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A B S T R A C T

A simple procedure was developed to synthesize molybdenum carbide nanoparticles (Mo2C/BC) by carburiza-
tion of molybdate salts supported on the biochar from pyrolysis of biomass without using extra carbon source or
reducing gas. The molybdenum carbide formation procedure investigated by in-situ XRD and TGA-MS indicated
that the phase transitions followed the path of (NH4)6Mo7O24·4H2O → (NH4)2Mo3O10 → (NH4)2Mo14O42 →
Mo8O23 → Mo4O11 → MoO2 → Mo2C. The volatile gases CO, H2, and CH4 evolved from biochar and the biochar
solid carbon participated in the reduction of molybdenum species, while the biochar and CH4 served as carbon
sources for the carburization.

Temperature programmed surface reactions of Mo2C/BC indicated that CH4 dissociated as CH4 ⇋ C∗+2H2

on the catalyst surface, and CO2 reacted as CO2+C∗⇋ 2CO+ ∗ due to oxidation of Mo2C. Both experiment data
and thermodynamic analysis for the study of operation conditions of CO2 reforming of CH4 clearly demonstrated
that the yields of H2 and CO increased with the increased temperature and the reasonable conversions should be
performed at 850 °C, at which both CH4 and CO2 conversions were higher than 80%.

1. Introduction

Carbon dioxide (CO2) reforming of methane (CH4) reaction (i.e., dry

reforming of CH4, DRM), which converts two greenhouse gases into
syngas (CO and H2), is a very promising technology for both industrial
production and environmental impacts. The CO2 reforming of CH4
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reaction is always accompanied by several side reactions, including
reverse water–gas shift reaction (RWGS), Boudouard reaction, methane
decomposition, and steam reforming reaction. As shown in Table 1, the
enthalpy of CO2 reforming of CH4 is 247 kJ/mol and the equilibrium
state temperature for ΔG ≤ 0 is T≥ 643 °C, which indicates the CO2

reforming of CH4 reaction is highly endothermic and happening over
643 °C. The reverse water–gas shift reaction consumes CO2 and H2, and
produces CO and H2O. The side reactions related to carbon formation
include Boudouard reaction and methane decomposition. Methane de-
composition is slightly endothermic and occurs over 547 °C, and Bou-
douard reaction is moderately exothermic and occurs below 700 °C.
Hence, carbon formation takes place significantly between 547 and
700 °C. In addition, the variation of Gibbs free energy with temperature
was plotted in Fig. S1. It clearly exhibited that CO2 reforming of CH4

reaction always occurred with steam reforming reaction and methane
decomposition reaction over 643 °C. So, carbon deposition cannot be
avoided due to methane decomposition. Between 700 and 817 °C, only
CO2 reforming of CH4 reaction, steam reforming reaction, and methane
decomposition reaction occurred. Over 817 °C, only Boudouard reac-
tion of them did not take place.

Up to date, the most studied catalysts for DRM were nickel-based
catalysts, which have been limited in industrial applications [1], be-
cause they were susceptible to deactivation due to the deposition of
carbon. To further commercialize the DRM process, a high coking re-
sistance catalyst is decidedly needed [2]. Molybdenum carbide is par-
ticularly interesting to CO2 conversion because of its excellent coke
resistance [3–5], high sulfur tolerance, and potential to behave simi-
larly to reducible oxides [6,7]. Although transition metal carbide cat-
alysts may be rapidly deactivated by CO2 at an atmospheric pressure
due to the oxidation of catalysts [8,9], the molybdenum carbide cata-
lysts can exhibit stable activity at an elevated pressure (e.g., 0.83MPa)
at 847 °C [3]. Therefore, part of this work is to investigate the oxida-
tion-carburization reaction on molybdenum carbide during the DRM
reaction.

The conventional method for synthesizing carbides is carbothermal
hydrogen reduction, which uses a gaseous carbon source (like CH4) and
a reducing agent (like H2). But recent research has shown growing in-
terest to synthesize molybdenum carbide without using any gaseous
carbon source, i.e., using a solid carbon material alone such as carbon
nanotubes [10,11], carbon black [11], cedar wood [12] and sawdust
[13]. Synthesis of carbides on biochar without using any gaseous
carbon source has been demonstrated on tungsten carbide [14] and iron
carbide [15]. Biochar is a solid byproduct of fast pyrolysis of lig-
nocellulosic biomass, which is a low-cost carbon-rich sustainable ma-
terial [16]. During the heat treatment process, metal oxides doped into
the carbon matrix of biochar can be reduced to form carbides by re-
ducing gases such as H2, CO, and CH4 in situ released from biochar. So,
another part of this work is to test the feasibility to synthesize mo-
lybdenum carbide on biochar without using additional carbon sources
or reducing gas and investigate its formation procedure.

This study was to synthesize molybdenum carbide by carburization

of molybdenum salts on biochar in an inert gas such as argon and in-
vestigate the phase change during preparation. The CH4 and/or CO2

reactions on the catalyst surface were tested through temperature
programmed surface reactions. Experiments were further conducted to
evaluate the catalytic performance and stability.

2. Experimental

2.1. Biochar and pretreatment

The raw biochar was prepared by catalytic fast pyrolysis of loblolly
pine sawdust and sieved into the particle size range of 0.18–0.25mm,
which was denoted as RBC. The RBC was further pretreated using nitric
acid (HNO3, Fisher Chemical, USA) to remove residual bio-oil and ash.
The pretreatment was also to increase the number of surface oxygen-
containing functional groups, which was useful for the metal deposition
and dispersion [17]. Typically, 10 g RBC in 250mL of 0.1 M HNO3

solution was refluxed at 100 °C for 12 h. The biochar was then filtered
and washed with hot deionized water to remove excess acid until the
pH value was around 7. The treated biochar was then dried at 105 °C
overnight. This product was used as the catalyst support and denoted as
BC.

2.2. Preparation of biochar supported molybdenum carbide

Biochar supported molybdenum carbide was prepared by using the
incipient wetness impregnation method [15] followed by carburization.
Dried BC was impregnated with an aqueous solution of ammonium
molybdate tetrahydrate [(NH4)6Mo7O24·4H2O, 99%, Sigma-Aldrich,
USA) to load 15wt% initial Mo on the BC. The obtained slurry was
dried at a room temperature for 6 h and further dried at 105 °C over-
night. The dried material was carburized in a tubular furnace at an
atmospheric pressure purged with 100mL/min argon (99.999%
purity). The temperature was raised to 800 °C at 5 °C/min and subse-
quently held at 800 °C for 2 h. The material was cooled down to the
ambient temperature in argon for characterization. The biochar sup-
ported molybdenum carbide was denoted as Mo2C/BC.

2.3. Characterization

Phase formation during carburization was investigated using a
Panalytical Empyrean X-ray diffractometer equipped with an Anton
Parr HTK 1200 N high-temperature oven chamber (Boulder, CO, USA).
A total of∼50mg biochar supported ammonium molybdate powder
was loaded into the chamber and heated from 25 °C to 800 °C at a
heating rate of 3 °C/min in 20mL/min helium. Diffraction patterns
were measured using Cu-Kα X-ray radiation with a wavelength of
0.15418 nm and a 2θ range of 8°–65° 2θ. Each diffraction pattern was
measured for 6min using a step size and count time of 0.0262° 2θ and
43 s/step, respectively.

Thermogravimetry with evolved gas analysis (TGA-MS) for samples
of biochar and biochar supported ammonium heptamolybdate were
performed by using a TA SDT Q600 thermalgravimetric analyzer (New
Castle, DE, USA) coupled to an Agilent 5975C mass spectrometer (Santa
Clara, CA, USA), in which the sample was heated to 900 °C at a heating
rate of 5 °C/min in 100mL/min N2.

X-ray powder diffraction (XRD) patterns for phase identification
were obtained using an Agilent Gemini operated at 40 kV and 40mA
with Cu-Kα monochromatized radiation (λ=0.154056 nm) (Santa
Clara, CA, USA).

To obtain morphology of Mo2C/BC at 800 °C, scanning electron
microscopy (SEM) images were acquired on a JEOL JSM-7600F scan-
ning electron microscope (Tokyo, Japan) operated at a 2 kV accel-
erating potential provided with an in-lens detector. Prior to the ima-
ging, the sample was sputter coated with gold-palladium at 5 nm
thickness. High-resolution transmission electron microscopy (HRTEM)

Table 1
Thermodynamic analysis of related in the CO2 reforming of CH4.

Reaction Equation ΔHo
298

(kJ/mol)
ΔGo≤ 0,
T(°C)

CO2 reforming of CH4 CH4(g)+CO2(g) = 2CO
(g)+ 2H2(g)

247 ≥643

Reverse water gas shift CO2(g)+H2(g) = CO
(g)+H2O(g)

41 ≥817

Boudouard reaction 2CO(g) = CO2(g)+C(s) −172 ≤700
Methane

decomposition
CH4(g) = 2H2(g)+C(s) 75 ≥547

Steam reforming
reaction

CH4(g)+H2O(g) = CO
(g)+ 3H2(g)

206 ≤620
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was applied by using a JEOL 2010F operated at 200 kV (Tokyo, Japan).
To compare surface area and pore size in samples of RBC, BC, and

Mo2C/BC, physical adsorption was measured with a Micromeritics
ASAP 2020 surface area and porosity analyzer (Norcross, GA, USA).
Elemental analyses for carbon, hydrogen, and nitrogen contents were
determined by using a Perkin-Elmer 2400 CHN/S analyzer (Waltham,
MA, USA). Mineral analysis was performed using a Varian 710-ES in-
ductively coupled plasma optical emission spectrometer (ICP-OES)
(Santa Clara, CA, USA).

Temperature programmed reactions over molybdenum carbides
surface were carried out in a fixed-bed tubular stainless steel reactor at
a heating rate of 10 °C/min in various gases. The production gases of
CH4, CO2, CO, and H2 were detected by the Agilent 5975C mass spec-
trometer (Santa Clara, CA, USA) connected online.

2.4. CO2 reforming of CH4 reaction

The CO2 reforming of CH4 reaction was performed in a fixed-bed
continuous flow stainless steel tubular reactor with an inner diameter of
12.7 mm. The reaction was fed with CH4/CO2 mixture gases controlled
by the mass flow meters (Brooks Instrument, USA) at 0.5MPa con-
trolled by a back-pressure regulator. The gas hourly space velocity
(GHSV), defined as the ratio of the standard volumetric flow rate to the
undiluted volume of catalyst, was varied between 4000 and
12,000 h−1. The product stream from the reactor was passed to a gas-
liquid separator, where the temperature was lowered to 0 °C using a
coolant. The gas phase from the condenser was then passed through a
wet test flow meter. The gases were analyzed by using an Agilent 7890
gas chromatograph (Santa Clara, CA, USA).

The conversion efficiencies of CH4 (XCH4) and CO2 (XCO2) were
defined as moles of CH4 and CO2 converted per total moles of CH4 and
CO2 according to Eqs. (1) and (2), respectively.
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=H CO H
CO

/ [ ]
[ ]

ou

out
2

2

(3)

3. Results and discussion

3.1. Biochar pretreatment

The pretreatment of the RBC with HNO3 could effectively remove
alkali metals such as Na and K, alkaline earth metals such as Mg and Ca,
and other metals such as Al and Mn (Table S1). However, the content of
Si did not decrease because HNO3 cannot dissolve SiO2. The pretreat-
ment of the RBC with HNO3 increased the surface area of the biochar
from 627 to 768m2/g and the pore volume from 0.42 to 0.51 cm3/g
(Table 2). The BC had a carbon content of 85.1 wt%, which was slightly
lower than 87.2 wt% in the RBC due to the removal of bio-oil residue.

3.2. Molybdenum carbide formation during carburization

The formation of molybdenum carbide from ammonium molybdate
in an inert gas was investigated by using in-situ XRD and TGA-MS.
Carburization from ammonium molybdate to molybdenum carbide on
biochar was explicitly demonstrated by in-situ XRD as shown in Fig. 1.
The first pattern recorded at 25 °C exhibited ammonium molybdenum
oxide (NH4)2Mo3O10 phase (PDF 79-1905), which was produced during
the drying process of the biochar supported ammonium molybdate
(NH4)2Mo7O24·4H2O at 105 °C. The intermediate phase of

(NH4)2Mo14O42 (PDF 26-0079) during decomposition was detected
between 247 and 290 °C. The intermediate phase was further reduced
to Mo8O23 (PDF 05-0339) between 290 and 375 °C, and Mo4O11 (PDF
05-0337) or (PDF 13-0142) between 375 and 439 °C. A monoclinic
MoO2 (PDF 32-0671) phase occurred at 482 °C, began to decrease at
759 °C, and disappeared at 801 °C. At the same time, a hexagonal (hcp)

Table 2
Elemental and physical properties analysis results.

Sample RBC BC Mo2C/BC

Ca (wt%) 87.2 85.1 69.2
Ha (wt%) 1.7 1.9 0.7
Na (wt%) 0.6 0.7 0.5
Mob (wt%) 0 0 19.5
BETc (m2/g) 627 768 404
Pore Diameter d (nm) 5.78 5.86 7.91
Pore Volumee (cm3/g) 0.42 0.51 0.28

a Measured with Perkin-Elmer 2400 CHN/S analyzer.
b ICP.
c Brunauer-Emmet-Teller (BET) surface area.
d pore diameter calculated by the Barrett-Joyner-Halenda (BJH) method

using adsorption branches.
e Total pore volume calculated as the amount of nitrogen adsorbed at a re-

lative pressure of 0.995.

Fig. 1. In-situ XRD results from carburization of biochar supported ammonium
molybdate from 25 to 800 °C at 3 °C/min in 20mL/min helium. Active phase
was denoted as C*.
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β-Mo2C (PDF 35-0787) phase started to form.
The thermal decomposition behaviors of biochar supported ammo-

nium heptamolybdate and biochar were compared in nitrogen as shown
in Fig. 2A. In Fig. 2Ab, the continuous gradual weight loss of biochar
was 27.7 wt% during the heating procedure to 900 °C, which was
caused by the evolution of gaseous species such as H2, CO, CO2, and
CH4 were evolved. In Fig. 2B, the corresponding peak temperatures of
CO desorption centered at 500 °C, the CH4 desorption centered at
530 °C, the H2 desorption centered at 770 °C, and the CO2 desorption
centered at 430 °C and 640 °C. The biochar supported ammonium
heptamolybdate showed a weight loss between 350 and 800 °C
(Fig. 2Aa), which corresponded to the reduction of ammonium hepta-
molybdate to MoO2 by reducing gases released from biochar. The sharp
peak around 825 °C was attributed to the formation of molybdenum
carbide (Fig. 2Ac). Fig. 2C exhibited gases change after interaction with
molybdenum species during the carburization process. Compared with
the result of biochar, the more CO2 evolution from biochar supported
molybdenum compounds between 100 and 750 °C could be attributed
to the resulting CO2 during molybdenum species were reduced. This
CO2 evolution was accompanied by the CO consumption, which in-
dicated that CO was one of active agent for molybdenum species re-
duction. The second CO2 evolution peak around 840 °C indicated that
carbon source in molybdenum carbide might come from a solid carbon
activated at 800 °C. The H2 exhausted from 400 to 900 °C, which in-
dicated that H2 was another possible active agent for the molybdenum
species reduction. The CH4 profile did change significantly between 300
and 800 °C, which indicated that CH4 also worked as an active agent.

From both in-situ XRD and TGA-MS results, the molybdenum car-
bide formation pathway involved the sequencing process:
(NH4)6Mo7O24·4H2O → (NH4)2Mo3O10 → (NH4)2Mo14O42 → Mo8O23

→ Mo4O11 → MoO2 → Mo2C. Both the volatile gases CO, H2, and CH4

released from biochar and the biochar solid carbon participated in
molybdenum species reduction. Both biochar and CH4 may act as the
carbon sources for carbide formation.

3.3. Characterization of biochar supported molybdenum carbide

The HRTEM image in Fig. 3A indicated that molybdenum carbide
particles (darker nanoparticles) were embedded in an amorphous
carbon matrix. Their size ranged from 6 to 20 nm with an average
diameter of 12 nm when carburized at 800 °C for 2 h. XRD patterns of
biochar supported ammonium molybdate and its carburized products
Mo2C/BC at 800 °C and 900 °C for 2 h were compared as shown in Fig.
S2. The carburized products showed the hexagonal β-Mo2C phase (PDF
35-0787), where 2θ peaks located at 39.6° (1 0 1), 37.8° (0 0 2), 52.3°
(1 0 2), 34.4° (1 0 0), 61.5° (1 1 0), 69.8° (1 0 3), and 74.5° (1 1 2).
Fig. 3B shows the d-spacing values of 0.228 nm for the (1 0 1) crystal-
lographic planes. The average crystallite size was 9.8 nm at 800 °C and
10.7 nm at 900 °C determined by (1 0 1) peak using Scherrer formula.
Molybdenum carbide crystallite size increased with the increased
temperature. The SEM image shows that biochar has a∼100 nm vessel
structure (Fig. S3a), which may be created during the catalytic pyrolysis
process. It was rare to observe metal particles deposited on the biochar
surface (Fig. S3b), which indicated that most metal particles might

Fig. 2. TGA-MS. (A) TGA analyses of biochar supported ammonium heptamolybdate (a) and biochar (b), and DTG plots of biochar supported ammonium hepta-
molybdate (c) and biochar (d). Mass spectra profiles of evolved gases from biochar (B) and biochar supported ammonium molybdate (C).
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infiltrate into the channels of biochar.
The CHN and ICP analyses revealed that the contents of C, Mo, H,

and N in Mo2C/BC (initial 15 wt% Mo loading) were 69.2%, 19.5%,
0.7%, and 0.5%, respectively (Table 2). The loading of Mo particles
blocked the pores within the carbon matrix, which caused the reduction
of surface area from 768 to 404m2/g and a pore volume from 0.51 to
0.28m3/g, and the average pore diameter increased from 5.86 to
7.91 nm.

3.4. Temperature programmed surface reactions

In Fig. 4A, CO2, CH4, CO, and H2 were recorded while the Mo2C was
heated to 900 °C in 10mL/min CH4. CH4 consumed along with the H2

formation over about 630 °C and CH4 dissociation reached a maximum
value at 850 °C (Fig. S4A). The generation of H2 and disappeared CO
indicated that CH4 dissociated as CH4 ⇋ C∗+2H2 on the catalyst
surface. Deposited graphitic carbon (PDF 41–1487) with 2θ peaks at

Fig. 3. HRTEM images of Mo2C/BC at 800 °C.

Fig. 4. Temperature programmed surface reactions of Mo2C/BC. (A) reaction with CH4, (B) reaction with CO2, (C) the sample of (B) reacted with CH4, (D) reaction in
the CO2 reforming of CH4.
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26.1° (0 0 2), 42.7° (1 0 0), and 44.4° (1 0 1) was confirmed by XRD
(Fig. 6Dc). The CO2 oxidation of Mo2C was investigated by temperature
programmed reaction in 10mL/min CO2 flow (Fig. 4B). The only gen-
eration CO occurred∼668 °C (Fig. S4B), indicated that CO2 acted as
CO2+C∗ ⇋ 2CO+ ∗ due to oxidation of Mo2C to Mo oxide species
[18,19]. The sample after reaction with CO2 at 900 °C was cooled down
to a room temperature in 10mL/min CO2, and then the sample was
heated up to 900 °C in 10mL/min CH4 shown in Fig. 4C. The only re-
actant CH4 started to decrease at∼600 °C accompanied by the forma-
tion of CO and H2. The maximum consumption of CH4 was at 690, 730,
and 805 °C (Fig. S4C). This indicated that CH4 acted as a reductant to
reduce molybdenum species to oxy-carbides or carbide species [20,21].

The reaction in the CO2 reforming of CH4 was studied, in which
Mo2C/BC was heated up to 900 °C in a mixture of 10mL/min CH4 and
10mL/min CO2. The results showed that CO2 and CH4 responded
starting at 450 and 550 °C (Fig. 4D) and their maximum consumption at
710 and 740 °C (Fig. S4D), respectively.

3.5. Thermodynamic analysis

To predict possible reaction conditions for DRM, the thermo-
dynamic equilibrium products’ distribution including carbon formation
as a function of temperature were performed using HSC Chemistry 6.0
Software. These mole compositions were calculated using Gibbs free
energy minimization simulations. These simulations were performed by
assuming an initial equimolar mixture of CH4 (g) and CO2 (g) and in-
cluding H2(g), CO(g), H2O(g), and C(s) as products in the calculation.
Solid carbon C(s) was regarded as graphite in the reforming process

[22]. Fig. 5A showed the effect of temperature on the CO2 reforming of
CH4 based on 1 kmol each of CH4 and CO2 over a temperature range of
650–1000 °C, and at a constant pressure of at 0.1 MPa. The conversion
of CH4 and CO2 increased with the increased temperature. The yield of
H2 and CO increased with the increased temperature·H2O diminished
with increasing temperature. The reasonable conversions should be
performed at 850 °C. The effect of pressure on CO2 reforming of CH4

reaction was indicated by methane conversion with a CH4/CO2 mole
ratio of 1 at 0.1 MPa, 0.5MPa, 1MPa, and 10MPa (Fig. 5B). The me-
thane conversion decreased with increased pressure. At 850 °C, the
methane conversion was reasonable at pressures below 0.5MPa.

The carbon formation is a major concern, because it can deactivate
the catalyst and lower the performance. It is important to predict
carbon formation conditions to minimize carbon formation by opti-
mizing the operation conditions. At 0.1 MPa, carbon formation de-
creased with increased temperature, especially in the temperature
range of 550–700 °C (Fig. 5A). Although carbon deposit mainly comes
from Boudouard reaction and methane decomposition, the exothermic
Boudouard reaction is favored at low temperature and prohibited by
the increased temperature, and ceases over 700 °C. The effect of pres-
sure on solid carbon formation was simulated with a CH4/CO2 mole
ratio of 1 at 0.1MPa, 0.5 MPa, 1MPa, and 10MPa. Carbon deposition
decreased with the decreased pressure from 10 to 0.1MPa (Fig. 5C).

3.6. Catalytic performance for CO2 reforming of CH4 to syngas

The temperature effect on CO2 reforming of CH4 performance over
the catalyst was indicated by the conversion of CH4 and CO2, and the

Fig. 5. (A) The equilibrium composition with the temperature at 0.1MPa with a CH4/CO2 mole ratio of 1. The effect of pressure on the methane conversion (B) and
carbon formation (C) as a function of temperature at (1) 0.1MPa, (2) 0.5MPa, (3) 1MPa, and (4) 10MPa with a CH4/CO2 mole ratio of 1.
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selectivity was expressed in terms of the H2/CO ratio (Fig. 6A). Both
CH4 and CO2 conversion increased with the increased temperature. The
high temperature increases the conversion, because the CO2 reforming
of CH4 reaction is a strongly endothermic reaction. The CH4 conversion
increased from 12.8% to 97.2% and the CO2 conversion increased from
20.5% to 99.0% between 650 and 900 °C. When the temperature
reached 850 °C, CH4 conversion rapidly exceeded 90%. The CO2 con-
version was always higher than that of CH4 and the H2/CO ratio was
lower than unity between 650 and 900 °C, which revealed that the re-
verse water-gas shift reaction occurred with consuming H2 and pro-
ducing CO.

The effect of GHSV on the CH4 conversion, CO2 conversion, and the
H2/CO ratio at 850 °C was shown in Fig. 6B. The CH4 conversion, CO2

conversion, and H2/CO ratio decreased with increased GHSV. The CH4

conversion, CO2 conversion, and H2/CO ratio decreased from 83.9% to
73.3%, 95.0% to 92.0%, and 0.93 to 0.61, respectively, when the GHSV
increased from 4000 to 12,000 h−1. CO2 conversion dropped more
slowly than CH4 conversion, which indicated that the reaction of CO2

with the catalyst was more favorable than that of CH4 with the catalyst.
Temperature tests indicated that both CH4 and CO2 conversions

were higher than 80% at 850 °C with the GHSV of 6000 h−1 (Fig. 6A).
To compare the stability of Mo2C above and below 850 °C, two stability
tests were carried out at 825 °C and 875 °C, respectively. In Fig. 6C, the
conversions of CO2 and CH4 stabilized at 97% and 94%, respectively, at
875 °C during the 50-h test, and no decay of activity was found. The
catalyst reacted at 875 °C still has XRD 2θ peaks belonged to Mo2C in

Fig. 6 Da. The conversions of CO2 and CH4 were clearly decreased at
825 °C, reflecting gradual catalyst deactivation. After the catalyst re-
acted at 825 °C, XRD results exhibited 2θ peaks at 22.0°, 26.6°, 43.8°,
and 51.0° (Fig. 6Db).

4. Conclusions

Biochar supported molybdenum carbide nanoparticles ranging from
6 to 20 nm were efficiently synthesized using the incipient wetness
impregnation method followed by the carburization in an inert gas. The
usage of reducing gas like CH4 and H2 is not necessary for carburiza-
tion, and thus the synthesis process was simplified and the cost can be
reduced. Both the volatile gases released from biochar and the biochar
solid carbon participated in reduction and carbonization process.
Temperature programmed surface reactions indicated that CH4 dis-
sociated as CH4 ⇋ C∗+2H2 on the catalyst surface, and CO2 reacted as
CO2+C∗⇋ 2CO+ ∗ due to oxidation of Mo2C. The carbon deposition
decreased with the decreased pressure and decreased with increased
temperature, which mainly comes from methane decomposition at
850 °C. Both experiment data and thermodynamic analysis for CO2 re-
forming of CH4 clearly demonstrated that the conversion of CH4 and
CO2 increased with the increased temperature, the yield of H2 and CO
increased with the increased temperature, and the reasonable conver-
sion should be performed at∼850 °C. At 875 °C, 0.5 MPa, and
6000 h−1, CH4 and CO2 conversions were 94% and 97%, respectively.

Fig. 6. (A) The effect of temperature on the CH4 conversion, CO2 conversion, and H2/CO ratio. (Conditions: CH4/CO2 ratio of 1, GHSV of 6000 h−1). (B) The effect of
GHSV on the CH4 conversion, CO2 conversion, and H2/CO ratio. (Conditions: CH4/CO2 ratio of 1, GHSV of 4000–12,000 h−1, 850 °C). (C) A lifetime study of the
catalyst for the CO2 reforming of CH4 reaction. (Conditions: at 825 and 875 °C, CH4/CO2 ratio of 1, GHSV of 6000 h−1). (D) XRD patterns of catalyst Mo2C/BC (a)
CH4 and CO2 at 875 °C. (b) CH4 and CO2 at 825 °C, and (c) CH4.
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