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Abstract: Catalytic decomposition of methane, which
produces high-purity hydrogen and high-value-added
carbon nanomaterials, has shown considerable potential for
development and is expected to yield significant economic
benefits in the future. However, designing catalysts that
simultaneously exhibit high activity and long-term stability
remains a significant challenge. Tuning the catalyst’s
structure and electronic properties is an effective strategy
for enhancing the reaction performance. In this work, a
series of NixZr/ZSM-5 catalysts were prepared using the
incipient wetness impregnation method, and the effect of
Zr loadings on catalyst properties and performance was
systematically investigated. The calcined and reduced
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catalysts were characterized by low-temperature N, adsorption-desorption, XRD, SEM, H,-TPR and XPS. The results showed
that the addition of Zr significantly increased the specific surface area of the catalyst and reduced the metal particle size. Smaller
NiO particles were found to enter the pores of the HZSM-5 support, and electronic interactions between NiO and ZrO, markedly
enhanced the metal-support interaction. The catalyst exhibited optimal catalytic performance at a Zr loading of 5%, achieving a
maximum methane conversion of 68% at 625 °C, maintaining activity for 900 min, and delivering a carbon yield of 1927%.
Further increasing the Zr loading yielded only limited improvements in catalytic performance. Characterization of the spent
catalysts and carbon products via TEM, Raman spectroscopy, and TGA revealed that the introduction of ZrO, reduced metal
sintering and promoted a shift in carbon nanofibers growth mode from tip-growth to base-growth. The mechanism of base-
growth enabled the catalyst to maintain reaction activity for an extended period.
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Driven by global energy restructuring and the need to
reduce carbon emissions, clean energy sources are attracting
growing attention. Hydrogen, recognized as a clean energy
carrier with abundant availability, high mass energy density,
and high calorific value, is considered a sustainable
alternative to fossil fuels'). Currently, steam methane
reforming is the most widely used and mature industrial
process for hydrogen production. However, this technology
involves complex operations, produces carbon oxides (CO;,)
emissions, and requires a hydrogen separation and
purification process” ™. In contrast, catalytic decomposition
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of methane (CDM) produces high-purity hydrogen while
concurrently yielding valuable carbon nanomaterials, which
can be applied in fuel cells or advanced functional
materials'. The CDM process offers a simple route and
potential economic advantages. Notably, no CO, emissions
are generated during its reaction process, which
consequently contributes to mitigating the greenhouse
effect. Nevertheless, catalyst deactivation due to carbon
deposition remains a persistent challenge, impeding the
industrial application of CDM technology.

The highly symmetrical tetrahedral structure and high
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C—H bond energy of methane make the thermal cracking of
methane challenging. Thermodynamic analysis (Figure 1)
reveals that the equilibrium conversion of methane remains
low at conventional cracking temperatures. Therefore,
catalysts are necessary to lower the activation energy to
break the C—H bond”. Transition metal (Ni, Co, Fe)
catalysts are extensively studied as CDM catalysts due to
their low cost and excellent catalytic activity. Their activity
stems from partially unfilled 3d orbitals in transition metals
that accept electrons from C—H bonds of methane!®. Ni-
based catalysts exhibit high activity at lower reaction
temperatures and are cost-effective. However, Ni metal
readily undergoes sintering deactivation (>700 °C)". To
address this, researchers often employ strategies such as
support or promoter modification to enhance the activity
and stability of Ni-based catalysts.

The selection of the support plays a critical role in
determining the reaction activity, stability, and structure of
carbon products. Various supports have been applied in the
preparation of CDM catalysts, including oxides (composite
oxides), zeolites, layered double hydroxide, and perovskite
materials®™. Zeolites, which possess a unique pore structure
and a tunable Si/Al ratio, facilitate the high dispersion of
metal particles, making them ideal supports for CDM
catalysts. Gutta et al.”’! significantly enhanced catalyst
performance by using the high-surface-area MCM-41
support, which increased the interface between the active
metal and the support. Yoon et al.l'"” investigated how the
positions of Ni particles relative to the zeolite pores affect
Ni/SBA-15 catalysts. The results showed that Ni’ particles
confined within the zeolite pores had low carbon yield due
to spatial restrictions and limited accessibility, while the
carbon products exhibited high defect density. In previous
studies, researchers have prepared the FeNi/HZSM-5
catalyst, which exhibited an initial methane conversion of
81.51% at 700 °C!""!. These findings confirm the viability of
HZSM-5 as a CDM catalyst support. Nevertheless, the
insufficient lifetime of the catalysts remains a key issue
requiring immediate resolution.

The addition of promoters significantly impacts catalyst
performance. Metal promoters can enhance the intrinsic
activity of active sites''”), generate electronic synergistic
effects with the active metal!"® or form alloys to modulate
the crystal orientation and particle size of the active metal
particles. Typically, the diffusion rate of carbon within
metal promoters is higher than that of the active metal
nickel™*"*), which can mitigate catalyst deactivation caused
by the encapsulation of metal particles by carbon deposits.
Furthermore, metal promoters can influence the strength of
metal-support interaction (MSI) and modulate the
reducibility of the catalysts!'®. Studies have indicated that
adding Mn could enhance the activity, while adding Cu
significantly improved the stability of nickel-based
catalysts''”!. Tron (Fe) as a promoter, which alloys with Ni,
can extend catalyst lifetime and promote the formation of
bamboo-like carbon fibers!'™®, LU et al.l' synthesized a Ni-
Zr catalyst via the citrate complexation method, achieving a
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methane conversion of 60% at 973 K with no activity
decline over 4 h. Kosari et al.*” also enhanced the uniform
dispersion of Ni metal on the mSiO, support by doping a
small amount of Zr. The catalyst exhibited good stability
and cycling performance but low activity. The introduction
of Zr is a promising strategy for enhancing the reaction
stability of Ni-based catalysts. However, the interaction
mechanisms among the Zr species, active metals, and
supports require further investigation.

Catalyst deactivation due to carbon deposition remains a
core challenge in the CDM process for hydrogen
production. Balancing the methane molecular cracking rate,
carbon deposition rate on catalyst surface, and carbon
nanofibers (CNFs) growth rate is crucial for maintaining the
activity and lifespan of catalysts®?'!. Carbon products growth
typically follows two mechanisms: tip-growth and base-
growth. Literature has reported that Ni-based catalysts
typically follow the tip-growth mechanism, where metal
particles reside at the top of carbon filaments. Although the
tip-growth mode can enhance activity, it also renders the
catalysts prone to complete encapsulation by carbon
filaments, leading to deactivation®. Consequently,
researchers have introduced Mn to modulate the interactions
between the metal and the support, thereby promoting a
mode shift of carbon nanofibers from the tip-growth to the
base-growth mode and significantly extending catalyst
lifetime'’!. Introducing metal oxides to regulate the growth
mechanism and morphology of carbon products is an
effective strategy for enhancing catalyst stability as well as
producing high-quality carbon nanomaterials.

This study employed HZSM-5 zeolite as the support and
nickel as the active metal to prepare a series of ZrO,-
promoted NixZr/HZSM-5 catalysts via incipient wetness
impregnation. The fresh and spent catalysts were
characterized by XRD, H,-TPR, NH;-TPD, XPS, TGA,
SEM and HRTEM. This investigation aims to clarify the
mechanism by which promoter ZrO, modulates the
electronic and structural properties of the catalysts, as well
as its effect on CDM reaction performance. Furthermore,
the correlation between the morphology and growth mode
of the carbon nanofiber products, as well as their catalytic
stability, was also investigated.
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Fig. 1 Thermodynamic characteristics of catalytic

decomposition of methane reaction™
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1 Experimental

1.1 Catalyst synthesis

The HZSM-5 zeolite (SiO,/Al,0; molar ratio = 47) was
purchased from the Nankai University Catalyst Co., Ltd.
Nickel nitrate ((Ni(NO,),"6H,0, 98%, purchased from
Shanghai Aladdin Bio-Chem Technology Co., Ltd.) and
zirconium nitrate ((Zr(NO;),-5H,0, 98%, purchased from
Beijing Inokai Technology Co., Ltd.) were used as metal
precursors. Catalysts with a fixed Ni loading of 30% and
varying Zr loadings of 3%, 5% and 7% were prepared via
the incipient wetness impregnation method. First, an
appropriate amount of metal nitrate was dissolved in
deionized water under ultrasonication at 50 °C for 10 min
to obtain a clear impregnation solution. The solution was
then added dropwise to a measured quantity of HZSM-5
support placed in a crucible until the support was
completely saturated. The impregnated samples were then
aged at room temperature for 4 h to facilitate the uniform
dispersion of the metal precursors within the support pores.
Subsequently, the sample was dried at 120 °C overnight in
an oven to remove moisture. The dried powder was
thoroughly ground and calcined at 550 ©°C for 4 h in a
muffle furnace under an air atmosphere, with a heating rate
of 4 °C/min. The final catalysts were denoted as NixZr/
ZSM-5 catalysts (where x represents the Zr loading of 3%,
5% or 7%). For comparison, the Ni/ZSM-5 catalyst with
30% Ni was prepared following the same procedure. All
catalysts were pelletized, crushed, and sieved to 40-60
mesh for catalytic evaluation in the catalytic decomposition
of methane reaction.

1.2 Catalyst characterizations

The elemental composition of the samples was analyzed
using a Thermo iCAP PRO X inductively coupled plasma
emission spectrometer. The textural properties of the
samples were characterized by N, physisorption at 77 K
using a Micromeritics TriSTAR II 3020 analyzer. The
specific surface area was calculated using the BET method,
the pore size distribution curve was obtained via the BJH
method, and the micropore specific surface area and pore
volume were determined using the #-plot method. Phase
analysis of calcined, reduced, and spent catalysts was
performed using X-ray powder diffraction (XRD) with a
PANalytical X'Pert Powder XRD instrument. The crystallite
size (d) of metal and metal oxide phases was estimated
using the Scherrer equation: (d = 0.91/(8 X cos6)), where 1
is the X-ray wavelength, f is the full width at half
maximum (FWHM), and 6 is the Bragg angle. FT-IR
spectroscopy analysis of calcined and reduced samples was
performed using a Thermo Fisher Nicolet IS10
spectrometer. The morphology and size distribution of the
catalysts before and after reaction were examined using a
ZEISS GeminiSEM 300 field-emission scanning electron
microscope (FE-SEM). The acid properties (NH;-TPD) and
reduction properties (H,-TPR) of all catalysts were
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characterized using a Micromeritics AutoChem II 2920
chemisorption analyzer. The surface composition and
chemical valence states of the samples were characterized
using a Thermo Fisher K-Alpha X-ray photoelectron
spectrometer. The microstructure of the carbon products
and the location of metal particles were characterized using
a JEOL JEM-2100 high-resolution transmission electron
microscope (HRTEM). Thermogravimetric analysis (TGA)
of spent catalysts was conducted under an O, atmosphere
using a Simultaneous DSC-TGA Q600 instrument. The
graphitization degree of carbon products was characterized
by Raman spectroscopy using a Horiba Jobin Yvon T6400
Raman spectrometer.

1.3 Catalyst evaluation

The catalytic decomposition of methane reaction was
conducted in an atmospheric fixed-bed stainless steel
reactor with an inner diameter of 8 mm and a length of
400 mm. Typically, 0.1 g of catalyst was loaded into the
isothermal zone of the reaction tube. Under a 20 mL/min N,
atmosphere, the reactor was heated to 400 °C at a rate of
10 °C/min. Then, the feed gases of 2.5 mL/min N, and
7.5 mL/min CH, were introduced to analyze the
composition by gas chromatography at this temperature.
The reactor was next purged with 20 mL/min N, for 30 min
while raising the temperature to 550 °C. The gas stream was
then switched to 10 mL/min H, for 120 min to pre-reduce
the catalyst. Then 20 mL/min N, was purged to the reaction
tube until no residual H, was detected, and the system was
heated to the reaction temperature of 625 °C. The gas was
switched to a mixture of 2.5 mL/min N, and 7.5 mL/min
CH, to initiate the reaction. After a stabilization time of
5 min, the composition of the outlet gas (containing only
H,, N, and CH,) was analyzed online by gas
chromatography. Following reaction completion, the spent
catalyst and carbon products were collected and weighed.
The effluent gas was analyzed using an Agilent GC 8890
gas chromatograph equipped with a thermal conductivity
detector (TCD) and a 13X molecular sieve column. Gas
quantification was performed using the internal standard
method, with N, serving as the internal standard since it is
inert in the CDM reaction. Prior to reaction tests, the GC
was calibrated using standard mixtures of H,, N, and CH,
with known concentrations to establish the calibration
factors for each component. The known flow rate of N, in
the feed was used to calculate the volumetric flow rate of
the outlet stream (Fcy,..). Catalyst performance was
evaluated by calculating the methane conversion, carbon
yield, and catalyst deactivation factor (DF), using the
following equations:

. . FCH4,m - FCH4,0m
CH, conversion(%) : xcy, = —————x100%
CHy,in
(1)
. M.
Carbon yield(%) : Y, = 7 x100% (2)

cat
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Xo =X,

Deactivation factor(%) : DF = x100% (3)

0
In the equation, Fy,;, and Fy, . represent the methane
gas flow rate in the feedstock and product gases,
respectively. M. denotes the mass of carbon product, M.,
represents the mass of catalyst, x, and x, denote the initial
methane conversion and the methane conversion at
minute, respectively.

2 Results and discussion

2.1 Structural and acidic properties characterization of
catalysts

Inductively Coupled  Plasma-Optical Emission
Spectroscopy (ICP-OES) analysis indicated that the actual
loadings of Ni and Zr in the catalysts were consistent with
the theoretical values (Table 1), suggesting negligible metal
loss during the impregnation process. The textural
properties of the support and calcined catalysts were
evaluated using low-temperature N, physisorption-
desorption measurements. As depicted in Figure 2(a), the
pure HZSM-5 support displayed a Type I adsorption
isotherm, which is typical of microporous zeolite materials.
As shown in Figure 2(b), a distinct pore size distribution
below 2 nm was observed. After metal loading, all catalysts
exhibited Type IV isotherms with H4-type hysteresis loops,
characteristic of slit-like mesoporous structures. The
mesopores likely originated from the stacking of metal
oxide particles, which block the micropores of the
support?. The textural data of the support and catalysts are
listed in Table 1. The BET surface area of the HZSM-5
support was 282 m?g. This high surface area and
microporous structure are favorable for high metal
dispersion and facilitate gas diffusion. After loading 30%
Ni, the Sggr of the Ni/ZSM-5 -catalyst decreased
significantly, suggesting the aggregation of NiO on the
support surface. The Ni3Zr/ZSM-5 catalyst exhibited a
lower BET surface area, which may result from the elevated
total metal loading. However, as the Zr loading increased to
5% and 7%, the specific surface area of the catalyst
gradually increased. This phenomenon is likely due to the
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higher ZrO, loading promoted NiO dispersion, effectively
inhibiting the sintering and growth of NiO particles during
calcination and thereby reducing the blockage of support
pores by larger NiO particles. Concurrently, increasing Zr
loading increased the total pore volume while decreasing
the average pore diameter of the catalysts. This indicates
that the introduction of ZrO, may be distributed within
smaller pores or embedded in the inner walls of support
pores, thus reducing the pore size!'”.. These alterations in the
textural properties are expected to significantly influence
the catalytic reactivity and stability in the CDM reaction.

Figure 3(a) presents the XRD patterns of the calcined
catalysts. All catalysts exhibited characteristic peaks
corresponding to the MFI structure of the HZSM-5 zeolite
at 20 = 7°-9° and 23°-25° indicating that the
impregnation process did not destroy the -crystalline
structure of the support. Additionally, prominent diffraction
peaks were observed at 26 = 37.3°, 43.4°, 63.0°, 75.6° and
79.2°, which are assigned to the NiO phase. Due to the low
content and high dispersion of the ZrO,, its characteristic
peak at 26 = 30.1° was masked by the diffraction peaks of
the HZSM-5 support®®. With the introduction of Zr, the
increased intensity and broadened FWHM of the NiO peaks
suggest improved metal dispersion and a reduction in
crystallite size. The average crystallite sizes of NiO in the
calcined catalysts calculated using the Scherrer equation are
listed in Table 1. The NiO crystallite sizes followed the
order: Ni/ZSM-5 > Ni3Zr/ZSM-5 > Ni5Zt/ZSM-5 >
Ni7Zt/ZSM-5, confirming that the crystallite size decreased
with increasing Zr loading.

Figure 3(b) shows the XRD patterns of the reduced
catalysts. After the H, pre-reduction process, the
characteristic peaks of NiO were no longer detectable. The
characteristic peaks of the Ni’ phase appeared at
approximately 26 = 44.5°, 51.8°, and 76.4°, which are
assigned to the (111), (200) and (220) crystal planes of
metallic Ni (Ni°), respectively®”). This confirms that the Ni
oxides were effectively reduced to Ni’. With the increase in
ZrO, content, the intensity of the Ni° diffraction peaks
decreased significantly and the FWHM broadened,
demonstrating that the ZrO, promoter exerts a significant
inhibitory effect on the growth of Ni’ on the catalyst
surface.

Table 1 Physical and chemical properties of different catalysts
ICP Sapr v, Average Crystallite size” d/nm Total acid densityb

Sample Ni/%  Zr/% /(mz' gfl) /(cm3~ gil) pore size/nm calcined reduced / (Mm()l'g_l)
ZSM-5 - - 282 0.143 4.5 - - 229
Ni/ZSM-5 31.2 0.0 165 0.096 452 36.5 66.5 239
Ni3Zr/ZSM-5 29.4 3.1 140 0.109 234 34.2 40.6 257
Ni5Zr/ZSM-5 28.7 4.9 154 0.142 15.0 29.4 339 250
Ni7Zr/ZSM-5 25.8 6.8 173 0.149 13.6 24.0 28.1 238

* The average crystallite sizes of NiO and Ni’ were calculated using the Scherrer equation; *. The total acidity of the support and

catalysts was calculated via NH;-TPD.
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Fig. 2 (a) N, adsorption-desorption isotherms and (b) BJH
pore size distributions of the support and catalysts

It is conducive to the dispersion of active metals, thereby
enhancing the catalytic reactivity and stability. Crystallite
size also affects the type of reactively deposited carbon,
which is consistent with the SEM characterization results of
carbon products formed over different catalysts. The
average crystallite size of Ni’ exhibited a notable increase
compared with NiO, which is attributed to crystallite growth
and agglomeration induced by high-temperature reduction.
The dispersion degree (D) of Ni’ on the support surface can
be reflected by the formula: D=K/d(Ni")?¥, where K is a
constant and d represents crystallite size. With the increase
in ZrO, loading, the average crystallite size of Ni’ decreased
from 66.5 to 28.1 nm, indicating a significant improvement
in metal dispersion. This observation can be ascribed to the
strong interaction between the promoter ZrO, and Ni’
species on the catalyst, which restricts the growth of Ni
particles. Such a restriction is beneficial for enhancing the
utilization efficiency of active Ni species and suppressing
the agglomeration and sintering of Ni particles during the
CDM reaction.

Figure 4(a)—(d) presents the SEM images of the calcined
catalysts. All catalysts consist of nanoparticles stacked on
the support, confirming the successful loading of the metal
oxides. As the ZrO, loading increases, particle
agglomeration decreases, leading to a reduction in the
average particle size. This trend indicates an improved
dispersion of the metal oxide particles on the HZSM-5
support.
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Fig.3 XRD patterns of (a) calcined and (b) reduced catalysts

Figure 5(a) and (b) present the Fourier transform infrared
(FT-IR) spectra of the calcined and reduced catalysts,
providing information on their chemical bonding. The
spectra reveal that both calcined and reduced catalysts
exhibit typical characteristic vibrational bands of the MFI
structure. Specifically, the absorption bands near 452 cm™
(Si—O bending vibration), 797 cm™' (external symmetric
stretching), 1100 cm™ (internal asymmetric stretching) and
1220 cm™ (external asymmetric stretching) correspond to
the vibrations of Si—O—Si bonds in the HZSM-5 support.
The absorption band at 547 cm™ is attributed to the five-
membered ring unit in the MFI structure™, These results
clearly indicate that neither the loading of NiO and ZrO, nor
the high-temperature reduction process disrupted the
framework structure of the ZSM-5 zeolite. Furthermore, the
absorption band at 1103 cm™' of the Ni/ZSM-5 catalyst is
broadened. NiO particles may be embedded in the zeolite
channels, which induce localized framework stress. In
contrast, the ZrO,-promoted catalysts exhibit absorption
bands nearly identical to those of the pure HZSM-5 support.
This observation suggests that the introduction of ZrO, may
promote the dispersion or alter the site occupancy of Ni
species. Consequently, the local disturbances and structural
damage to the ZSM-5 framework caused by high Ni loading
are mitigated.

The acidity of the catalyst also influences its catalytic
performance in the CDM reaction. Accordingly, the acid
properties of the HZSM-5 support and all catalysts were
characterized by ammonia temperature-programmed
desorption (NH;-TPD). As shown in Figure 5(c), all
samples exhibited two distinct desorption peaks in
the temperature ranges of 50-250 and 250-500 °C,
corresponding to weak and strong acid sites, respectively*”.
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Fig. 5 FT-IR spectra of (a) calcined, (b) reduced catalysts and (c) NH;-TPD profiles of calcined catalysts

After loading with NiO, the weak acid peak shifted to
lower temperatures, indicating a decrease in weak acid
strength, while the strong acid peak shifted to higher
temperatures, suggesting enhanced strength. Further loading
with ZrO, left the weak acid peak temperature largely
unchanged. For all NixZt/ZSM-5 catalysts, the strong acid
peak temperature decreased while its intensity increased
significantly. This indicates an increase in the number of
strong acid sites but a reduction in their acid strength.
However, the strong acid peak temperature increased

slightly with higher Zr loading, indicating a recovery of
strong acid strength. As summarized in Table 1, the total
acidity of the catalyst increased after NiO loading. With
increasing Zr loading, the total acidity first increased (Ni3Zr/
ZSM-5 catalyst exhibited the maximum of 257 pumol/g),
and then gradually decreased. This trend is attributed to the
introduction of new Lewis acid sites by the loaded NiO and
ZrO,. Optimal strong acid strength and total acidity are
conducive to the CDM reaction, improving coke resistance
and achieving higher catalytic stability!'"].
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2.2 Effect of Zr species on the metalsupport
interaction of catalysts

The metal-support interaction and reducibility of
Ni/ZSM-5 catalysts with different Zr loadings were
investigated by H, temperature-programmed reduction (H,-
TPR), and the corresponding profiles are presented in
Figure 6(a). The location of the reduction peaks is
determined by the particle size of NiO, the pore size of the
HZSM-5 support, and the interaction between NiO particles
and HZSM-5 support. As shown in Figure 6(a), all catalysts
exhibit two distinct H, consumption peaks in the
temperature ranges of 300—400 and 400—500 °C, denoted as
the peak a and peak f. According to the literature, the
reduction peak at the lower temperature (peak o) is
attributed to the reduction of free NiO species located on
the external surface of the support. In contrast, NiO
particles with smaller sizes or NiO species encapsulated
within the support channels form a strong interaction with
the support. This strong interaction increases the difficulty
of reduction, thus leading to the appearance of the H,
consumption peak (peak f) at a higher temperature!®],

The Ni/ZSM-5 catalyst exhibited the lowest reduction
temperatures of peak o and g at 343 and 438 °C,
respectively. Notably, peak a accounted for the largest area
(98%) of the total consumption. This indicates that larger
NiO particles are predominantly distributed on the surface
of HZSM-5 support, exhibiting a weaker MSI. Increasing
the loading of Zr, both peak o and peak p shifted
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significantly toward higher temperatures, indicating
enhanced interactions between the NiO species inside and
outside the support pores and the support. The Ni5SZr/ZSM-
5 catalyst exhibited the highest reduction temperature.
However, when the Zr loading was increased to 7%, both
reduction peaks shifted toward lower temperatures,
occurring at 367 and 466 °C, respectively, though still
higher than those of the Ni/ZSM-5 and Ni3Z1/ZSM-5
catalysts. Strong metal-support interaction (SMSI) can
reduce Ni particle aggregation by limiting Ni metal
migration and growth on the support, promoting dispersion
and enhancing catalyst stability™'!. Furthermore, after the
introduction of Zr, the relative area proportion of the peak o
decreased while that of the peak f increased significantly
(Figure 6(b)). This observation indicates that the
incorporation of Zr exerts a notable effect on both the
particle size of NiO and the distribution of NiO species
within the support channels. NiO species with small
crystallite sizes and SMSI can maintain their activity over
both low and high temperature ranges. Furthermore, these
species exhibit resistance to metal sintering during the
reduction process, which is conducive to enhancing the
catalytic stability of the catalyst. To better understand the
influence of Zr species on catalyst reducibility, the total H,
consumption and reduction degree for different catalysts are
listed in Table 2. The Ni5Zt/ZSM-5 catalyst exhibited the
highest H, consumption (4.8 mmol/g) and reduction degree
(99%). This indicates that the maximum amount of Ni’
species was formed during the reduction process, which
implies more active sites on the catalyst surface.
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Fig. 6 (a) H,-TPR curves and (b) peak area ratio of different catalysts
Table 2  Analysis of H,-TPR of different catalysts results and DF values of CDM reaction
i i DF/%
Sample Peak o/C Peak fI°C H, consumpitllon Reduction degree : . 0 : .
/(mmol-g ) 1% 200 min =~ 473 min = 800 min 1032 min
Ni/ZSM-5 343 438 4.7 88 33 95 - -
Ni3Zr/ZSM-5 362 455 4.8 95 9 21 95 -
Ni5Zr/ZSM-5 386 479 4.8 99 11 13 26 97
Ni7Zr/ZSM-5 367 466 43 97 8 14 26 90
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X-ray photoelectron spectroscopy (XPS) was employed
to characterize the surface composition and chemical states
of the catalysts. Figure 7(a) presents the high-resolution Ni
2p XPS spectra of the calcined Ni/ZSM-5 and NiSZr/ZSM-
5 catalysts. Both catalysts exhibit the peaks of Ni*' 2p,,, and
Ni** 2ps,, along with their corresponding satellite peaks.
Compared with the Ni/ZSM-5 catalyst, the binding energies
of the Ni** 2p,, and Ni** 2p,, peaks of the Ni5Zr/ZSM-5
catalyst shift to higher values by 1.4 and 0.6 eV,
respectively. This shift indicates a decrease in the electron
density around Ni atoms. The introduced Zr*" species
withdraws electrons from Ni through the formation of
Ni—O—Zr interfacial bonds, generating an electron transfer
effect. This effect enhances the MSI, which is consistent
with the observation in the H,-TPR profiles that the
reduction peaks shift toward the higher temperature region.

High-resolution Ni 2p and Zr 3d XPS spectra of the
reduced Ni5Zr/ZSM-5 catalyst are shown in Figure 7(b)
and (c). The binding energies of the Ni*" peaks remained
essentially unchanged compared to those in the calcined
catalyst. However, the reduced catalyst exhibited Ni’ 2p,,
and Ni’ 2p;, peaks at 871.8 and 852.8 eV, respectively,
confirming the successful reduction of NiO. The persistence
of Ni*" is attributed to the strong interaction formed
between some small NiO particles and the support, which
hinders their complete reduction. In the Zr 3d XPS
spectrum, the peaks at 184.6 and 182.2 eV are assigned to
the 3d;, and 3ds, orbitals of ZrO, species®”, which further
confirms the oxide state of Zr after the reduction process.

The strong electronic interaction between the ZrO,
support and Ni species effectively inhibits the
agglomeration of NiO particles, as well as the sintering of
Ni’ particles formed after reduction. Furthermore, this
interaction modifies the distribution of NiO species,

(a) Ni2p Calcined Ni/ZSM-5 catalyst
2
g
£
890 880 870 860 850
Binding energy/eV
(c) Ni2p Reduced Ni5Zr/ZSM-5 catalyst
2
5
£
890 880 870 860 850

Binding energy/eV
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promoting the migration of smaller particles into the
channels of the HZSM-5 support, thereby forming a
stronger interaction with the support. Optimal metal-support
interaction and high Ni dispersion are crucial for the
efficient and stable catalytic activity of the NiSZr/ZSM-5
and Ni7Zr/ZSM-5 catalysts.

2.3 Catalyst performance test

To analyze and compare the catalytic activity and
stability of the prepared catalysts, the catalytic
decomposition of methane reaction was evaluated over the
reduced catalysts under a reaction temperature of 625 °C
and a gas hourly space velocity (GHSV) of 6000 mL/(h-g).
Figure 8(a) presents the curves of methane conversion
versus time for different catalysts. As shown in the curves,
the introduction of ZrO, as a promoter significantly
enhances catalyst stability. Although all promoted catalysts
with different Zr loadings exhibited comparable initial
methane conversions (65%—70%), their operational
lifetimes differed significantly. Compared with the
Ni/ZSM-5 catalyst without Zr loading, the lifetimes of the
Ni5Zr/ZSM-5 and Ni7Zr/ZSM-5 catalysts are prolonged by
more than a factor of two. The deactivation factor DF
values of both catalysts are only 26% at 800 min. However,
when the reaction proceeds to 1032 min, the DF values of
the two catalysts exceed 90% (Table 2), indicating almost
complete deactivation. The unpromoted Ni/ZSM-5 catalyst
suffered from large NiO crystallites due to the high Ni
loading. After the reduction process, the Ni crystallite size
increases significantly to 66.5 nm, which makes the catalyst
more prone to sintering during the high-temperature
reaction.

(b) Ni2p Calcined Ni5Zr/ZSM-5 catalyst
2
g
£
890 880 870 860 850
Binding energy/eV
(d) Zr3d Reduced Ni5Zr/ZSM-5 catalyst
Zr 3ds,
> 182.2
g
E
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Binding energy/eV

Fig. 7 High-resolution Ni 2p XPS spectra of calcined (a) Ni/ZSM-5 and (b) Ni5Zr/ZSM-5 catalyst, high-resolution (c) Ni 2p and (d)
Zr 3d XPS spectra of reduced Ni5Zr/ZSM-5 catalyst
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Fig. 8 (a) CH, conversion with time on steam and (b) carbon yield of different catalysts

Severe sintering and coking led to a rapid deactivation of
Ni/ZSM-5 after only 400 min. When ZrO, was introduced
as a promoter with different loadings, all catalysts’ lifetimes
significantly improved. The stability increased to over
600 min at a Zr loading of 3% while the Ni5Zr/ZSM-5
catalyst achieved over 900 min. Upon further increasing the
Zr loading to 7%, the CDM reaction stability was
essentially consistent with that of the Ni5Zr/ZSM-5
catalyst. These results indicate that increasing the Zr
loading can significantly enhance the catalyst stability;
however, the improvement becomes limited once the Zr
loading reaches a certain threshold. The promoter ZrO,
enhances the interaction between the support and Ni
species, which inhibits the crystallite growth and
agglomeration of NiO precursors during the calcination
process. This, in turn, improves the dispersion of active
sites Ni’ after reduction and effectively enhances the
catalyst’s  sintering  resistance.  Furthermore, the
incorporation of ZrO, modulates the acidity of the catalysts.
An optimal balance of total acidity and strong acid strength
is beneficial for delaying the catalyst deactivation caused
by coking.

As shown in Figure 8(b), the carbon yiled varied
significantly among the tested catalysts. While the
unpromoted Ni/ZSM-5 catalyst yielded only 622% carbon,
the promoted NiSZi/ZSM-5 and Ni7Zr/ZSM-5 catalysts
both exhibited a more than threefold increase, reaching
1927% and 1954%, respectively. This remarkable
improvement in carbon production is consistent with the
high activity stability in the CDM reaction.

2.4 Characterization of spent catalysts

The crystal structures of the spent catalysts were
analyzed using X-ray diffraction (XRD), with the XRD
patterns shown in Figure 9(a). A prominent diffraction peak
corresponding to the (002) crystal plane of graphitic carbon
was observed at 20 = 26.1° for all spent catalysts®®’,
Meanwhile, characteristic peaks of the (111), (200) and
(220) crystal planes of Ni’ phase were detectable at 26 =
44.3°, 51.7° and 76.3°, respectively. Additionally, weak
diffraction peaks of the ZSM-5 zeolite support and
amorphous carbon (20 = 29.7° and 42.5°) were observed.
With the increase of Zr content, the diffraction intensities of
the support and Ni’ gradually decreased, whereas the

intensity of the graphitic carbon (002) peak increased
progressively. The XRD patterns revealed that the Ni/ZSM-
5 catalyst contained the highest amount of residual
deactivated Ni species. This is attributed to the rapid
deactivation of larger Ni particles at high temperature and
the encapsulation of active sites by carbon deposits, which
hinders reactant access. Its shorter catalyst lifetime also
resulted in the lowest accumulation of carbon products.
Upon incorporating ZrO, into the catalyst, the catalyst
lifetime was significantly extended, and the amount of
unreacted Ni species decreased gradually. This suggests that
the encapsulation of active sites by deposited carbon and
metal sintering was inhibited, possibly due to the restriction
of Ni grain growth by ZrO, and the altered growth
mechanism of carbon nanotube products. Consequently, the
Ni7Zr/ZSM-5 catalyst exhibited the highest diffraction
intensity of graphitic carbon, which is consistent with its
long lifespan and highest yield of carbon products.
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Fig. 9 (a) XRD patterns and (b) Raman spectra of the
spent catalysts
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Raman spectroscopy was employed to investigate the
graphitization degree of carbon products formed on
different catalysts after CDM reaction at 625 °C. As shown
in Figure 9(b), all the spent catalysts exhibit four
characteristic bands. The band near 1340 cm™" corresponds
to the D band, attributed to disordered carbon species with
sp>-hybridized carbon atoms. The band near 1590 cm’'
corresponds to the G band, attributed to sp*-hybridized
carbon atoms within the ordered graphitic phase lattice™.
The second-order bands (labeled as D’ and G’ bands at 2655
and 2910 cm™', respectively) represent two-phonon
scattering processes. The relatively low intensities of the D’
and G’ bands indicate the formation of a small amount of
graphene flakes™. The degree of graphitization of carbon
materials can be reflected by the peak area ratio of the D
band to the G band (//I;). A higher value of I,/I; indicates
more defects in the carbon products and a lower degree of
graphitization®. The spent Ni/ZSM-5 catalyst exhibited the
highest I/I; value of 1.13, consistent with SEM observations
showing predominantly coarse carbon nanofibers alongside
abundant disordered spherical carbon and metal
agglomerates. As the Zr loading increased, the /,//; value of
the spent NixZr/ZSM-5 catalysts decreased. The spent
Ni7Zr/ZSM-5 catalyst exhibited the lowest I/I; value of
1.04, indicating a more ordered structure and the highest
degree of graphitization of the carbon products. The
deposition of disordered carbon is more prone to
encapsulate the catalyst surface, thereby blocking the active
sites and terminating the catalytic reaction, which constitutes
a major deactivation mechanism. This conclusion aligns
with the catalytic evaluation results, wherein the Ni7Zr/

Mean diameter=88#4 nm
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ZSM-5 catalyst demonstrated the longest lifetime at a similar
methane conversion level compared to the other catalysts.

Scanning electron microscopy (SEM) was employed to
characterize the morphology of carbon deposits formed on
the catalysts, as presented in Figure 10. After the reaction,
the surface of all catalysts was covered with a large quantity
of carbon nanofibers; however, the incorporation of Zr
significantly influenced the morphology and average
diameter of the carbon products. The carbon products on the
spent Ni/ZSM-5 and NiSZr/ZSM-5 catalysts exhibited
similar morphologies, mostly consisting of relatively thick
and short whisker-like CNFs (Figure 10(a), (c)). Spherical
carbon and sintered metals were observed on the spent
Ni/ZSM-5 catalyst, which may account for its short reaction
lifespan. In contrast, the Ni3Zr/ZSM-5 and Ni7Zr/ZSM-5
catalysts generated longer and entangled CNFs (Figure 10
(b), (d)). The diameter distribution of CNFs produced by
different catalysts was statistically analyzed using the Nano
Measure software, and the order of average diameters was
determined as follows: Ni5Zr/ZSM-5 (96.7 nm) >
Ni7Zt/ZSM-5 (92.5 nm) > Ni/ZSM-5 (88.4 nm) >
Ni3Zr/ZSM-5 (86.1 nm). This result indicates that the
average diameter of CNFs increased with the extension of
reaction time. During the CDM reaction, the migration of
active metals and encapsulation of carbon as the reaction
proceeds may affect both the catalyst stability and the
growth mechanism of CNFs. From the SEM images, it can
be observed that all CNFs grown on the catalysts exhibit an
obvious open end. The growth mode of CNFs can be
inferred by observing the distribution position of metals at
the opposite end.
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Fig. 10 SEM images of different catalysts after reaction
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Transmission electron microscopy (TEM) analysis was
further conducted to investigate the morphology of carbon
products and the distribution of metal grains on the
Ni/ZSM-5 catalyst and the Ni7Zr/ZSM-5 catalyst. As
shown in Figure 11(a), (b), the carbon products formed on
the Ni/ZSM-5 catalyst after reaction include thicker carbon
nanofibers, carbon nanotubes (CNTs) with metal particles at
their tips, and spherical carbon encapsulating metal
particles. This indicates that the growth of carbon products
follows the tip-growth mode®”.. The diagonal length of the
conical Ni particles at the tips reached 176.5 nm, which is
much larger than the size of the Ni° particles of the reduced
catalyst. This confirms that Ni metal undergoes
agglomeration and reconstruction during the CDM
reaction””!] leading to the rapid deactivation of the catalyst.
In contrast, CNFs with one end open and almost no metal
particles distributed at the tips were observed in Figure 11(f),
(g) of the spent Ni7Zr/ZSM-5 catalyst, indicating a base-
growth mode. The introduction of ZrO, can regulate the rate
of CH, dissociation and the rate of carbon diffusion, thereby
stabilizing the growth of CNFs. Meanwhile, the
introduction of Zr enhanced the MSI, promoting the
transformation of the growth mechanism of the carbon
products from the tip-growth mode to the base-growth
mode. This transformation prevents the active sites of the
catalyst from being damaged by carbon encapsulation®. As
presented in Figure 11(h), the size of Ni’ particles
embedded in the CNFs is approximately 10 nm, which is
much smaller than the size of Ni° grains after H, reduction.
The fragmentation and dispersion of Ni grains are
presumably responsible for the high activity and long
lifespan during the CDM reaction.

Thermogravimetric analysis (TGA) of spent catalysts was
performed to characterize the thermal stability and
oxidation behavior of the carbon products. As presented in
Figure 12(a), a slight weight loss is observed in the TG
curve within the temperature range of 300—400 °C, which is
attributed to the combustion of amorphous carbon. This was
followed by a major weight loss, corresponding to the
combustion of graphitic carbon. All the spent catalysts
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exhibited a primary, single-stage oxidation process between
the temperatures of 550 and 650 °C. This result indicates
that the carbon deposited on the surface of Ni/ZSM-5 and
NixZr/ZSM-5 consists primarily of high-purity carbon
nanofibers®®. The total weight loss for the spent catalysts
decreased in the order: Ni7Zr/ZSM-5 (94.9%) >
Ni5Zr/ZSM-5 (94.3%) > Ni3Zr/ZSM-5 (92.9%) > Ni/ZSM-
5 (86.8%), which is consistent with the trend of carbon
yield. Notably, the oxidation stability of CNFs is influenced
by both their average diameter and defect density™”. The
derivative thermogravimetric (DTG) curves provide further
insight into the oxidation kinetics (Figure 12(b)). The
Ni/ZSM-5 catalyst exhibits the lowest onset weight loss
temperature, followed by Ni5Zr/ZSM-5; in contrast, the
Ni3Zr/ZSM-5 and Ni7Zr/ZSM-5 catalysts show higher and
nearly identical onset and offset temperatures for weight
loss. These differences in oxidation temperatures suggest
variations in the average diameter and defect density of the
CNFs produced by the different catalysts. Combined with
the results of SEM and Raman spectroscopy, it can be
concluded that the CNFs deposited on the Ni/ZSM-5
catalyst exhibit the smallest average diameter and the
highest defect density. In comparison, the CNFs produced
by the Ni7Zr/ZSM-5 catalyst exhibited a larger but more
regular diameter, longer length, and fewer defects.
Additionally, distinct differences are observed in the peak
shapes and temperatures corresponding to the maximum
weight loss rate in the DTG curves of the spent catalysts.
The shape of peaks can reflect the thermal decomposition
mechanism and reaction kinetics of the samples. The spent
Ni/ZSM-5 and Ni5Zr/ZSM-5 catalysts exhibited sharp DTG
peaks, indicating a fast oxidation reaction rate. In contrast,
the Ni3Zr/ZSM-5 and Ni7Zr/ZSM-5 catalysts showed
broader DTG peaks, which indicates a slower oxidation rate
of the deposited carbon.

The temperatures at the maximum weight loss rate
increased in the order: Ni/ZSM-5 < NiSZr/ZSM-5 <
Ni3Zr/ZSM-5 < Ni7Zr/ZSM-5. This trend further confirms
that the carbon on the Ni7Zr/ZSM-5 catalyst has the highest
degree of graphitization and thermal stability.
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TEM-EDX analysis for the spent (a)—(e) Ni/ZSM-5 and (f)—(j) Ni7Zr/ZSM-5 catalysts
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Fig. 12 (a) TG curves and (b) DTG profiles of the
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3 Conclusion

In this work, a series of NixZr/ZSM-5 catalysts with
different Zr loadings were prepared via the incipient
wetness impregnation method. We investigated the role of
Zr0O, in regulating the structural properties and electronic
effects of the catalysts, as well as its influence on catalytic
methane decomposition performance. The evaluation results
demonstrated that the stability of catalytic activity was
significantly enhanced with the increase in Zr loading.
Specifically, the NiSZ1r/ZSM-5 catalyst achieved a methane
conversion of 68% under reaction conditions of 625 °C and
a GHSV of 6000 mL/(h-g) and maintained catalytic activity
for over 900 min with a carbon yield of 1927%.
Characterization revealed that the introduction of ZrO,
exerted a notable regulatory effect on the particle size and
dispersion of Ni species. As the Zr content increased, the
sizes of NiO on the calcined catalysts and Ni’ on the
reduced catalysts gradually decreased. The strong
interaction between small NiO particles and the HZSM-5
support promoted the base-growth mode of carbon
nanofibers. Furthermore, the electronic interactions between
Zr0O, and Ni species contribute to stabilizing the Ni active
sites, thereby generating more active sites for CH,
activation and enhancing the sintering resistance of the
catalyst. The Characterization of TEM and Raman
spectroscopy indicated that the CNFs produced over the
Ni7Zr/ZSM-5 catalyst possessed a higher degree of
graphitization with fewer defects. The incorporation of ZrO,
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facilitated the transition of the growth mode of CNFs from
tip-growth to base-growth, significantly prolonging the
catalyst lifetime and facilitating the production of high-
quality CNFs.
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