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Abstract

In this study, three distinct carbon nanotubes (CNTs) — Zr-Ni/CeOg, La-Ni/CeOz, and Ni/CeO:z were produced via dry
reforming of methane (DRM) at 800°C for 180 minutes. These catalysts were initially synthesized using ultrasonic-
assisted citric impregnation method to enhance metal promoter dispersion. X-ray diffraction (XRD) confirmed that Zr
and La doping minimized carbon deposition. Brunauer-Emmett-Teller (BET) analysis revealed typical mesoporous
structures of stacked laminar nanorods. Thermogravimetric analysis (TGA) quantified carbon deposits as Zr-Ni/CeO2
(5.1 wt%) < La-Ni/CeO2 (7.85 wt%) < Ni/CeO2 (11.3 wt%). TEM and FESEM confirmed the formation of multiwalled
carbon nanotubes (MWCNTSs), while XPS provided insights into surface chemistry, oxidation states, and defect sites.
Doping with Zr and La enhanced crystallinity, CeZr phase formation, thermal stability, and reduced carbon deposition,
with MWCNTSs exhibiting higher graphitization (I¢/Ip: Zr-Ni/CeOz = 1.25, La-Ni/CeO2 = 1.59) compared to Ni/CeOq
(Ie/Ip = 1.15). This discovery represents a breakthrough in catalyst development, providing a dual advantage of
reducing carbon deposition and boosting H, production in the Dry Reforming of Methane (DRM) process. The carbon
formed is primarily multi-walled carbon nanotubes (MW CNT's), which not only minimize harmful carbon accumulation
but also enhance overall catalytic performance. This innovation offers a sustainable solution for carbon management
and the conversion of greenhouse gases.
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1. Introduction valuable products have become a key focus of
research. Among these processes, dry reforming of
methane (DRM) stands out due to its dual role in
utilizing biogas while simultaneously reducing
greenhouse gas emissions by converting methane
Renewable energy, such as solar power, biomass, (CH,) and carbon dioxide (CO.) into syngas, a
and biogas, has gained significant attention as a valuable precursor f‘?r fuels and chemicals [4].
viable path toward a greener future [2,3]. DRM chemical reaction:

Catalytic processes that facilitate the efficient
conversion of these renewable resources into

The pressing concerns of global warming and
the finite availability of petroleum-based energy
resources have spurred the need for sustainable
alternatives to conventional energy sources [1].

CHa4 (g) +COz (g) = 2CO (g) +2H2 (g),
AHr298 k = +247 kdJ/mol 1)
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In recent years, CeOz-based catalysts have
emerged as a promising solution for the DRM
reaction due to their excellent redox properties,
oxygen storage capacity, and strong metal-
support interactions. The Ce**/Ce?** cycle
facilitates oxygen transfer, helping to oxidize
carbon deposits and maintain catalyst stability
[5]. Additionally, CeO, enhances metal dispersion,
improves thermal stability, and promotes CO,
activation through its moderate surface basicity,
making it an ideal support for efficient and
durable DRM catalyst.

Building on the advantages of CeO,, further
performance improvements can be achieved by
strategic doping with suitable promoters. Among
various promoters, zirconium (Zr) and lanthanum
(La) have attracted considerable attention due to
their ability to enhance the physicochemical
properties of CeO,-supported Ni catalysts. Zr
incorporation improves the oxygen mobility and
creates additional oxygen vacancies, which
enhance carbon oxidation and prevent coke
accumulation [6,7]. Meanwhile, La increases the
surface Dbasicity of CeO,, promoting CO,
adsorption and activation, which is crucial for
carbon removal during DRM [8]. The combined
modifications aim to improve catalyst stability,
metal dispersion, and resistance to carbon
deposition, addressing key challenges typically
encountered in DRM systems.

The primary challenge in large-scale dry
reforming lies in establishing a catalyst system
that is both highly active and exceptionally stable.
The material must resist coke formation and
prevent sintering at operating temperatures [9].
The accumulation of coke easily coats the metal
particles, clogging the catalyst pores and causing
substantial deactivation of the catalyst [9,10].
Various forms of coke, such as amorphous and
filamentous carbon, accumulate on the surface of
Ni-based catalysts during hydrocarbon reforming.
It is widely recognized that these carbon deposits
generally have negative impacts on the catalyzed

0.5-2.5nm

reaction [11,12]. Nevertheless, there is evidence
indicating that the development of specific carbon
types on the Ni surface can indeed yield
favourable outcomes [13,14].

Carbon nanotubes (CNTs) possess distinctive
characteristics, including large surface areas,
mesoporous structures, a uniform distribution of
pore sizes, and vresistance to elevated
temperatures as well as acidic or alkaline
environments [15]. As shown in Figure 1, there
are two types of carbon nanotubes, i.e. single
walled carbon nanotubes (SWCNT) and multi
walled carbon nanotubes (MWCNT). Both have
promising applications in bioscience and
nanotechnology due to their high purity, tunable
dimensions, surface functional groups, and
unique electronic properties. [16].The uniqueness
of nanotubes arises from their structure, featuring
a helically arranged pattern of carbon atoms in
hexagonal arrays on their surface honeycomb
lattices [17].

The structure of carbon nanotubes, whether
single-walled or multi-walled, depends not only on
the catalyst composition but also on the
preparation method used [19]. The utilization of
bimetallic catalysts has revealed synergistic
catalytic effects in the production of carbon
nanotubes from hydrocarbons. The CNT growth is
notably influenced by the composition of the
bimetallic catalyst [19]. He et al. [20]
demonstrated that Carbon Nanotubes (CNTs)
formation positively impacts catalyst conversion
and stability during reforming.

In this study, Ni/CeO, catalysts doped with
zirconium (Zr) and lanthanum (La) were
developed to enhance catalytic performance and
promote carbon nanotube (CNT) formation during
dry reforming of methane. The catalysts were
synthesized using a modified impregnation
technique to improve metal dispersion. This work
aims to evaluate the effect of Zr and La doping on
the type of carbon formed, including its
crystallinity, morphology, graphitization degree,
and extent of carbon deposition.

Figure 1. Images of SWCNT and MWCNT [18]
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2. Materials and Methods
2.1 Catalyst Synthesis
2.1.1 Preparation of Ni/CeOz2 catalyst

The Ni/CeO2 catalyst was prepared using
ultrasonic-assisted citrate impregnation.
Ni(NO3)2.6H20 and Ce(NOs3)s.6H20 (both 99%,
Sigma-Aldrich) were dissolved in deionized water
and heated to 40 °C with continuous stirring [21].
In a separate solution, citric acid (CsHsO7H20)
was dissolved in deionized water and slowly added
to the salt mixture, followed by stirring for 1 hour
at 40 °C. The combined solution was then placed
in an ultrasonic bath and heated to 60 °C until
most of the water evaporated, which took about 3
hours, forming a light green solid. This solid was
dried at 110 °C for 24 hours and then calcined at
550 °C for 4 hours with a heating rate of 10 °C per
minute. The resulting Ni1/CeO2 catalyst was
ground into a fine powder.

2.1.2 Synthesis of x/NiCeO2 (x=Zr, La)

A specified amount of metal promoters (2 wt%
Zr and 2 wt% La) was added separately to the
Ni/CeO, solution in different beakers, and the
mixtures were heated to 40 °C with continuous
stirring. Afterward, they were transferred to an
ultrasonic bath and heated to 60 °C until most of
the water evaporated. The resulting mixtures
were then dried at 110 °C for 24 hours, followed
by calcination at 550 °C for 4 hours to form a
uniform nano-oxide blend and eliminate
impurities. The final catalysts were labelled
Ni/CeO2z, Zr-Ni/CeOsz, and La-Ni/CeOz. The
catalysts were tested under DRM conditions at
800 °C for 180 minutes, and the resulting CNTs
were thoroughly characterized to assess their
structure, surface properties, and catalytic
efficiency.
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Figure 2. XRD diffractogram for spent catalyst (a)

Ni/CeOsg, (b) Zr- Ni/CeOsz, (c) La- Ni/CeO2

2.2 Characterization of Catalysts

X-ray diffraction (XRD) was performed using
a Bruker D8 Advance diffractometer, operating at
40 kV and 40 mA, with Ni-filtered Cu-Ka
radiation (A = 0.15406 nm). The diffraction
patterns were recorded over a 20 range of 5-80° at
a scanning rate of 0.25° s7!, and average
crystallite size was calculated using Scherrer’s
equation. Nitrogen adsorption-desorption
isotherms were obtained at —196 °C using a
Micromeritics Tristar II Plus 3030KR, with
surface areas and pore structures determined by
BET and BJH methods. Transmission electron
microscopy (TEM) analysis was conducted with an
FEI Talos L120C at 120 kV. X-ray photoelectron
spectroscopy (XPS) was performed using a Kratos
Axis Ultra DLD with Al-Ka radiation (1486 eV),
with the C 1s signal at 284.5 eV used for peak
calibration. Raman spectra were acquired using a
laser excitation line at 514.5 nm.
Thermogravimetric analysis of carbon deposits
was performed using DSC 214 Polyma equipment.

3. Results and Discussion
3.1 XRD Characterization results

Figure 2 shows the XRD diffraction patterns
of carbon species formed on spent catalysts after
the DRM reaction. The peak at 20 = 26.6°
corresponds to the graphitic carbon [002] plane,
while the peak at 20 = 44.5° represents the [100]
plane of metallic Ni associated with graphitic
carbon formation [22]. Among the samples, Zr-
Ni/CeO, exhibited the lowest intensity and a
slight shift in the [002] peak position, indicating
reduced carbon deposition and a more disordered
carbon structure. In contrast, the undoped
Ni/CeO, showed the highest peak intensity,
confirming greater carbon accumulation. The
reduced carbon signal for the Zr-doped catalyst is
attributed to the formation of a CeZrO, solid
solution, which enhances oxygen mobility and
facilitates the oxidation of carbon species, thereby
suppressing carbon buildup [23]. Similarly, La
doping improved performance by increasing
surface basicity, which promotes CO, adsorption
and gasification of carbon intermediates. The
overall trend in graphitic carbon deposition
follows the order of Ni/CeO, > La-Ni/CeO, > Zr-
Ni/CeO,—-clearly demonstrates that Zr and La
doping effectively minimizes carbon
accumulation, thus improving catalyst stability.
Additionally, the presence of the CeZr mixed oxide
phase (PDF 00-067-0078) contributes to redox
cycling [24], accelerating coke gasification and
lowering total carbon deposition to as low as 5.1
wt% at 800 °C. This structural and redox synergy
is essential for maintaining long-term activity in
DRM and promoting controlled CNT formation.

Copyright © 2025, ISSN 1978-2993
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3.2 Surface Properties and Pore Characteristics
Analysis

Figure 3(a) shows the N, adsorption-
desorption isotherms of the spent catalysts, all of
which exhibit type IV isotherms with H3-type
hysteresis loops at high relative pressures (P/Po =
0.85-0.99), indicating mesoporous structures
typically associated with aggregated plate-like
particles or lamellar CNT morphologies [25].
Among the samples, the undoped Ni/CeO,
catalyst demonstrates the smallest hysteresis loop
and the lowest adsorption volume, suggesting a
lower surface area and fewer mesopores, which
likely limits gas diffusion and active site
accessibility during DRM [26]. In contrast, both
Zr- and La-doped Ni/CeO, catalysts display
significantly higher adsorption volumes and
larger hysteresis loops [27], confirming enhanced
mesoporosity and surface area due to better CNT
formation and structural modification by the
dopants.

As shown in Figure 3(b), the pore size
distribution further supports these findings. The
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La-Ni/CeO, catalyst presents a bimodal
distribution with prominent mesopores at 4—5 nm
(internal pores) and additional mesopores
between 15-30 nm, attributed to interstitial voids
formed between multi-walled CNTs. Zr-N1/CeO,
also shows an extended mesopore range,
facilitating greater capillary condensation and gas
adsorption. The improved porosity and surface
area in the doped catalysts enhance the diffusion
of CH, and CO,, promote uniform CNT growth,
and contribute to better catalytic performance by
increasing the number of accessible active sites
and improving coke management [28,29].

Table 1 proves that the CNT with doping with
promoters (Zr and La) exhibit higher surface area
and smaller pore structures than CNT without
doping (CNT Ni/CeOgz). For carbon nanotubes
(CNTs) in hydrogen storage, higher surface area
and smaller pores are typically advantageous. A
larger surface area offers more sites for hydrogen
adsorption, boosting storage capacity, while
smaller pores help confine hydrogen molecules,
enhancing their interaction with the nanotube
surface [30]. However, finding a balance is crucial,

(b)

—fi— La-Ni/CeQ, spent catalyst
—@— Zr-Ni/CeQ, spent catalyst
— Ni/Ce0, spent catalyst
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Figure 3. (a) N2 adsorption isotherm curves (b) Pore size distribution for the used/post-reaction Ni/CeOq,

Zr-N1/CeO2 and La-Ni/CeOz catalyst series.

Table 1. (a) N2 adsorption isotherm curves (b) Pore size distribution for the used/post-reaction Ni/CeOz2, Zr-
Ni/CeO2 and La-Ni/CeOz catalyst series (2 obtained via Brunauer-Emmett-Teller (BET) equation; » BJH;

¢ value obtained using the Scherer equation)

BET-BJH Method XRD
Catalysts Surface Total Pore Volume Average Pore Diameter Crystallite size
Area (cm3.g-1)b (nm) of
(m2.g-1)2 NiO (111) (nm)c
CNT NiCeO2 55.1 0.299 19.2 8.52
CNT Zr/NiCeO2 63.2 0.163 9.4 8.65
CNT La/NiCeO: 59.3 0.174 14.0 9.40
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as very small pores may limit hydrogen diffusion,
impacting adsorption and desorption rates. The
ideal pore size and structure depend on the
specific application for hydrogen storage.

3.3 Raman Analysis

Figure 4 presents the Raman spectra of the
spent catalysts, showing three main peaks: the D
band (~1340 cm™) associated with disordered
carbon, the G band (~1590 cm™) linked to
graphitic sp? carbon, and the 2D band (~2675
cm™), indicative of graphitic layer stacking and
CNT quality [31]. The intensity ratio (IS/IP)
reflects the degree of graphitization [32], with
higher values indicating better structural order
and fewer defects. The I6/IP ratios for Ni/CeO,, Zr-
Ni/CeO,, and La-Ni/CeO, were 1.15, 1.25, and
1.59, respectively. These results demonstrate that
La doping yields the highest graphitic quality,
followed by Zr, both outperforming the undoped
catalyst. The enhanced graphitization in the
doped catalysts suggests more controlled CNT
formation and fewer amorphous carbon deposits,
contributing to improved catalytic stability and
resistance to deactivation. This supports the role
of Zr and La in tuning the carbon structure and
promoting the growth of high-quality CNTs
during DRM.

3.4 TGA Analysis

Thermogravimetric analysis (TGA) was used
to quantify carbon deposition on the spent
catalysts after the DRM reaction. As shown in
Figure 5, mass loss above 400 °C corresponds to
carbon oxidation [33]. The total carbon content
followed the trend: Ni/CeO, (11.3 wt%) > La-
Ni/CeO, (7.85 wt%) > Zr-Ni/CeO, (5.1 wt%). The
significantly lower carbon residue in the doped
catalysts indicates enhanced resistance to carbon
accumulation. This improvement is attributed to
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Figure 4. Raman spectrum of the nanocarbon
deposited on (a) Ni/CeOq, (b) Zr-Ni/CeOz, and (c)
La-Ni/CeOs.

increased surface basicity [34] and oxygen
mobility introduced by La and Zr dopants, which
promote CO, activation [27] and generate active
oxygen species capable of gasifying carbon
intermediates. These findings confirm that Zr and
La doping enhances the catalyst’s ability to
suppress coke formation, thus improving long-
term stability and catalytic performance in DRM.
Table 2 summarises the result of TGA and Raman
spectra analysis.

3.5 EDX Mapping Characterization

Figure 6 and Figure 7 show the EDX analysis
of the spent NiCeO:2 catalyst samples with
different metal promoters. The EDX
quantification analysis confirmed the TGA
analysis’s result that the carbon formation is
reduced with the addition of Zr and La promoters.
Significant heterogeneity in Ce distribution
within individual particles was found to influence
carbon morphology. For instance, particles with
an average Ce composition of approximately 50 at.
% generated long CNTs rather than short ones
[19].

3.6 FESEM Morphology Characterization

Figure 8 shows the FESEM images of the
spent Zr-Ni/CeO, (a, ¢) and La-Ni/CeO, (b, d)
catalysts after the DRM reaction, revealing the

Table 2. Summary of TGA and Raman Analysis
results.

Amount of Intensity ratio

Catalysts carbon deposits y
of G/D
(%)
Ni/CeOsq 11.31% 1.15
Zr-Ni/CeO2 5.1% 1.25
La-Ni/CeO2 7.85% 1.59
100

Mass loss (%)

11.3%

924  |[(a——Ni/CeO,
1 |(by——2Zr-NiiCeO,
90 (c) La-NiiCeO,

Temperature (°C)

Figure 5. TGA analysis for spent catalysts.
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formation of fibrous and coiled carbon structures
typical of filamentous carbon or multi-walled
carbon nanotubes (MWCNTs). This type of carbon
grows outward from the catalyst surface and is
less likely to block active sites [35], thus
minimizing catalyst deactivation. The presence of
Zr and La promotes the formation of well-
structured filamentous carbon, rather than
amorphous carbon, due to their roles in enhancing
metal dispersion, oxygen mobility, and surface
basicity [36]. These features not only suppress
excessive carbon accumulation but also allow
stable CNT growth, maintaining catalytic activity

and improving the longevity of the catalyst in
DRM.

3.7 TEM Morphology Characterization

TEM analysis revealed the formation of
multi-walled carbon nanotubes (MWCNTS) in all
spent catalysts, with the Zr-Ni/CeO, (Figure 9b,
9e) sample displaying the most uniform and well-
defined structures. The Zr-Ni/CeO, catalyst
displays  thin-walled, well-aligned carbon
nanotubes with uniform metal dispersion and
minimal  aggregation, indicating reduced
sintering and sustained catalytic activity—
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Figure 6. EDX mapping for Zr-Ni/CeO: spent . . .
8 pping p Figure 7. EDX mapping for La-Ni/CeO:z spent
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200nm
Figure 8. FESEM morphology for spent catalyst (a&c) Zr-Ni/CeO2 and (b&d) La-Ni/CeOs.
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consistent with findings by [37] which report that
thin-walled CNTs exhibit higher reactivity due to
a greater proportion of surface atoms.

The formation of structured MWCNTS,
especially in the Zr-doped catalyst, stabilizes
metal particles, reduces sintering, and preserves
active surface area. Additionally, the CNT
morphology can influence reaction kinetics and
support sustained catalytic activity [20],
highlighting the role of Zr and La in enhancing
both CNT quality and catalyst durability during
DRM.

The TEM images indicated the presence of
filamentous carbon in the samples, allowing for
the measurement of both internal and external
diameters. For the spent Zr-Ni/CeO: catalyst
(Figure 9e), the internal diameter was found to be
20.44 nm, while the external diameter measured
34.79 nm, with a spacing of 6.5 nm. In contrast,
the spent N1/CeOz (Figure 9d) and La-Ni/CeOs:
(Figure 9f) catalysts exhibited smaller internal
diameters, ranging from 9.58 nm to 10.97 nm.
These filamentous carbon structures are classified
as multi-walled carbon nanotubes (MWCNTSs),
which typically have diameters between 10 and 40
nm [38]. The formation of MCNTs can help
stabilize the catalyst by providing a protective
carbon layer around the active metal sites. This
stabilization can prevent sintering and loss of
active surface area, allowing the catalyst to
maintain its activity for hydrogen production over

extended periods [37]. MWCNTs can facilitate
alternative reaction pathways by stabilizing
reaction products via Van der Waals interactions
and affecting the kinetics of competing reactions,
with their diameter playing a key role in this
process [39].

3.8 Surface Chemical Properties Analysis

This XPS analysis was performed using both
wide scan and narrow scan for the carbon samples
formed on the catalysts after the reaction. Based
on the wide scan in Figure 10, the elements
detected on the spent catalyst Zr-Ni/CeO2 are only
O1s and Cls. XPS analysis was performed to
examine the surface chemical characteristics of
carbon formed on the Zr-Ni/CeO, catalyst during
DRM. In the C1s spectrum (Figure 11a), the peak
at 284.5eV corresponds to graphitic carbon,
indicating stable carbon structures that do not
deactivate the catalyst. The peak at 286.2eV
reflects carbon-oxygen functionalities (C=0, C-O,
-COOH), [42] suggesting surface oxidation that
may enhance H, production and the H,/CO ratio
[43]. The peak at 282.05eV indicates carbon-
metal (C-Ni) bonding, which 1is critical for
methane decomposition at active sites [44]. In the
O1s spectrum (Figure 11b), the peak at 530.2 eV
is attributed to lattice oxygen in CeO, [45], which
facilitates redox activity and carbon removal.
Peaks at 531.9eV and 533.1eV correspond to
surface hydroxyl groups and adsorbed water [44],

Figure 9. TEM image for used catalyst (a,d) N1/CeOz, (b,e) Zr-Ni/CeOz, (c,f) La-Ni/CeOx.
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which also participate in the DRM mechanism.
Overall, the XPS results confirm that the Zr-
Ni/CeO, catalyst exhibits favorable surface
chemistry, including graphitic carbon, metal-
carbon bonding, and active oxygen species, that
supports enhanced catalytic performance in DRM.
The occurrence of multi-walled carbon
nanotubes (MWCNTS) in the Zr-Ni/CeO2 and La-
Ni/CeO2 spent catalyst enhances hydrogen (H,)
production while reducing the formation of
poisonous carbon deposits. MWCNTs provide a
large surface area and active sites that improve
catalytic efficiency, allowing more effective
adsorption and decomposition of hydrocarbons.
Table 3 shows the carbon deposits from this study
compared to previous research findings.

Table 3. Comparison of the findings of this study
with previous researchers' studies.

Reaction Carbon
Catalysts cactio deposited Refs.
Conditions
(wt %)
5Ni/CeOs T:800 °C, 62.7 [46]
R:CH4:COq
NiCeo.1Zr0.903 T:800 °C, 10.7 [47]
R:CH4:CO2
Ni@CeOs2 T:800 °C, 1.6 rate [48]
R:CH4:CO2 of carbon
Ni@CeZrO: T:700 <C, 3.5 [49]
Ni/CeZrO2 R:CH4CO2
(75 bt%
CeOy)
Zr-Ni/CeO2 T:800 °C, 5.1 This
La-Ni/CeO2 R:3CH4:2CO2 7.85 research
Ni1/CeO2 11.31
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Figure 10. Wide scan XPS spectrum of the spent

catalyst Zr-Ni/CeOs.

4. Conclusion

CeO,-based catalysts demonstrate strong
potential for dry reforming of methane (DRM),
enabling simultaneous conversion of greenhouse
gases and production of wvaluable carbon
nanotubes (CNTs). Spent Ni/CeO,, Zr-Ni/CeO,,
and La-Ni/CeO, catalysts generated well-
structured multi-walled CNTs, highlighting their
dual role in catalysis and nanomaterial synthesis.
Zr and La doping enhanced CNT formation by
improving  surface area, porosity, and
graphitization, as confirmed by XRD, BET, and
Raman analyses. TGA showed significantly
reduced carbon deposition in doped catalysts,
while FESEM and TEM revealed uniform CNT
morphology and minimal particle aggregation,
especially in Zr-doped samples. These synergistic
enhancements improve catalyst stability and
performance, positioning Zr- and La-modified
Ni/CeO, as promising materials for efficient
carbon utilization and sustainable energy
applications.
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