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Abstract 

Molybdenum hemicarbide (Mo2C) can be widely used in steel, metal ceramics and catalyst of 

hydrogen involved reactions. This work reported a simple method for preparing molybdenum 

hemicarbide by reducing and carbonizing MoO2 with ethanol. Thermodynamic analysis was 

performed to predict experimental conditions for Mo2C formation in the MoO2-C2H5OH-Ar 

system with Ar/C2H5OH molar ratio of 6.82 (Ar was used as a carrier gas for ethanol). XRD and 

SEM analyses were carried out for phases’ and morphological studies. Based on the results, the 

reaction and carbonization routes were obtained: MoO2 was reduced and carburized directly to 

Mo2C in one step at lower temperatures, and first reduced to metallic Mo and then carburized to 

Mo2C at higher temperatures. The reduction mechanisms were proposed: the pseudomorphic 

transformation mechanism dominated the reaction at low temperatures, but at high temperatures, 

the reaction obeyed the chemical vapor transport (CVT) mechanism. 

1. Introduction

Transition metal carbides, a new type of functional material, possess a good development 

potential and have received a lot of attention. Those carbides have a wide range of applications 

because of their advantages, such as high melting point, high hardness, high elastic modulus, 

good heat and electrical conductivity and excellent corrosion resistance. For another, improving 

the performance of materials with the addition of metal carbides is also an important application, 

such as increasing the high temperature resistance, abrasion and chemical corrosion resistances 

[1,2]. Mo2C (Molybdenum hemicarbide) has not only the characteristics of metal carbides, but 

also the catalytic properties, and it could be widely used as the catalyst of hydrogen involved 

reactions, such as hydrogenation desulfurization, unsaturated hydrocarbon hydrogenation, 

isomerization, denitrification reaction [3-5] and hydrogenation deoxygenation [6]. The 

production of Mo2C has attracted much attention in recent years and a number of methods of 

preparation Mo2C have been developed. The proposed methods mainly include: gas reduction 

[7-12], sonochemical synthesis [13], alkalide reduction [14], a solution derived precursor method 

[15,16] and high-energy ball milling [17]. Although molybdenum carbides (Mo2C or MoC) can  
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be synthesized successfully through these methods, there are still some defects, such as the 

complexity of technological process, a higher temperature and a long time. 

In the present work, the liquid ethanol (C2H5OH) was chosen as a reducing and carbonizing 

source with the advantages of renewable, cheap, high in hydrogen content, safe to handle and 

transport, biodegradable, increasingly available and it can be produced in large quantities from 

various sources (biomass, plants and wasted materials). Hence, the present work aims to research 

the pyrometallurgical reduction and carbonization of MoO2 with C2H5OH to prepare Mo2C. The 

theoretical calculation of the MoO2-C2H5OH-Ar system was also carried out to predict and help 

to understand the formation mechanism of Mo2C. 

 

2. Materials and Experimental 

2.1 Materials 

Commercially available MoO2 powders (Jinduicheng Molybdenum Co., Ltd) were used as the 

experimental raw material. The Scanning Electron Microscope (SEM) image of raw MoO2 is 

shown in Figure 1 and it can be clearly seen that the powder is composed of many small 

platelet-shaped particles. The particle size distribution of MoO2 was measured with a laser 

interferometer (LMS-30; Seishin Enterprise Co., Ltd., Tokyo, Japan), as reported elsewhere [18], 

giving an average particle size of 14.4 μm. 

 

Figure 1. The SEM image of raw MoO2 powder. 

2.2 Experimental 

To monitor the weight change of samples during the reduction continuously, a 

thermo-gravimetric analyzer (HCT-3, Beijing Hengjiu, Instrument Ltd., China) was used, and the 

corresponding schematic diagram of the experimental device is shown in Figure 2. A sample of 

around 100 mg was used in each experimental run and after an alumina crucible (8×8mm) with 

samples was put into the TGA, high-purity argon was introduced to flush air out of the furnace 

through route 1. In isothermal reduction, the furnace was first heated from room temperature up 

to the different desired temperatures with the ramping rate of 10K/min in pure Ar. After an 

equilibration time of 20 min to stabilize sample’s temperature, ethanol which was carried by 

argon gas (the liquid ethanol bath kept in a bubbler at 303K) was introduced into the furnace 

through route 2. After reacting for a certain time, the reaction gas was switched to pure argon 

again, and samples were cooled down to room temperature. Non-isothermal experiments were 
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carried out from room temperature to 1423K with three ramping rates, namely, 3, 6, and 9 K/min. 

 

Figure 2. Schematic diagram of the experimental apparatus for the TG analysis. 1-Gas flow 

controller, 2-Ethanol solution, 3-Water bath, 4-Ethanol vapor, 5-Calibrated alumina crucible, 

6-Experimental alumina crucible, 7-HCT-3 TG analyzer, 8-Data collector, 9-Beaker flask A, 

10-Beaker flask B. 

In all experiments, the flow rate of argon gas was kept a constant value of 60 sccm (standard 

cm3/min). The flow rate of gaseous ethanol (𝐹ethanol
𝑜 ) carried by Ar was calculated by the 

following formula [19,20]: 

𝐹ethanol
𝑜 =

𝐹𝐴𝑟𝑔𝑜𝑛
𝑜 𝑃𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑃𝑡𝑜𝑡𝑎𝑙−𝑃𝑒𝑡ℎ𝑎𝑛𝑜𝑙
                          (1) 

where 𝐹𝐴𝑟𝑔𝑜𝑛
𝑜 , 𝑃𝑡𝑜𝑡𝑎𝑙, and 𝑃𝑒𝑡ℎ𝑎𝑛𝑜𝑙 were flow rate of the carrier gas Ar. All the experiments 

were done at a constant Ar/C2H5OH molar ratio of 6.82. 

The flow rate of gas was controlled by gas flow controllers (Alicant, Model 

MC-500SCCM-D). X-Ray Diffraction (XRD) (PANalytical X’Pert Powder, Panalytical B.V.) 

measurements were conducted for the reacted samples. Morphologies of these samples were 

observed using SEM (TESCAN VEGA 3 LMH, Czech Republic) technique. Thermodynamic 

calculations were performed by using FactSage 6.2 with pure substances database. 

 

3. Thermodynamic Analysis 

In this work, C2H5OH and MoO2 were used as reactants, and C2H5OH vapor was carried into 

the reaction system with Ar as the carrier. To conduct the expected reactions, the equilibrium 

calculation was carried out in the Mo-C-O-H system in the temperature range of 1000-1500K at 

a pressure of 1 atm with an Ar/C2H5OH molar ratio of 6.82, which is experimentally attainable. 

In the system, 50 species of gas phase components (mainly included H2, CO, H2O(g), CO2, CH4, 

CH3, MoO2(OH)2, C2H4, H2CO, H) were considered, and the condensed equilibrium phases were 

C, MoO2, Mo and Mo2C. Figure 3 shows the solid phase fields computed as a function of 
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temperature and the input C2H5OH mole fraction (𝑋C2H5OH) which is given by 𝑛𝐶2𝐻5𝑂𝐻
𝑜 /

(𝑛𝐶2𝐻5𝑂𝐻
𝑜 + 𝑛𝑀𝑜𝑂2

𝑜 ) where 𝑛𝐶2𝐻5𝑂𝐻
𝑜 , 𝑛𝑀𝑜𝑂2

𝑜  stand for the input numbers of moles of the 

ethanol and MoO2, respectively. As shown in the figure, Mo begins to be formed above 1220K 

and when the temperature rises up to 1235K, MoO2 is first reduced to Mo, and single Mo phase 

field further enlarges as the temperature increases. It suggests that the reduction follows the path 

of MoO2→Mo→Mo2C when temperature is over 1235K; but at the temperature blow 1220K, 

MoO2 reacts with ethanol to form Mo2C directly, without forming metallic Mo, and thus the 

reduction follows the path of MoO2→Mo2C. 

 

Figure 3. Equilibrium diagram showing solid phase fields as a function of temperature and input 

ethanol mole fraction in the MoO2-C2H5OH system. 

 

4.Results and Discussion 

4.1 Non-Isothermal Reaction 

In order to clarify the reaction initial temperature and the effect of ramping rates on the 

reaction, non-isothermal reduction of MoO2 powders with C2H5OH vapor was performed at three 

different ramping rates, 3, 6, and 9 K/min. The reduction curves (Figure 4(a)) show that all mass 

changes started at around 1073K (800oC) and were complete at a temperature of below 1423K 

(1150oC). The weight change increased smoothly to around -20.32% (corresponding to the 

theoretical weight change from MoO2 to Mo2C). X-ray diffraction, shown in Figure 5, confirmed 

that the final product was pure Mo2C. According to the curves shown in Figure 4(b), it can be 

proved that a higher heating rate caused a faster the reaction rate. There is only one peak in the 

DTG (differential thermogravimetry) curve of 3K/min but two peaks in the curves of 6 and 

9K/min, indicating that only loss-mass reaction occurred with the ramping rate of 3K/min, and 

Mo2C was formed by reduction and carburization in one step. While when the ramping rate is 

over 6K/min, the reaction curve first went to a value between -20.32% (corresponding to forming 

Mo2C) and -25.01% (corresponding to forming Mo), and then returned to -20.32%. It indicated 

that only part of MoO2 was reacted follow the path of MoO2→Mo→Mo2C. The reason was that 
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Mo2C was formed directly at lower temperatures, but with increasing the temperature, metallic 

Mo would be formed first (increase of the ramping rate resulted in rapid approaching the 

temperature of Mo formation). When the ramping rate was 9K/min, the weight loss ratio first 

increased up to 25.01%, and finally decreased to 20.32%. 

 

Figure 4. Non-isothermal reduction curves of MoO2 with C2H5OH vapor: (a) weight change 

verse time, (b) DTG versus temperature. 

 

Figure 5. XRD patterns of the non-isothermal products of MoO2 by C2H5OH vapor at different 

ramping rates. (equipped with a Cu tube) 

4.3 Isothermal reaction 

The isothermal reduction curves of MoO2 powders by C2H5OH vapor are shown in Figure 6(a) 

which includes four different temperatures (1134K to 1351K). At lower temperatures 

(1134-1187K), the mass loss increased smoothly to around 20.32% in one step. While at the 

moderate temperature of 1253K, the nadir point existed in the curve was between -20.32% and 

-25.01% which illustrated that partly MoO2 was involved in the reduction MoO2→Mo. However, 

the weight loss ratio, at higher temperatures (1351K), first increased up to 25.01%, then 

decreased to 20.32% in the end. XRD analyses are shown in Figure 6(b) which confirms that the 

final products were all Mo2C whether reactions occurred at low temperatures or high 
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temperatures. This reaction behavior is consistent with the expected reaction sequence: at lower 

temperatures, reduction and carburization occur simultaneously to form Mo2C directly from 

MoO2; whereas at higher temperatures, two steps are expected (reduction in MoO2 to Mo, 

followed by carburization of Mo to form Mo2C). At lower temperatures, the reaction rate 

increased with temperature increasing. While at high temperatures, the first reduction step and 

the carbonization step were changed with a contrary tendency. With the increase of temperature, 

the reaction rate increased as well, but the carbonization rate decreased. According to the 

equilibrium diagram shown in Figure 3, the theoretical ethanol partial pressure required for the 

carbonization process is much higher and the carbonization becomes difficult at high 

temperatures. 

 
Figure 6. (a) Reduction curves of MoO2 powders by C2H5OH at different Temperatures, (b) XRD 

patterns of the isothermal products of MoO2 by C2H5OH vapor at different temperatures 

(equipped with a Cu tube).  

4.3 Morphologies of Reduced Samples 

Figure 7 shows the morphologies of samples completely reacted at different ramping rates. 

Morphologies of Mo2C obtained at different ramping rates are quite different. The final products 

(Mo2C particles) obtained at slower ramping rate were composed of both platelet-shaped and 

small block-shaped particles, but the platelet-shaped particles were in the majority. These 

dominant particles retained the overall platelet shape of the original MoO2. However, with the 

increase of ramping rate, the shape of particles changed dramatically. Some cracks appeared in 

the surface because of the O removal and the surface of the particles became rough. The SEM 

images of samples completely reacted at different temperatures are shown in Figure 8. The 

morphologies of Mo2C obtained at different temperatures were very similar with the final 

products obtained in no-isothermal reaction. The final products (Mo2C particles) obtained at 

1134 K (Figure 8(a)) consisted of atactic slice particles which was similar to the original MoO2. 

With the temperature increasing, the shape of particles changed dramatically and more and more 

block-shaped particles were produced. As the temperature rised further, the formation of both 

spherically shaped and irregularly shaped particles occurred, and finally those particles became 

dominant. Especially at 1351 K (Figure 8(d)), the obtained Mo2C were composed of small 

spherical sub-particles, but these sub-particles began sintering. 
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Figure 7. SEM images of samples completely reduced and carbonized at three different ramping 

rates: (a) 3 K/min, (b) 5 K/min, and (c) 8 K/min. 

 
Figure 8. SEM images of samples completely reduced and carbonized at: (a) 1134 K (Mo2C), (b) 

1187 K (Mo2C), (c) 1253 K (Mo2C) and (d) 1351 K (Mo2C). 

4.4 Reduction and Carbonization Mechanism 

As discussed above, there are two different shapes in the final product (platelet-shaped and 

block-shaped particles) which was caused by different reaction mechanisms. Two different 

reaction paths could be found in the process of reactions: pseudomorphic transformation and 

transformation via CVT (chemical vapor transport). At lower temperatures, the slow reaction rate 

and low saturated vapor pressure of ethanol decomposition are the main factors for the 

pseudomorphic transformation mechanism. However, the reduction mechanism, at higher 

temperatures, should obey the CVT mechanism, because the existence of steam component in the 

molybdenum oxide powders bed has a great influence on the morphology and size of Mo particle 

[21]. The diverse morphologies of final products will vary with the reaction mechanisms. Those 

two kinds of reduction mechanisms are also confirmed by a lot of researches [20-24] during the 

reduction of molybedenum oxides to Mo. The volatile phase (MoO2(OH)2) is the main medium 
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of CVT whose formation is depended on the local partial pressure of H2O during reduction. The 

amount of the MoO2(OH)2 increases result from the fast rate of transaction and higher humidity 

(a lot of water vapor was formed in a short time compared with lower temperatures). 

 

5. Conclusions 

This work reported the pyrometallurgical reduction behavior of MoO2 in Ar-C2H5OH 

atmosphere. Based on the thermodynamic and experimental results, the major conclusions are as 

follows: 

1) The reduction and carbonization routes were obtained: the final product of Mo2C was 

formed in one step at a lower temperature; while at high temperatures, MoO2 was first reduced to 

Mo and then carbonized to Mo2C.  

2) It was found that the reduction mechanisms were quite different at different temperatures: 

the pseudomorphic transformation mechanism dominated the reaction at low temperatures, but at 

high temperatures, the reduction mechanism obeyed the CVT, which was beneficial for grain 

refining of final products. 
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