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We present a novel approach to fabricate an iron-nickel alloy material tailored for methane dry reforming (DRM)
by embedding FeNis nanoparticles within an engineered SBA-15 mesoporous silica framework with a tunable
structure (FeNi3@SBA-15). This alloy material exhibits superior DRM performance, achieving impressive
methane conversions exceeding 98% and 99% at temperatures of 800 °C and 900 °C respectively. Moreover,
FeNig@SBA-15 demonstrates remarkable coking resistance and significantly outperforms the equivalent bulk
catalyst. Specifically, we observe a methane conversion increase of over 400% and a carbon dioxide conversion
increase of over 700% within the temperature range of 600 °C to 800 °C. Theoretical calculations reveal that
coordinately unsaturated Ni atoms on FeNiz nanoparticles significantly promote the activation ability of C-H and
C-O, leading to enhanced DRM performance. The insights gained from this study provide valuable guidance for
the design of advanced alloy materials to efficiently mitigate greenhouse gases, while also opening the path
towards sustainable syngas production, offering a viable and environmentally friendly approach to energy

generation.

1. Introduction

The current global population and energy consumption trends sug-
gest a rapid increase in demand for energy [1], leading to an industrial
shift in the energy landscape. The use of fossil fuels to meet this demand
has raised environmental concerns due to greenhouse gas emissions [2].
Carbon dioxide (CO») is a primary contributor to the greenhouse effect,
and methane (CHy4) contributes to about 20% of global warming [3,4].
To reduce atmospheric CO, and CHy4 levels, substantial research has
been conducted to identify effective methods for converting these gases
into valuable products [5-7]. Syngas, a mixture of hydrogen (H) and
carbon monoxide (CO), serves as an essential intermediary for con-
verting fossil fuels into value-added products including methanol,
dimethyl ether, and liquid fuels [8-11]. Among the various technologies
for syngas generation, dry reforming of methane (DRM) is a highly
appealing approach for producing syngas with an Hy/CO ratio of 1.0 by
converting CO2 and CH4 [12]. DRM not only utilizes the two most
predominant greenhouse gases, CO2 and CHy4, but also eliminates the
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need for energy- and capital-intensive units such as the air separation
unit (ASU). Moreover, the resulting syngas, with its lower Hy/CO ratio,
is ideal for synthesizing oxygenated chemicals and hydrocarbons such as
oxo-alcohols, acetic acid, and dimethyl ether [9,13,14] via
Fischer-Tropsch synthesis [15].

However, the primary barrier to the commercialization of DRM is the
high cost and long-term stability of the catalyst [16]. Although noble
metal catalysts, including Pd, Ir, Rh, Ru, and Pt, manifest high thermal
stability and activity in DRM [12,17,18], their exorbitant cost and
scarcity [19] render them unsuitable for industrial use [20]. Alterna-
tively, Ni-based catalysts are regarded as a prospective substitute for
noble metals due to their affordability and high initial activity [21,22].
Alloying Ni with other metals is a desirable modification method
because of the potential for further cost reduction and superior activity,
selectivity, and deactivation resistance in comparison to the corre-
sponding monometallic catalysts [23-25]. The Ni-Fe alloy has drawn
particular attention for DRM owing to the cost-effectiveness of Fe,
improved Ni reducibility, and long-term stability [26-28]. However, the
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use of Ni-based catalysts is constrained by issues such as coke formation
and sintering [29,30], limiting their adoption.

To combat these limitations, mesoporous support materials that
exhibit superior thermal stability [31], high surface area, and control-
lable pore size and structure [32] can be employed. Encapsulating
catalyst particles within the channels of mesoporous support enables
particle size reduction and improved active site dispersion [33-35]. This
assists in the realization of the confinement effect and improved resis-
tance to coking [33,36,37] while also amplifying the reaction rate for
highly active nanoparticles. The mesoporous structure, as a physical
barrier, can also impede particle sintering and carbon deposition [33,38,
39]. Among various mesoporous supports, SBA-15, a silica material with
a well-ordered hexagonal pore structure, high specific surface area, and
excellent thermal stability, is a favored choice for catalyst supports
[40-42]. Moreover, it exhibits remarkable morphological flexibility, as
its pore size and structure can be finely manipulated through alterations
to the synthesis steps [32].

In this work, we report an approach to engineer an iron-nickel alloy
catalyst for DRM by designing and synthesizing FeNi; nanoparticles
embedded in engineered SBA-15 (FeNig@SBA-15). Fig. 1 provides a
schematic representation of our materials platform. The pore size and
connective networks of mesopores with micropores of SBA-15 have been
tuned to achieve optimal molecular diffusivity and reactivity. This
tuning was achieved by controlling intermicellular interactions via
surfactant choice and the synthesis temperature [32,43]. The
FeNi3@SBA-15 samples were synthesized using the wet impregnation
method. We experimentally achieved over 98% and 99% CHy4 conver-
sion at 800 °C and 900 °C, respectively. FeNiz@SBA-15 also exhibited
high coking resistance and outperformed the equivalent bulk catalyst
with over 400% more CH4 conversion and over 700% more CO5 con-
version in the temperature range of 600 °C to 800 °C. Density functional
theory (DFT) computations indicate that the presence of
low-coordinated Ni sites on nanostructured FeNis is pivotal in facili-
tating the cleavage of C-H and C-O bonds, leading to an enhanced
decomposition of CH4 and CO». This research could provide valuable
insights into the design of high-performance catalysts for DRM for the
efficient utilization of the two major greenhouse gases and potentially
facilitate industrialization.

2. Experimental and computational
2.1. SBA-15 synthesis
A porosity-tunable synthesis was adapted based on previous litera-

ture [32,43] and pore-size control was achieved by altering the ratio of
silicate source (tetraethyl orthosilicate, TEOS) to shape directing agent
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(Pluronic acid, P123). The optimized synthesis used a TEOS: P123 ratio
of 104, which was mixed with 2 M HCI (29 mL) and deionized water
(15 mL). This mixture was stirred and held at 35 °C for 24 hours in the
air, then transferred to a Parr vessel for a 48-hour hydrothermal hold at a
reaction temperature of 80 °C. After air cooling to room temperature,
the recovered paste material was separated from the excess liquid using
Buchner funnel filtration. The paste was then cleaned by redispersing in
ethanol, centrifugated at 6000 RPM for 5 minutes, and the excess so-
lution was decanted. This cleaning process was repeated three times.
After the final decant, the separated paste was dried for 24 hours in air at
80 °C. Finally, the solid was calcined for 8 hours in air at 550 °C. Using a
mortar and pestle, the sample was ground into a fine for
characterization.

2.2. FeNig syntheses

A solution was prepared by dissolving 6.811 g cetyl trimethyl
ammonium bromide (CTAB), 0.943 g Fe(NO3)3e9 H,0, and 2.037 g Ni
(NO3)206 Hy0 in 149.43 mL of ethanol. 0.5 g SBA-15 was introduced to
the solution and stirred at 350 rpm for 24 hours. This was followed by
heating the temperature to 90 °C to remove the ethanol. The interme-
diate precursor was subsequently heated at a ramp rate of 1 °C/min until
it reached 600 °C, followed by a calcination process for 5 hours. Finally,
the sample was reduced with a mixture of Hy and Ar, with respective
flow rates of 20 mL/min and 30 mL/min, at 500 °C for 5 hours. The
resulting sample is marked as FeNi3@SBA-15. For comparison, FeNig
was also synthesized using commercial SBA-15 (details in the supple-
mentary information).

In a similar manner, the bulk FeNiz sample was prepared using SiOz
power instead of SBA-15. The sample was shaped into 1 mm diameter
particles and calcinated at 1000 °C for 5 hours prior to reduction. The
sample is marked as FeNi3@SiO,.

2.3. Characterization methods

SBA-15 crystal structure and pore sizes were characterized with a
combination of small-angle X-ray scattering (SAXS), pair distribution
functions (PDF), transmission electron microscopy (TEM), and
Brunauer-Emmett-Teller (BET) analysis of gas adsorption measure-
ments. A XENOCS Xeuss 3.0 instrument (Pilatus3 300k detector) was
used to gather SAXS patterns. Total X-ray scattering for PDF was
collected at beamline 11-ID-B (\= 0.2115 A) as part of Argonne National
Laboratory Advanced Photon Source (APS). A Tecnai G2-30 at 300 kV
(4k CETA camera) was used to collect TEM images of unloaded SBA-15.
A Micromeritics 3Flex surface analyzer was employed to perform ni-
trogen physisorption characterization. The sample first underwent
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Fig. 1. Dry reforming of methane of engineered mesoporous silica SBA-15 supported FeNiz, FeNiz@SBA-15.
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degassing on a Micromeritics SmartVacPrep device under vacuum o3
mm Hg) for 24 hours at 120°C. Then nitrogen isothermal adsorption was
performed at 77 K to determine the BET surface area and t-plot micro-
pore volume.

A combination of X-ray diffraction (XRD), PDF, TEM, and Scanning
TEM-energy dispersive spectroscopy (STEM-EDS) were used for sup-
ported nanoparticle structural characterization. XRD was collected on a
Rigaku SmartLab (Cu Ka) using Bragg-Brentano geometry. TEM and
STEM-EDS of the supported nanocatalyst were performed on a Tecnai
F20 TEM at 200 kV equipped with an Orius 2k camera. Pair distribution
functions (PDFs) were collected on supported nanocatalyst samples
before and after DRM measurements at the APS beamline 11-ID-B (A=
0.2115 A). PDF integration, reduction, and fitting were performed using
a suite of software: GSAS-II [44], PDFgetx3 [45], and PDFgui [46]. PDF

reduction parameters include: Quax = 23.4 A7, Omin = 0.1 A7, Qdamp

= 0.037 A, Qbroad = 0.030 A", and rpoty = 1.12. Qamp and Qproad
were obtained by fitting a nickel standard. Fits to samples were per-
formed using International Crystal Structure Database (ICSD) structure
files.

2.4. Fixed bed test

DRM reactions were performed with the FeNig@SBA-15 and
FeNi3@SiO; in a U-tube reactor. For the temperature programmed re-
action, 0.18 g of sample was loaded into a 0.5-inch outer diameter
quartz U-shape reactor and progressively heated at a ramp rate of 5
°C/min from ambient temperature to 1000 °C. During the test, 0.5 mL/
min CHy and 0.6 mL/min CO, were introduced, and a 23.9 mL/min Ar
stream was used to dilute the outlet gas. The diluted gaseous composi-
tion was analyzed using mass spectrometry. Moreover, different gas
weight hourly space velocity (GHSV) was also tested with each sample at
900 °C.

2.5. Thermogravimetric analysis

Carbon deposition on FeNis@SBA-15 and FeNiz@SiO, post DRM
reaction was analyzed using a SETRAM thermogravimetric analysis
(TGA) device. A sample of 11 mg, collected after 30 hours post DRM
reaction at 900°C, underwent TGA with a temperature increase at a rate
of 45°C/min. The oxidation phase involved exposing the sample to
50 mL/min of air and 50 mL/min of He at 800°C for one hour. In the
reduction stage, a mixture of 50 mL/min Hy and 50 mL/min He was
used at 600°C for an hour. A flushing phase with 50 mL/min Ny was
applied between the oxidation and reduction stages.

2.6. Theoretical calculations

The DFT calculations were conducted using the Vienna Ab Initio
Simulation Package (VASP) code [47]. The exchange-correlation po-
tential was computed employing the Perdew-Burke-Ernzerhof func-
tional within the generalized gradient approximation [48]. The atomic
core wave functions were described using the projector-augmented
wave method, with an energy cutoff of 400 eV [49]. To avoid lateral
interactions, FeNi3 nanoparticles were simulated in a three-dimensional
periodic configuration using a large cubic cell with dimensions of 5 x 5
x 5nm> Geometry optimization was performed at the I-point,
permitting all atoms to relax until the ionic forces diminished to less
than 0.01| eV A~1. The self-consistent field calculations for the elec-
tronic structure were considered converged when the difference in
electronic energy between consecutive steps fell below the threshold of
1.0 x 107° eV. To simulate the FeNis bulk material, the FeNis (111)
surface was chosen as the model, composed of four layers of slabs
segregated by a 15 A vacuum region perpendicular to the slabs. The
Climbing Image-Nudge Elastic Band (CI-NEB) method was employed
with five intermediate images to locate transition states [50].
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3. Results and discussion
3.1. Structural and compositional analyses of the supported nanocatalyst

To confirm the phase purity of the engineered SBA-15, its crystal and
pore structures were probed (Figure S1) following its hydrothermal
synthesis. TEM allows visual confirmation of ordered porosity within the
SBA-15 sample with observation of pore size and wall thickness (Sup-
plementary Figure Sla-c, Supplementary Figure S2). SAXS verifies the
pore structure with three peaks at small momentum transfer values (Q)
indicative of the (100), (110), and (200) reflections confirming the
hexagonal pore structure (P63/mmc) for SBA-15 (Supplementary
Figure S1d) [51]. Because SiO» SBA-15 is amorphous following the
synthesis described herein and Si and O have low atomic scattering
factors, total scattering is suitable to provide information on these
diffuse scattering components. Total scattering collects information on
both local and average structure, amorphous and crystalline materials.
High-energy X-ray scattering from a synchrotron provides total scat-
tering at a resolution possible to extract the pair distribution functions
(PDF) [52]. The emergence of a few peaks in the low-r region of the PDF
for the engineered SBA-15 sample reveals an amorphous structure
reminiscent of bond distances in crystalline P3521 a-SiO». In particular,
the PDF exhibits the most frequent Si—O bond distance at 1.6 A (Sup-
plementary Figure Sle), thus confirming that SBA-15 forms SiO5 sub-
units [52].

The nanoparticle growth within the engineered SBA-15 pores was
performed, and characterization followed to confirm the particle growth
location and the crystal structure of the alloy. The growth location for
the FeNis nanoparticles is confirmed to be largely within the SBA-15
pore via TEM and STEM-EDS (Fig. 2a, b). From TEM, higher contrast
regions correspond to crystalline FeNi3 nanoparticles fitting within the
low contrast SBA-15 pores (Fig. 2a). STEM-EDS confirms these higher
contrast regions as FeNis surrounded by lower contrast SiO, SBA-15
(Fig. 2b). TEM and STEM-EDS also revealed polydisperse particle
sizes, where a high population of extremely small nanoparticles that fit
within the 4-6 nm SBA-15 pore diameters are apparent, while a lesser
population of unavoidable larger nanoparticle aggregates on the surface
of some of the SBA-15 microparticles is also apparent (Fig. 2b, Supple-
mentary Figure S3). XRD confirmed a FeNi3 Pm3m average crystal
structure for the alloy through comparison to XRD reflections for ICSD
#5116 (Fig. 2c). XRD, however, gives higher crystallinity peaks than one
would expect from the high degree of 4-6 nm particles fitting in SBA-15
pores from TEM. It follows that this crystallinity is coming from the
larger nanoparticle aggregates, which dominate the Bragg scattering
signal and ripen after DRM measurements as evidenced by the
decreasing XRD peak widths. Despite the occasional presence of ~20 nm
surface aggregates, dramatic improvements in DRM over the bulk
catalyst sample are still achieved confirming the overwhelming contri-
bution from the 4-6 nm catalysts in the SBA-15 nm pores. These results
are discussed in more detail in the sections following.

In addition to the PDF collected for pure SBA-15, a PDF study was
also performed on the SBA-15 embedded with FeNi3 nanoparticles to
gain information on both the amorphous and crystalline components.
The SBA-15 Si-O nearest neighbor bond distance P3,21 a quartz peak is
still visible at ~ 1.6A, while the remainder of the signal is dominated by
the catalyst FeNis alloy (Fig. 2d). The experimental PDF signal is fit to
ICSD #16331 a-SiO; from 1.4 A — 2.4 A (Fig. 2e) while the ICSD #5116
Pm3m FeNis is fit to the remaining signal from 2.4 A — 60 A using the
Stepcut function [46,53]. By fitting out to r = 60A, the slightly damp-
ened signal for FeNis is observable for the pre-DRM sample, corre-
sponding to a decreased coherence length from nano-structuring. In the
post-DRM sample, nanoparticle ripening is apparent during this 900°C
process in the PDF signal, observable from the decreased signal damp-
ening at high-r and increased coherence length.

Surface and pore analysis for SBA-15 and FeNi3@SBA-15 are detailed
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Fig. 2. FeNi3@SBA-15 characterization including (a) TEM of SBA-15 pore channels including dispersion of small, higher contrast FeNis particles within the pores,
and (b) STEM-EDS confirming the SiO, matrix of SBA-15 containing Fe-Ni particulates. The Fe-Ni alloy is confirmed as Pm3m FeNiz ICSD #5116 (c) from XRD
collected before and after DRM (d). Fit PDF of these samples (e) confirms the existence of both SBA-15 and FeNi3. SBA-15 is apparent from the amorphous P3,21 SiO,

signal from r = 1.4 4 — 2.4 4 while FeNis is fit from r = 2.4 4 — 60 4.

in Supplementary Table S1 and Supplementary Figure S4. The engi-
neered SBA-15 sample gives a surface area of 630 m? g-!, a pore volume
of 0.63 cm® g1, and a 6.1 nm uniform mesopore diameter, which is in
line with TEM (Supplementary Figure S2). Additionally, it exhibits
values of 180 m? g~! and 0.09 cm?® g~ for micropore area and micro-
pore volume, respectively. The total pore volume reduced to 0.31 cm®
g’1 upon loading FeNis nanoparticles (FeNis@SBA-15), indicating their
embedding inside the mesoporous SBA-15. The pore radius was at
2.65 nm with a slight decrease in magnitude, suggesting partial filling of
the silica nanochannels by FeNis nanoparticles. For comparison, the
commercial SBA-15 is presented in Supplementary Figure S5.

50 4 @)

Concentration (% gy ")

3.2. Catalytic performance for methane dry reforming

The reactivity test results are presented in Fig. 3, revealing that
FeNi3@SBA-15 achieves a CH4 conversion rate of approximately 75% at
600°C and 98% at 800°C. Conversely, FeNiz@SiO5 shows minimal DRM
activity, with nearly zero conversion at 600°C and only an 18% CH4
conversion rate at 800°C. Furthermore, within the temperature range of
600-800°C, the CO, conversion of FeNig@SBA-15 is over 700% higher
than that of FeNi3@SiO», confirming the dominant role of nanoparticles
in SBA-15 in driving the reaction kinetics, despite the presence of un-
avoidable agglomerates as observed in Fig. 2b and S2b. At 900°C,
FeNi3@SBA-15 demonstrates higher CH4 and CO; conversion rates, with

(b)
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400

200
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400 600 800 1000
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200

Fig. 3. Temperature programmed reaction result of FeNi3@SBA-15(a) and FeNiz@SiO,(b).
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the respective values of over 99% and 83%, compared with 88% and
73% for FeNis@SiOs.

The samples were also subjected to 30-hour continuous DRM tests,
and the results are shown in Fig. 4. FeNig@SBA-15 exhibits elevated
conversion rates of CHy and CO,, along with a higher Hy/CO ratio
throughout the reaction due to its larger surface area, which is consistent
with the BET result. The Hp/CO ratio is closer to 1, signifying the
effectiveness in minimizing the side reactions. Furthermore,
FeNi3@SBA-15 demonstrates robust activity and a trend towards more
stable performance at high temperature, with almost constant catalytic
conversion rate observed during the test. In contrast, FeNig@SiOo, while
remaining stable phase (Supplementary Figure S6), shows gradual cat-
alytic deactivation, with CH4 and CO, conversion rates declining by
approximately 15% after 30 hours of reaction. The observed deactiva-
tion in FeNig@SiO, may be ascribed to the accumulation of carbon
deposition on the sample surface during the reaction [54], which may
block the active sites of the catalyst. Conversely, FeNig@SBA-15 shows
an absence of carbon deposition, evidenced by the complete gaseous
carbon balance and unchanged weight in thermogravimetric analysis
(Supplementary Figure S7). On the other hand, FeNiz@SiOy demon-
strates coke formation through observable weight change.

The DRM tests were also conducted under kinetic regimes with
different gas hourly space velocities (GHSV), and FeNi3@SBA-15
consistently exhibited higher reaction kinetics in all four GHSV settings
(Supplementary Figure S8). At a GHSV of 2840 L g~ hr !, FeNi3@SBA-
15 exhibited approximately 52% higher conversion rates for both CH4
and CO; compared to FeNi3@SiO». In addition, the performance of the
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Fig. 4. Stability results at 900°C for 30 hours (a) CH4 conversion (b) CO,
conversion (c¢) Hy/CO ratio.
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FeNi3 sample loaded on commercial SBA-15 was evaluated through
temperature programmed reaction (Supplementary Figure S10) in
conjunction with its characterization (Supplementary Figure S9) for
comparison. Our engineered SBA-15, acting as a support with a tailored
structure and microporous connectivity, demonstrates enhanced reac-
tion kinetics in DRM, surpassing that of the commercial SBA-15.

3.3. DFT reaction modeling

To gain insights into the enhanced reactivity of FeNis nanoparticles,
we performed DFT calculations to model two systems: a (FeNis)g
nanocluster (~1 nm) representing FeNis@SBA-15 and a FeNis (111)
surface representing FeNig@SiO,. The first step in DRM involves the
alloy-induced dissociation of CHg4, generating hydrogen atoms (H) and
CHs* radicals. These CH3* radicals then undergo further hydrogen
abstraction reactions, forming CHy* and CH* intermediates. Subse-
quently, the CH* radicals interact with an oxygen atom (O) from COj,
leading to the formation of CO* [55]. Fig. 5(a) illustrates the reaction
network of the DRM process, encompassing three potential reaction
pathways for the conversion of CH* to CO*. Path A and Path C involve
the oxygenation of CH* to produce HCO* and COH*, respectively. In
contrast, Path B in the DRM reaction network corresponds to the direct
cleavage of the C—H bond in CH* to yield C* and H* atoms. The
calculated barriers for CO* formation on the (FeNi3) nanocluster
through paths A, B and C are 89.5kJ/mol, 125.3 kJ/mol, and
116.5 kJ/mol, respectively. These results indicate that the formation of
the HCO* intermediate through the binding of CH* to O* is the most
favorable pathway. We further compared the complete reaction path-
ways through the HCO* intermediate for both the (FeNis)g nanocluster
and the FeNig (111) surface. The energy profile is mapped in Fig. 5(b). It
is noteworthy that the energy barrier required for the initial step of CHy
dissociation on the (FeNis)g nanoparticle is 82.7 kJ/mol, which is
24.8 kJ/mol less than what is needed on the FeNis (111) surface. The
(FeNi3)g nanoparticle also exhibits higher activity in the dissociation of
CH3* and CHy* radicals due to the lower barriers.

Regarding CO, adsorption on the FeNis (111) surface, the most
favorable configuration involves the binding of the C atom of CO»* to a
coordinately saturated Ni atom with a relatively low adsorption energy
of —32.7 kJ/mol. In contrast, for the (FeNi3)g nanoparticle, the C atom
of COy* is absorbed to a coordinately unsaturated Ni atom (5-fold co-
ordination of Ni), exhibiting a lower adsorption energy of —67.9 kJ/
mol. The energy barrier for the splitting of CO5 into CO* and O* on the
(FeNi3)g nanoparticle is —32.7 kJ/mol lower compared to the FeNis
(111) surface. Therefore, CO, is more easily activated on the (FeNis)g
nanoparticle. A Bader charge analysis was conducted to investigate the
electron transfer behavior that affects CO2 activation. The analysis re-
veals that on the FeNisz (111) surface, a charge of 0.651|e| transfers to
the adsorbed CO; molecule from the coordinately saturated Ni site,
while a charge of 0.833|e| transfers to the CO, from the coordinately
unsaturated Ni site of the (FeNi3)g nanoparticle. This suggests that the
low-coordinated sites offer greater accessibility and flexibility for CO,
activation. The enhanced activation of CO5 results in a larger quantity of
O* species available for the oxygenation of CH*, which explains the
superior reactivity of (FeNig)g in CO formation compared to FeNigz (111).
These findings indicate that nanostructured FeNis facilitates not only
CH4 dissociation but also CO, conversion, aligning well with experi-
mental observations.

4. Conclusions

This work presents the synthesis of a novel catalyst material by uti-
lizing 4-6 nm FeNi3 nanoparticles embedded in a pore-controlled SBA-
15 support. A comparative analysis of its performance in DRM reveals
that the engineered FeNiz@SBA-15 significantly outperforms the bulk
FeNi3@SiO; counterpart due to its larger surface area, enhanced coking
resistance, and improved active sites dispersion achieved through nano-
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Fig. 5. (a) A schematic diagram of the reaction network of CH4 and CO, to CO on FeNi3 nanoparticle. (b) Calculated reaction paths for the DRM on the (FeNi3)g

nanoparticle and the FeNis (111) surface.

structuring and tailored support. Specifically, the engineered
FeNiz@SBA-15 catalyst system achieves CH4 conversion rates exceeding
98% and 99% at 800°C and 900°C, respectively. Moreover, in the tem-
perature range of 600°C to 800°C, it demonstrates over 400% higher
CH4 conversion and over 700% higher CO, conversion compared to the
equivalent bulk material. Additionally, the engineered FeNis@SBA-15
exhibits promising long-term catalytic activity, with higher conversion
rates of CH4 and CO», a favorable H,/CO ratio, and consistent stability at
high temperature, showing no signs of deactivation during the 30-hour
DRM test. The DFT calculations performed in this study unveil that the
FeNis; nanoparticle displays superior activity in the CH4 dissociation
compared to the FeNig (111) surface. This enhanced activity can be
attributed to lower energy barriers observed for key reaction steps.
Furthermore, the Bader charge analysis indicates an increased charge
transfer to CO2 on the nanoparticle, suggesting that the presence of low-
coordinated metal sites enhances the activity of COy splitting. These
findings highlight the potential of engineered FeNis nanoparticles in
improving DRM efficiency and promoting effective and sustainable
syngas production, while also facilitating CO; utilization.
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