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Stable dry reforming of methane over Ni—Pt
bimetallic catalysts supported on KIT-5 in
a continuous flow system

Mohammad Khalid,?® Ghadah Shukri Albakri,“ S. Ganesan,® T. Vinod Kumar,®
S. Padmanabhan,” Maha Awjan Alreshidi,® G. Sasikumar,” T. Anand,’

Ahmed M. Fallatah, Krishna Kumar Yadav, 2 * Fehmi Boufahja,™

Kamal Y. Thajudeen” and A. Subramani (2 *°

Nanostructured bimetallic Ni—Pt catalysts supported on KIT-5 mesoporous silica were developed and
assessed for their efficiency in the continuous dry reforming of methane (DRM) to generate synthesis
gas. Both monometallic variants (Ni/KIT-5 and Pt/KIT-5) and a range of bimetallic Ni—Pt/KIT-5 catalysts
were synthesized using co-impregnation and sequential impregnation methods. Comprehensive
characterization of the catalysts was conducted through techniques such as high-resolution scanning
electron microscopy (HR-SEM), X-ray diffraction (XRD), Brunauer—Emmett—Teller (BET) surface area
analysis, thermogravimetric analysis (TGA), and Fourier-transform infrared spectroscopy (FT-IR). In the
monometallic Ni-based catalysts, nickel primarily existed in the form of NiO. In contrast, the bimetallic
catalysts exhibited surface species such as Ni,Oz and NiPt,O4. In the bimetallic Ni—Pt catalysts, thermally
stable PtO, and NiPt,O4 phases were identified. Reduction in hydrogen led to the development of Ni—Pt
alloy phases on the surface, which enhanced the overall catalytic performance. The bimetallic Ni-Pt
catalysts outperformed their monometallic counterparts in DRM activity. The nanofibrous structure of
KIT-5, characterized by its interconnected pore network, provided improved accessibility to active sites
and facilitated efficient diffusion of reactants and products. Among the catalysts evaluated, the 9.5%Ni—
0.5%Pt/KIT-5 composition achieved the highest conversions of both methane and carbon dioxide, while
maintaining a relatively low H,/CO product ratio. Durability assessments at 700 °C over a period of six
hours demonstrated high thermal stability and negligible deactivation due to carbon deposition. Post-
reaction analyses of the spent catalysts using XRD and HR-SEM revealed minimal structural deterioration.
TGA measurements indicated that carbon deposition resulted in approximately 10% weight loss,
suggesting the presence of mainly amorphous carbon and confirming the catalyst's excellent resistance
to coking. The fibrous architecture of KIT-5 effectively suppressed nickel particle sintering and carbon
build-up. These findings underscore the potential of Ni-Pt/KIT-5 systems, particularly with optimized
metal loadings, as robust and coke-resistant catalysts for syngas production via dry reforming of methane.
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1. Introduction

Global energy demand continues to rise, intensifying concerns
over climate change due to greenhouse gas emissions from
fossil fuels.* Meanwhile, crude oil reserves the dominant energy
source are depleting rapidly, prompting increased interest in
hydrogen as a cleaner alternative.” Tackling emissions while
utilizing their energy potential offers a promising path to
address both environmental and energy challenges.®* Carbon
dioxide removal from major emission sources and the atmo-
sphere could be crucial in limiting future global warming.
While no single solution exists, a combination of chemical,
biological, and natural carbon sinks is essential.* Recycled or
underground carbon may also serve as a substitute for fossil-
based energy.®

A more sustainable method of using greenhouse gases is dry
reformation of methane (DRM), thereby turns methane along
with CO, directly into synthesized gas (H, and CO).® Unlike
steam methane reforming (SMR), DRM is more suitable for
water-scarce areas such as remote oil and gas fields. It also
produces a lower H,/CO ratio, ideal for Fischer-Tropsch appli-
cations like oxo-alcohol, acetic acid, and dimethyl ether
production.”® As climate concerns grow, research has shifted
toward CO,-based reforming, focusing on catalyst development
and reaction mechanisms.’ Though still early in commerciali-
zation, processes like CALCOR and SPARG show potential.
Recently, BASF and Linde advanced the field with SYNSPIRE™
G1e110 and the DRYREF™ process, combining DRM with SMR
for efficient syngas production.’ Dry catalytic reforming of
methane commonly employs supported noble metals or tran-
sition metals like nickel and cobalt as catalysts. Due to their
high cost, noble metals are less practical for industrial use,
while Ni and Co offer a cost-effective and efficient alternative for
syngas production. Supported Ni- and Co-based catalysts show
strong potential for large-scale hydrogen generation."*™ In
addition to the primary CH,—CO, process, the composition of
syngas is further influenced by secondary reactions like CO
disproportionation, steam reforming, reverse water-gas shift,
and methane breakdown.**

The dry catalytic reforming of methane (DRM) is an ener-
getically demanding reaction, with an enthalpy change of
approximately 247.3 kJ mol~".* This high energy requirement
stems from the inherent stability of methane and carbon
dioxide molecules, making elevated temperatures typically
around 1273 K essential for achieving efficient conversion,
particularly under equimolar CH,/CO, conditions.'® The reac-
tion environment is further complicated by various side reac-
tions, including the Boudouard reaction, methane
decomposition, reverse carbon oxidation, as well as the water-
gas shift reaction reversed.'” One of the most significant chal-
lenges is turning on CO,, which tends to be less reactive and
preferentially binds to basic sites on the catalyst.’® Mechanistic
pathways proposed for DRM generally adhere to models such as
Langmuir-Hinshelwood-Hougen-Watson or  Eley-Rideal,
where the initial step involves adsorption of the reactants onto
the catalyst surface." Methane typically undergoes a stepwise
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dehydrogenation process, generating surface-bound interme-
diates such as CH;*, CH,*, CH*, and eventually carbon species
(C*), which often dictate the reaction rate.”® Simultaneously,
CO, is activated through dissociative adsorption, producing
surface-bound CO and oxygen species that help remove
deposited carbon. Additional reactive intermediates like OH¥,
COOH*, and HCOO¥* contribute to oxidation steps on the
catalyst surface.”* The overall performance of the DRM process
is closely tied to the properties of the catalyst support, partic-
ularly the presence of basic sites that enhance CO, activation
and maintain catalyst stability.*

Carbon accumulation remains a significant challenge in
reforming reactions, particularly with nickel-supported cata-
lysts, as it leads to deactivation by blocking active sites and
impeding reactor flow. Major contributors to carbon deposition
include methane cracking and the Boudouard reaction.® To
mitigate this, strategies such as methanation, gasification, and
promotion of the reverse Boudouard reaction have been
employed.”* Cobalt aluminate (CoAl,0,)-based catalysts have
shown promise in facilitating this reverse reaction via syner-
gistic Langmuir-Hinshelwood and Mars-van Krevelen mecha-
nisms.* Carbon forms through both gas-phase pyrolysis and
surface-mediated reactions. At lower temperatures, the Bou-
douard reaction dominates, while methane decomposition is
more prominent at higher temperatures.** Among carbon types,
graphitic carbon is the most stable, though filamentous carbon
species such as multi-walled carbon nanotubes (MWCNTS) can
form on nickel surfaces during methane decomposition. The
formation of such carbon structures is a well-known deactiva-
tion pathway in dry reforming of methane, as they can disrupt
metal-support interactions and lead to catalyst instability.
Therefore, suppressing the formation of these carbon species is
critical, and the present study focuses on improving coke
resistance through Ni-Pt bimetallic catalysts supported on KIT-
5.” Enhancing these interactions and incorporating secondary
metals like cobalt can significantly improve catalyst stability
and suppress coke formation.>®

Among the various strategies to improve the resistance of
nickel-based catalysts to carbon deposition, the choice of
support material is particularly important.”* An effective
support not only facilitates uniform dispersion of nickel species
but also contributes to catalyst longevity through strong inter-
actions with the metal phase.* Nickel has been supported on
a range of metal oxides, including MgO,** Al,03,** SiO,,** TiO,,**
La,03,% Ce0,,* and Zr0,,* to enhance performance in the dry
reforming of methane (DRM). Nanoporous materials have
garnered interest as supports in recent advancements because
of their capacity to inhibit coke production and stop nickel
particle agglomeration.*® The high surface areas and adjustable
pore designs of supports such as MCM-41, mesoporous silica,
dendritic fibrous nanosilica, SBA-15, SBA-16, mesostructured
alumina and wide-pore zeolites, have attracted attention in
addition to typical oxides.***' A noteworthy material in this
category is KCC-1 (KAUST Catalysis Center-1), a fibrous silica
introduced in 2011. KIT-5, another fibrous silica with a distinc-
tive spherical morphology, features radially oriented fibers and
a highly open porous structure. It has a large pore capacity
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(~2.18 cm?® g ') and an extensive surface area (~1244 m* g~ !).2
The architecture, made up of concentric silica fibers with
dimensions ranging from 1-250 nm in length and 1-10 nm in
diameter, promotes rapid molecular diffusion and minimizes
internal mass transfer limitations common in traditional
supports.****

Although KIT-5 has primarily been studied in areas such as
drug delivery, gas adsorption, and heterogeneous catalysis, its
potential in DRM remains underexplored. Due to its dendritic
morphology, thermal robustness, low acidity, and resistance to
sintering, KIT-5 presents a promising option for reforming
reactions.”>*® These characteristics enhance metal dispersion
and CO, adsorption both of which are vital for achieving high
catalytic activity and selectivity in DRM. While research on KIT-
5-based systems in this reaction is still in its early stages, some
findings have been encouraging.” For instance, Ni-La/KIT-5
has shown decreased carbon accumulation, and Ni/KIT-5 has
demonstrated potential in methane partial oxidation, suggest-
ing broader applicability of this support in reforming
technologies.*®

Since the two metals interact favourably, bimetallic catalysts
frequently perform better than their monometallic counter-
parts, particularly at temperatures between 500 and 800 °C.
These enhancements stem from improved dispersion of active
sites, the formation of stable alloys, and reinforced interactions
with the support material.** Adding a secondary transition
metal to nickel-based catalysts has shown significant potential
in reducing carbon build-up. While noble metals such as Rh, Pt,
Pd, and Ru deliver excellent catalytic results, their expense
limits widespread application.**** Consequently, attention has
turned to more economical options, with cobalt gaining
recognition as an effective and budget-friendly co-catalyst. For
instance, in contrasted with single-metal systems, Zhang et al.
found that Ni-Pt catalysts exhibited better activity and endur-
ance over the production of coke and structural breakdown.*>>*

This work explores the application of KIT-5 provides an
anchor for bimetallic Ni-Pt catalysts in DRM with the goal of
creating a high conversion, selectivity, as well as coke-resistant
catalyst which is thermally stable. Ni-Pt/KIT-5 catalysts were
prepared by co-impregnation and characterized to understand
their physicochemical properties. Their performance was eval-
uated under DRM conditions to assess activity, stability, and
syngas yield. While Ni-Pt catalysts on various supports have
been widely studied, their application on KIT-5 remains unex-
plored.*>**® The study also examines the impact of KIT-5 and Ni-
Pt interactions on catalyst durability, with post-reaction analysis
used to evaluate carbon deposition.

2. Catalytic activity

A stainless-steel fixed-bed flow reactor was used to evaluate
catalytic performance was manufactured by High-Tech Indus-
tries, Mumbai, India, the catalytic efficiency of the synthesized
materials for dry reforming of methane (DRM) was assessed.
The reactions were conducted between 300 and 800 °C at
atmospheric pressure. In order to establish a steady bed, about
200 mg of catalysts was placed within the reactor and stabilized
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at both ends by quartz wool. A K-type thermocouple was posi-
tioned near the catalyst to accurately measure the reaction
temperature. The catalyst was reduced in a hydrogen environ-
ment (20 mL min~ ") at 700 °C for two hours to activate it before
starting the reforming operation. After reduction, the reactant
vapor was added after the reactor had cooled to 300 °C. The feed
was made up of a 1:1 molar ratio of carbon dioxide and
methane, diluted with nitrogen, and fed at a total flow rate of 50
mL min~", which corresponds to a gaseous hourly space
velocity (GHSV) about 36000 mL g~' h™'. Under the experi-
mental conditions, control tests verified that none of the reac-
tor's constituents, including quartz wool, contributed to any
catalytic activity. The composition of the product gas was peri-
odically checked via a SHIMADZU GC-2014 gas chromatograph
fitted with a 2 m SHINCARBON ST column and a thermal
conductivity detector (TCD). A six-port VICI Valco nozzle
equipped with a 1 mL sampling loop was used to inject gas
samples.

The following computations were used to calculate the
breakdown frequency of methane (TOF(CH,)), the resulting
conversions of CH, and CO,, and the H,/CO product ratio.

moles of CHy (in) — moles of CH,4 (out)

% CHy4 conversion = moles of CHy (in)
4

x 100
(1)

moles of CO, (in) — moles of CO, (out)
moles of CO, (in)

% CO, conversion =

x 100
(2)
& _ moles of H, produced 3)
CO ~ moles of CO produced
_ moles of CHy (in)
TOFen, = =6575760 x )

The molar quantities of methane and carbon dioxide at the
reactor inlet are denoted as CH, in and CO, in, respectively,
while nCH, out and nCO, out represent their corresponding
molar amounts at the reactor outlet. The term my; refers to the
number of moles of surface-exposed nickel atoms.

2.1. Synthesis of KIT-5

KIT-5 mesoporous silica was synthesized following a refined
method adapted from established literature.’” Initially,
a combination consisting of 9.7 g of 36% hydrochloric acid
along with 198 g of deionized water was used to dissolve 21.5 g
of the non-ionic components' triblock copolymer Pluronic F127.
To achieve total homogeneity, the resultant solution was
continuously agitated for five hours at 45 °C. After this, 21.5 g of
tetraethyl orthosilicate (TEOS) was introduced as the silica
precursor, and the reaction mixture was stirred under identical
conditions overnight to promote condensation and self-
assembly. After that, the synthesis gel underwent a 24 hour

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hydrothermal aging procedure at 100 °C. Once the product had
cooled, it was filtered to recover the solid, properly cleaned with
distilled water in order to get rid of any remaining acidic
substances along with surfactant, and then allowed to dry
naturally. Finally, to produce the mesoporous structure and
remove the organic template, the material was calcined with air
at 550 °C for five hours at a ramp rate of 2 °C per minute.

2.2. Impregnation of nickel and platinum metal on KIT-5

Ni (9 wt%) and Pt (1 wt%) bimetallic catalysts supported on KIT-
5 were synthesized via a co-impregnation method. In this
procedure, predetermined amounts of nickel nitrate and hexa-
chloroplatinic acid were dissolved in deionized water to prepare
the metal precursor solution. This solution was then impreg-
nated onto the pre-synthesized KIT-5 support and stirred
continuously for 5 hours. The mixture was subsequently dried
at 120 °C, followed by calcination at 550 °C for 5 hours. The
obtained catalyst was ground and sieved to a particle size of 20—
40 mesh. Prior to catalytic testing, the packed catalyst bed was
subjected to an in situ reduction treatment under a hydrogen
stream (20 mL min ") at 600 °C for 2 hours. Fig. 1 illustrates the
preparation process of Ni-Pt bimetallic catalysts supported on

View Article Online
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KIT-5, highlighting each step involved in their synthesis and
structural integration.

2.3. Catalyst characterization techniques used

The structural features of the synthesized materials were
analyzed using various advanced characterization techniques. A
Rigaku D/Max-2500/PC diffractometer using Cu-Ko radiation
was used to perform powder X-ray diffraction (XRD) at 40 kV
and 250 mA. The low-angle patterns in XRD were obtained in
the 26 range of 0.5° to 4° in order to evaluate mesostructural
ordering. Textural properties were assessed by employing the
Micromeritics ASAP 2020 analyzer in nitrogen adsorption-
desorption studies at —196 °C. To remove surface-bound
pollutants, samples were vacuum degassed for five hours at
200 °C before to testing. Specific surface area was estimated
using the Brunauer-Emmett-Teller (BET) technique, and the
adsorption isotherm data was utilized to calculate the total pore
volume. Pore size distributions were determined as part of the
desorption branch using the Barrett-Joyner-Halenda (BJH)
method. Fourier-transform infrared (FT-IR) spectroscopy with
an AVATAR-360 device was used to investigate surface func-
tional groups. NH;-TPD setup with a thermal conductivity
detector (TCD) was used to investigate the acidic nature of the

Ni -Pt/KIT-5 catalysts

Catalyst

) 5 600°C for 2 h
Activation

using H,

550°C for 5

: hours

Drying and
Calcination

Tetraethyl
Pluronic F127 orthosilicate
+ 36% HCI 1
45 °Cfor 5 Gel in Teflon-
hours lined autoclave
TEOS :
: - >
— Stirring at 45 °C Hydrothermal
Deionized Water overnight Aging

Synthesis of Ni -Pt/KIT-5 catalyst riation

Nickel nitrate &
Hexachloroplatinic acid

{ oo
&\% 4ol ety
Impregnation ¥
Metal Salt KIT-5
Preparation

Drying and
Calcination

1thesis of KIT-5

Fig. 1 Shows the synthesis of Ni—Pt bimetallic catalysts supported on KIT-5.
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catalysts. The samples were heated under helium from 100 °C to
550 °C at a rate of 10 °C per minute in order to eliminate weakly
bound species before NH; adsorption. Ammonia was then
introduced at 100 °C for 30 minutes, followed by temperature
ramping to 700 °C at the same rate to monitor desorption
behavior. These analyses followed modified versions of well-
documented procedures in the literature.

3. Catalyst characterization

3.1. Low angle XRD

The low-angle patterns in XRD of the Ni-Pt/KIT-5 catalysts
(Fig. 24) display a prominent diffraction peak at approximately
0.7°, corresponding to the (111) plane, along with two weaker
reflections around 0.8° and 1.2°, which can be attributed to the
(200) and (220) planes, respectively. The weak reflections
between 1.5-2.5° correspond to higher-order diffraction peaks
of the KIT-5 cubic Ia 3d mesostructure and do not indicate
a separate crystalline phase. These reflections are characteristic
of materials possessing a face-centered cubic (FCC) structure,
typically associated with the Fm3m space group. A gradual
increase in Pt content leads to peak broadening and reduced
intensity, indicating a decline in the structural order of the
mesoporous framework. Among the synthesized catalysts, the
9.5%Ni-0.5%Pt/KIT-5 and 9%Ni-1%Pt/KIT-5 compositions
exhibited stronger diffraction peaks, suggesting more efficient
Pt incorporation and better retention of the ordered meso-
structure. In contrast, catalysts with higher Ni loading demon-
strated a sharp decrease in the unit cell parameter (a,), as
shown in Table 1. This contraction may point to the formation
of copper-like species or distortions within the structure.
Notably, the initial expansion of the unit cell upon Ni addition
could be linked to the substitution or interaction of Ni and Pt
atoms within the silica framework, likely influenced by their
differing atomic radii compared to Si*".>’
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3.2. High angle XRD

Fig. 2B shows the wide-angle XRD patterns of the synthesized
catalysts. All samples exhibit a broad diffraction band centered
at 20 = 22-23°, which is characteristic of the amorphous silica
framework of the KIT-5 support, indicating that the structural
integrity of the support is preserved after metal incorporation.
As observed in Fig. 2B, no well-defined diffraction peaks cor-
responding to crystalline NiO or Pt phases are distinctly visible.
This suggests that the metal species are highly dispersed within
the mesoporous framework and/or present as very small crys-
tallites below the detection limit of XRD. The presence of weak
and broadened features further supports the formation of
poorly crystalline or nanosized metal species. With increasing
metal loading, slight variations in the background profile and
overall intensity can be observed in Fig. 2B, indicating subtle
structural modifications and possible metal-support interac-
tions. In the bimetallic samples, these changes may be associ-
ated with enhanced interaction between Ni, Pt, and the KIT-5
framework. The absence of distinct Pt-related reflections in
Fig. 2B further confirms that Pt is finely dispersed, likely exist-
ing as nanosized clusters. Overall, the XRD results demonstrate
that both Ni and Pt are well distributed within the KIT-5 support
with high dispersion, which is advantageous for catalytic
applications.

This interpretation is supported by complementary charac-
terization results. The H,-TPR profiles show a shift of Ni
reduction peaks toward higher temperatures, indicating
stronger interaction between Ni species and the support.
Additionally, BET analysis reveals a decrease in surface area and
pore volume upon metal loading, consistent with partial pore
blocking or structural contraction. HR-TEM images further
confirm that while the mesostructure is retained, metal nano-
particles are well dispersed within the framework, suggesting
intimate contact between metal and support. In parallel, the

(B)

(b)

___L_I,J"J"»\J R L o

10 20 30 40 50 60 70 80
2 Theta (deg.)

| (A)
z 3
g — 3 g
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2 3 4
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Fig. 2 (A) Low angle XRD patterns and (B) high angle XRD patterns of (a) Ni(10%)-KIT-5, (b) Pt(1%)-KIT-5, (c) Pt(0.5%)/Ni(9.5%)-KIT-5, and (d)

Pt(1%)/Ni(9%)-KIT-5.
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Table 1 Physiochemical properties and acidity of the catalysts Pt/Ni-KIT-5-catalyst

Surface area  Spicro Sext Viotal Vinicro Vimeso Actual loading  Actual loading dBJH  Crystallite
Catalyst name (m?* g ')* (m>g™")* (m?g ") (em® g1 (em® g 1) (em® g ')’ (wt%) (Ni) (Wt%)° (Pt) (nm)?  size (nm)°
Ni(lO%)-KIT-S 802.11 423.12 378.99 0.812 0.590 0.222 9.8 — 8.6 12.7
Pt(l%)—KIT—S 822.02 432.99 389.03 0.818 0.592 0.226 — 0.9 8.5 12.2
Pt(O.S%)/ 685.66 366.77 318.89 0.549 0.324 0.225 — 0.51 7.6 9.45
Ni(9.5%)-KIT-5
Pt(l%)/Ni(Q%)- 678.66 358.66 320 0.540 0.310 0.23 8.8 — 7.5 9.40
KIT-5

“ Surface area obtained from BET isotherrm. ? Pore volume obtained from BET isotherrm. ¢ Theoretical Pt-Ni molar ratio, molar ratios. ¢ Pore
diameter (Dp) (desorption branch by BJH method) obtained from BET isotherrm. Determined by ICP-OES molar ratios values. ¢ Average metal

oxide crystal size was calculated by Scherrer equation.

stronger metal-support interaction promoted by Ni (and Ni-Pt)
can generate interfacial Ni-O-Si linkages (nickel-silicate-like
domains) that are typically poorly crystalline and present as
broad/low-intensity XRD features. The combined effects are
consistent with (i) the observed TPR shifts, indicating harder-to-
reduce Ni species, and (ii) the textural changes reported below
(BET/SEM). While the limited intensity precludes an unambig-
uous phase assignment by XRD alone, these data support the
formation of crystalline SiO, domains and/or silicate-like
interfacial species in the bimetallic samples. At higher nickel
loadings (e.g., 9.5 wt%), reflections attributed to monoclinic Pt
(JCPDS 01-087-0640) emerge at 26 = 35°, 38.7°, and 49.1°, sug-
gesting the presence of platinum in a monoclinic phase. The
absence of distinct Pt diffraction peaks and the reduced inten-
sity of NiO reflections in bimetallic samples indicate high metal
dispersion and possible formation of finely dispersed Ni-Pt
alloy species. This is further supported by TPR results, where
the presence of Pt facilitates the reduction of Ni species, sug-
gesting hydrogen spillover and strong metal-metal interac-
tion.>® The 9%Ni-1%Pt/KIT-5 catalyst shows well-defined
diffraction features, indicating a favorable metal distribution
at this composition. However, further increases in Pt loading
lead to less distinct crystalline peaks, likely due to high
dispersion and reduced particle size, making phase identifica-
tion more challenging.

3.3. BET analysis

The synthesized materials were extensively characterized for
their textural properties through nitrogen adsorption-desorp-
tion (N,-sorption) isotherm analysis, with corresponding data
presented in Fig. 3 and Table 1. The isotherms for all samples
were classified as type 1V, featuring a wide-ranging H2-type
hysteresis loop a distinctive hallmark of mesoporous mate-
rials possessing uniform yet large cage-like pores. This behavior
affirms the successful synthesis of mesostructured frameworks
with well-defined porosity across the entire series. In the case of
the unmodified KIT-5 support, the isotherm profile distinctly
indicated a highly developed mesoporous network. The mate-
rial exhibited a pore diameter of approximately 8.5 nm,
accompanied by a high nitrogen uptake capacity ranging
between 0.60 and 0.85 cm® g, signifying the presence of a vast
accessible surface area and interconnected pore system. The
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Fig. 3 N, adsorption—desorption isotherm (a) Ni(10%)-KIT-5, (b)
Pt(1%)-KIT-5, (c) Pt(0.5%)/Ni(9.5%)-KIT-5, and (d) Pt(1%)/Ni(9%)-KIT-5.

BET surface area and total pore volume were notably high,
measured at about 802.11 m* ¢~ * and 0.812 cm® g™ *, respec-
tively, confirming the exceptional porosity and structural
integrity of the pristine KIT-5 framework. However, upon
incorporation of nickel and platinum into the KIT-5 matrix,
a pronounced alteration in the textural parameters was
observed. Specifically, the BET surface area decreased to around
678.66 m”> g~ !, while the total pore volume reduced to approx-
imately 0.540 cm® g~ . The main causes of this decrease in pore
volume and surface area are possible structural distortion and
partial pore blockage brought on by the addition of metal
nanoparticles to the mesoporous channels. The decrease in BET
surface area and BJH pore diameter observed after incorpora-
tion of Ni and Pt can be attributed to several factors. Firstly,
metal nanoparticles are deposited within the mesoporous
channels of KIT-5, leading to partial pore filling and blockage,
which reduces accessible surface area. Secondly, strong metal-
support interaction during calcination may induce slight
framework contraction or pore wall thickening, resulting in
reduced pore diameter. Additionally, the presence of Pt influ-
ences the dispersion of Ni species, leading to the formation of
smaller metal particles that occupy internal pore space more
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effectively. These combined effects contribute to the observed
reduction in textural properties while still preserving the overall
mesoporous structure. The emergence of the ~26-28° reflection
in the Ni-Pt sample is attributed to partial occupation of meso-
pores by Ni and Pt nanoparticles along with structural contrac-
tion induced by strong metal-support interaction. This
observation is consistent with XRD results, which indicate subtle
structural modification upon metal incorporation. This provides
a structural rationale for the larger decreases in SSA (specific
surface area) and Vi, observed for Ni-Pt/KIT-5. The extent of
this reduction showed a direct correlation with the metal loading
higher concentrations of Ni and Pt led to more significant
declines in porosity-related values. This trend suggests that as
more metal was introduced, the internal mesoporous framework
became increasingly filled or obstructed, possibly due to
agglomeration or encapsulation of active metal species within
the pores. ICP-OES was used to confirm the metal concentration.
The exact metal loadings were found to be in close agreement
with the nominal values, with actual loadings closely matching
the nominal compositions (Ni = 9-10 wt% and Pt = 0.5-1 wt%).
These findings indicate that the synthesis process was effective in
achieving the targeted metal deposition, with negligible losses or
leaching observed during preparation. The near-complete incor-
poration of metal precursors not only demonstrates the efficiency
of the loading process but also reinforces the structural
compatibility of the KIT-5 framework for hosting bimetallic
species.” The reduction in crystallite size observed for bimetallic
catalysts compared to monometallic Ni samples suggests
improved dispersion of active metal species. This can be
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attributed to the presence of Pt, which inhibits Ni particle growth
during calcination and promotes the formation of smaller, well-
dispersed particles. The observed decrease in surface area and
pore volume is consistent with increased metal loading and pore
occupation, and does not indicate structural collapse, as
confirmed by the preservation of mesoporous features in TEM
and low-angle XRD results. The improved catalytic performance
of Ni-Pt/KIT-5 catalysts can be directly correlated with their
physicochemical properties. The reduced crystallite size and
enhanced dispersion of metal particles, as observed from XRD
and TEM analyses, provide a higher number of accessible active
sites for methane activation. The shift in reduction temperature
in TPR profiles indicates modified metal-support interaction,
which facilitates the formation of active Ni° species at lower
temperatures. Furthermore, the moderate decrease in surface
area and pore volume reflects effective metal incorporation
without significant loss of mesoporosity, ensuring efficient
reactant diffusion. These combined effects contribute to
enhanced catalytic activity and stability of the bimetallic cata-
lysts. Despite the reduction in surface area and pore diameter,
the preserved mesostructure and improved metal dispersion
ensure sufficient accessibility of active sites, contributing to
enhanced catalytic performance.****

3.4. TPR analysis

As illustrated in Fig. 4 the reduction properties of the synthe-
sized catalysts were examined using Hydrogen-Temperature
Programmed Reduction (H,-TPR). The bimetallic 9%Ni-1%Pt/
KIT-5 catalyst exhibits two main reduction peaks
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Fig. 4 TPR profile of (a) Ni(10%)-KIT-5, (b) Pt(1%)-KIT-5, (c) Pt(0.5%)/Ni(9.5%)-KIT-5, and (d) Pt(1%)/Ni(9%)-KIT-5.
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corresponding to the reduction of Ni species. The low-
temperature peak is associated with weakly interacting NiO
species, while the high-temperature peak (around 500-600 °C)
corresponds to strongly interacting Ni species reduced to
metallic Ni°. The exact peak positions have been verified from
the TPR profiles and are consistent with literature reports for
supported Ni catalysts. The broad nature of the reduction peaks
and their partial overlap can reduce their visual prominence in
the plotted profiles. This is particularly common for highly
dispersed metal species, where reduction occurs over a wide
temperature range rather than at sharp, well-defined peaks.
This behavior implies good dispersion of nickel species on the
KIT-5 support, facilitating a more efficient reduction. On the
other hand, the monometallic Pt/KIT-5 sample displayed
a reduction peak around 174 °C, associated with the conversion
of P™ to Pt°. When examining bimetallic catalysts with
different Ni and Pt ratios, shifts in reduction temperatures and
peak intensities were observed, suggesting changes in the redox
properties due to interactions between the two metals. These
observations indicate that the presence of Pt influences the
reducibility of Ni species, as evidenced by the shift in reduction
temperatures. This behavior is consistent with hydrogen spill-
over and enhanced metal-metal interaction, which are
commonly associated with improved catalytic performance.
This effect became particularly noticeable when the Pt loading
reached 1 wt%, where a consistent and stronger interaction was
observed. However, increasing Pt content beyond 0.5 wt%
altered the reduction pattern, resulting in the emergence of
three separate reduction peaks likely due to Pt particle
agglomeration and possible formation of bulk Pt phases.
Among the tested formulations, the bimetallic Ni-Pt catalysts
demonstrated the most favorable reduction characteristics,
with hydrogen uptake occurring at comparatively lower
temperatures, indicating improved reducibility. The hydrogen
consumption data, summarized in Table 2 showed that mono-
metallic Ni and Pt catalysts consumed 44 pmol g~ ' and 64 pmol
g ' of hydrogen, respectively. For the bimetallic systems,
hydrogen uptake increased with total metal content, ranging
from 105 to 145 pumol g '. This trend confirms enhanced
reducibility, likely driven by the cooperative effects between
metal species and their interaction with the KIT-5 support. The
observed reduction behavior is consistent with literature, where
NiO supported on silica exhibits reduction peaks in the range of
300-700 °C depending on metal-support interaction strength.**
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3.5. HR-TEM images

HR-Transmission Electron Microscopy (HR-TEM) provides
critical insights into the atomic-scale structural characteristics
of nanomaterials, making it an indispensable tool in charac-
terizing mesoporous materials like KIT-5. In the HR-TEM
images presented in Fig. 5(a) and 6(b), the unmodified KIT-5
support indicate the presence of a mesostructured framework
characteristic of KIT-5. While long-range ordered pore channels
are not distinctly resolved at lower magnifications, higher
magnification images reveal regions consistent with meso-
porosity. The overall morphology confirms that the mesoporous
structure is largely retained after metal incorporation. This level
of structural uniformity underscores the precise synthesis of
KIT-5 and the robustness of its cubic symmetry. The consis-
tently spaced mesoporous features inferred from contrast vari-
ations and supported by complementary low-angle XRD and
BET analyses. The confirmation of mesoporosity is therefore
based on a combination of characterization techniques, where
low-angle XRD and N, sorption analysis provide stronger
evidence for ordered mesostructure, while TEM supports the
presence of dispersed metal particles within the framework.
Following the incorporation of nickel and platinum nano-
particles, as shown in Fig. 5(c) and (d), the HR-TEM images
reveal that the KIT-5 support largely retains its original meso-
porous configuration. The framework remains well-defined and
ordered, demonstrating that the metal loading process has
minimal impact on the overall structural integrity of the
support.®® Within the mesoporous matrix, small, dark-contrast
regions attributable to the Ni and Pt nanoparticles are
uniformly dispersed, suggesting successful deposition without
significant aggregation or pore blockage. The even distribution
of metal particles across the support further highlights the
compatibility of the impregnation method with the delicate
mesostructure of KIT-5. The structural preservation after metal
incorporation is corroborated by the continued presence of
characteristic peaks in the low-angle XRD patterns and stable
textural parameters in the N, sorption isotherms, collectively
suggests that the mesostructural characteristics of KIT-5 are
largely preserved, although some local structural modifications
may occur upon metal loading throughout the synthesis and
functionalization processes.®»*> The uniform distribution of
dark contrast nanoparticles within the KIT-5 framework
provides direct evidence of improved metal dispersion in
bimetallic catalysts compared to monometallic counterparts.

Table 2 Reduction nature, hydrogen consumption and quantity of acidity of (a) Ni(10%)-KIT-5 (b) Pt(1%)-KIT-5, (c) Pt(0.5%)/Ni(9.5%)-KIT-5 and

(d) Pt(19%)/Ni(9%)-KIT-5.catalysts

Reduction Volume of H, Acidity
S. no. Catalyst name temperature (°C)* consumption (umol g~ *)* (mmol g~ total” *LT peak” *HT Peak”
1 Ni(10%)-KIT-5 557 67 1.01 0.71 0.30
2 Pt(1%)-KIT-5 150, 407 53 1.11 0.81 1.30
3 Pt(0.5%)/Ni(9.5%)-KIT-5 319, 407 154 1.45 0.95 0.50
4 Pt(1%)/Ni(9%)-KIT-5 274, 395 152 1.52 0.94 0.58

“ Obtained and calculated from H,-TPR profile. b Obtained from NH;-TPD.
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Fig. 6 HR-SEM images of (a) Ni(10%)-KIT-5, (b) Pt(1%)-KIT-5, (c) Pt(0.5%)/Ni(9.5%)-KIT-5, and (d) Pt(1%)/Ni(9%)-KIT-5.
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3.6. HR-SEM images

Fig. 6(a—-d) displays scanning electron microscopy (SEM) images
that provide a comparative view of the surface morphology of
the unmodified KIT-5 support and the KIT-5 catalyst after the
incorporation of nickel and platinum. The pristine KIT-5, as
shown in Fig. 6(a) and (b), exhibits a highly organized archi-
tecture, with distinct, cube-like slabs uniformly arranged in
compact rectangular domains. These structures typically range
in size from approximately 3.9 to 4.5 um in length. Notably, the
surface appears clean and well-defined, with no signs of particle
agglomeration, indicating a stable mesoporous network with
consistent textural features. In contrast, Fig. 6(c) and (d) illus-
trate the substantial morphological changes that occur
following the deposition of Ni and Pt metals onto the KIT-5
framework. The once well-structured cubic morphology trans-
forms into irregular, rounded, and partially spheroidal parti-
cles. Such Ni-Pt-induced silica ordering/silicate interfacial
domains plausibly drive the transition toward rounded, denser
particles seen by SEM, consistent with the textural losses
measured by N, sorption. This change is accompanied by
a notable reduction in particle dimensions, with the modified
catalyst structures measuring between 1.4 and 2.5 um. Despite
this reduction in size, the particles remain dispersed, with no
evidence of significant clustering or aggregation. The transition
from a well-ordered cubic arrangement to a less uniform,
rounded morphology upon metal loading signifies a clear
structural impact induced by the incorporation of nickel and
platinum. These modifications suggest that the metal
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impregnation disrupts the original mesostructure of KIT-5,
potentially due to changes in surface energy, metal-support
interactions, or partial pore collapse. Such morphological
evolution plays a vital phase in influencing the -catalytic
behavior of the resulting material.®

3.7. NH;-TPD analysis

The surface acidity properties of a range of bimetallic catalysts
prepared with different ratios of nickel along with platinum
anchored on KIT-5 mesoporous silica were methodically inves-
tigated using the ammonia-based temperature-programmed
desorption (NH;-TPD) methodology. Specifically, the study
focused on catalysts with the nominal composition 9%Ni-1%
Pt/KIT-5, with slight variations in metal loading to assess their
impact on acid site distribution and strength. The resulting
desorption patterns, as illustrated in Fig. 7 and summarized in
Table 2, provided detailed insights into the concentration and
nature of acid sites present on the catalyst surfaces. Since
ammonia desorption from the catalyst surface takes place over
a range of temperatures, acid sites can be divided into three
groups: mild (between 100 and 250 °C), moderate (between 250
and 400 °C), and strong (beyond 400 °C). These acidic func-
tionalities are typically associated with surface-bound species
such as tetrahedrally coordinated silicon (Si**) and protonic
hydrogen (H') embedded within the silica framework. The total
acidity, as quantified from the area under the NH; desorption
peaks, ranged from 1.50 to 1.80 mmol NH; per gram of catalyst
across the different formulations. A key trend observed was the
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Fig. 7 TPD analysis of (a) Ni(10%)-KIT-5, (b) Pt(1%)-KIT-5, (c) Pt(0.5%)/Ni(9.5%)-KIT-5, and (d) Pt(1%)/Ni(9%)-KIT-5.
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correlation between increasing platinum content and an
enhancement in overall acidity. Similarly, a slight increase in
nickel loading from 9 wt% to 9.5 wt% also resulted in greater
acid site density. According to these findings, nickel and plat-
inum both significantly influence the acidic conditions of the
KIT-5 support, most likely by interacting via the silica frame-
work and producing fresh acid sites. In certain formulations,
the presence of no additional metal species other than Ni and Pt
were present in the catalysts implicated in amplifying acidity,
possibly by further modifying the surface electronic properties
and introducing additional Lewis acid centers. Interestingly,
while the 9.5%Ni-0.5%Pt/KIT-5 catalyst exhibited the highest
measured total acidity, it did not correspond to the best cata-
lytic performance. Instead, the 9%Ni-1%Pt/KIT-5 composition
demonstrated superior activity in the target reaction, high-
lighting the complexity of the relationship between acidity and
catalytic efficiency. This discrepancy underscores the impor-
tance of not only the quantity but also the quality and nature of
acid sites. Parameters such as the Brgnsted-to-Lewis acid site
ratio, acid site strength, metal dispersion, and the structural
integrity of the mesoporous framework are all integral to cata-
lytic function. The enhanced performance of the 9%Ni-1%Pt/
KIT-5 catalyst is likely due to a more optimal balance between
metal content and acid site characteristics, facilitating better
metal-support interaction, improved reactant activation, and
resistance to deactivation mechanisms such as coke forma-
tion.*" In contrast, the excessive acidity observed in the 9.5%Ni-
0.5%Pt variant may promote undesirable side reactions or
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accelerate carbonaceous deposits, which are particularly detri-
mental in applications like biomass reforming or hydro-
deoxygenation. The pronounced rounding and densification of
the KIT-5 particles after Ni-Pt impregnation arises from metal-
salt-induced silica condensation during calcination. The pres-
ence of Ni**/Pt*" species locally restructures the pore walls,
resulting in partial collapse of the original fibrous morphology.
This morphological transition decreases SSA and narrows pore
mouths, which imposes diffusion limitations at high conver-
sion. However, the same densification strengthens metal-
support interaction and reduces Ni sintering, explaining why
the bimetallic samples combine slightly weaker mass transport
with superior long-term stability in DRM. Therefore, tuning
metal ratios to achieve a Ni-Pt synergistic interaction, while
maintaining a moderate and well-distributed acidic profile,
appears critical for maximizing catalytic efficacy in such
complex reactions. In DRM, moderate acid/amphoteric sites
improve CO, activation and supply surface oxygen species that
continually oxidise deposited carbon; thus the acidity trends
observed for Ni-Pt catalysts correlate with both their superior
reactivity and their reduced tendency for coke formation.

4. Catalytic activity of dry reforming

The Fig. 8A presents a detailed comparison of methane (CH,)
conversion efficiencies of various metal-supported KIT-5 cata-
lysts namely Ni(10%)-KIT-5, Pt(1%)-KIT-5, and bimetallic Pt/Ni
systems across a range of reaction temperatures. All of the
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Fig. 8 (A) CH4 conversion, (B) CO, conversion, and (C)

H,/CO ratio of Ni, Pt and Ni—Pt supported KIT-5 catalysts with reaction temperature.

Reaction conditions: 3.2 g catalyst, GHSV 36,000 mL geae * h™%, and CH4/CO»/N, 1:1: 3.
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tests were conducted using 200 mg of catalyst, a feed gas
composition of CH,/CO,/N, =1:1:3,and a GHSV of 36 000 mL
g™' h™". At the lowest tested temperature of 300 °C, the
monometallic catalysts Pt(1%) and Ni(10%) showed CH,
conversions of 51.5% and 53.6% respectively, indicating rela-
tively low activity in the absence of significant thermal energy.
However, the bimetallic catalysts, Pt(0.5%)/Ni(9.5%)-KIT-5 and
Pt(1%)/Ni(9%)-KIT-5, significantly outperformed their mono-
metallic counterparts at this temperature, achieving conver-
sions of 78.5% and 72.2% respectively. This highlights the
enhanced catalytic synergy when Pt and Ni are co-deposited on
the KIT-5 support. This enhanced performance can be corre-
lated with improved metal dispersion and modified reducibility
observed in characterization studies, which facilitate more
efficient methane activation and carbon removal. As the
temperature increases, all catalysts exhibit a steady rise in CH,
conversion. At 350 °C, Ni(10%) and Pt(1%) conversions
increased to 58.7% and 56.9% respectively, while the bimetallic
Pt(0.5%)/Ni(9.5%) and Pt(1%)/Ni(9%) systems already exhibit
significantly higher conversions (80.5% and 75.5%) compared
to monometallic catalysts, indicating enhanced low-tempera-
ture activity of the bimetallic systems. At 350 °C, the superior
performance of bimetallic Ni-Pt catalysts can be attributed to
improved reducibility and metal-metal interaction. The pres-
ence of Pt facilitates hydrogen spillover, promoting the reduc-
tion of NiO to active Ni’ species at lower temperatures, as
supported by TPR results. Additionally, Pt enhances CO, acti-
vation and oxygen mobility, which helps remove surface carbon
species and maintain active sites. These combined effects
enable the bimetallic catalysts to achieve higher conversions
even at relatively low temperatures compared to monometallic
systems. The improved low-temperature activity observed in
catalytic tests (e.g., at 350 °C) is consistent with the enhanced
reducibility of bimetallic catalysts observed in TPR profiles.
This performance gap widens further with temperature. At 400 °©
C, Ni(10%) reaches 62.7% and Pt(1%) 61.4%, whereas the
bimetallic catalysts improve to 84.2% for Pt(0.5%)/Ni(9.5%) and
77.8% for Pt(1%)/Ni(9%). At 450 °C, the monometallic Ni and Pt
catalysts deliver 69.6% and 68.5% conversions respectively,
whereas the Pt/Ni systems further rise to 86.5% and 79.6%. This
clearly confirms the superior performance of the bimetallic
compositions. The most pronounced differences are observed
at higher temperatures. At 500 °C, Pt(0.5%)/Ni(9.5%) delivers an
impressive 90.1% CH, conversion, while Pt(1%)/Ni(9%) reaches
83.6%. The monometallic Ni(10%) and Pt(1%) catalysts show
relatively moderate increases to 74.6% and 72.5%. However, the
maximum catalytic performance is observed at higher temper-
atures (500-600 °C), where thermodynamic and kinetic limita-
tions are further minimized. The maximum H,/CO ratio
observed at 500 °C can be attributed to an optimal balance
between methane decomposition and CO, activation. At this
temperature, methane activation is sufficiently enhanced to
generate hydrogen, while the reverse water-gas shift (RWGS)
reaction (CO, + H, — CO + H,0) is not yet dominant. As
a result, hydrogen production is relatively higher compared to
CO formation, leading to an increased H,/CO ratio. At temper-
atures above 500 °C, the RWGS reaction becomes more
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significant, consuming hydrogen and producing additional CO,
which reduces the H,/CO ratio. This explains the observed
decline in the ratio at higher temperatures despite continued
increases in overall conversion. At 550 °C, Pt(0.5%)/Ni(9.5%)
reaches 92.4% and Pt(1%)/Ni(9%) climbs to 86.5%, whereas
Ni(10%) and Pt(1%) provide 78.9% and 76.7% respectively.
Finally, at the maximum temperature tested (600 °C), Pt(0.5%)/
Ni(9.5%) catalyst achieves a peak CH, conversion of 95.7%,
significantly higher than the 87.6% conversion of Pt(1%)/
Ni(9%), while the Ni(10%) and Pt(1%) catalysts deliver 82.6%
and 80.6% respectively. In summary, the bimetallic Pt/Ni cata-
lysts consistently outperform the monometallic Ni and Pt
catalysts across the entire temperature range, with the Pt(0.5%)/
Ni(9.5%) composition demonstrating the highest activity. This
enhanced performance is likely due to a synergistic interaction
between Pt and Ni, which promotes greater CH, activation and
reforming efficiency, especially at elevated temperatures.®
From a catalytic standpoint, the appearance of the ~26-28°
XRD feature and the correlated textural changes suggest
stronger metal-support interaction (MSI) in Ni-Pt/KIT-5. MSI
can stabilize smaller Ni domains and Ni-Pt alloyed sites against
sintering (beneficial for activity and coking resistance), but also
renders part of Ni harder to reduce (seen in TPR) and may lower
the fraction of readily accessible metallic Ni° at low tempera-
ture. The performance trends we observe best activity/selectivity
for 9%Ni-1%Pt, and slightly lower activity when Pt is increased
or when porosity is more occluded, fit a balance between (i)
alloying-enabled CH, activation and carbon removal, and (ii)
MSI-driven stabilization versus over-anchoring. Thus, the new
phase/signature near 26-28° is not just a crystallographic curi-
osity; it tracks a structure-property lever that helps explain both
the SSA/SEM changes and the catalytic outcomes. The improved
catalytic performance of Ni-Pt/KIT-5 catalysts can be directly
correlated with the strong metal-support interaction and
enhanced metal dispersion inferred from XRD and TPR anal-
yses, which promote active Ni° site stabilization and suppress
sintering and coke formation. The shift in reduction behavior
(TPR), decrease in particle aggregation (TEM), and changes in
textural properties (BET) collectively support the improved
catalytic performance of bimetallic catalysts. The increase in
CH, and CO, conversion with temperature is primarily due to
the highly endothermic nature of the dry reforming reaction
(AH > 0), which is thermodynamically favored at higher
temperatures. Elevated temperatures enhance the activation of
stable CH, and CO, molecules, increasing reaction rates. In
addition, higher temperatures improve the kinetics of surface
reactions, including methane dissociation and CO, activation,
leading to increased syngas production. At temperatures
beyond 600 °C, the conversion may continue to increase;
however, the extent of improvement depends on catalyst
stability. While higher temperatures favor thermodynamics,
excessive temperatures can lead to catalyst deactivation due to
sintering of metal particles, loss of active surface area, and
increased carbon formation through methane decomposition.
In bimetallic Ni-Pt catalysts, improved resistance to sintering
and coke formation helps maintain performance, but
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prolonged operation at very high temperatures may still result
in gradual activity decline.

The Fig. 8B shows a detailed comparison of CO, conversion
efficiency for various KIT-5-supported catalysts under varying
temperatures, specifically focusing on monometallic and
bimetallic systems incorporating Ni and Pt. The study was
conducted under the reaction conditions of 200 mg catalyst
loading, a GHSV of 36 000 mL g, ' h™ ", and a CH,/CO,/N, feed
ratio of 1:1:3. The temperature 300 °C, the CO, conversion
starts relatively low across all catalysts. Pt(1%)-KIT-5 achieves
48.3%, while Ni(10%)-KIT-5 performs slightly better at 52%. The
incorporation of both Pt and Ni significantly enhances the
conversion rate, with Pt(0.5%)/Ni(9.5%)-KIT-5 showing a high
75.8%, and Pt(1%)/Ni(9%)-KIT-5 reaching 74%. As the temper-
ature increases to 350 °C, a modest rise is seen: Pt-only catalyst
improves to 53.3%, Ni-only to 55.6%, and the bimetallic cata-
lysts exhibit conversion efficiencies of 77.6% and 74.7%
respectively. Upon further temperature elevation to 400 °C, the
conversion trends continue upward. The Pt(1%) catalyst reaches
58.6%, while Ni(10%) slightly outperforms it at 58.8%. The
bimetallic Pt(0.5%)/Ni(9.5%) formulation leads again with
81.6%, followed by 75.9% for the Pt(1%)/Ni(9%) sample. At
450 °C, Ni(10%) gains more efficiency at 66.6%, surpassing
Pt(1%) which climbs to 62.5%. The bimetallic catalysts improve
further to 82.7% and 77.9%. At 500 °C, all catalysts show
substantial increases: Pt(1%) reaches 68.7%, Ni(10%) at 71.3%,
Pt(0.5%)/Ni(9.5%) at a remarkable 87.5%, and Pt(1%)/Ni(9%) at
80.8%. By 550 °C, the conversions become more distinguished:
Pt-only catalyst records 71.4%, Ni-only catalyst rises to 74.7%,
and the bimetallic systems reach 89.5% and 83.9%, respec-
tively. At the highest tested temperature of 600 °C, performance
peaks: Pt(1%) gives 74.5%, Ni(10%) climbs to 79.3%, Pt(0.5%)/
Ni(9.5%) achieves the highest conversion at 92.7%, and Pt(1%)/
Ni(9%) follows with 84.8%. In summary, the CO, conversion
efficiency consistently improves with rising temperature across
all catalysts. The bimetallic Pt-Ni formulations, particularly
Pt(0.5%)/Ni(9.5%)-KIT-5, outperform both monometallic
systems at every temperature point. This demonstrates a clear
synergistic effect between Pt and Ni when supported on KIT-5,
with optimal performance observed at higher operating
temperatures.

The Fig. 8C illustrates the variation of the H,/CO molar ratio
as a function of temperature during methane dry reforming
using various supported catalysts—specifically, Ni-based and
Pt-promoted Ni catalysts supported on mesoporous silica KIT-5.
The catalytic performance was investigated with the same
reaction parameters: 200 mg of catalyst, 36000 mL g * h™*
GHSV, and a gas feed mix of CH,/CO,/N, = 1:1:3. The
temperatures ranged from 300 °C to 600 °C. For the Pt(1%)-KIT-
5 catalyst, the H,/CO ratio remained relatively stable across the
temperature range. At 300 °C and 350 °C, the ratio was constant
at 0.9, then gradually increased to 1.0 at 400 °C, 1.1 at 450 °C,
remained 1.0 at 500 °C and 550 °C, and slightly rose to 1.2 at
600 °C. This trend indicates a limited ability of the mono-
metallic Pt catalyst to enhance H, production, likely due to its
low intrinsic methane activation capability.®® The Ni(10%)-KIT-5
catalyst displayed a steady increase in the H,/CO ratio with
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rising temperature, beginning at 1.0 at 300 °C and 350 °C,
increasing to 1.1 at 400 °C and 450 °C, reaching 1.4 at 500 °C,
slightly decreasing to 1.2 at 550 °C and maintaining that value
at 600 °C. This moderate performance reflects the typical
activity of Ni catalysts, which are known for their effective CH,
dissociation and moderate CO, activation. In contrast, the
bimetallic catalysts showed significantly improved H,/CO
ratios, suggesting synergistic interactions between Ni and Pt
species. The Pt(0.5%)/Ni(9.5%)-KIT-5 catalyst showed a distinct
advantage, with the ratio starting at 1.7 at 300 °C and 350 °C,
further increasing to 1.8 at 400 °C, 1.9 at 450 °C, peaking at 2.2
at 550 °C, and then decreasing to 1.7 at 600 °C. This peak
performance at intermediate temperature could indicate an
optimal balance between methane and CO, conversions,
possibly due to enhanced metal dispersion and reduced carbon
deposition. Similarly, the Pt(1%)/Ni(9%)-KIT-5 catalyst also
exhibited superior reforming efficiency compared to mono-
metallic catalysts, although its H,/CO ratio was slightly lower
than the 0.5% Pt-modified version. Starting at 1.4 at 300 °C, the
ratio gradually increased to 1.5 between 350 °C and 450 °C, rose
to 1.6 at 500 °C and remained consistent at 1.8 at 550 °C and
then declined to 1.6 at 600 °C. The slightly reduced performance
compared to the 0.5% Pt version could be attributed to Pt
agglomeration at higher loadings, which may hinder Ni's
activity by blocking active sites. Overall, the data reveals that
bimetallic Ni-Pt catalysts significantly outperform their mono-
metallic counterparts, particularly at mid-to-high temperatures,
suggesting that fine-tuning the Pt-to-Ni ratio on mesoporous
KIT-5 supports can optimize dry reforming activity and enhance
syngas quality (i.e., higher H,/CO ratios).***

4.1. Life time test

Various catalysts' catalytic activity Pt (1%). -KIT-5, Ni (10%) -Pt
(0.5%)/Ni (9.5%), KIT-5 -Pt (1%), Ni (9%), and KIT-5 was
analyzed on stream over time at 550 °C with a gas hourly space
velocity (GHSV) of 36 000 mL g., ' h™" under reaction condi-
tions of CH,/CO,/N, = 1:1:3. The primary metric used for
comparison was methane (CH,) conversion are shown in
Fig. 9A. The monometallic Pt(1%)-KIT-5 catalyst displayed
moderate catalytic activity, maintaining CH, conversion levels
between 62.2% and 64.2% throughout the 8 hour test. It showed
a relatively stable performance with only slight fluctuations,
suggesting moderate activation of CH, under the given condi-
tions. The Ni(10%)-KIT-5 catalyst also exhibited consistent CH,
conversion, albeit slightly higher than that of Pt(1%)-KIT-5,
ranging from 67.5% to 69.4%. This indicates that Ni, even
without Pt, contributes significantly to CH, reforming activity,
likely due to its known efficiency in activating methane mole-
cules in dry reforming reactions. Its performance remains
stable over time, suggesting good resistance to deactivation.
Significantly improved activity was observed in the bimetallic
catalysts. Pt(0.5%)/Ni(9.5%)-KIT-5 showed outstanding CH,
conversion ranging from 92.3% to 94.2% over the 8 hour period.
The conversion steadily increased, peaking at the 7th hour and
maintaining above 93% afterward.®® This synergy between Pt
and Ni likely enhances the catalyst's ability to dissociate CH,
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Fig.9 Time on stream on the catalytic activity of Pt—Ni/KIT-5, and Pt—Ni/KIT-5 at 550 °C. (A) CH,4 conversion, (B) CO, conversion, and (C) H,/CO
ratio with reaction condition GHSV 36,000 mL h™gea Y, CH4/CO, 1: 1 with N, at atmospheric pressure.

molecules more efficiently and reduce carbon deposition,
resulting in superior stability and activity. Similarly, Pt(1%)/
Ni(9%)-KIT-5 also demonstrated high catalytic activity, with
CH, conversion rates ranging from 88.4% to 90.8%. While
slightly lower than the Pt(0.5%)/Ni(9.5%) combination, it still
significantly outperformed the monometallic variants. This
suggests that increasing Pt beyond an optimal point does not
proportionally enhance activity, possibly due to Pt particle
agglomeration or blockage of active Ni sites. In conclusion, the
bimetallic catalysts especially Pt(0.5%)/Ni(9.5%)-KIT-5 exhibi-
ted superior performance in CH, conversion, emphasizing the
synergistic interaction between Pt and Ni via KIT-5 support.
These findings emphasize the significance of metal contact and
dispersion in improving the stability and catalytic efficiency of
methane dry reforming.*”°

The catalytic activity of different catalysts Pt(1%)-KIT-5,
Ni(10%)-KIT-5, Pt(0.5%)/Ni(9.5%)-KIT-5, and Pt(1%)/Ni(9%)-
KIT-5 was compared under identical reaction conditions to
assess their CO, conversion efficiency over time are shown in
Fig. 9B. The trials were carried out utilizing a feed composition
of CH,/CO,/N, ina 1:1: 3 ratio, at a temperature of 550 °C and
a GHSV of 36 000 mL g ' h™". Over the 8 hour time-on-stream
(TOS) experiment, a clear trend in catalytic performance
emerged, highlighting the superior behavior of bimetallic
catalysts over monometallic ones.” Initially, the Pt(1%)-KIT-5
catalyst showed a modest CO, conversion rate of 65.6%,

© 2026 The Author(s). Published by the Royal Society of Chemistry

which gradually increased to 67.4% by the 7th hour, showing
relatively stable yet limited activity. Similarly, the Ni(10%)-KIT-5
catalyst began at 71.2% conversion and showed a slight incre-
mental rise to 72.2% by the 6th hour, indicating slightly better
performance than the Pt-only system but still lacking robust-
ness in activity growth. In contrast, the bimetallic Pt(0.5%)/
Ni(9.5%)-KIT-5 catalyst consistently demonstrated the highest
CO, conversion throughout the experiment. It started at
a remarkable 94.2% conversion and peaked at 95.2% by the 5th
and 7th hour, maintaining this level with negligible fluctuation
indicative of excellent catalytic stability and synergy between Pt
and Ni at optimal ratios. The second bimetallic catalyst, Pt(1%)/
Ni(9%)-KIT-5, also outperformed the monometallic catalysts,
starting at 87.9% and reaching a maximum of 89.3% during the
5th and 6th hour. While this formulation was slightly less active
than the Pt(0.5%)/Ni(9.5%) variant, it still showed significant
improvement over Pt or Ni alone, underscoring the critical role
of Pt loading and metal dispersion in enhancing CO, reforming
efficiency. Overall, the data underscore the superior catalytic
performance of Pt-Ni bimetallic catalyst anchored on meso-
porous KIT-5 structures, particularly when optimized at
Pt(0.5%)/Ni(9.5%). This configuration not only achieved the
highest and most stable CO, conversion rates but also exhibited
outstanding durability under high-temperature conditions,
suggesting its strong potential for industrial methane dry
reforming applications.””
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The data presented in Fig. 9C represents a detailed investi-
gation into the catalytic activity over time of different metal-
loaded KIT-5 catalysts namely Pt(1%)-KIT-5, Ni(10%)-KIT-5,
Pt(0.5%)/Ni(9.5%)-KIT-5, and Pt(1%)/Ni(9%)-KIT-5 at 550 °C
under specific reaction conditions (H,/CO ratio, CH,/CO,/N, =
1:1:3, and GHSV = 36000 mL g ' h™"). The key focus of the
study is to observe how catalytic performance evolves over
a continuous 8 hour reaction stream. The monometallic Pt(1%)-
KIT-5 catalyst exhibited relatively stable but low catalytic activity
throughout the experiment, maintaining a steady value of 0.9
during the first two hours and increasing marginally to 1.0 from
the third to the seventh hour. However, a slight decrease to 0.9
was noted in the final hour, possibly indicating a minor decline
in catalytic stability. In contrast, the Ni(10%)-KIT-5 catalyst
consistently demonstrated better activity than Pt(1%)-KIT-5.
Activity began at 1.0 in the initial hour, grew steadily to 1.1
during the third, and stayed constant until the fourth hour. From
the fifth to seventh hours, the activity rose to 1.2, before slightly
declining to 1.1 in the final hour. This trend suggests that Ni-
based catalysts possess superior intrinsic activity compared to
Pt-only formulations, likely due to Ni's enhanced reforming
capabilities in methane dry reforming reactions. A more notable
improvement was observed with the bimetallic catalyst Pt(0.5%)/
Ni(9.5%)-KIT-5. This catalyst began with an activity of 1.6 in the
first hour, significantly higher than either monometallic catalyst.
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Its activity gradually increased to 1.7 between hours two and four,
then rose further to 1.8 during the fifth and sixth hours. Although
a slight drop to 1.7 and 1.6 was observed in the seventh and
eighth hours, respectively, the overall trend indicates enhanced
and sustained catalytic performance. The synergy between Pt and
Ni in this composition seems to promote both methane activa-
tion and CO, reforming, possibly due to the improved dispersion
of active sites and increased resistance to coking. The catalyst
with the highest platinum content among the bimetallic
samples, Pt(1%)/Ni(9%)-KIT-5, delivered the best catalytic
performance over the entire time stream. The activity grew
progressively from an amazing 1.4 in the beginning hour to 1.5 in
the second, and remained at that pace until the fourth hour. It
then peaked at 1.6 from the fifth to seventh hours, showing no
decline until the eighth hour where it slightly reduced to 1.5. This
sustained high performance suggests a significant promotional
effect of higher Pt loading in combination with Ni, likely facili-
tating better metal-support interaction, enhanced reducibility,
and resistance to deactivation under high-temperature reforming
conditions. Finally, the findings clearly show that during
methane dry reforming, bimetallic catalysts especially those with
optimal Pt/Ni ratios, perform better than their monometallic
counterparts with regard to of both catalytic efficiency and
temporal stability. The crucial function that Pt plays in altering

Table 3 Systematic comparison of supported Ni—Pt catalysts for syngas production via DRM

S. Ni loading  Preparation Reaction H,/CO Coke
no Catalyst Support (Wt%) method temp (°C) CH, conv. (%) CO, conv. (%) ratio  resistance Ref.
1 Ni/Al,O3 v-Alumina 10 Wet 800 78 75 ~1.0  Moderate coke 76
impregnation deposition
2 Ni/MgAl,O, Spinel 10 Co- 750 82 79 0.95  Improved coke 78
precipitation resistance
3 Ni/SiO, Silica 10 Dry 800 70 68 0.98 High coke 79
impregnation formation
4 Ni/CeO, Ceria 10 Wet 750 85 83 ~1.1  Excellent resistance 80
impregnation
5  Ni/ZrO, Zirconia 10 Sol-gel method 750 87 84 1.0 Low coke 81
accumulation
6  Ni/TiO, Titania 10 Wet 750 75 73 ~1.0 Moderate 82
impregnation
7  Ni/MgO Magnesium 10 Co- 800 88 85 0.98  Excellent 83
oxide precipitation
8  Ni/KIT-6 Mesoporous 5 Incipient 700 80 77 ~0.9 Moderate 84
silica wetness
9 Ni-SrTiO; Perovskite 10 Sol-gel 800 89 87 ~1.0  High resistance 85
10 Ni-Co/KCC- Fibrous silica 9%Ni-1%Co Wet 800 92 90 0.88  Excellent resistance 86
1 impregnation
11 Ni-La,O;- Mixed oxide 10 Sol-gel 750 85 82 ~1.0  Good 87
ALO;
12 Ni/Ce-ZrO, Ceria- 10 Impregnation 750 90 88 ~1.1  Very high 88
zirconia
13 Ni/SBA-15 Mesoporous 5 Incipient 700 76 73 0.95  Moderate 89
silica wetness
14 Ni/MCM-41 Mesoporous 5 Incipient 700 74 70 ~0.9 Moderate 90
silica wetness
15 Ni-Pt-KIT-5 Silica 9% Wet 550 95 88.5 1:1  Low coke This
impregnation accumulation work
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the catalytic surface and fostering long-term efficiency is high-
lighted by the better performance of Pt(1%)/Ni(9%)-KIT-5.747*

4.2. Comparative studies

The data from the Table 3 provides a comprehensive compar-
ison of various supported Ni and Ni-Pt catalysts used for syngas
synthesis via the DRM. Each catalyst exhibits different perfor-
mance metrics based on its support material, preparation
method, and operating temperature. The traditional Ni/Al,O5
catalyst with 10 wt% Ni prepared via wet impregnation at 800 °C
shows moderate methane and CO, conversions (78% and 75%,
respectively) with a H,/CO ratio close to 1.0, but suffers from
moderate coke deposition. In contrast, Ni/MgAl,O, prepared by
co-precipitation at 750 °C achieves slightly better conversions
(82% CH,4 and 79% CO,) and exhibits improved resistance to
coke formation. The Ni/SiO, catalyst, despite having similar Ni
loading and operating temperature, shows lower conversions
(70% CH, and 68% CO,) and is prone to high coke formation.
Ni/CeO, and Ni/ZrO, catalysts both display superior perfor-
mance, with conversions above 85% and excellent to low coke
resistance. Particularly, Ni/ZrO, prepared via the sol-gel
method at 750 °C yields 87% CH, and 84% CO, conversion with
a H,/CO ratio of 1.0. Ni/TiO,, while achieving reasonable
conversions (75% CH, and 73% CO,), only shows moderate
coke resistance. Ni/MgO stands out with high conversions (88%
CH, and 85% CO,) and excellent coke resistance at 800 °C.
Among mesoporous silica-based supports, Ni/KIT-6, Ni/SBA-15,
and Ni/MCM-41 (all at 5 wt% Ni) demonstrate moderate

Ni-Pt/KIT-5 catalyst

550°Cl H, Reduction

Suggested Rate
Determining step

Boudouard
Reaction
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conversions (76-80% CH, and 70-77% CO,) with relatively low
H,/CO ratios and moderate coke resistance. The perovskite-
supported Ni-SrTiO; and mixed oxide-supported Ni-La,O;-
Al,O; catalysts also perform well, with conversions exceeding
85% and high coke resistance. Ni/Ce-ZrO, catalyst prepared by
impregnation at 750 °C displays remarkable conversions of 90%
for CH, and 88% for CO,, along with a very high coke resistance.
Finally, at a lesser process temperature of 550 °C, the Ni-Pt/KIT-
5 catalyst created in this work, including 9 weight percent Ni,
exhibits exceptional performance. It attains the maximum CH,
conversion of 95% and a CO, conversion of 88.5%, with a H,/CO
ratio of 1:1 and low coke accumulation, indicating the syner-
gistic effect of the bimetallic system and the mesoporous silica
support.”

4.3. Mechanism study

Understanding the reaction mechanism of dry catalytic
reforming of methane (DRM) is crucial for identifying the
elementary steps involved and developing effective strategies to
enhance catalyst stability and prevent deactivation. The DRM
pathway is greatly influenced by the nature of the catalyst and
its surface chemistry are depicted in Fig. 10. In the Pt-Ni/KIT-5
catalyst case, the reaction initiates with the adsorption of CH,
and CO, molecules onto the catalyst's surface. Platinum,
incorporated as a promoter, enhances the dissociative adsorp-
tion of CO,, resulting in the formation of carbon monoxide and
reactive surface oxygen species. Simultaneously, methane
undergoes activation primarily at the nickel sites, where it is

RWGS
Reaction

Fig. 10 Proposed reaction pathway for methane dry reforming on Pt—Ni/KIT-5.
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cleaved to generate CH, fragments (where x = 1-3) and
hydrogen atoms. As the reaction progresses, various surface
intermediates such as monodentate and bidentate carbonate
species, as well as linear carbonyl groups, are formed. These
intermediates play a significant role in the removal of carbo-
naceous deposits by facilitating their oxidation. The reactive
oxygen species derived from CO, dissociation contribute to the
continuous cleaning of the catalyst surface by oxidizing carbon
residues, thus suppressing coke formation. The hydrogen
atoms generated from methane decomposition eventually
combine to form molecular hydrogen (H,), contributing to the
syngas (H, and CO) output. Methane undergoes stepwise
dehydrogenation forming CH, intermediates (CH, — CH3* —
CH,* — CH* — C¥*), while CO, is activated through dissocia-
tive adsorption to produce CO* and O* species on the catalyst
surface. These reaction pathways are consistent with estab-
lished DRM mechanisms reported for Ni-based catalysts.***”
The presence of Pt enhances hydrogen spillover and facilitates
the reduction of Ni species, improving catalytic activity and coke
resistance, as reported in previous studies.”**® This intricate
mechanism underscores the synergistic interaction between Pt
and Ni in improving both the activity and durability of the Pt-
Ni/KIT-5 catalyst during the DRM process. The proposed
mechanism is therefore consistent with well-established
models such as Langmuir-Hinshelwood and Eley-Rideal path-
ways reported in the literature.*

5. Conclusions

In this work, bimetallic Ni-Pt catalysts supported on KIT-5 were
synthesized and evaluated for their performance in the dry
reforming of methane (DRM) to produce syngas. These bime-
tallic systems outperformed their monometallic counterparts,
showing significantly improved catalytic activity. The interac-
tion between Ni and Pt facilitates the development of NiPtO,
spinel-like phases, which effectively inhibited the sintering and
aggregation of nickel particles. The improved catalytic perfor-
mance of Ni-Pt/KIT-5 catalysts is attributed to enhanced metal
dispersion and modified reducibility arising from Ni-Pt inter-
action, as supported by TPR, BET, and TEM analyses, rather
than definitive evidence of new crystalline phase formation.
Analysis of both fresh and used catalysts indicated that the
compositions 9.5%Ni-0.5%Pt and 9%Ni-1%Pt were particu-
larly effective in suppressing the formation of graphitic carbon
and demonstrated strong resistance to carbon deposition.
Among the tested catalysts, 9.5%Ni-0.5%Pt/KIT-5 delivered the
highest conversion rates for methane and carbon dioxide, along
with increased syngas production. A weak reflection at 26 = 26—
28° in Ni-Pt samples indicating that the enhanced catalytic
performance is primarily governed by strong metal-support
interaction and improved dispersion of active species, rather
than the formation of distinct new crystalline phases, correlates
with reduced SSA and the rounded particle morphology, indi-
cating strengthened MSI that contributes to sintering resistance
and sustained DRM activity. The strong metal-support inter-
actions found in the Ni-Pt/KIT-5 catalysts serve as the reason for
their improved stability and performance. Cooperative effects
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between the metals, the presence of thermally stable PtO,
domains, and the open fibrous framework of KIT-5 enhance
reactant accessibility. The temperature-dependent increase in
catalytic performance is consistent with the endothermic
nature of DRM, although catalyst stability at temperatures
above 600 °C remains an important consideration. The XRD/
TPR trends are consistent with stronger Ni-Pt interaction and
the possible formation of Ni-Pt interfacial oxide domains,
although no direct crystallographic evidence for a discrete Ni-Pt
oxide phase was obtained in this study. The catalyst also
retained its activity for more than 8 hours of continuous DRM
operation without noticeable deactivation, demonstrating its
promise for long-term applications.
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