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Abstract: With the growth of global energy demand and the reduction of fossil fuels, the search for
clean energy has become particularly urgent. Hydrogen energy, due to its cleanliness and high
efficiency, is regarded as an ideal alternative energy source. Methane catalytic cracking technology,
as an effective way to produce hydrogen, has significant economic and environmental value.This
study focuses on the application of vanadium-based catalysts in biogas cracking for hydrogen
production. Vanadium-based catalysts have shown great potential in the dehydrogenation of
hydrocarbons due to their cost-effectiveness, environmental compatibility, high catalytic activity,
and stability. An innovative one-step method was used to prepare Ni-VC/TiO2 composite catalysts,
and the impact of vanadium carbide (VC) content on the performance of the catalyst was studied.
The addition of VC not only optimized the catalyst's active surface area but also enhanced its
conductivity and electron transfer capability, thereby improving catalytic efficiency.Experimental
results indicate that an increase in VC content leads to a decrease in the specific surface area and
pore volume of the catalyst, but an increase in pore size, which is beneficial for the adsorption and
diffusion of gas molecules. Moreover, the reaction temperature has a significant effect on the
performance of the catalyst: at 500°C, the 10Ni-5VC/TiO2 catalyst exhibited the highest stability and
hydrogen production rate. However, at higher temperatures, the methane conversion rate and
hydrogen yield will drop sharply due to the increased graphitization of coke, which accelerates the
deactivation of the catalyst.Through regeneration experiments, we found that using CO2 as an
activator at 600°C can effectively restore the activity of the catalyst. However, as the number of
regenerations increases, the performance of the catalyst gradually decreases, which is related to the
increase in Ni grain size and the formation of surface amorphous coke. SEM and TEM analysis
showed that coke mainly exists in the form of filamentous carbon, which affects the long-term
stability of the catalyst.

Keywords: vanadium-based catalysts; methane cracking; hydrogen energy; biogas; degree of
graphitization

1. Introduction

With the rapid development of the global economy, energy demand continues to soar. The over-
reliance on and consumption of traditional fossil fuels not only accelerates the depletion of resources
but also brings about serious environmental issues. Faced with the increasingly severe energy crisis
and environmental pollution, the development of clean, sustainable energy technology has become
a global focus. Hydrogen energy, as a clean, efficient, and renewable energy carrier, is of great
significance for promoting the transformation of energy structures and reducing greenhouse gas
emissions.

Methane, as the main component of natural gas, is a rich hydrocarbon resource. Catalytic
methane decomposition for hydrogen production (CMD) is considered a promising hydrogen
production process due to its simple process, easy separation of products, and no COx production.
However, the C-H bond in methane molecules is very stable and difficult to activate and decompose.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Therefore, developing efficient catalysts to promote the catalytic decomposition reaction of methane
is key to the commercial application of this technology.Nickel-based catalysts have been widely used
in the dehydrogenation or hydrogenation reactions of hydrocarbons due to their low cost,
environmental friendliness, and superior catalytic performance. However, pure nickel catalysts are
prone to sintering and coking at high temperatures, leading to a rapid decline in catalytic activity,
which limits their industrial application in methane catalytic decomposition. To address this issue,
researchers have improved the performance of catalysts by controlling preparation methods,
optimizing reaction processes, and adding metal dopants, aiming to synthesize low-cost, high-
activity methane decomposition catalysts for hydrogen production.

Vanadium, as an important metal element, has multiple oxidation states and good catalytic
activity. The introduction of vanadium can not only improve the conductivity and electron transfer
capability of the catalyst, enrich the number of active sites, but also enhance the catalytic performance
by changing the crystal structure of the catalyst. In addition, doping vanadium can affect the
interaction between the metal and the support, thereby suppressing the agglomeration and sintering
of metal particles during the reaction process, and improving the thermal stability and service life of
the catalyst.This study used commercial nano titanium dioxide (TiO2) as a carrier to prepare Ni/TiO2
catalysts by the impregnation method and systematically studied the effects of calcination
temperature, metal loading, and reaction temperature on the performance of methane catalytic
decomposition. At the same time, by introducing vanadium carbide (VC) as a dopant into the Ni/TiO:
catalyst, a one-step method was used to prepare Ni-VC/TiO2 composite catalysts, and the effects of
VC content and reaction temperature on the catalyst structure and methane decomposition
performance were investigated. In addition, using titanium tetraethoxide (TEOS) as a titanium
source, mesoporous nano titanium dioxide particles (MSN) with high specific surface area and large
pore volume were synthesized by the template method, and metal Ni was loaded to further study
the effects of metal loading and reaction temperature on the performance of the catalyst.

The findings of this study provide important theoretical basis and technical support for the
design and preparation of methane catalytic decomposition catalysts for hydrogen production, which
has significant scientific significance and application value for promoting the commercial
development of hydrogen energy.

Experimental Section

2.1. Catalyst Preparation

A certain amount of nickel nitrate hexahydrate (Ni(NO3)2:6H20) is dissolved in 25 milliliters of
water. Then, a certain amount of vanadium carbide (VC) and 2 grams of nanometer titanium dioxide
(TiOz) are weighed and slowly added to the above solution. At room temperature, the solution is
stirred for 24 hours using a magnetic stirrer for impregnation. Afterward, the prepared solution is
placed in a rotary evaporator to evaporate the solvent, and then the resulting solution is transferred
to an oven for drying. The dried sample is ground into a powder and collected. These uniformly
mixed powder samples are transferred to a ceramic boat and placed in the temperature-controlled
area of a carbonization furnace. Through this process, we ultimately obtained a catalyst named nNi-
xVC/TiOz, where n and x represent the mass percentage of nickel atoms and vanadium carbide to
titanium dioxide before mixing, respectively.

2.2. Characterization Methods

A physical adsorption apparatus model JW-BK200A is used to perform adsorption-desorption
experiments at a nitrogen environment of 77 K to evaluate the structural characteristics of the
samples. Before the adsorption experiment, the samples are pretreated under vacuum at 300 °C for 3
hours to remove adsorbed gases and moisture from the samples. Then, the specific surface area and
pore size distribution of the samples are calculated using the Brunauer-Emmett-Teller (BET) method
and the Barrett-Joyner-Halenda (BJH) method, respectively. The X-ray diffraction (XRD) patterns of
the samples are obtained using a D/MAX-2400 X-ray diffractometer under Cu Ka radiation
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conditions of 30 kV and 30 mA. Hydrogen temperature-programmed reduction (H2-TPR) analysis of
the catalyst is conducted using a PCA-1200 chemical adsorption analyzer. Finally, the morphology
and structure of the samples after the methane catalytic cracking reaction are analyzed using a
Quanta450 scanning electron microscope (SEM) and a JEM-2000EX transmission electron microscope
(TEM) from FEI Company, USA.

2.3. Methane Catalytic Cracking Experiment

The methane catalytic cracking experiment was carried out in an atmospheric pressure fixed-
bed reactor with a diameter of 8 millimeters. First, 0.2 grams of catalyst were placed in the
temperature-controlled zone of the reactor. The reactor was heated to the set reaction temperature
under a nitrogen atmosphere (40 mL/min), and then the gas was switched to a mixture of 10 mL/min
methane and 40 mL/min nitrogen. After the reaction was stabilized for 5-10 minutes, the products
were collected and analyzed for their composition online using a GC7890II gas chromatograph. The
performance of the catalyst was evaluated based on the methane conversion rate and the carbon
yield, with the calculation formulas as follows:

Methane Conversion Rate:

Ccrs=(Fcrs,in—Fcrs,out)/Fcra,inx100%

Carbon Yield:

Carbon yield (gc/gni) = Mass of coke deposited/ Mass of metal in the catalyst x 100%

2. Study on the Catalytic Cracking Behavior of Methane Over Ni-VC/TiO2 Catalyst

3.1. The Impact of VC Content on the Catalyst Structure and Methane Cracking

Performance In the catalytic process of methane cracking for hydrogen production, the efficiency
of the catalyst is significantly affected by the crystallite size of the metal particles; the larger the
crystallite size, the faster the deactivation rate of the catalyst. Using the Scherrer equation, the average
size of nickel (Ni) particles before and after the reaction for 10Ni-xVC/TiO2 catalysts with different
loadings of vanadium carbide (VC) was calculated, and the relevant results are listed in Table 1. It
was observed that with the increase in VC content, the size of Ni particles in the catalyst increased
both before and after the reaction. This phenomenon may be due to the spatial constraints of the
carrier leading to a reduction in the dispersion of the crystallites.

Table 1. Average particle tize of nickel particles before and after reaction of catalyst with different.

Reaction time

Samples Fresh (nm) Spent (nm) (min)
10Ni 16.7 17.0 200
10Ni-1VC 11.2 17.2 250
10Ni-3VC 16.5 20.3 410
10Ni-5VC 23.5 241 450
10Ni-10VC 31.2 31.7 330

Additionally, in the process of catalytic methane cracking for hydrogen production, the optimal
metal particle size for nickel-based catalysts is 23nm, which coincides with the nickel particle size of
the 10Ni-5VC/TiO2 catalyst in this study. Compared with the catalyst in its initial state, the Ni/TiO2
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catalyst only saw a 0.1nm increase in nickel crystallite size after 200 minutes of reaction. However,
within a reaction time of 450 minutes, the nickel crystallite size of the 10Ni-5VC/TiO2 catalyst only
slightly increased from 23.5nm to 24.1nm, showing the smallest crystallite growth in vanadium-
containing catalysts. This indicates that an appropriate amount of VC doping can alter the interaction
between the metal and the support, affecting the agglomeration mechanism of nickel crystallites,
thereby effectively inhibiting the growth of nickel microcrystals.

Table 2 presents the structural characteristics of catalysts with different VC contents. The data
from the table show that as the VC content increases, the specific surface area and pore volume of the
10Ni-xVC/TiO2 (x=1, 3, 5, 10) series of catalysts are significantly reduced. Compared with the
10Ni/TiO2 catalyst without VC doping, the addition of VC resulted in a decrease in the specific
surface area of the prepared catalyst, but an increase in pore volume and pore size. The reasons for
this phenomenon may include: on one hand, the loading of the metal active components on the
surface of the carrier or the blockage within the pores, leading to a reduction in surface area; on the
other hand, the reduction reaction between nickel oxides and vanadium carbide may have disrupted
the skeleton structure of the carrier material, causing small particles to aggregate and form a porous
structure with larger pore volume and pore size.

Table 2. Textural properties of the catalysts with different VC contents.

Sample SBET (m?/g) Vt (cm?®/g) Dave (nm)
10Ni/TiO2 184.8 0.88 15.5
10Ni-1VC/TiO2 182.7 1.40 255
10Ni-3VC/TiO2 170.9 1.32 252
10Ni-5VC/TiO2 146.7 1.32 25.5
10Ni-10VC/TiO2 143.7 1.21 25.7

3.2. The Effect of Reaction Temperature on the Performanc of Methane Cracking

According to previous studies, the reaction temperature significantly affects the activity and
stability of the catalyst, and it is also an important factor affecting the degree of metal particle
agglomeration and the form of carbon deposition on the catalyst surface. Therefore, the 10Ni-
5VC/TiO2 catalyst was selected to study the impact of reaction temperature on the structure of the
vanadium-doped catalyst and its performance in catalytic methane cracking.

Figure 1 shows the XRD patterns of the 10Ni-5VC/TiO2 catalyst before and after the reaction at
different reaction temperatures. Compared with the catalyst before the reaction, only the diffraction
peaks of graphite carbon and metallic nickel were observed after the reaction. The diffraction peaks
at 20 = 26.4° and 43.5° are attributed to the C(002) and C(101) crystal planes of graphite carbon,
respectively, which is the result of a large amount of coke formation from catalytic methane cracking.
The intensity ratio of these two peaks, C(101)/C(002), reflects the degree of order in the graphite
carbon layer; the lower the ratio, the higher the structural order.
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Figure 1. XRD patterns of the catalysts with different reaction temperatures.

The catalytic performance of the 10Ni-5VC/TiO2 catalyst in methane cracking at different
reaction temperatures is shown in Figure 2. As can be seen from Figure 2, under different reaction
temperatures, the methane conversion rate shows the same trend of increasing first and then
decreasing. It is believed that the increase in catalyst activity in the methane cracking reaction is due
to the need to go through an induction period before reaching the maximum value. Due to the smaller
crystallite size of the nanometer catalyst, the initial stage of the reaction gradually forms metal active
sites of the appropriate size. However, as the reaction proceeds, rapid coking on the surface of the
catalyst buries the active sites, and the agglomeration and sintering of metal particles lead to a
decrease in catalytic activity. Moreover, an increase in reaction temperature is conducive to the
improvement of methane conversion rate, but at higher temperatures, the methane conversion rate
drops sharply, and the hydrogen production decreases accordingly. At a reaction temperature of
500°C, the 10Ni-5VC/TiO2 catalyst exhibits the best catalytic stability, with the methane conversion
rate remaining around 14.2% after 2300 minutes of reaction.
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Figure 2. Methane converTion (a) and hydrogen yield (b) of the catalysts with different reaction
temperatures.
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To further investigate the cause of catalyst deactivation, the surface morphology of the post-
reaction catalyst was analyzed. It was observed that with the increase in reaction temperature, the
diameter and length of the filamentous carbon decreased. Due to the large randomness in the growth
direction of the filamentous carbon and their interweaving nature, accurately measuring their true
length is relatively difficult. However, statistical data on the diameter distribution indicate that at
reaction temperatures of 500°C, 550°C, and 600°C, the average diameter of the filamentous carbon
decreased from 95 nm to 65 nm and then to 33 nm. This can be attributed to the pseudo-liquid
transformation and fragmentation of metal particles. Therefore, the reduction in filament length and
diameter at high temperatures accelerates the deactivation of the catalyst.

The experiment used Raman spectroscopy to examine the effect of reaction temperature on the
graphitization degree of carbon deposition on the catalyst surface. As shown in Figure 3, all samples
exhibited absorption peaks around 1340 cm-1 and 1580 cm-1, attributed to the D-band and G-band,
respectively. The D-band is mainly caused by structural defects in graphite, while the G-band is due
to the in-plane stretching vibration of carbon-carbon in graphite layers. A shoulder peak (D') of the
G-band was observed at 1615 cm-1, and the D' peak is also considered to be related to defects in
graphite and other carbonaceous species. Since the intensity of the D-band increases with the degree
of structural defects in graphite, the ratio of the intensities of the D-band to the G-band, ID/IG, is
commonly used to evaluate the graphitization degree and crystallinity of the deposited carbon on the
catalyst. The lower this value, the higher the graphitization degree of the coke. As the reaction
temperature increases, the ID/IG value decreases, indicating an increase in the orderliness of the coke
after the reaction. It can be seen that the reaction temperature has a significant effect on the
graphitization degree of the coke, and an increase in reaction temperature leads to an increase in the
graphitization degree of the coke produced by cracking.
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Figure 3. XRD patterns of the spent Ni-VC/TiO2 catalyst after different regeneration cycles.

3.3. Catalysts Regeneration

Based on the previous findings, under the reaction conditions of 550°C, 30Ni-VC/TiO2 exhibited
relatively good reactivity and stability. The lower reaction temperature is beneficial for the growth of
filamentous carbon, which can yield higher rates of hydrogen production and filamentous carbon
recovery. However, during the reaction process, the carbon formed covers the active centers, leading
to catalyst deactivation. To explore the regeneration capability of the post-reaction catalyst, the 30Ni-
VC/TiO2 was chosen as the subject for regeneration studies. The regeneration steps are as follows:

Using CO2 as an activating agent, CO2 is introduced into a fixed-bed reactor at atmospheric
pressure and 600°C. The composition of the regenerated gas is monitored online by gas
chromatography until no CO is produced. The CO2 valve is then closed, and the reactor is purged
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with nitrogen until the temperature drops to 550°C. The methane valve is then opened to conduct the
methane cracking experiment again. The regeneration cycles are repeated until the catalyst is
completely deactivated.

Figure 4 shows the XRD patterns of the 30Ni/TiO2 catalyst after different cycles of regeneration
reactions. The diffraction peaks at 20 of 26.4° and 43.5° are attributed to the C(002) and C(101) crystal
planes, respectively, confirming the formation of coke during the methane cracking reaction.
Comparisons reveal that the intensity of the Ni diffraction peaks increases after different cycles of
reactions, indicating an enlargement of Ni crystallites. For the carbon diffraction peaks, their intensity
gradually decreases, which is consistent with the results of the methane catalytic cracking
experiments. Using the Scherrer equation, the average particle sizes of nickel in the catalyst after three
cycles were calculated to be 20.0 nm, 22.3 nm, and 23.1 nm, respectively. This increase in Ni crystallite
size may be one of the reasons for the reduced reactivity.
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Figure 4. XRD patterns of the spent Ni-VC/TiO2 catalyst after different regeneration cycles.

As can be seen from Figure 5, although the regeneration process can restore the reactivity of the
catalyst, with the increase in the number of cracking cycles, the methane conversion rate and reaction
stability of the catalyst show a clear trend of decline. This may be attributed to the regeneration
experiment conducted on the catalyst at 600°C, which causes sintering of the Ni particles, leading to
changes in the catalyst's structure and performance.
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Figure 5. Methane converTion of the Ni/TiO2 catalyst after succesTive regeneration cycles.

Using SEM for surface morphology analysis of the post-reaction catalyst, it was observed that
after three regeneration cycles, the catalyst surface was covered with interwoven filamentous carbon.
The formation of this filamentous carbon can maintain the catalyst's activity over a longer period,
preventing the active centers from being completely covered. However, with the increase in the
number of cracking-regeneration cycles, the amount of filamentous carbon formed decreases,
becoming shorter and thinner, and there is a significant agglomeration phenomenon. This may be
related to the sintering and grain growth of Ni particles during the regeneration process.
Additionally, after three regeneration cycles, a large amount of amorphous carbon appeared on the
surface of the catalyst, which may be one of the reasons for the decline in catalyst activity.

4. Conclusions

To enhance the activity and durability of the Ni/TiO2 catalyst, this study employed a one-step
method to prepare a composite catalyst by mixing the metal active components with vanadium
carbide impregnation, thereby avoiding an additional reduction step and simplifying the preparation
process. This study also prepared a series of 10Ni-xVC/TiO2 catalysts with different VC doping
amounts and studied the impact of reaction temperature on catalyst performance and the efficiency
of catalytic methane cracking. The main findings are as follows:

The metal-loaded catalyst was prepared by a one-step method using the traditional
impregnation technique, by mixing vanadium carbide with metal precursors. This Ni-VC/TiO2
catalyst has a cylindrical pore structure with a mesostructure, and the pore size is mainly
concentrated between 20 and 40 nm. The addition of vanadium carbide significantly improved the
performance of the Ni/TiO2 catalyst. The activity of the catalyst first increased and then decreased
with the increase of VC content. In particular, the 10Ni-5VC/TiO2 catalyst maintained a methane
conversion rate of about 14.2% after 2300 minutes of reaction at 500°C. The addition of VC effectively
slowed down the growth of Ni microcrystals during the catalytic methane cracking process. The
10Ni-5VC/TiO2 catalyst had a particle size of 23.7nm before the reaction, which is very close to the
optimal particle size of Ni particles (23nm) in the catalytic methane cracking experiment. After 450
minutes of reaction, the size of the Ni crystallites only increased to 24.0nm, showing the smallest
growth rate. The reaction temperature has a significant impact on the activity and stability of the
catalyst. Lower temperatures help to improve the stability of methane cracking, which may be due
to the formation of longer and thicker filamentous carbon on the surface of the catalyst after the
reaction. High temperatures, on the other hand, accelerate the deactivation of the catalyst. Raman
spectroscopy analysis showed that the reaction temperature significantly affected the graphitization
degree of the carbon fibers, and the graphitization degree of the carbon produced by methane
cracking increased with the rise in temperature.

The post-reaction Ni-VC/TiO2 catalyst was analyzed using a scanning electron microscope
(SEM) and a transmission electron microscope (TEM). The analysis showed that the coke produced
by the Ni-VC/TiO2 catalyst mainly presented as "octopus-like" filamentous carbon. These
filamentous carbons can serve as carriers for the growth of metal particles in the initial stage. As the
filamentous carbon grows, they help to disperse metal particles, thereby improving catalytic
performance. However, at high temperatures, the type of carbon produced by methane cracking
changed, leading to a decrease in reaction stability. Using CO2 as an activator, a cracking-
regeneration cycle experiment was conducted on the post-reaction catalyst in a fixed-bed reactor
under atmospheric pressure. The experimental results showed that with the increase in the number
of regeneration cycles, the methane conversion rate and reaction stability significantly decreased,
mainly due to the growth of Ni crystallites after regeneration and the formation of a large amount of
amorphous coke on the surface of the catalyst.
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