-0.5 and H600-2-10 shifts to lower temperature in TGA curve. Moreover, due to the 

ordered sp
2
-C phase in sample A600-2-10, it assembles in the form of layered onion like 

structure whose appearance has also been confirmed in microstructure of the respective 

sample discussed later [47]. 
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Table 4.13: Raman characteristics of samples obtained from different carbon sources. 

Sample A600-2-10 C600-2-0.5 H600-2-10 

D-band (cm
-1

) 1355 1344 1374 

G-band (cm
-1

) 1592 1587 1589 

ID/IG 0.77 1.25 0.82 

The intensity ratio between the D‐band and G‐band (ID/IG) provides information about the 

structural ordering of sp
2
 phase (degree of graphitization) [47]. The lower value of ID/IG for 

sample A600-2-10 also ascribed to the higher degree of graphitization among the discussed 

samples. While, on the other hand, the higher value of ID/IG (>1) in sample C800-2-10 

designates the appearance of more defects, which results to lower graphitization in the sample 

on changing the carburizing agents.  

4.2.4 BET surface area analysis 

In order to determine the effect of carbon source(s) as well as the effect of fast cooling on 

the texture properties of prepared samples, N2 adsorption–desorption isotherm analysis has 

been done. As, it has been discussed in our earlier section of WC@C synthesis, that in the 

current method, the formed carbide samples attain an excess carbon layer on carbides nano 

particles. These carbon layers may have suitable porous structure and high surface area, 

which exhibit typical type IV curve for all samples. Hence, these curves designate the 

characteristics of materials, which contain mesoporosity and attain high energy adsorption 

[35]. As per our earlier discussion, the N2 adsorption/desorption isotherm shown in figure 

4.27 displays distinct hysteresis loop of H3 type. This hysteresis is usually found for the 

solids consisting of aggregates or agglomerates of particles forming slit-shaped pores with 

non-uniform size and/or shapes [36]. 

Figure 4.28 shows the pore size distribution curves of the samples in the range of 3 to 5 

nm. In the pore size distribution curve, the peak around pore diameter 4 nm shows the 

presence of mesopores in the samples. Its existence may be due to the stabilization in the 

outer surface of the synthesized samples. The pore size, specific surface area and pore 

volume of the synthesized samples from N2 adsorptions are listed in table 4.14. As shown in 

the table 4.14, the sample synthesized by solid carbon source (C600-2-10) has higher specific 
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surface area. It may be due to the lower graphitization in the respective sample which 

promote to its higher surface area which is also observed in the Raman analysis. The 

variation in the surface area and pore distribution among samples obtained by liquid carbon 

sources arises due to the collapse of pores/filling the pores by excess carbon in H600-2-10. 

These two effects contribute simultaneously and decrease the micropores and mesoporous 

and surface area.  

 

 

 

 

 

 

 

 

Figure 4.27: N2 sorption isotherms of samples (a) A600-2-10 (b) C600-2-0.5 and                          

(c) H600-2-10. 

 

 

 

 

 

 

 

 

Figure 4.28: Pore size distribution of samples (a) A600-2-10 (b) C600-2-0.5 and                     

(c) H600-2-10. 
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Table 4.14: Structure parameters of samples obtained from N2 sorption isotherms. 

Sample A600-2-10 C600-2-0.5 H600-2-10 

BET (m
2
/g) 20.8 27.7 8.5 

Total pore volume (cm
3
/g) 0.072 0.037 0.059 

Average pore diameter (nm) 13.2 6.1 23.1 

4.2.5 Microstructure analysis 

The microstructure analysis was done for the selected samples (A600-2-10, C600-2-0.5 

and H600-2-10) in which WC/W2C was present. The TEM images (figure 4.29(a, c and e)) 

clearly show that most of the prepared nano particles have core-shell morphology which is 

also observed earlier in the synthesis of tungsten mono-carbide (WC) and also observed by 

the other authors in their work [48, 49]. The details of the formation mechanism of core-shell 

structure are discussed in our earlier discussion. These synthesized nano particles are 

composed of an internal core with dark shade (WC/W2C nano particle) and external shell 

with light shade (carbon). However, the TEM images obtained for the synthesized powder 

samples clearly show the faceted morphology with uniform distribution as shown in figure 

4.29(e). With respect to charcoal and hexane, the samples obtained by acetone as a carbon 

source, the outer carbon reveals in the TEM images are of graphitic nature. However, the 

amorphous carbon around the obtained particles was also seen in the TEM images of sample 

C600-2-0.5. 

Moreover, the free carbon in the form of rings having onion type layer structure has also 

been seen in the TEM images of A600-2-10 and H600-2-10. Further, HRTEM of samples 

synthesized by carbon sources, especially liquid hydrocarbons also reveals that the outer 

layer is of graphitic carbon. The d-spacing value of 0.26 and 0.28 nm belongs to the (100) 

and (001) plane for the WC phase respectively. Moreover, the d-spacing value of 0.24 nm 

and 0.22 nm belongs to (200) and (102) which correspond to W2C phase. Moreover, the 

results of TEM images (figure 4.29(a & e)) obtained for samples A600-2-10 and H600-2-10 

attributes that particles attained different morphology. Such kind of change in the 

morphology in carbide particles may be due to the change in the source of hydrocarbon, 

which has also been observed by Grove et al. [51] in their system. The TEM result of sample 

H600-2-10 also shows the hexagonal type morphology of synthesized nano particles. The 
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SAED patterns has been obtained for the samples A600-2-10 and C600-2-0.5 containing WC 

and W2C nano particles having hexagonal structure and are shown in figure 4.29(g & h). The 

spots in the diffraction patterns for samples A600-2-10 and C600-2-0.5 confirms that sample 

is well crystalline.  
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Figure 4.29: TEM/HRTEM images of obtained samples (a,b) A600-2-10 (c,d) C600-2-0.5 

(e,f) H600-2-10; SAED patterns of (g) A600-2-10 and (h) C600-2-0.5. 
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CHAPTER 5 

RESULTS AND DISCUSSION-II 

(ELECTROCHEMICAL MEASUREMENTS)

 

Overview 

This chapter comprises of two sections. In the first section the electrochemical study of 

tungsten mono-carbide (WC) nano powder has been discussed. The cyclic voltammetry (CV) 

analysis has been done for samples containing pure phase of WC in acidic media (H2SO4). 

The effect on the electrocatalytic activity after Pt dispersion on prepared WC nanoparticles 

has also been presented. Moreover, the methanol and ethanol electro oxidation has been 

investigated by varying the concentration of both the alcohols at room temperature. In second 

section the electrochemical study has been done for the product obtained under the process of 

fast cooling of autoclave containing mix carbide but having higher content of W2C phase. 

The CV analysis has also been done for the samples in acidic media with and without doing 

platinum deposition. The effect of platinum dispersion on the prepared samples for methanol 

and ethanol electro oxidation has also been investigated by varying the concentration of 

alcohols at room temperature. Based on the CV results the kinetic parameters (Tafel slope 

and exchange current density) have also been evaluated.  
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In recent years, due to the continuous development in the area of energy storage and 

production, the carbon supported Pt (Pt/C) has been used extensively as catalyst in energy 

storage devices [1, 2]. However, due to the higher operating temperature conditions and 

cycling conditions of energy storage devices (fuel cells) this carbon support catalysts corrode 

rapidly [3, 4]. Furthermore, the carbon oxidation/corrosion also results to agglomerate the Pt 

catalyst which tends to degrade its performance significantly [5]. Thus, the current research is 

focused upon the development of new non carbon-based support catalyst materials, which 

have low cost, high performance, better stability and durability. Among all the non-carbon 

support candidates, tungsten carbide (WC) appears to be an important material which shows 

better chemically inertness, low cost and tolerance to CO poisoning [6-8]. Although a lot of 

work have been done on the analysis of electrochemical properties of WC nano powder, but 

the scientists are trying to correlate the relation between the surface properties of products 

obtained by different carbon source with their electrochemical performance. Hence in 

successive part we will discuss the effect of carburizing agent as well presence of different 

phase(s) in the obtained product on the electrochemical properties of samples. 

5.1 Electrochemical study of synthesized WC nano powder 

The cyclic voltammogram (CV) of samples (A600-10, C800-10, H800-10) containing 

pure phase of WC was obtained in acidic solution (0.5 mol/L H2SO4) and shown in figure 5.1 

for I
st
 cycle. It has been done by normalizing with electrode area after considering the anodic 

current to be positive. The CV curves give an idea about the oxidation stability of samples 

which is revealed by observing the shifting in onset potential for anodic current specifically at 

higher potential. As observed from figure 5.1, the onset potential for oxidation has been 

shifted towards higher potential for sample H800-10. The reason of these shifting may be its 

lower surface area (8.4 m
2
/g), which attributes its lower activity towards oxidation. While on 

the other hand, the powder sample C800-10 containing pure phase of WC exhibits lower 

onset potential for oxidation. It may be due to its higher surface area, which attributes more 

active catalytic site for the electrochemical reactions [9, 10]. Since the synthesis conditions 

(temperature and time) for both the electrocatalysts are same but such kind of shifting of 

onset potential, suggested that the stability of synthesized sample towards electrochemical 

reaction changes by changing the carburizing agent.  
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Figure 5.1: Cyclic voltammogram of samples synthesized by (a) A600-10 (b) C800-10 (c) 

H800-10 after I
st
 cycle in 0.5 mol/L H2SO4; scan speed 30 mV/sec. 

Furthermore, the effect of carburizing agent on the response of samples towards the 

electrochemical activity is also visible from the figure 5.1 in which the amount of anodic 

current for sample A600-10 seems to be higher as compared to other samples. The abrupt 

increment in the anodic current above ~0.9 V vs. SCE designates the oxidation region at 

which WC fully converts into WO3 as the potential of the working electrode increases 

linearly [8, 11, 12]. In order to understand the electrochemical reaction, the CV curve has 

been plotted with successive scans in figure 5.2. The mechanism of electrochemical reactions 

on the samples has been considered through three regions. The lower potential region in 

which the initiation of carbide oxidation (-0.2 to 0.2 V) occur and the onset potential shifts to 

higher potential with successive scans. It arises due to the formation of oxide layer on the 

electrode at higher potential which delayed its oxidation. In the intermediate potential region 

(0.2 V to 0.8 V) the redox peak has appeared in the CV curve especially for sample C800-10 

and H800-10. These peaks become more prominent with the increase in CV scans as shown 

in figure 5.2(b & c).  
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Figure 5.2: Cyclic voltammogram of samples (a) A600-10 (b) C800-10 and (c) H800-10 for 

I
st
 25 cycles in 0.5 mol/L H2SO4; scan speed 30 mV/sec. 

Furthermore at higher potential the decrement in the CV peaks with the increases in CV 

scans has been observed in figure 5.2 for all samples. With the successive increase in the CV 

scans, consistent conversion of WC into WO3 takes place with the emission of CO2 as an 

anode by-product ( [13]. Since the formed WO3 

has very low solubility in the electrolyte [14] so it results to decreases the current gradually 

with the successive scans. With the decrease in potential towards cathodic sweep the anodic 

current is going to decrease due to the reduction of formed oxide(s) content on the prepared 

electrocatalysts. During reverse scan in the cathodic region the appearance of reduction peak 

(0.4 V-0.2 V vs. SCE) in the CV curve for samples C800-10 and H800-10 designates a 

reduction process (ORR) corresponding to reaction 

 [15, 16]. Such kind of process is possible only after considering the 

outer surface carbon layer around the WC nano particles as preferential active site for 
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0.2 V vs. SCE hydrogen atoms are adsorbed on the cathodic sweep (

which desorbed on the anodic sweep. Due to the adsorption and desorption of the 

hydrogen on WO3 a reversible redox process of WO3/HxWO3 (Hydrogen tungsten bronzes; 

x=0.1–0.5) is also attributed in cyclic voltammograms [8, 13, 18-20].  

According to Liu et al. [21] tungsten bronzes are mildly soluble in acid media and can 

dissolve slowly. Also, it has been observed in figure 5.2(b & c) that the cathodic/anodic peak 

current intensity at lower potential region in case of sample C800-10 and H800-10 increases 

with the increase in CV cycles due to hydrogen adsorption/desorption process. It is because 

of the conversion of WC into WO3 with increasing CV cycles which has also been reported 

by Zhu et al. [8]. Such a nature of current peak intensity indicates that the layer of anodic 

adsorbed WO3 increases with the increases in CV cycles.  

Moreover, the existence of redox peak with smaller difference (≈0.05 V) between the 

peaks position within the intermediate potential range in the CV curve obtained for sample 

C800-10 and H800-10 implies that the electron transfer process is more efficient. The 

presence of these redox peaks at lower potential for samples obtained especially by activated 

charcoal and hexane as carburizing agent proves it to be suitable candidate for low range 

potential applications without any supporting material (Pt, Pd etc.) and can be improved by 

platinizing the synthesized samples. Hence, the obtained results have confirmed that activity 

of prepared WC nano powder depends upon the reaction by which carbide is prepared 

(carburization by liquid hydrocarbon, solid carbon, and synthesis temperature). 

Furthermore, the powder samples which has single phase WC has been platinized and 

observed its electrocatalytic activity in acidic media through CV curve as shown in figure 

5.3. Figure 5.4(a & b) shows the XRD pattern of Pt/A600-10 and Pt/C800-10 respectively in 

which the diffraction peaks close to 39.5° and 46.1° can be assigned to Pt, demonstrating that 

the platinum precursor (H2PtCl6) has been successfully reduced to Pt nanoparticles. 

Moreover, the broad XRD diffraction peaks corresponding to Pt indicate a high dispersion of 

the Pt nanoparticles, which have a size of approximate 4 nm as calculated by using the 

Debye–Scherrer formula. The EDS elemental spectrum shown in figure 5.4 also indicates the 

presence of carbon, oxygen, tungsten and platinum in the samples.  

The elemental analysis clearly indicates that the electrode sample prepared by the current 

method consists of platinum along with tungsten carbide and carbon. The presence of O peak 

is due to the partial surface oxidation of WC nanoparticles during sampling [22]. By 
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comparing the CV curve for the carbide samples without (figure 5.1) and with platinum 

(figure 5.3), it becomes clear that Pt modified samples displayed enhanced oxidation stability 

in H2SO4 by shifting the onset potential for oxidation at higher potential side in comparison 

to pure WC@C electrode.  

 

 

 

 

 

 

Figure 5.3: Cyclic voltammogram of samples synthesized by (a) Pt/A600-10 (b) Pt/C800-10 

(c) Pt/H800-10 after I
st
 cycle in 0.5 mol/L H2SO4; scan speed 30 mV/sec. 

The electrochemically active surface areas (ECSA) of Pt deposited electrocatalysts on the 

samples is also determined from the charge densities involved in the under potential 

deposition (UPD) processes of hydrogen adsorption/desorption by using relation 

 [3, 23]. In our experiment the values of QH for hydrogen adsorption on Pt deposited 

WC samples have been measured by integrating I-V curve in the potential region -0.2 to 0.1 

V vs. SCE in CV curve (figure 5.3). By dividing the value of QS (210 µC/cm
2
) [3], the ECSA 

of samples has been calculated and mentioned in table 5.1. According to Liu et al. [24] the 

core-shell nanoparticles have higher structural stability and maintained the electrochemical 

active area for the reactions. It has also been found from the data shown in table 5.1, that 

Pt/C800-10 acquired larger ECSA as compared to Pt/A600-10 and Pt/H800-10 electrodes. 

This higher value of ECSA can be attributed to the unique multimodal porous structure of 

WC with large specific surface area, which not only allows better dispersion of Pt catalyst but 

also facilitates the charge transfer at the Pt/WC interface.  
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Figure 5.4: XRD pattern, SEM micrograph (inset) and EDS spectra of (a) Pt/A600-10 (b) 

Pt/C800-10. Elemental spectra correspond to the spectrum 1 point on the SEM 

micrograph. 

The CV curves with successive scans after the deposition of platinum on the samples are 

shown in figure 5.5. Figure 5.5(b & c) attributes the shifting of 0.03 V in the redox peaks 

appeared in the intermediate potential range (0.2 V and 0.4 V) towards higher side for 

samples Pt/C800-10 and Pt/H800-10. The shifting displays the enhancement in oxidation 

stability of samples in acidic media during forward anodic sweep as well as oxygen reduction 

reaction (ORR) during cathodic sweep. But in case of sample obtained by acetone as carbon 

source (A600-10) after the Pt deposition, the CV curve as shown in figure 5.5(a) shows a 

minor peak during reverse scan at ~0.42 V which also corresponds to the reduction activity 

(ORR). 
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Figure 5.5: Cyclic voltammogram of samples (a) Pt/A600-10 (b) Pt/C800-10 and (c) 

Pt/H800-10 for I
st
 25 cycles in 0.5 mol/L H2SO4; scan speed 30 mV/sec. 

The appearance of the reduction peak at the respective potentials for platinized carbide 

samples in the range 0.30-0.45 V vs. SCE attribute its better characteristics in the reduction 

reaction as compared to (Pt)4-RGO, (Pt)4-WC/RGO, (Pt:Ru)4-RGO samples reported by Shi 

et al. [25]. The results obtained from current system are also comparable to results obtained 

by Engelbrekt et al. [26] for Pt nano particles used as electrocatalyst. Such kind of shifting 

as well as appearances of reduction peak after platinum deposition on the samples attributes 

the contribution of platinum towards the catalytic activity which is not observed by Weigert 

et al. [27] in their work. Moreover, the peak shape at lower potential region (-0.2 and -0.1 V 

vs. SCE) attributes clearly that hydrogen adsorption and desorption process is also promoted 

after the deposition of Pt on the carbide samples. On comparing the results with pure WC in 

figure 5.2, it has been observed that WC alone without Pt shows little activity for the 

hydrogen adsorption/desorption under the same electrochemical conditions. The process of 

hydrogen adsorption after the platinum deposition on the samples consists of two steps: 
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hydrogen may adsorb I
st
 on Pt and then migrate into formed WO3 by hydrogen spillover 

mechanism [8].  

Moreover, after platinizing the samples, the trend of the consistent increment in the 

intensities of the redox peaks during anodic/cathodic sweep at lower potential with CV scans 

also indicates the production of more WO3 which has been followed by only Pt/C800-10 

sample (figure 5.5(b)).  However, the CV curves in figure 5.5(a & c) observed for Pt/A600-

10 and Pt/H800-10 shows that the cathodic current at lower potential region is being 

decreased regularly with the successive scan due to the decrease in surface area caused by the 

WO3 coverage [28]. Hence, after the formation of oxide layer, the surface of electrocatalyst 

becomes rough and deformed. Due to this reason the detachment and agglomeration of Pt on 

WC surface takes place which results in elimination of the cooperative effect of Pt/WC 

catalyst [21].  

 

 

 

 

 

 

Figure 5.6: Tafel slope of ORR obtained with sample (a) Pt/A600-10 (b) Pt/C800-10 and (c) 

Pt/H800-10 in 0.5 mol/L H2SO4.  

Figure 5.6 shows the Tafel diagram obtained for all the Pt deposited samples during 

cathodic scan. This shows a linear relation between logarithm current density and potential. It 

gives the values of Tafel slope of the same order which is usually reported for Pt catalyzed 

ORR reaction by other authors [29, 30]. The value of exchange current density can also be 

obtained by the extrapolation of the Tafel line to the equilibrium potential for the ORR [30]. 
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Table 5.1: Kinetic data obtained from the analysis of current-potential data of the 

polarization curve in 0.5 mol/L H2SO4 on Pt/A600-10, Pt/C800-10 and 

Pt/H800-10 catalysts.  

Samples ECSA (cm
2
) 

Onset potential 

(V) vs. SCE 

Tafel slope  

(V/dec) 

Exchange current 

density (A/cm
2
) 

Pt/A600-10 0.37 0.738 -0.054 7.86 × 10
-7

 

Pt/C800-10 2.42 1.039 -0.055 1.07 × 10
-5

 

Pt/H800-10 0.56 0.768 -0.052 3.82 × 10
-7

 

The calculated exchange current density corresponding to all electrocatalyst is given in 

table 5.1. The comparison of data shows that the exchange current density obtained for 

Pt/C800-10 catalyst display two orders of magnitude higher than Pt/A600-10 and Pt/H800-10 

catalyst. Moreover, the observed onset potential for the ORR is on higher side for 

electrocatalyst Pt/C800-10 as compared to other electrodes. Hence all these parameters 

indicate that the electrocatalyst prepared by solid carburizing agent attributes better catalytic 

activity towards ORR.  

5.1.1 Methanol and ethanol electro-oxidation   

The performance of platinum deposited WC@C as an anode electrocatalysis was also 

evaluated by studying the alcohol electro oxidation. The CV curves shown in figure 5.7 were 

obtained at room temperature for methanol and ethanol electro-oxidation on platinized 

samples in 0.5 mol/L H2SO4 containing 0.5, 0.7 and 0.9 mol/L organic molecule 

(methanol/ethanol). The electro-oxidation of methanol and ethanol is a 6-electron (

and 12-electron (

process respectively and takes place on Pt support through several intermediates 

products [26, 31-34]. Figure 5.7 shows the broad feature of the peak in the CV curve after 

the addition of organic molecules which indicates that the methanol/ethanol has been 

oxidized within this potential range. One main anodic peak in the range 0.55-0.65 V vs. SCE 

in figure 5.7(a, c & e) during the forward scan represents the oxidation of methanol.  

In figure 5.7(b, d & f) the I
st
 anodic peak at ~0.62 V vs. SCE during forward scan 

represents the oxidation of ethanol. While on the other hand the second peak ~1.0 V vs. SCE 

arise due to the further oxidation of intermediate products [35]. Hence it is clear that the 

catalyst shows good catalytic behavior for the electro-oxidation of both alcohols 

(methanol/ethanol). In the forward scan the Pt/A600-10 electrode has shown oxidation peak 
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for methanol and ethanol at higher potential as compared to other two electrodes Pt/C800-10 

and Pt/H800-10 prepared by using activated charcoal and hexane as carburizing agent 

respectively. Moreover, figure 5.7(c & d) clearly reveals that for Pt/C800-10 electrocatalyst, 

the onset potential of methanol and ethanol oxidation shifts to lower potential with the 

increase in methanol/ethanol concentration due to the enhanced alcohol diffusion. According 

to Huang et al. [36] the increased alcohol concentration accelerates the diffusion of alcohol 

to the interface of catalysts and eventually promotes the reaction. One of the aspects of 

shifting of the onset potential is also related to the presence of oxygen-containing functional 

groups on the prepared samples [37]. These oxygen-containing functional groups could also 

promote the diffusion of intermediates oxide of alcohol. The presence of oxygen on the 

surface of sample C800-10 may be due to its higher specific surface area (522.5 m
2
/g)

 
which 

enhances its activity towards higher affinity with atmospheric oxygen. The peak potential for 

forward (Ef) and reverse (Eb) scan corresponding to each electrocatalysts has been given for 

0.5 mol/L H2SO4+0.9 mol/L CH3OH/C2H5OH in table 5.2. However, it has also been 

observed that both the current density corresponding to forward anodic peak current (If) and 

the backward anodic peak current (Ib) for electro-oxidation of methanol and ethanol on 

Pt/C800-10 is much higher than that on Pt/A600-10 and Pt/H800-10.  

In the CVs, the anodic peak in the reverse scan for platinum deposited sample 

(Pt/WC@C) attributes to the removal of the incomplete oxidized carbonaceous species 

formed in the forward scan [3]. Further the value of If/Ib can be used to evaluate the catalyst 

tolerance to the intermediate carbonaceous species formed via decomposition of fuel 

(ethanol/methanol) and accumulated on the electrode surface [38]. Normally the low If/Ib 

ratio indicates the poor oxidation of alcohol to carbon dioxide during the anodic scan and 

excessive accumulation of carbonaceous residues on the catalyst surface [3].  

Therefore the values of If/Ib ratio obtained from table 5.2 reveals that prepared 

electrocatalysts exhibits less accumulation of intermediate carbonaceous species and good 

anti-poisoning ability while using methanol as fuel as compared to ethanol. Moreover, based 

on the dependence of current (I) on the concentration (c) of alcohol, the reaction rate constant 

(k) can also be calculated by using relation between I and c as [36, 39]:  
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Figure 5.7: Cyclic voltammogram of (a,b) Pt/A600-10 (c,d) Pt/C800-10 and (e,f) Pt/H800-

10 catalysts in 0.5 mol/L H2SO4 with 0.5, 0.7 and 0.9 mol/L of methanol (a, c & 

e) and ethanol (b, d & f). 
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where I is the peak current density, k is the reaction rate constant, c is the bulk 

concentration of methanol and n is the reaction order. The observed values of reaction rate 

constant (k) for Pt/C800-10 catalyst are 2.72 and 5.75 for methanol and ethanol electro-

oxidation respectively. These values are observed to be higher than the other electrocatalyst 

Pt/A600-10 (kmethanol = 0.231, kethanol = 0.835) and Pt/H800-10 (kmethanol = 0.216, kethanol = 

0.375). 

Further, in order to evaluate the kinetic parameters (exchange current density and Tafel 

slope) associated with the catalytic activity of prepared electrocatalyst for MOR and EOR, 

the plots of electrode potential against the logarithm current density are drawn in figure 5.8 

for 0.9 mol/L concentrations of methanol and ethanol. The exchange current density and 

Tafel slope for cathodic process are evaluated by using equations (5.3) and (5.4) [2, 40]. 

             (5.3) 

where                                                                                   (5.4) 

              (5.5) 

In this equation “b” is termed as the Tafel slope (in V/dec) and is given by the relation as 

 where α is the product of an electron transfer coefficient and number of electron 

transferred in rate determining step, f is Faraday’s constant (96485.3 C/mol), T is absolute 

temperature, R is universal gas constant (8.314 J/mol K), “i” is the apparent current density 

(in A/cm
2
), Er is reversible potential in (V vs. SCE) and η is the overpotential. Eq. (5.3) is a 

linear equation and can be used to evaluate the value of constant “a” and “b” from the slope 

and intercept of the plot of E vs. log i, respectively. The exchange current io of a given 

electrode reaction is calculated by using the value of a and b after putting Er=0.6 V.  

The values of exchange current density and Tafel slope obtained for 0.9 mol/L methanol 

and ethanol is given in table 5.2. The higher value of exchange current density obtained from 

methanol oxidation as compared to ethanol oxidation suggests that the prepared 

electrocatalyst has a higher catalytic activity for the electro-oxidation of methanol. Among all 

the data obtained for methanol oxidation, Pt/C800-10 catalyst gives the largest current 

density as compared to Pt/A600-10 and Pt/H800-10. These values further suggest that 

Pt/C800-10 catalyst has higher catalytic activity for methanol oxidation. 
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Figure 5.8: Tafel plot obtained from the rising portion of the forward anodic peak of CV 

curve on Pt/A600-10, Pt/C800-10 and H800-10 in (a) 0.5 mol/L H2SO4 + 0.9 

mol/L CH3OH (b) 0.5 mol/L H2SO4 + 0.9 mol/L CH3CH2OH solutions. 

It arises due to the fact that high crystallinity of WC in the samples A600-10 and H800-10 

may weaken its combination with platinum [41]. On the other hand sample C800-10 exhibits 

high activity toward methanol oxidation because of higher mesoporosity in the sample which 

results to good combination with platinum [41]. Moreover, the obtained higher value of 

current density for methanol as fuel clearly attributes the weak interaction of carbonaceous 

species with the electrocatalyst. 

The enhanced electrochemical activity of the core-shell (WC@C) nano structured C800-

10 catalyst is due to two main reasons. First, the presence of amorphous carbon around WC 

modifies the dispersion of Pt nano particles and influences the chemi-adsorption of methanol 

and ethanol poisoning species (CO). Secondly, the amorphous carbon around the WC assists 

in formation of a microcrystalline Pt thin film, which strongly influences the surface atom 

densities and chemical reactivity.  
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Table 5.2: Kinetic data obtained from the analysis of current–potential data of the 

polarization curve of the electro-oxidation of 0.9 mol/L CH3OH and 0.9 mol/L 

CH3CH2OH in 0.5 mol/L H2SO4 on Pt/A600-10, Pt/C800-10 and Pt/H800-10 

catalysts.  

  Pt/A600-10 Pt/C800-10 Pt/H800-10 

M
et

h
a
n

o
l 

Ef 0.64 0.58 0.61 

Eb 0.40 0.36 0.41 

If/Ib 2.5 2.1 2.68 

Intercept “a” 1.308 1.296 0.926 

Tafel slope “b” (V/dec) 0.215 0.311 0.117 

io at 0.6V (A/cm
2
)  5.10 × 10

-4
 5.79 × 10

-3
 1.60 × 10

-3
 

α 0.276 0.191 0.508 

E
th

a
n

o
l 

Ef 0.66 0.61 0.61 

Eb 0.41 0.36 0.38 

If/Ib 1.23 0.97 0.86 

Intercept “a” 2.112 1.253 1.306 

Tafel slope “b” (V/dec) 0.456 0.262 0.230 

io at 0.6V (A/cm
2
) 4.84 × 10

-4
 3.20 × 10

-3
 8.40 × 10

-4
 

α 0.130 0.227 0.258 

5.2 Electrochemical study of W2C nanopowder 

Among all the synthesized products produced during the fast cooling of autoclave, the 

cyclic voltammogram (CV) have been done for samples (A600-2-10, C600-2-0.5, H600-2-

10) which contained higher amount of W2C phase. It has been done in acidic solution (0.5 

mol/L H2SO4) and the results are shown in figure 5.9 for I
st
 cycle by normalizing the 

electrode area after considering the anodic current to be positive. Since the onset potential for 

oxidation of sample corresponds to its starting of corrosion process. So, the CV curve also 

gives an idea about the corrosion resistance of sample in terms of oxidation stability which is 

revealed by observing the shifting in onset potential for anodic current at higher potential. 

Hence the appearance of higher onset potential for oxidation of sample H600-2-10 as 

compared to other electrode attributes its higher corrosion resistance/ oxidation stability in 

acidic media.  However, the existence of onset potential for oxidation in sample C600-2-0.5 
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towards lower potential may be due to its higher surface area which attributes the 

enhancement activity towards oxygen affinity. Such kind of shifting in onset potential clearly 

reveals that the stability of electrode towards electrochemical reaction changes by changing 

the carburizing agent.  

 

 

 

 

 

 

Figure 5.9: Cyclic voltammogram of samples synthesized by (a) A600-2-10 (b) C600-2-0.5 

and (c) H600-2-10 after I
st
 cycle in 0.5 mol/L H2SO4; scan speed 30 mV/sec. 

At higher potential the abrupt increment in the anodic current above ~0.9 V vs. SCE 

designates that obtained carbide sample got converted completely into WO3 as the potential 

of the working electrode increases linearly [8, 11, 12]. In order to understand the 

electrochemical reaction, the CV curve has been plotted with successive scans as shown in 

figure 5.10. The electrochemical reactions that occur on the surface of as has been observed 

in the figure 5.10 can be considered through three regions. The lower potential region (-0.2 to 

0.2 V) in which the initiation of oxidation of product occur and the onset potential shifts to 

higher potential with successive scans. It arises due to the formation of oxide layer on the 

electrode at higher potential which delayed its oxidation. In the intermediate potential region 

(0.2 V to 0.8 V) the CV curve persist linear behavior until second oxidation process is 

initiated. Furthermore at higher potential region the decrement in the CV peaks in successive 

CV scans has been observed and shown in figure 5.10 for all samples. The carbide samples 

slowly oxidize to WO3 during each process of successive increase in the CV scans.  

As discussed earlier, the formed inactive surface layer of WO3 with the emission of CO2 

as an anode by-product has very low solubility in the electrolyte and it results to decreases the 
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current gradually [14]. Furthermore, it has been observed that with the decrease in potential 

towards cathodic sweep the anodic current is going to decrease due to the reduction of 

formed oxide(s) content on the prepared electrocatalyst. 

 

 

 

 

 

 

 

 

 

Figure 5.10: Cyclic voltammogram of samples (a) A600-2-10 (b) C600-2-0.5 and (c) H600-

2-10 for I
st
 25 cycles in 0.5 mol/L H2SO4; scan speed 30 mV/sec. 

During the reverse scan, redox peaks have appeared between 0.15 and 0.05 V vs. SCE in 

the CV curve obtained for samples C600-2-0.5. It corresponds to adsorption of hydrogen 

atoms at 0.07 V vs. SCE on the cathodic sweep and desorption of hydrogen atom 0.11 V vs. 

SCE on the anodic sweep. This result has also been reported by Shim et al. [15] for their 

system Pt-WO3/C and indicates that without Pt deposition the prepared sample in our case 

attributes comparable results of hydrogen adsorption and desorption process. According to 

them the position of these peaks does not correspond to strongly bonded hydrogen.  

On comparing the results of figure 5.2(b) and figure 5.10(b), it is clear that the presence 

of W2C/W in the carbon coated sample (C600-2-0.5) promote the process of hydrogen 
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intercalation/de-intercalation which has not been observed in carbon coated C800-10 sample 

containing single phase of WC. Also, it has been observed that the cathodic/anodic peak 

current intensity in case of sample C600-2-0.5 due to hydrogen adsorption/desorption 

increases with the increase in CV cycles. It is because of the formation of WO3 with the 

increase in CV cycles [8]. The smaller difference (≈0.04 V) between these peaks implies that 

the electron transfer process is more efficient. The presence of these redox peaks at lower 

potential for samples obtained especially by activated charcoal (C600-2-0.5) proves it to be 

suitable candidate as electrocatalyst without any supporting material (Pt, Pd etc.) and can be 

improved by platinization of the synthesized samples. While on the other hand, the CV curve 

obtained for sample A600-2-10 and H600-2-10 has not shown any such peak at lower 

potential. Moreover, the intensity of anodic and cathodic current at lower potential also 

decreases with CV cycles due to the formation of WO3 which decreases its active surface 

area regularly. Hence, this result indicates that the sample prepared by acetone and hexane 

attributes its inertness towards HER/HOR/ORR process.  

 

 

 

 

 

 

Figure 5.11: Cyclic voltammogram of samples synthesized by (a) Pt/A600-2-10 (b) Pt/C600-

2-0.5 and (c) Pt/H600-2-10 after I
st
 cycle in 0.5 mol/L H2SO4; scan speed 30 

mV/sec. 

In order to investigate the effect of platinum deposition on the electrocatalytic activity of 

the powder samples, it has been platinized and analyzes their electrocatalytic activity in 

acidic media through CV curve is shown in figure 5.11. On comparing the CV curves for the 

prepared samples without (figure 5.10) and with platinum (figure 5.11), it is clear that the 
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samples after Pt deposition attribute better oxidation stability in H2SO4 by shifting the onset 

potential for oxidation at higher potential side.  

The electrochemically active surface areas (ECAs) of Pt deposited electrocatalysts is 

evaluated by using the relation  [3,23] after integrating the I-V curve in 

between -0.2 and 0.1 V vs. SCE corresponding to the adsorption of atomic hydrogen at the 

surface of electrode. It helps to determine the charge densities (QH) in the hydrogen 

adsorption potential region in the CV curve. By dividing the value of QS (210 µC/cm
2
) [3], 

the electro active surface area of samples has been calculated and given in table 5.3. It has 

been observed from the data given in table 5.3 that, Pt/C600-2-0.5 acquired larger ECSA as 

compared to Pt/A600-2-10 and Pt/H600-2-10 electrodes. This higher value of ECSA can be 

attributed to the porous structure of product having large specific surface area, which not only 

allows better dispersion of Pt catalyst but also facilitates the charge transfer at the 

catalyst/support (Pt/MC) interface. 

The CV curves of samples after the deposition of platinum with successive scans is 

shown in figure 5.12. It displays the reduction peaks in the intermediate potential range 0.2 V 

and 0.4 V during cathodic sweep. These peaks directly attributes to the occurrence of oxygen 

reduction reaction (ORR) whose positions varied with the change in the electrode prepared 

by different carburizing agents as well as phase(s) content in the obtained product. The 

reduction peak corresponding to ORR process has appeared at ~0.41 V vs. SCE in the CV 

curve (figure 5.12(b)) of Pt/C600-2-0.5 electrocatalyst. It indicates that after the platinum 

deposition, the ORR process dominates which suppresses the peaks of HER/HOR at lower 

potential range. But in case of samples synthesized by liquid carbon source (A600-2-10 and 

H600-2-10) the peak corresponds to ORR appeared at ~0.38 V vs. SCE. Hence, the presence 

of W2C as well as initial carburizing agent have improved the ORR process in sample 

Pt/C600-2-0.5 by shifting the most prominent peak at higher potential as compared to pure 

WC electrode (figure 5.5(b)) and other electrodes (figure 5.12(a & c )).  

Moreover, as discussed earlier the appearance of these peaks at this potential attribute its 

better characteristics in the reduction reaction as compared to (Pt)4-RGO, (Pt)4-WC/RGO, 

(Pt:Ru)4-RGO samples reported by Shi et al. [25] as well as comparable to results presented 

by Ma et al. [2] for their system Pt-WC/RGO. However, after platinizing the samples, the 

trend of the consistent decrement in the intensities of the reduction peaks at ~0.41 V during 

cathodic sweep with CV scans indicates that the catalyst/support combination may not retain 

sufficient activity due to the consistent conversion of WC into WOx on its surface. On further 
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decreasing the potential, the peak shape in the lower potential region (-0.2 and 0.2 V) 

attributes the hydrogen adsorption and desorption process. This process seems to be enhanced 

due to the contribution of both Pt and prepared carbides contents. 

 

 

 

 

 

 

Figure 5.12: Cyclic voltammogram of samples (a) Pt/A600-2-10 (b) Pt/C600-2-0.5 and (c) 

Pt/H600-2-10 for I
st
 25 cycles in 0.5 mol/L H2SO4; scan speed 30 mV/sec. 

This result clearly indicates that carbides content alone without Pt shows little activity 

towards hydrogen adsorption and desorption. The decrement in the intensities of anodic and 

cathodic peaks corresponding to hydrogen adsorption/desorption for sample Pt/A600-2-10 

and Pt/H600-2-10 is due to increased content of WO3 as shown in figure 5.12(a & c) [8]. The 

reason behind the decrement in the overall catalytic activity of electrocatalyst is due to the 

formation of WO3 because after the formation of oxide layer, the surface of electrocatalyst 

becomes rough and deforms due to which agglomeration of Pt occur and finally it is detached 

from the supported surface [21].  
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Figure 5.13 displays the Tafel diagram for all the samples corresponding to ORR during 

cathodic scan. This shows a linear relation between logarithm current density and potential 

and gives the values of Tafel slope of the same order which has been reported for Pt 

catalyzed ORR reaction by other authors [29, 30]. The value of exchange current density has 

been obtained by the extrapolation of the Tafel line to the equilibrium potential for the ORR 

as discussed earlier. The calculated exchange current density corresponding to all 

electrocatalyst is given in table 5.3. The comparison of data shows that the exchange current 

density obtained for Pt/C600-2-0.5 catalyst gives one order of magnitude higher than 

Pt/H600-2-10 catalyst which has lower content of W2C in the base prepared material. The 

effect of W2C on the electrochemical activity can also be observed by comparing the results 

of catalyst Pt/A600-2-10 and Pt/A600-10. It reveals that the value of exchange current 

density as well as onset potential for ORR got modified on the introduction of W2C in the 

prepared electrocatalyst. The onset potential for the ORR has also been observed to shift on 

higher side for electrocatalyst Pt/C600-2-0.5 as compared to others electrode.  

 

  

 

 

 

 

 

Figure 5.13: Tafel slope of ORR obtained with sample (a) Pt/A600-2-10 (b) Pt/C600-2-0.5 

and (c) Pt/H600-2-10 in 0.5 M H2SO4. 
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Table 5.3: Kinetic data obtained from the analysis of current-potential data of the 

polarization curve in 0.5 mol/L H2SO4 on Pt/A600-2-10, Pt/C600-2-0.5 and 

Pt/H600-2-10 catalysts.  

Samples 
ECSA 

(cm
2
) 

Onset potential 

(V) vs. SCE 

Tafel slope  

(V/dec) 

Exchange current 

density (A/cm
2
) 

Pt/A600-2-10 0.51 0.845 -0.067 1.07 × 10
-6

 

Pt/C600-2-0.5 1.41 0.902 -0.051 1.73 × 10
-6

 

Pt/H600-2-10 0.41 0.842 -0.064 7.22 × 10
-7

 

5.2.1 Methanol and ethanol electro-oxidation studies 

The effect of platinum deposition on the prepared samples for alcohol oxidation has been 

investigated by taking CV at room temperature as shown in figure 5.14. After the addition of 

organic molecule the broad feature of the peaks in the CV curves has been observed in figure 

5.14, which indicates that the methanol/ethanol has been oxidized within the scan potential 

range. One main anodic peak in the range 0.50-0.65 V vs. SCE in figure 5.14(a, c & e) 

during the forward scan represents the oxidation of methanol. While in figure 5.14(b, d & f) 

I
st
 anodic peak at ~0.6 V during the forward scan represents the oxidation of ethanol and the 

second peak at ~1.0 V corresponds to the further oxidation of intermediate products. In the 

forward scan the Pt/A600-2-10 electrocatalyst has shown oxidation peak for methanol 

electro-oxidation at higher potential as compared to other two electrocatalyst Pt/C600-2-0.5 

and Pt/H600-2-10. The peak potential for forward (Ef) and reverse (Eb) scan corresponding to 

each electrocatalysts for 0.5 mol/L H2SO4+0.9 mol/L CH3OH/C2H5OH has been given in 

table 5.4. In the CVs curve, the observed anodic peak in the reverse scan for platinum 

deposited samples attributes to the removal of the incomplete oxidized carbonaceous species 

formed in the forward scan [3].  

Moreover, as discussed earlier the value of If/Ib can be used to evaluate the catalyst 

tolerance to the intermediate carbonaceous species formed via decomposition of 

ethanol/methanol and accumulated on the electrode surface [38]. The variation in the value of 

If/Ib for all electrocatalysts has been also given in table 5.4. It suggests that depending upon 

the structural and surface properties of electrocatalyst, their tolerance to carbonaceous species 

accumulation has changed during methanol as well as ethanol electro-oxidation. Normally 

low If/Ib ratio indicates the poor oxidation of alcohol to carbon dioxide during the anodic scan 

and excessive accumulation of carbonaceous residues on the catalyst surface [3]. The higher 
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values of If/Ib ratio obtained for respective electrocatalysts as given in table 5.4 reveals that 

prepared electrocatalysts exhibit less accumulation of intermediate carbonaceous species and 

good anti-poisoning ability while using methanol as fuel as compared to ethanol. However, 

on the basis of If/Ib ratio it can be said that electrocatalyst Pt/C600-2-0.5 attributes moderate 

behavior for both alcohol oxidations. The variations in the alcohol oxidation with different 

electrocatalyst have also been studied and shown in figure 5.14. It clearly reveals that for 

electrocatalyst Pt/C600-2-0.5, the onset potential of methanol and ethanol oxidation shift to 

lower potential with the increase in the methanol/ethanol concentration. It may be due to the 

enhanced alcohol diffusion to the interface of catalysts which eventually promotes the 

reaction with the increment in the alcohol concentration [36].  

However, as discussed earlier one of the aspects of shifting in the onset potential is also 

related to the presence of oxygen-containing functional groups on the prepared sample which 

could also promote the diffusion of intermediates oxide of alcohol [37].The presence of 

oxygen on the surface of sample C600-2-0.5 may be due to its higher specific surface area 

(27.7 m
2
/g)

 
which enhances its activity exhibiting higher affinity with atmospheric oxygen. 

Similar to discussion done in case of electrochemical study for alcohol oxidation by pure WC 

the reaction rate constant (k) can also be determined by using relation between I and c given 

in equations (5.1) and (5.2)  

The obtained values of reaction rate constant for Pt/A600-2-10 and Pt/C600-2-0.5 are 

(kmethanol = 0.255 and kethanol = 0.071) and (kmethanol = 0.039 and kethanol = 0.138) respectively. 

These values are observed to be higher than the other electrocatalyst Pt/H600-2-10 (kmethanol = 

0.003 and kethanol = 0.004) which attributes that Pt deposition on H600-2-10 has not improved 

the electrochemical properties of W2C contained H600-2-10 electrocatalyst towards alcohol 

electro-oxidations. 
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Figure 5.14: Cyclic voltammogram of (a-b) Pt/A600-2-10 (c-d) Pt/C600-2-0.5 and (e-f) 

Pt/H600-2-10 catalysts in 0.5 mol/L H2SO4 with 0.5, 0.7 and 0.9 mol/L of 

methanol (a, c & e) and ethanol (b, d & f). 
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Figure 5.15: Tafel plot obtained from the rising portion of the forward anodic peak of CV 

curve on Pt/A600-2-10, Pt/C600-2-0.5 and H600-2-10 in (a) 0.5 mol/L H2SO4 

+ 0.9 mol/L CH3OH (b) 0.5 mol/L H2SO4 + 0.9 mol/L CH3CH2OH solutions. 

Further, in order to evaluate the kinetic parameters associated with the catalytic activity of 

prepared electrocatalyst for MOR and EOR, the plots of electrode potential against the 

logarithm current density are drawn and shown in figure 5.15 for 0.9 mol/L
 
concentration of 

methanol/ethanol. The exchange current density and Tafel slope have been calculated with 

the help of equations (5.3) and (5.4), the respective values have been given in table 5.4. 

The value obtained from table 5.4 shows that Pt/C600-2-0.5 catalyst exhibit higher 

exchange current density as compared to other electrocatalysts. Hence, it suggests that 

electrocatalyst prepared by solid-sate carburizing agent have higher catalytic activity for 

alcohol electro oxidation. Moreover, the obtained higher value of exchange current density of 

C600-2-0.5 by using methanol as fuel attributes its weak interaction with carbonaceous 

species and suggests better electrocatalyst for methanol electro-oxidation.  

 

 

 

 

 

 

 

-4.8 -4.6 -4.4 -4.2 -4.0 -3.8 -3.6 -3.4 -3.2

0.33

0.34

0.35

0.36

0.37

0.38

0.39

0.40

0.41

 Pt/A600-2-10

 Fitted curve

 Pt/C600-2-0.5

 Fitted curve

 Pt/H600-2-10

 Fitted curve

log (j/ (A/cm
2
))

P
o

te
n

ti
a

l 
(V

 v
s.

 S
C

E
)

Tafel slope = 0.591 V/dec 

Tafel slope = 0.192 V/dec 

Tafel slope = 0.249 V/dec 

(a)

-4.8 -4.6 -4.4 -4.2 -4.0 -3.8 -3.6 -3.4

0.30

0.32

0.34

0.36

0.38

0.40
 Pt/A600-2-10

 Fitted curve

 Pt/C600-2-0.5

 Fitted curve

 Pt/H600-2-10

 Fitted curve

Tafel slope = 0.449 V/dec 

Tafel slope = 0.479 V/dec 

Tafel slope = 0.273 V/dec 

log (j/ (A/cm
2
))

P
o
te

n
ti

a
l 

(V
 v

s.
 S

C
E

)

(b)



Chapter 5: Results and Discussion-II    Page 126 

 

 Table 5.4: Kinetic data obtained from the analysis of current–potential data of the 

polarization curve of the electro-oxidation of 0.9 mol/L CH3OH and 0.9 mol/L
 

C2H5OH in 0.5 mol/L
 
H2SO4 on Pt/A600-2-10, Pt/C600-2-0.5 and Pt/H600-2-

10 catalysts. 

  Pt/A600-2-10 Pt/C600-2-0.5 Pt/H600-2-10 

M
et

h
a
n

o
l 

Ef 0.62 0.59 0.60 

Eb 0.41 0.38 0.40 

If/Ib 2 2.43 4.32 

Intercept “a” 1.133 1.186 3.107 

Tafel slope “b” (V/dec) 0.192 0.249 0.591 

io at 0.6V (A/cm
2
)  1.67 × 10

-3
 4.43 × 10

-3
 5.72 × 10

-5
 

α 0.238 0.309 0.100 

E
th

a
n

o
l 

Ef 0.61 0.61 0.63 

Eb 0.38 0.36 0.36 

If/Ib 0.82 0.78 0.63 

Intercept “a” 2.112 1.346 2.436 

Tafel slope “b” (V/dec) 0.479 0.273 0.449 

io at 0.6V (A/cm
2
) 6.97 × 10

-4
 1.85 × 10

-3
 8.14 × 10

-5
 

α 0.124 0.217 0.132 
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CHAPTER 6 

CONCLUSIONS AND FUTURE SCOPE

 

Overview 

This chapter summarizes the work done on the synthesis of WC and W2C nano powders 

using different carbon sources and WO3 as precursor. The variation in the reaction conditions 

has led to the development of different types of morphological features in the synthesized 

carbides which have been characterized using different techniques viz. XRD, DSC/TGA, 

BET, Raman and TEM. The results of electrochemical studies of these synthesized carbides 

in bare and platinum modified conditions with different solvents have been summarized and 

concluded in this chapter.  
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6.1 Conclusions 

Metal carbides (MC) are different class of materials that show good electronic 

conductivity like metals. Apart from this, these materials are chemically inert, low cost, 

tolerance to CO poisoning as well as having high hardness even at higher temperature. 

Because of these properties these are mostly used in cutting tools. Among all metal carbides, 

tungsten carbides (WC/W2C) are the materials, which have wide applications mostly for 

mechanical and electrochemical applications especially at nano scale. The properties of these 

materials are mainly dependent on the reactions conditions by which it is prepared 

(carburization by liquid hydrocarbon/solid carbon, time and synthesis temperature). 

Moreover, the performance of prepared tungsten carbides nano particles can be enhanced by 

encapsulating it with carbon layer which protect it from thermal and acidic attack. Hence, 

after considering all these facts, the main aim of the present work was to synthesize WC and 

W2C nano particles from WO3 using different carbon sources (liquid/solid) by single-step 

route (thermo-chemical) at low temperature. In the present work, the carbon coated tungsten 

carbides nano particles have been synthesized in self designed autoclave. For the synthesis of 

carbon coated carbide nano particles magnesium was used as reducing agent.  

For the synthesis of WC nano powder at different temperature and time three different 

carbon sources have been used. After considering the reaction path of these three carbon 

sources, it can be concluded that the reduction as well as carburization process with acetone 

is fast as compared to other carbon sources because of the lower intermediate path even at 

lower temperature. Among all categories of synthesized WC nano powder, it has been 

observed that the sample prepared by solid carbon source has lower tensile strain as 

compared to samples obtained with liquid hydrocarbons. The results of thermal analysis 

indicate that the synthesized samples are thermally stable in air upto ~550 °C. The thermal 

analysis results also show that the maximum weight loss occurs at high temperature for 

samples obtained by liquid hydrocarbons which attributes their higher thermal stability. The 

presence of carbon coating around the obtained carbide particle in TEM/HRTEM images 

confirmed that the carbide particles obtained by liquid carburizing agent have faceted type 

morphology which is encapsulated by graphitic carbon. On the other hand, the carbide nano 

particles obtained using activated charcoal, contained spherical morphology coated with 

amorphous carbon layer. The influence of these carburizing agents as well carbon coating has 

also been attributed on the specific surface area of the obtained product, which is observed by 

BET method. This study indicates that the material obtained from the solid carbon source 
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exhibited higher active surface area due to involvement of amorphous carbon as compared to 

samples obtained by liquid carbon sources. The ordering and disordering in the carbon 

content produced with different carbon sources have also been analyzed by Raman 

spectroscopy which concluded that the product obtained by solid carbon source contained 

higher value of ID/IG ratio. This higher value of ID/IG ratio signifies the disordered 

characteristics due to which it attains lower thermal stability and higher surface area.  

After considering the results obtained by WC nano powder the optimization has been 

done in the synthesis conditions (temperature, time and amount of carburizing agent) of W2C 

using same carburizing agent (acetone and activated charcoal). Out of all synthesis 

conditions, it has been observed that 600 °C was the optimized synthesis temperature to get 

W2C enriched product in 2 h synthesis time by using acetone (10 mL) and activated charcoal 

(0.5 g). However, by using another carburizing agent (hexane) the condition of semi-

carburization cannot be achieved by adopting the similar synthesis conditions as followed by 

acetone. Moreover, it has also been observed that the samples which prepared by solid carbon 

source have minimum strain as compared to samples prepared by liquid hydrocarbons. One 

of the aspects has also been observed from the strain analysis that due to the deficiency of 

carbon atom in W2C the order of strain is lower as compared to WC. The onset temperature 

of oxidation corresponding to DSC peak has been shifted to lower temperature for sample 

obtained by solid carbon source which attributes the lower thermal stability of sample. The 

TEM/HRTEM images show that the obtained carbide particles encapsulated by graphitic 

carbon and have different morphology viz. spherical and faceted in case of liquid carbon 

sources. While, the product obtained by solid carbon source exhibit spherical morphology 

encapsulated by amorphous carbon layer. The sample prepared by solid carbon source 

exhibited higher surface area as compared to samples obtained with liquid carbon source. The 

nature of carbon (graphitic/amorphous) present in the product has also been analyzed by 

Raman spectroscopy which provide higher value of ID/IG for the product obtained by solid 

carbon source. This value exhibits amorphous nature of carbon in the product which is in well 

agreement with BET and TEM analysis.  

Electrochemical study of synthesized nanopowder 

The results of CV attribute that the electrode (WC and W2C) prepared by solid carbon 

source exhibits better electrocatalytic activity as compared to other electrodes prepared by 

liquid carbon source. The W2C phase enriched sample shows clear evidence of hydrogen 
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evolution process without any supporting element (Pt, Pd). Further, after the platinum 

deposition the W2C enriched phase attributes more prominent peak corresponding to oxygen 

reduction reactions. The results of the alcohol (methanol/ethanol) electro-oxidation reveal 

that all the prepared electrocatalysts (WC/W2C) shows better electrochemical performance in 

terms of higher exchange current density for methanol oxidations. But, among all the 

electrocatalysts, the electrocatalyst obtained by solid carbon source, inspite of lower tolerance 

of CO provide higher exchange current density as well as the reaction rate. 

6.2 Future Scope 

The present work has confirmed that single phase WC nano powder can be obtained by 

changing the carburizing agent. However, it is difficult to obtain single phase W2C nano 

particles by current synthesis method. So, by changing the carburizing agent, the single phase 

W2C can be synthesized achieved by controlling the carbon diffusivity in the system using 

other carbon source. Furthermore, the electrochemical studies of carbides obtained by current 

method can be done with another nobel metals (Pd, Au, Ru) in different acidic media and 

alcohol(s). 

 


