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Abstract: Molybdenum carbide (Mo2C and Ni/Mo2C) catalysts were compared 

with Pd/SiO2 for the hydrogenation of several diene molecules, 1,3- butadiene, 1,3- 

and 1,4-cyclohexadiene (CHD). Compared to Pd/SiO2, Mo2C showed similar 

hydrogenation rate for 1,3-butadiene and 1,3-CHD and even higher rate for 1,4-CHD, 

but with significant deactivation rate for 1,3-CHD hydrogenation. However, the 

hydrogenation activity of Mo2C could be completely regenerated by H2 treatment at 

723 K for the three molecules. The Ni modified Mo2C catalysts retained similar 

activity for 1,3-butadiene hydrogenation with significantly enhanced selectivity for 

1-butene production. The 1-butene selectivity increased with increasing Ni loading 

below 15%. Among the Ni modified Mo2C catalysts, 8.6%Ni/Mo2C showed the 

highest selectivity to 1-butene, which was even higher selectivity than that over 

Pd/SiO2. Compared to Pd/SiO2, both Mo2C and Ni/Mo2C showed combined 

advantages in hydrogenation activity and catalyst cost reduction, demonstrating the 

potential to use less expensive carbide catalysts to replace precious metals for 

hydrogenation reactions. 
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1. Introduction 

In manufacturing polymers, the catalytic hydrogenation of dienes is widely used for 

the purification of olefin stream. The hydrogenation catalysts commonly utilize 

supported precious metals, such as Pd-[1-3], Pt-[4-6], Rh-[7] or Au-[8, 9] based 

catalysts. The precious metal catalysts have shown high activity; however, their high 

cost and limited abundance are potential concerns for industrial applications. By 

forming bimetallic structures with a non-precious metal, the precious metal based 

catalysts could be enhanced in activity, thus lowering the catalyst cost. For example, 

by alloying Ni with Pd[10] or Pt[11, 12], the activity in 1,3-butadiene hydrogenation 

could be increased. Recently, the Al13Fe4 surface[13] was found to be active in 

1,3-butadiene hydrogenation under ultra-high vacuum environment, demonstrating 

the feasibility of using non-precious metal catalysts for diene hydrogenation. 

Another class of non-precious metal hydrogenation catalysts are carbides of early 

transition metals, which often show catalytic properties similar to those of precious 

metals[14, 15]. For example, molybdenum carbide (Mo2C) was found to be active in 

hydrogenation-related reactions, such as hydrodeoxygenation (HDO) [16-18], 

hydrodesulfurization (HDS) [18-20], and aromatic compound hydrogenations[18, 

21-24]. However, to the best of our knowledge non-precious metal carbides have not 

been explored for the hydrogenation of dienes. 

Moreover, according to previous studies [10, 11], the addition of Ni into the 

precious metal catalysts would enhance the catalytic performance in the 

hydrogenation of 1,3-butadiene. Therefore Ni modified Mo2C was also studied in the 

current paper to further explore the enhancement by Ni addition.  

In the current study, we explored the possibility of replacing precious metals by 

molybdenum carbide (Mo2C) for the hydrogenation of 1,3-butadiene, 

1,3-cyclohexadiene (1,3-CHD) and 1,4-cyclohexadiene (1,4-CHD) in a batch reactor, 

using a supported Pd/SiO2 catalyst as a reference for comparison. Selective 

hydrogenation of 1,3-butadiene is an important reaction in industry for the 

purification of butene stream[25], while 1,3 and 1,4-CHDs are important reaction 
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intermediates for hydrogen storage through hydrogenation-dehydrogenation of cyclic 

hydrocarbons[26]. The Mo2C catalyst was further modified by Ni to determine the 

effect of metal modification on the hydrogenation activity and selectivity of 

1,3-butadiene. 

2. Experimental 

2.1. Catalyst preparation 

High surface area SiO2 (Alfa Aesar, Stock#44741,160 m2/g) supported Pd catalyst 

was synthesized by incipient wetness impregnation, using Pd(NO3)2·2H2O (Alfa 

Aesar) as precursor. The metal loading was 0.91% by weight. 

Unsupported Mo2C was synthesized by a temperature programmed carburization 

procedure from MoO3, which was obtained by calcining ammonium molybdate (para) 

tetrahydrate (Alfa Aesar) in a static muffle furnace at 623 K for 6 hours. The MoO3 

powder was placed in a tube furnace flowing with 20% CH4/H2. The total flow rate 

was 155 cm3 min-1 for 1g MoO3. The temperature was ramped from room temperature 

to 873 K at 2 K/min, and was held for 2 hours. The CH4 stream was cut off after the 

first hour at 873 K, allowing only H2 flow to remove the extra carbon deposits on the 

surface of Mo2C. After cooling to room temperature, the gas flow was switched to 1% 

O2 in N2 to passivate the surface defect sites before exposing the catalysts to air. 

The Ni modified Mo2C catalysts were synthesized by impregnating Ni onto MoO3 

using Ni(NO3)2·6H2O as precursor. The Ni/MoO3 powder was then placed into the 

tube furnace. The temperature program and the gas flow were the same as those in the 

synthesis of Mo2C.  

2.2. Characterization 

The Mo2C catalyst was characterized using X-ray diffraction (XRD), N2 

physisorption by Brunauer–Emmett–Teller (BET) theory, transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM). The surface area of the 

support was determined by BET using N2 adsorption-desorption on an Autosorb-1-C 

instrument. TEM measurements were performed using a JEM-2010 (JEOL Ltd., 

Tokyo, Japan) operated at 120 kV. The catalyst samples were prepared for imaging by 
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grinding and suspending ~1 mg of the reduced catalyst in ~5 mL of ethanol. A pipette 

was then used to collect the sample from the top of this suspension. Two drops of this 

solution were deposited onto a lacey support film and dried for 0.5 hour before the 

TEM measurement. SEM measurements were performed using a JSM 7401F (JEOL 

Ltd., Tokyo, Japan) instrument operated at 3.0 kV. 

2.3. Catalytic evaluation 

The hydrogenation activity was evaluated in a batch reactor which was equipped 

with Fourier transform infrared (FT-IR) spectroscopy. FT-IR was used to monitor the 

gas-phase concentrations of reactants and products during the hydrogenation reaction. 

The FT-IR spectra were recorded with 4 cm−1 resolution using a Thermo Nicolet 

Nexus 470 spectrometer equipped with a mercury cadmium telluride (MCT-A) 

detector. For all FT-IR experiments, ~14 mg of powder catalyst was loaded into the 

IR cell, which was then evacuated for 12 hours, until the system reached a pressure 

below 10−4 Pa. The catalysts were reduced at 723 K in 4000 Pa hydrogen for 

30 minutes and the cell was then evacuated, followed by a high temperature flash 

(723 K) to remove any surface species generated during the reduction period. The 

reduction cycle was repeated three times before performing the hydrogenation 

experiments. After reducing the catalyst, 1040 Pa diene, 2293 Pa H2 and 3333 Pa He 

were introduced into the reaction vessel simultaneously, with a diene to hydrogen 

ratio of 1:2.2. The reaction proceeded in gas phase at a catalyst temperature of 308 K 

and a total pressure of 6666 Pa. The catalyst was held static during the reaction. 

Details of the reactor and the FT-IR detection of the gas-phase components were 

reported elsewhere[11]. In the regeneration experiments, the Mo2C catalsyt was 

regenerated in 9333 Pa H2 by performing the same procedure as in the reduction. The 

reactivity data were collected in the reaction controlled regime because the reactions 

were measured at a very low starting conversion and the transport should not play a 

role. 

In the current study, the reactions are denoted as follows:  

C4H6 + H2  C4H8       (Reaction 1) 

C4H8 + H2  C4H10       (Reaction 2) 
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A first order rate law was used to fit the experimental data and to compare trend 

between different catalysts. According to previous studies [10, 11], the first order 

reaction showed a good fit of the experimental data of 1,3-butadiene consumption, 

and the derived reaction rate constants were useful for comparing the trend in 

different catalysts. For example, the rate laws for the first step and second step 

hydrogenation of 1,3-butadiene are: 

1 1
A

A

dC
r mk C

dt
                               (Eq 1) 

1 2 1 2
B

A B

dC
r r mk C mk C
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                          (Eq 2) 

where CA is the concentration of 1,3-butadiene, CB is the concentration of 1-butene, 

and m is the weight of catalyst. The concentration of 1,3-butadiene and 1-butene are 

obtained by integrating Eqs (1) and (2): 
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3. Results and Discussion 

3.1. Characterization 

The characterization results of Mo2C are shown in Fig. 1. The XRD patterns 

confirm the formation of β-Mo2C (JCPDS: 35-0787) (1a). The 2θ values of 34.1, 37.6, 

39.5, 52.0, 61.7, 69.5, 74.6, and 75.9 correspond to the (100), (002), (101), (102), 

(110), (103), (112), and (201) facets of β-Mo2C, respectively. The TEM image shows 

the lattice of Mo2C (1b), with the 0.23 nm and the 0.26 nm distances corresponding to 

the (101) and (100) facets, respectively. The Mo2C catalyst as synthesized has a low 

surface area of 5.0 m2/g by BET analysis (1c) and the relatively flat surfaces of the 

Mo2C particles are shown in the SEM image (1d). The particle sizes of Mo2C and 

Ni/Mo2C are 0.5 – 1.5 m.  
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3.2. Hydrogenation reactions over Mo2C 

During the diene hydrogenation reactions in a batch reactor, the gas-phase 

concentrations of reactants and products are monitored by FT-IR online. Fig. 2 shows 

the consumption rate of 1,3-butadiene, 1,3-CHD and 1,4-CHD as a function of 

reaction time. Compared to Pd/SiO2, Mo2C shows a similar consumption rate of 

1,3-butadiene as Pd/SiO2 (Fig. 2(a)), a similar initial consumption rate of 1,3-CHD 

(Fig. 2(b)) and a higher consumption rate of 1,4-CHD (Fig. 2(c)). 

To make quantitative analysis of hydrogenation activity and rate of deactivation, 

the hydrogenation reaction rates are estimated by a first order rate law with a second 

order deactivation for the consumption of reactant dienes, and are normalized by 

catalyst weight. A second order deactivation model was used to fit the experimental 

data and to compare the deactivation between different catalysts. It has been found 

that the second order deactivation fits well for the hydrogenation reactions according 

to a previous study [27]. The kinetic models for determining the hydrogenation and 

deactivation rate constants are the same as those described for 1,3-butadiene in a 

previous study[27]. The normalized rate constants are summarized in Table 1. The 

reaction rate (kr) over Mo2C is 13% - 30% lower than that over Pd/SiO2 for 

1,3-butadiene and 1,3-CHD hydrogenation reactions, and is 2.9 times higher than that 

over Pd/SiO2 for 1,4-CHD hydrogenation. The deactivation rate (kd) over Mo2C is 

generally higher than that over Pd/SiO2 for the three diene molecules. For 

1,3-butadiene and 1,4-CHD hydrogenation, the deactivation is almost absent over 

Pd/SiO2, and is slightly higher over Mo2C; however for 1,3-CHD hydrogenation, the 

deactivation is rather significant over both Pd/SiO2 and Mo2C. 

The different performance in the hydrogenation reactions is most likely due to the 

molecular structures. 1,3-butadiene and 1,3-CHD contain conjugated structure and 

1,3-CHD and 1,4-CHD contain cyclic structure. The reaction rate of conjugated 

dienes over Mo2C is slightly lower than that over Pd/SiO2, while the reaction rate of 

unconjugated diene over Mo2C is higher than that over Pd/SiO2. Compared with 

1,3-CHD, the higher activity for 1,4-CHD over Mo2C indicates that the conjugation in 

the diene molecules reduces the Mo2C hydrogenation activity. On the other hand, the 
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deactivation rate for the three molecules follows the trend of 1,3-butadiene < 

1,4-CHD < 1,3-CHD, implying that the deactivation rate in the hydrogenation of 

cyclic dienes is higher than that in the hydrogenation of linear diene, and that the 

conjugated diene is more easily to deactivate the catalysts than the corresponding 

unconjugated diene. Assuming that benzene is the precursor for coke formation, 

1,3-CHD should have the molecular structure (both cyclic and conjugated) most facile 

to produce benzene and therefore leading to a faster catalyst deactivation. Other than 

the molecular structures, the different performance in the hydrogenation reactions 

might also be related to the different binding structures of the diene molecules on the 

different catalytic surfaces. The different surface areas of Pd/SiO2 and the Mo2C 

catalysts might also lead to differences in the hydrogenation activity and selectivity. 

Although Mo2C is more easily deactivated than Pd/SiO2, it could be completely 

regenerated by H2-treatment at 723 K. After performing H2-treatment of the 

deactivated Mo2C catalyst, the consumption curves for the three dienes were very 

similar to those with the fresh Mo2C catalyst (profiles not shown), while the Pd-based 

catalysts could not be completely regenerated in alkyne/diene hydrogenation reactions 

due to a complex metal-carbonaceous interaction[9]. Therefore, Mo2C is potentially a 

promising catalyst for diene hydrogenations in terms of both activity and catalytic 

regeneration. 

3.3. Ni modification for the hydrogenation of 1,3-butadiene 

The hydrogenation of 1,3-butadiene is used as a probe reaction to evaluate the 

effect of metal modification on the hydrogenation activity and selectivity of Mo2C. In 

1,3-butadiene hydrogenation, it is nessesary to optimize selectivity to 1-butene, which 

is the desired hydrogenation product. The 1-butene and butane concentration curves 

of Pd/SiO2 and Mo2C are plotted in Figs. 3(b)&(c). Although the hydrogenation rates 

of 1,3-butadiene are similar over Pd/SiO2 and Mo2C, the 1-butene concenration 

curves in Fig. 3(b) show a much lower 1-butene peak over Mo2C, indicating a higher 

1-butene hydrogenation rate and a lower 1-butene selectivity. It has been reported that 

Ni modification on Pd-based catalyst enhances the 1-butene selectivity[10]. Therefore 
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Ni was introduced to the Mo2C catalyst for the improvement of the 1-butene 

selectivity.  

Different loadings (1.5%, 6.7%, 8.6%, 15% w.t.) of Ni were impregnated onto 

Mo2C. The Ni/Mo2C catalysts were evaluated in the batch reactor and the rate 

constants of the first hydrogenation step (k1: 1,3-butadiene  1-butene) and the 

second hydrogenation step (k2: 1-butene  butane) were estimated by a first order 

law according to Eqs (3) and (4). The values of k1, k2 and the selectivity (k1/k2) are 

compared in Fig. 4 as a function of Ni loading. The corresponding rate constants and 

the selectivities of Mo2C and Pd/SiO2 are also included as references (Ni loading is 0 

for Mo2C). As shown in Fig. 4, with increasing Ni loading, the 1,3-butadiene 

hydrogenation rate remains nearly the same but the 1-butene hydrogenation rate 

decreases significantly. As a result, the 1-butene selectivity increases with increasing 

Ni loading. When Ni loading increases to 6.7%, the selectivity reaches the same level 

of Pd/SiO2. At a Ni loading of 8.6%, the selectivity is 0.43, which is higher than 

Pd/SiO2. When Ni loading further increases to 15%, the 1,3-butadiene and 1-butene 

hydrogenation rates both decrease and the selectivity decreases slightly.  

In general, the Ni/Mo2C catalysts retain similar 1,3-butadiene hydrogenation 

activity as Mo2C at Ni loadings lower than 15%. However on 15%Ni/Mo2C, the 

1,3-butadiene hydrogenation rate constant is only 2.7 min−1·g cat−1, which is 

significantly lower than on Mo2C (4.2 min−1·g cat−1). The large loading of Ni likely 

covers some active sites on Mo2C and inhibits the 1,3-butadiene hydrogenation. On 

the other hand, increasing Ni loading leads to a decrease in 1-butene hydrogenation 

activity, even at low Ni loadings. The different modification effects of Ni on the 

hydrogenation rate constants of 1,3-butadiene (k1) and 1-butene (k2) are responsible 

for the enhanced selectivity for 1-butene production.  

Comparing the four investigated Ni/Mo2C catalysts, the 1-butene selectivity of 

8.6%Ni/Mo2C is the highest and the 1,3-butadiene hydrogenation activity is still close 

to Pd/SiO2. The selectivities of Mo2C and 8.6%Ni/Mo2C are compared with Pd/SiO2 

and Ni/SiO2 in Table 2. The 1-butene selectivity is 0.22 over Ni/SiO2 and is 0.11 over 

Mo2C, which are both lower than the selectivity of 8.6%Ni/Mo2C, indicating that the 
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higher selectivity over Ni/Mo2C does not come from the separate effect of Mo2C or 

Ni.  

In a previous study the 1-butene selectivity was enhanced by modification of Ni 

in Ni-Pd/-Al2O3 bimetallic catalysts, and the higher 1-butene selectivity was 

attributed to the lower binding energy of 1-butene on the Ni-Pd bimetallic structure 

than on monometallic Pd [10]. Furthermore, Ma et al. [28] reported that Ni showed 

strong interaction with Mo2C on Ni/Mo2C, and Porosoff et al [29] reported that Co 

formed a CoMoCyOz phase on Co/Mo2C, which might also occur in the case of 

Ni/Mo2C. Both studies suggest that the interaction of Ni with Mo2C should modify 

the surface electronic properties, possibly leading to a decrease in 1-butene adsorption 

energy and thus increasing the selectivity.   

3.4. Potential advantage in catalyst cost reduction 

Since the Ni/Mo2C catalyst shows advantage in the selective hydrogenation of 

1,3-butadiene, it is important to make a general comparison with Pd/SiO2 considering 

both catalyst cost and activity. Cost evaluation is made for Pd/SiO2, Mo2C and 

8.6%Ni/Mo2C and the results are summarized in Table 3. Here a factor  is defined as 

follows to compare the catalysts in combining both cost and activity:  

         

(Eq 5)

 

As shown in Table 3, by replacing the precious metal with non-precious metal 

carbide, the value of  decreases by a factor of ~4, from 0.039 to 0.009 USD·min. 

However, the Mo2C catalyst shows lower selectivity towards 1-butene than Pd/SiO2, 

suggesting the limitation of replacing the precious metal catalysts by Mo2C. By 

modifying Mo2C with Ni, the selectivity increases to the same value of Pd/SiO2. 

When the Ni loading is 8.6%, the selectivity is even higher than Pd/SiO2. Meanwhile, 

the value  remains similar compared to Mo2C. The higher 1-butene selectivity and 

the combined enhancement of activity and cost reduction of Ni/Mo2C over Pd/SiO2 

suggest possible replacement of precious metal catalysts by Ni modified non-precious 

metal carbide catalysts. 
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4. Conclusions 

In conclusion, the catalytic hydrogenation of 1,3-butadiene, 1,3-CHD and 

1,4-CHD have been compared over Pd/SiO2 and Mo2C. The results show that Mo2C 

has similar hydrogenation rate for 1,3-butadiene and 1,3-CHD, and even higher 

hydrogenation rate for 1,4-CHD.  For 1,3-butadine hydrogenation, although Mo2C 

shows similar activity with Pd/SiO2, it gives lower selectivity to 1-butene. The 

Ni-modified Mo2C catalysts significantly enhance the 1-butene selectivity, with 

8.6%Ni/Mo2C showing the highest selectivity. 

Overall, both the Mo2C and Ni/Mo2C catalysts show enhancement in combination 

of activity and catalyst cost reduction. In particular, the combined advantages in 

activity, selectivity and cost reduction of Ni/Mo2C demonstrate the potential to use 

less expensive catalysts to replace precious metals for selective hydrogenation 

reactions. 
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Figure Captions 

Fig. 1 Characterizations of Mo2C: (a) XRD; (b) TEM; (c) BET; (d) SEM 

Fig. 2 Consumption rate of (a) 1,3-butadiene (b) 1,3-CHD (c) 1,4-CHD over Mo2C. (T = 308 K, 

PH2 = 2293 Pa, PDiene = 1040 Pa, and PHe = 3333 Pa) 

Fig. 3 Consumption rate of (a) 1,3-butadiene and production rates of (b) 1-butene and (c) butane. 

(T = 308 K, PH2 = 2293 Pa, PDiene = 1040 Pa, and PHe = 3333 Pa) 

Fig. 4 Normalized reaction rate constants and the estimated selectivity on different loadings of 

Ni/Mo2C (k1: 1,3-butadiene  1-butene; k2: 1-butene  butane) 

 

 

Table Captions 

Table 1 Summary of normalized reaction rate constants and deactivation rates on Mo2C and 

Pd/SiO2 for the hydrogenation of dienes 

Table 2 Selectivity comparison of supported Pd and Ni catalysts with Mo2C and Ni/Mo2C 

catalysts 

Table 3 Cost evaluation of Pd/SiO2, Mo2C and 8.6%Ni/Mo2C for 1,3-butadiene hydrogenation  
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Fig. 1 Characterizations of Mo2C: (a) XRD; (b) TEM; (c) BET; (d) SEM 
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Fig. 3 Consumption rate of (a) 1,3-butadiene and production rates of (b) 1-butene and (c) butane. 

(T = 308 K, PH2 = 2293 Pa, PDiene = 1040 Pa, and PHe = 3333 Pa) 
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Fig. 4 Normalized reaction rate constants and the estimated selectivity on different loadings of 

Ni/Mo2C (k1: 1,3-butadiene  1-butene; k2: 1-butene  butane) 
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Table 1 Summary of normalized reaction rate constants and deactivation rates on Mo2C and 

Pd/SiO2 for the hydrogenation of dienes 

Normalized Rate Constant  

(min-1·g cat-1)  
1,3-butadiene 1,3-cyclohexadiene 1,4-cyclohexadiene 

Pd/SiO2 
kr  6.1 12.2 3.1 

kd  0.7 15.5 0 

Mo2C  
kr  5.3  8.6  8.9  

kd  1.3  18.0  4.9  

 
 

Table 2 Selectivity comparison of supported Pd and Ni catalysts with Mo2C and Ni/Mo2C 

catalysts 

Catalyst Selectivity (k1/k2) 

0.9%Pd/SiO2 0.27 

1.5%Ni/SiO2 0.22 

Mo2C 0.11 

8.6%Ni/Mo2C 0.43 

 
 

Table 3 Cost evaluation of Pd/SiO2, Mo2C and 8.6%Ni/Mo2C for 1,3-butadiene hydrogenation  

Catalyst 
Price* 

(USD·kg cat-1) 

k1 

(min−1·g cat−1) 

 

(10-3·USD·min)

Selectivity 

(k1/k2)  

Pd/SiO2 216.27 5.6 38.6 0.27 

Mo2C 39.48 4.2 9.4 0.11 

8.6%Ni/Mo2C 38.41 3.9 9.8 0.43 

* The prices are from www.metalprice.com 

 

 


