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Abstract

Hydrogen production via catalytic decomposition of methane (CDM) offers a CO,-free
route for simultaneous hydrogen and solid carbon generation. However, practical
implementation remains limited by catalyst deactivation, metal contamination in the
carbon product, and inefficient post-reaction purification. In this work, Ni-promoted
(Lag75Cag,5)(CrysMn, )0, ; (Ni-LCCM) perovskite catalysts prepared via a nitrate-based
route were evaluated for CDM. Under thermal CDM at 750 °C without pre-reduction,
O50Ni-LCCM achieved a Ni-normalized carbon productivity of up to 11.53 g.-g,;". A non-
monotonic dependence of intrinsic carbon productivity on Ni loading was observed, with
local maxima for 050Ni-LCCM and 150Ni-LCCM. These two experimental compositions
were represented by the 2Ni-LCCM and 6Ni-LCCM models in the density functional theory
(DFT) calculations. The 2Ni-LCCM and 6Ni-LCCM models showed lower relative rate-
limiting activation barriers than those of neighboring configurations. Together with
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structural characterization, these results suggest that methane decomposition activity is strongly influenced by local
Ni configuration, Ni reducibility, and site accessibility rather than by total Ni loading alone. Carbon characterization
showed the formation of predominantly nanocrystalline graphitic carbon, including mixed carbon nanostructures
such as carbon nanotubes, carbon nanofibers, and carbon nano-onions. Post-reaction purification using 5 M HNO,
reduced the residual inorganic content to 4.20% and 1.41% for carbon products from O50Ni-LCCM and 150Ni-
LCCM, respectively, corresponding to thermogravimetric analysis (TGA)-based carbon contents of approximately
95.8% and 98.6%. Overall, the results demonstrate that Ni-LCCM is an effective catalyst system for CDM, in which
composition-dependent Ni configurations influence intrinsic carbon productivity while enabling recovery of high-
carbon-content solid products after mild acid treatment.

INTRODUCTION

Hydrogen is an essential feedstock for chemical manufacturing, refining, and fuel-cell technologies, and is
increasingly regarded as a key energy carrier for deep decarbonization"?. Depending on the production
route and associated carbon footprint, hydrogen is commonly classified as grey, blue, green, or turquoise
hydrogen®!. Grey hydrogen, mainly produced by steam methane reforming (SMR), is accompanied by
substantial CO, emissions, whereas blue hydrogen relies on carbon capture and storage (CCS) to reduce
emissions. However, CCS increases process complexity, energy consumption, and cost'**’. Green hydrogen
from renewable-powered water electrolysis offers a low-carbon route, but its large-scale deployment is still
constrained by electricity cost, electrolyzer durability, and renewable power availability. In this context,
CDM has emerged as an attractive complementary route for turquoise hydrogen production, because
methane can be directly converted into hydrogen and solid carbon without direct CO, formation'”. The solid
carbon co-product also provides an opportunity to improve process economics if it can be recovered with
sufficient purity and structural quality.

Catalytic performance and the practical feasibility of CDM are strongly affected by catalyst composition,
active-site structure, and carbon management. Ni-based catalysts are among the widely studied systems
because of their high activity and relatively low cost"”. In this work, Ni was selected as the modifying element
because Ni is effective for C-H bond activation and can promote the formation of graphitic carbon during
methane decomposition. Moreover, Ni species can interact with perovskite oxide frameworks and generate
surface-enriched or exsolution-related active sites under reducing conditions and during methane
decomposition.

Other transition metals, such as Fe and Co, may also affect methane decomposition, but they are not
expected to behave identically to Ni because their reducibility, metal-support interaction, carbon solubility,
and carbon-growth behavior can differ substantially. Therefore, this study focuses on Ni-modified LCCM as
a representative system to establish the relationship between Ni loading, active-site evolution, and carbon
productivity. Future work will include a systematic comparison with Fe- and Co-modified LCCM catalysts.

Nevertheless, conventional supported Ni catalysts often suffer from sintering, carbon-induced
deactivation®, and the incorporation of metal or support residues into the carbon product®"). These issues
not only shorten catalyst lifetime but also complicate the purification and downstream utilization of the

produced carbon. Strategies such as bimetallic catalyst design"'"!, support modification"***!, and reactor

engineering using fluidized-bed"* or molten-media systems”” have been investigated to improve activity and
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carbon removal. However, achieving stable hydrogen production while recovering low-residue carbon
products remains challenging, especially when oxide supports or residual metal species are difficult to
remove after reaction*'",

Perovskite-derived catalysts provide a useful platform for addressing these challenges because reducible
metal species can be incorporated into the oxide lattice and subsequently exsolved as anchored nanoparticles
under reducing or reaction conditions"”**). Compared with conventionally impregnated metal particles,
exsolved nanoparticles are often partially embedded in the oxide surface, forming socketed metal-support
interfaces that improve thermal stability and sintering resistance!””’. Ni-substituted La-Sr-Cr-Mn-based
)(Cr,.Mn,, Ni)O,, and (La ..Sr ,.)(Cr

studied as redox-stable electrode materials for solid oxide fuel cells (SOFCs), including

perovskites, (La,,.Sr Ni Mn_,)O, ,, have been extensively

0.25 0.5-X 0.25 0.5-X

symmetrical SOFC configurations"™”, owing to their structural robustness under both oxidizing and reducing
Sr,,.)(Cr, . Mn_ . Ni)O, ; (LSCM), Ca-substituted

(La,,.,Ca,,.)(Cr,,Mn_,)O, ; (LCCM) can reduce lattice strain and mitigate Sr-related A-site segregation

conditions””?'). Compared with Sr-based (La

0.75 0.5-x
concerns”>?’!, Building on this concept, LCCM offer a stable oxide framework, while Ni incorporation
provides a route to generate catalytically active metallic sites during methane decomposition.

Although Ni-promoted LCCM catalysts have shown promise for turquoise hydrogen and carbon
nanomaterial co-production, the role of composition-tuned exsolved Ni sites in determining intrinsic
activity remains insufficiently understood. In many CDM studies, catalyst performance is primarily
evaluated by methane conversion, hydrogen formation rate, or total carbon yield. These metrics are
important but do not fully distinguish whether additional Ni contributes to more efficient active sites or
merely increases the total metal amount. Ni-normalized carbon productivity therefore provides a more direct
measure of intrinsic Ni utilization. In this work, the intrinsic carbon productivity on Ni-LCCM was found to
depend non-monotonically on Ni loading, indicating that catalytic performance is governed not simply by
the total Ni content but by the local configuration and accessibility of exsolved Ni sites.

Herein, a series of Ni-promoted LCCM perovskite catalysts was prepared through a nitrate-based gel-casting
route and evaluated for CDM under rotary-bed operation without external pre-reduction. The relationship
between Ni loading, exsolved Ni configuration, intrinsic carbon productivity, and carbon product purity was
systematically examined. Density functional theory (DFT) calculations were further used to rationalize how
different Ni configurations influence the rate-limiting barriers for methane dehydrogenation. In addition,
post-reaction mild acid treatment was applied to assess the removability of catalyst-derived residues and the
potential for producing high-carbon-content solid products. This study links composition-tuned exsolved Ni
sites with intrinsic methane decomposition activity and carbon purification, providing a materials-design
strategy for the co-production of turquoise hydrogen and high-carbon-content solid products.

EXPERIMENTAL

Chemicals

The following chemicals were used as received from Sigma Aldrich: calcium nitrate tetrahydrate
[Ca(NO,),-4H,0, 99%], chromium nitrate nonahydrate [Cr(NO,),-9H,0, 99%], manganese nitrate
tetrahydrate [Mn(NO,),-4H,0, 2 97.0%], and nickel nitrate hexahydrate [Ni(NO,),.6H,0, 99.9%]. Acrylamide
(AM, C,H,CONH,, 99.9%), N,N’-methylenebisacrylamide (MBAM, C,H.CONHCH,NHCOC,H,, 99.9%),
ammonium persulfate [APS, (NH,),S,0,, 99.9%], and N,N,N’,N’-Tetramethyl ethylenediamine (TEMED,
99.9%) were also used for gel-casting. Lanthanum nitrate hexahydrate [La(NO,),-6H,O, 99.9%] was used as
received from Alfa Aesar. Milli-Q deionized water (18.2 MQ-cm) was used during all experimental
procedures.
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Table 1. Nominal compositions of xNi-LCCM catalysts and the corresponding representative yNi-LCCM DFT models

f:;‘i'_’:‘écm Representative DFT model (yNi-LCCM)  Ni La Ca cr Mn
LCCM LCCM 0.00 0.75 0.25 0.50 0.50
025Ni-LCCM TNi-LCCM 0.25 0.75 0.25 0.50 0.50
050Ni-LCCM 2Ni-LCCM 0.50 0.75 0.25 0.50 0.50
075Ni-LCCM 3Ni-LCCM 0.75 0.75 0.25 0.50 0.50
TO0ONi-LCCM 4ANi-LCCM 1.00 0.75 0.25 0.50 0.50
125Ni-LCCM 5Ni-LCCM 1.25 0.75 0.25 0.50 0.50
150Ni-LCCM 6Ni-LCCM 1.50 0.75 0.25 0.50 0.50
175Ni-LCCM 7Ni-LCCM 1.75 0.75 0.25 0.50 0.50
200Ni-LCCM 8Ni-LCCM 2.00 0.75 0.25 0.50 0.50

In the experimental notation xNi-LCCM, x denotes the sample-specific Ni-loading designation (x = 025-200). In the DFT notation yNi-LCCM, y
denotes the number of Ni atoms introduced into the selected computational cell rather than the exact experimental stoichiometry. The ICP-OES-
measured Ni:La:Ca:Cr:Mn molar ratio for the representative 050Ni-LCCM sample was 0.44:0.75:0.21:0.44:0.46, close to the nominal ratio of
0.50:0.75:0.25:0.50:0.50. Detailed batch information is provided in Supplementary Table 1. DFT: Density functional theory; LCCM:
(Lag75Cag,5)(CrosMng ) O

Synthesis of xNi-LCCM catalysts

The xNi-LCCM catalyst series was synthesized by a water-based gel-casting method adapted from a previous
report™). Hydrated metal nitrates were used as precursor salts instead of the oxide- and carbonate-based
precursors used in earlier procedures. The catalysts were denoted according to the nominal molar amount of
Ni introduced into the fixed LCCM composition; for example, 050Ni-LCCM has a nominal Ni:La:Ca:Cr:Mn
molar ratio of 0.50:0.75:0.25:0.50:0.50. The nominal molar compositions are listed in Table 1.

A 50 wt% aqueous solution of each hydrated nitrate salt was prepared from La(NO,),-6H,O, Ca(NO,),-4H,0,
Cr(NO,),-9H,0, Mn(NO,),-4H,0, and Ni(NO,),-6H,0. To prepare 050Ni-LCCM, the corresponding nitrate
solutions were mixed and stirred for 30 min, followed by the addition of 16.54 g acrylamide (AM) and 1.10 g
MBAM. After stirring for another 15 min, polymerization was initiated by sequentially adding 16.54 g of 2
wt% APS solution and 16.54 g of 2 wt% TEMED solution.

Figure 1 illustrates the nitrate-based aqueous gel-casting synthesis procedure for the xNi-LCCM catalysts.
The nitrate-based aqueous route avoids organic solvents such as ethanol and isopropanol and offers a simple,
scalable approach for preparing composition-tuned Ni-LCCM catalysts.

Materials characterization

The molar ratios of metal elements in the catalysts were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Avio 200, PerkinElmer, USA). Calibration curves were established for Ca,
Cr, La, Mn, and Ni. Calibration concentrations ranged from 1-100 ppm for Ca, Cr, La, and Ni, while Mn was
calibrated over 1-20 ppm. Ni was measured using the axial viewing mode, whereas all other elements were
analyzed in radial viewing mode. All calibration curves showed good linearity (R* > 0.99). Phase structures of
the catalysts and carbon products were analyzed by powder X-ray diffraction (XRD, Philips MPD 1880,
PANalytical, Netherlands) using Cu Ko radiation (% = 1.5406 A) at room temperature, and the diffraction
patterns were recorded over a 20 range of 20°-80° at a scan rate of 4° min™'. Surface chemical states were
examined by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific, USA) with
an Al Ka source (hv = 1,486.6 eV), operating at an accelerating voltage of 15 kV and a filament current of
10 mA. Each spectrum was accumulated over five scans to improve the signal-to-noise ratio. The pass energy
was set to 30 eV for high-resolution spectra (step size: 0.05 eV), while 100 eV was used for survey spectra.
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DI water
La( N03)2 *6H 20

Ca(NO;),*4H,0 %;

Cr(NO,),*9H,0

Mn(NO;),*4H,0
NI(NO;)Q'GH:O

N

Step 1: Weigh nitrate salts and DI water. Step 2: Stirat 300 Step 3: Add AM and Step 4: Add APS and
rpm for 30 min. MBAM, then stir for TEMED to initiate
15 min. polymerization.

Step 8: Calcination Step 7: Grind into Step 6: Self- Step 5: Polymerization
at 1100 °C for 5 h. fine powder. combustion on a hot and gelation at 80 °C
plate at 350400 °C. for 30 min.

Figure 1. Schematic illustration of the nitrate-based aqueous gel-casting synthesis procedure for xNi-LCCM catalysts. AM: Acrylamide;
APS: ammonium persulfate; LCCM: (La,;5Cag,5)(CrysMngys)O55 MBAM: N,N'-methylenebisacrylamide; TEMED: N,N,N’,N'-tetramethy|
ethylenediamine; DI: deionized water.

The morphology and microstructure of the catalysts and carbon products were characterized by field-
emission scanning electron microscopy (FESEM, JEOL7600, JEOL, Japan), high-resolution transmission
electron microscopy (HRTEM, Talos F200X, Thermo Fisher Scientific, USA), and high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM, Talos F200X, Thermo Fisher Scientific,
USA) equipped with energy-dispersive X-ray spectroscopy (EDS). The FESEM observations were performed
at an accelerating voltage of 5 kV, while the HRTEM and HAADF-STEM analyses were conducted at
200 kV.

H, temperature-programmed reduction (H,-TPR) was carried out using an Autochem II 2920 analyzer
(Micromeritics, USA). The samples were pretreated at 200 °C for 0.5 h to remove moisture, followed by
heating from 50 °C to 900 °C at a ramp rate of 10 °C min™ under a 10% H,/90% Ar flow. Thermogravimetric
analysis (TGA, Q500, TA Instruments, USA) was used to investigate the thermal behavior of the produced
carbon nanomaterials. Approximately 10-15 mg of carbon or carbon-catalyst mixture was placed in the
sample pan. The analysis was conducted at a heating rate of 10 °C min™ up to 900 °C under a mixed gas flow
of 40 mL min™ N, and 60 mL min™ air. Prior to analysis, the pan was pre-cleaned by heating to 900 °C at
50 °C min™' to remove contaminants. Raman spectroscopy (inVia Raman microscope, Renishaw, UK) was
used to evaluate carbon products. It was equipped with a 532 nm excitation laser, and the spectra were
recorded over the range of 0-3,200 cm™. The obtained spectra were baseline-corrected and deconvoluted
using Lorentzian functions to analyze the D, G, and 2D bands.

Catalytic activity experiments

Catalytic decomposition of methane (CDM) experiments were carried out in a rotary-bed reactor. For each
test, 2 g of catalyst was loaded at the center of a specially shaped quartz tube with an inner diameter of
60 mm, an expanded central section of 100 mm, and a total length of 1.2 m [Supplementary Figure 1]. The
catalyst was used directly without prior reduction under H,. Before the reaction, the system was evacuated
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with a vacuum pump to remove residual air. Methane (CH,, 99.9%) was then introduced into the reactor at a
flow rate of 100 sccm, corresponding to a space velocity of 3 L-g_ "*h™". The reactor (BTF-1200C-R-PECVD-
AD, Anhui BEQ Equipment Technology, China) was rotated at 1 rpm during the reaction [Supplementary
Figure 2]. The reactor was heated to the target temperature at a heating rate of 5 °C-min™. After the reaction,
the CH, flow was stopped, and N, was introduced to terminate the reaction and prevent further carbon
formation. The gaseous products were quantified using a gas chromatograph equipped with a thermal
conductivity detector (TCD, Shimadzu Nexis GC-2030, Shimadzu, Japan). Methane conversion (Xcn,, %) was
calculated based on either the inlet and outlet methane amounts or the outlet hydrogen amount, assuming
hydrogen and carbon as the only products. Carbon productivity was determined by normalizing the mass of
deposited carbon to either the total catalyst mass (g.-g_, ') or the Ni mass in the catalyst (g.-g,, "), according
to the following equations:

n in —n
XcH4(%) _ CH4,Il/ln CH,,out % 100% (1)
CH4,in

1
§nH2,out

Xcn, (%) = 5 x 100% (2)

5MH,,0ut + NCHy,0ut
and n denote the amounts of methane at the inlet, methane at the outlet, and

Where ngy, . 1

hydrogen at the outlet, respectively.

CHy,out> H,out

_ my — Meat.
8c  ear. = — (3)
Meat
_ my — Meqr.
8c * §Ni 1o L __cdb (4)
Mmni

Where m, is the total mass of the carbon and catalyst mixture after reaction, m_, is the initial catalyst mass,

and m,; is the nominal mass of Ni in the catalyst.

Reproducibility of the catalytic tests was evaluated using independent experiments under identical reaction
conditions. For the Ni-loading-dependent catalytic tests, each catalyst composition was evaluated using three
independent experiments. Unless otherwise stated, the reported values represent the mean of the
independent measurements, with error bars indicating the corresponding standard deviation.

Purification of carbon
The as-produced carbon was purified by nitric acid treatment to remove residual metal species. Briefly,
10 mL of 5 M HNO, solution was added per gram of carbon product. The suspension was stirred and heated
in an oil bath at 120 °C for 5 h. After acid treatment, the suspension was diluted with deionized water, mixed,
and allowed to settle before solid-liquid separation. The acid-treated carbon was collected by filtration and
dried at 120 °C for 24 h.

Density functional theory calculations

All calculations were performed based on DFT. The exchange-correlation functional was described using the
generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE), together with the DFT-
D3 dispersion correction®. For geometry and lattice optimization, the plane-wave cutoff energy was set to
500 eV, and Brillouin zone integration was performed using a 4 x 4 x 1 Monkhorst-Pack k-point mesh*.
The convergence criteria for ionic relaxation and electronic self-consistent calculations were set to
0.05 eV A" and 10” eV, respectively.

A2 x2x1 LCCM supercell exposing the (0-10) surface was constructed, with a 15 A vacuum layer applied
perpendicular to the surface. Different numbers of Ni atoms were introduced into the supercell to represent
different relative Ni-loading levels and local Ni configurations. As summarized in Table 1, the yNi-LCCM
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models represent computational analogs of the experimental xNi-LCCM series, rather than the exact bulk
stoichiometry of the catalysts. The pristine LCCM surface corresponds to y = 0. A pure Ni(111) slab with a
comparable cell size was also constructed as a reference.

The adsorption energy was calculated as:
AE = Eiot — Eqwp — Eud (5)

where E,_ is the total energy of the adsorbate-substrate system, E_, is the energy of the bare substrate, and E,,

is the energy of the isolated adsorbate.

The climbing-image nudged elastic band (CI-NEB) method was used to locate transition states””**. Ten
images were used between the initial and final states for each elementary C-H bond cleavage step. For
configurations where the initial and final states differed significantly in energy, forward and reverse
activation barriers were calculated as:

AER = ETS - EI (6)
AEp = Evs — Ep (7)

Where E_, E,, and E, are the total energies of the transition state, initial state, and final state, respectively.

Only the forward reaction was considered in this work; therefore, the activation energy was defined as:
E.=AERr (8)

RESULTS AND DISCUSSION

Synthesis and compositional verification of xNi-LCCM

ICP-OES analysis was used to verify the elemental compositions of the nitrate-derived xNi-LCCM catalysts.
For the representative 050Ni-LCCM sample, the measured Ni:La:Ca:Cr:Mn molar ratio was close to the
nominal composition, confirming that the nitrate-based gel-casting route effectively incorporated the metal
precursors into the multicomponent catalyst system’. The measured composition of 050Ni-LCCM is
provided in the note to Table 1, and the ICP-OES-derived molar ratios for individual batches and the
normalization basis are provided in the Supplementary Materials [Supplementary Table 1].

XRD patterns of the calcined xNi-LCCM catalysts confirm the formation of the LCCM perovskite phase
across all compositions [Figure 2A]. The diffraction peaks are consistent with previously reported LCCM
structures™/, indicating that the nitrate-based gel-casting route successfully produces the targeted perovskite
phase. In our previous work, xNi-LCCM catalysts were prepared using oxide and carbonate raw materials
through a water-based gel-casting slurry route'*. By contrast, the present synthesis uses hydrated metal
nitrates to form a homogeneous aqueous precursor solution before polymerization and self-combustion.
Despite this change in precursor chemistry and gel-casting medium from slurry to solution, the final calcined
catalysts exhibit the same LCCM perovskite framework, suggesting that the nitrate-derived route does not
adversely affect phase formation. With increasing Ni incorporation, the perovskite reflections show a slight
shift toward higher 2q values [Figure 2B], suggesting lattice modification associated with metal incorporation
and defect formation">**>",
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Figure 2. XRD patterns of xNi-LCCM catalysts with different Ni loadings: (A) catalysts calcined at 1,100 °C for 5 h in air; (B) enlarged view
of the 20 range of 32°-35° for the calcined catalysts; (C) catalysts reduced at 750 °C for 2 hin H,/N,; and (D) enlarged view of the 20
range of 32°-35° for the reduced catalysts. Diffraction peaks corresponding to LCCM, NiO, and metallic Ni are indicated. XRD: X-ray
diffraction; LCCM: (Lay-5Cag,5)(CrosMnys) Oy

After reduction in H,/N,, metallic Ni reflections appear in the Ni-containing samples, while the LCCM
perovskite structure remains intact [Figure 2C and D]. This confirms the reduction of Ni species®*****) and
the structural stability of the LCCM under reducing conditions”®’. The intensity of the metallic Ni reflections
increases with Ni loading, consistent with the higher Ni content in the catalyst series.

XPS was employed to examine the surface chemical states of xNi-LCCM catalysts before and after reduction
[Figure 3A-D]. Interpretation of the Ni 2p region is complicated by its overlap with La 3d signals>**/.
Nevertheless, constrained peak deconvolution can identify characteristic Ni features®***”). After reduction,
the component at ~852.3 eV is assigned to metallic Ni’, while the features at ~855.5 eV, together with the
shake-up satellite at ~861 eV, indicate the presence of Ni** species in a NiO-like environment or in the near-
surface region of the perovskite lattice”. Contributions from La** are observed in the overlapping regions at
~850 eV and ~855-856 eV, consistent with La 3d emission®.

To further verify the Ni chemical states, the Ni 3p region was analyzed. The spectra show signatures of
metallic Ni’ at ~66.3 eV and Ni** at ~67.6 eV, together with the corresponding shake-up satellite features
[Figure 3C and D]"***). Owing to the spectral overlap between Ni 3p, Cr 3p, and Mn 3p signals, Cr- and



Chua et al. Energy Mater. 2026, 6, 600125 Page 9 of 22

A 050Ni-LCCM B Reduced 050Ni-LCCM

Intensity (a.u.)
Intensity (a.u.)

Ni°®

— N2
Ni

B N

Ni?* sat. Ni?* sat.

L La%

~|Laplasmon La plasmon

—— Envelope —— Envelope
R S S S R R minteNSi P S S

868 866 864 862 860 858 856 854 852 850 848 846 868 866 864 862 860 858 856 854 852 850 848 846
Binding energy (eV) Binding energy (eV))
C osonicem D Reduced osoni-Lcem

Fl Fl
8 A
2 2
= =
(=4 £~
2 2
c =4 [
= - NIO
—
| NiZ*
B N e
] cr* Mn
—— Envelope —— Envelope
e Ilnten5|t¥ ) ) ) ) ) e Ilntensmi ) ) ) ) )
78 76 74 72 70 68 66 64 62 78 76 74 72 70 68 66 64 62

Binding energy (eV) Binding energy (eV))

E

F

Figure 3. Surface Ni chemical states and reduction-induced Ni redistribution in 050Ni-LCCM. (A-D) XPS spectra of 050Ni-LCCM before
and after reduction at 750 °C in H,/N.; (E and F) HAADF-STEM images and corresponding STEM-EDS Ni elemental maps of 050Ni-
LCCM before and after reduction. The Ni EDS signal is displayed in red. HAADF-STEM: High-angle annular dark-field scanning
transmission electron microscopy; XPS: X-ray photoelectron spectroscopy; EDS: energy-dispersive X-ray spectroscopy; LCCM:
(Lag75Cag,5)(CrosMng5) Oy

Mn-related components were included in the deconvolution where required to obtain a reliable fit. The
coexistence of Ni’ and Ni** after reduction indicates partial reduction of Ni species, consistent with Ni
exsolution from the perovskite lattice and partial surface oxidation of the exsolved nanoparticles!****.
Complete spectra for all compositions are provided in the Supplementary Materials [Supplementary Figures

3 and 4]

STEM-EDS mapping was further used to visualize the spatial redistribution of Ni in 050Ni-LCCM before
and after reduction [Figure 3E and F]. In the calcined catalyst, the Ni signal is relatively homogeneous across
the LCCM particles, indicating that Ni species are well dispersed within or on the oxide framework after the
nitrate-based gel-casting and calcination process. After reduction in H,/N , localized Ni-rich regions become
more evident, suggesting the migration and enrichment of Ni species toward the particle surface. This
observation is consistent with the XRD results, where metallic Ni reflections appear after reduction while the
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Figure 4. Ni-LCCM interfacial anchoring, elemental distribution, and reducibility of representative xNi-LCCM catalysts. (A) Low-
magnification TEM image of T00Ni-LCCM showing a Ni-containing region at the LCCM matrix. (B) Enlarged TEM image of the selected
interfacial region; (C and D) HRTEM images showing lattice fringes assigned to NiO and LCCM in the interfacial region; (E-K) STEM-EDS
elemental mapping of the selected region: (E) HAADF image, (F) La, (G) Ca, (H) Cr, (I) Mn, (J) Ni, and (K) corresponding elemental
overlay; (1) H,-TPR profiles of 050Ni-LCCM and 150Ni-LCCM catalysts after calcination in air at 1,100 °C for 5 h. HRTEM: High-resolution
transmission electron microscopy; STEM: scanning transmission electron microscopy; EDS: energy-dispersive X-ray spectroscopy; H,-

TPR: H, temperature-programmed reduction; LCCM: (Lag 75Ca,.,5)(CrosMng ) O, 5 TEM: transmission electron microscopy.

LCCM perovskite framework remains intact, confirming that Ni species are reduced without collapse of the
parent oxide structure. The XPS analysis further supports this interpretation by showing the coexistence of
metallic Ni’ and residual Ni** species after reduction, indicating partial reduction and possible surface
oxidation of reduced Ni species.

Together, the XRD, XPS, and STEM-EDS results show that the nitrate-derived 050Ni-LCCM catalyst
undergoes reduction-induced Ni redistribution while retaining the LCCM perovskite backbone. The
emergence of Ni-rich surface regions provides microscopic evidence for reduction-induced Ni enrichment,
consistent with the formation of surface-enriched/exsolved Ni species. These surface-enriched Ni species are
expected to contribute to methane activation, while the stable LCCM framework helps maintain structural
integrity under reducing conditions. This also confirms that replacing the previous oxide/carbonate-based
slurry gel-casting route with a nitrate-based solution gel-casting route does not compromise the formation or
redox stability of the LCCM-based catalyst.

HRTEM analysis of the 100Ni-LCCM catalyst was conducted as a representative case because of its clearly
resolved interfacial features [Figure 4]. The low-magnification transmission electron microscopy (TEM)
image shows aggregated catalyst particles [Figure 4A], while the enlarged TEM image reveals a Ni-containing
region located at the LCCM matrix interface [Figure 4B]. Further magnification of the left and right dashed
regions in Figure 4B shows the HRTEM images in Figure 4C and D, respectively. In these interfacial regions,
lattice spacings of 0.211 nm are assigned to NiO(200), while spacings of 0.219-0.222 nm are attributed to the
LCCM perovskite lattice. The coexistence of Ni-containing and LCCM lattice fringes within the same
interfacial region indicates intimate contact between the Ni-containing phase and the oxide support.
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This interfacial structure is consistent with the preceding XRD and XPS results. XRD shows that Ni-
containing phases appear after reduction while the LCCM perovskite framework remains intact, and XPS
reveals the coexistence of metallic Ni’ and Ni** species after reduction. The before-and-after STEM-EDS
comparison in Figure 3E and F provides direct evidence for reduction-induced Ni redistribution and local Ni
enrichment in 050Ni-LCCM. In contrast, Figure 4E-K shows the local elemental distribution in the selected
interfacial region of 100Ni-LCCM. Together with the HRTEM observations in Figure 4A-D, these results
support the formation of Ni-containing domains anchored to the LCCM matrix. The partially embedded
morphology of these domains suggests a socketed particle-support interface, which is characteristic of
exsolution-derived or strongly anchored nanoparticles rather than physically detached Ni particles.

Across the catalyst series [Supplementary Figures 5-8], lattice spacings of 0.218-0.222 nm and 0.276-0.278 nm
are consistently assigned to the LCCM perovskite support, while spacings of 0.208-0.213 nm correspond to
NiO(200). Additional spacings of 0.244-0.245 nm are associated with Ni-containing oxide domains, and in
the 150Ni-LCCM sample [Supplementary Figure 8], a spacing of ~0.179 nm is consistent with metallic
Ni(200), indicating a higher degree of Ni reduction at higher Ni loadings. Overall, the coexistence of Ni-
containing and LCCM lattice fringes, together with the observed interfacial anchoring, supports strong
metal-support integration in the xNi-LCCM catalysts.

H,-TPR was conducted on 050Ni-LCCM and 150Ni-LCCM to further probe the reducibility of Ni species
and their interaction with the LCCM framework [Figure 4L]. Both samples exhibit a main reduction peak
centered at ~400 °C, together with a broad shoulder in the range of 450-550 °C. The low-temperature
reduction peak becomes more intense with increasing Ni loading, indicating a larger amount of reducible
NiO-like species that are more accessible to H,. This assignment is consistent with the XRD results, where

NiO reflections are observed after calcination and metallic Ni reflections appear after reduction.

The shoulder at higher temperature is attributed to Ni species that interact more strongly with the LCCM
perovskite lattice or are partially incorporated near the oxide framework. Such species require higher
temperatures for reduction than surface NiO-like species!*>*?. This behavior is consistent with previous
studies showing that Ni species with stronger interactions with the support or lattice incorporation exhibit
higher reduction temperatures than surface Ni species*”. Comparable multi-step reduction features have also
been reported for Ni-containing perovskites, where reduction peaks in the ~400-600 °C range are associated
with the progressive reduction of lattice-incorporated Ni species*”. Together with the XPS results showing
the coexistence of metallic Ni’ and residual Ni** after reduction, the before-and-after STEM-EDS comparison
in Figure 3E and F, and the interfacial TEM/STEM-EDS observations in Figure 4A-K, the H,-TPR profiles
further support the presence of multiple Ni environments in Ni-LCCM catalysts, including accessible surface
NiO-like species and more strongly bound lattice-associated Ni species. These different Ni environments are
expected to contribute to the formation of surface-enriched/exsolved Ni sites during reduction and
subsequent methane decomposition.

To correlate the Ni-loading-dependent increase in reducible Ni species observed by H,-TPR with catalyst
morphology, FESEM was used to examine the calcined xNi-LCCM catalysts after treatment in air at 1,100 °C
for 5 h. The corresponding images and particle size distributions are provided in the Supplementary
Materials [Supplementary Figure 9]. These morphology data provide additional context for understanding
how Ni loading affects the distribution and accessibility of reducible Ni species.
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Figure 5. Effect of reaction temperature on methane conversion and Ni-normalized carbon productivity over 050Ni-LCCM and 150Ni-
LCCM catalysts. (A and B) Methane conversion as a function of time on stream over (A) 050Ni-LCCM and (B) 150Ni-LCCM at 700-850
°C; (C) Ni-normalized carbon productivity at different reaction temperatures. The experiments were conducted in a rotary reactor at 1rpm
for 8 h with a space velocity of 3 L:g.,,"-h". Error bars represent the standard deviation of three independent tests performed at 750 °C.
This temperature was selected as the representative reaction condition for reproducibility verification. LCCM: (La,;5Cay,5)(CrosMng5)O4 .

Evaluation of catalytic activity in CDM

Effect of reaction temperature

The effect of reaction temperature was evaluated using 050Ni-LCCM and 150Ni-LCCM, which were selected
as representative compositions for comparing Ni utilization and catalytic stability. As discussed above, XRD,
XPS, STEM-EDS, and H,-TPR results indicate that increasing Ni loading increases the amount of reducible
Ni species and promotes the formation of surface-enriched Ni-containing domains, while the LCCM
framework remains structurally stable under reducing conditions. These structural features are expected to
influence methane activation and catalyst deactivation during CDM.

Increasing the reaction temperature from 700 to 750 °C markedly enhanced methane conversion and Ni-
normalized carbon productivity [Figure 5]P. At 700 °C, methane activation was limited, resulting in low
conversion and low carbon productivity. Raising the temperature to 750 °C improved methane
decomposition kinetics and gave the highest Ni-normalized carbon productivity for 050Ni-LCCM, while
150Ni-LCCM showed a slightly higher value at 800 °C. Further increasing the temperature to 800-850 °C
generally increased the initial methane conversion but also accelerated deactivation. At 850 °C, the Ni-
normalized carbon productivity decreased for both catalysts.

This temperature-dependent behavior suggests a trade-off between methane activation and catalyst stability.
Higher temperatures facilitate C-H bond activation and initially increase methane conversion, but they may
also accelerate Ni migration, sintering, or carbon encapsulation, thereby reducing the number of accessible
active sites during prolonged operation. This interpretation is consistent with the H,-TPR and microscopy
results, which show that Ni species exist in multiple environments and that reducible Ni-rich regions form
under reducing conditions. Considering the overall balance among activity, Ni-normalized carbon
productivity, and catalytic stability under rotary-bed operation, 750 °C was selected as the representative
reaction temperature for subsequent studies.

Non-monotonic Ni utilization in xNi-LCCM catalysts

The catalytic performance of the xNi-LCCM series was evaluated at 750 °C under rotary-bed operation to
examine the effect of Ni loading on methane decomposition. Here, x denotes the sample-specific Ni-loading
designation (x = 025-200), with the corresponding nominal Ni:La:Ca:Cr:Mn molar compositions provided in
Table 1. Methane conversion generally increases with increasing Ni loading, indicating that a higher Ni
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Figure 6. Ni-loading-dependent methane decomposition performance and carbon productivity of xNi-LCCM catalysts at 750 °C. (A)
Methane conversion as a function of time on stream over xNi-LCCM catalysts; (B) Catalyst-mass-normalized carbon productivity; (C) Ni-
normalized carbon productivity. The experiments were conducted in a rotary reactor at 750 °C and 1rpm for 8 h with a space velocity of
3L-g..""h'. Error bars represent the standard deviation of repeated measurements (n = 3 independent tests). LCCM:

(Lag5Cap26)(CrosMng ) O 5.

content provides more reducible Ni species and improves the overall methane activation capacity [Figure
6A]. This trend is consistent with the H,-TPR results, which show a larger amount of reducible NiO-like
species at higher Ni loading, and with the XRD/XPS results showing the formation of metallic Ni-containing
species after reduction. Lower-Ni samples deactivate more rapidly, whereas higher-Ni samples maintain

more stable conversion over 8 h at 750 °C.

The carbon yield determined from post-reaction mass collection was independently verified by
thermogravimetric analysis, confirming the reliability of the gravimetric measurements [Supplementary
Table 2]. For the Ni-free LCCM (x = 000), no measurable carbon formation was detected in repeated
experiments, consistent with the FESEM observations showing essentially unchanged LCCM particle
surfaces after reaction. Accordingly, Ni-normalized carbon productivity is not applicable to this sample and
is omitted from Figure 6C. When normalized by catalyst mass, the carbon productivity (g.-g_, ") increases
monotonically with Ni loading [Figure 6B], following the trend in methane conversion. This indicates that
increasing total Ni content enhances the overall carbon formation capacity of the catalyst. However, when
the carbon yield is normalized by Ni content (g.-g,,"), the productivity does not scale proportionally with the
amount of Ni [Figure 6C]. Instead, Ni-normalized carbon productivity shows a non-monotonic dependence
on Ni loading, with local maxima at x = 050 and x = 150, while neighboring compositions display lower

values.

This non-monotonic behavior suggests that Ni utilization is not determined solely by the total Ni content,
but is also strongly influenced by the local configuration, reducibility, and accessibility of Ni species in the
LCCM framework. The structural characterization above supports this interpretation: XRD confirms that the
LCCM framework remains stable after reduction, XPS shows the coexistence of Ni’ and Ni** species, the
before-and-after STEM-EDS comparison in Figure 3E and F reveals reduction-induced Ni redistribution,
and HRTEM/STEM-EDS analysis in Figure 4A-K indicates local Ni enrichment and interfacial anchoring
between Ni-containing domains and the LCCM matrix. Therefore, increasing Ni loading can improve total
methane conversion, but excessive or less accessible Ni may contribute less efficiently to intrinsic carbon

productivity.
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Table 2. Correlation between experimental Ni-normalized carbon productivity and representative DFT models for xNi-LCCM catalysts

Experimental sample Nominal !‘li/LCCM DET model Ni-norm.a!ized car_bon Rate.-limiting activation
molar ratio productivity, g.gy;" barrier, eV
LCCM 0.00 LCCM N/A 5.88
025Ni-LCCM 0.25 INi-LCCM 570 4.86
O50Ni-LCCM 0.50 2Ni-LCCM  11.53 2.58
075Ni-LCCM 0.75 3Ni-LCCM  9.86 4.39
100Ni-LCCM 1.00 4Ni-LCCM 1034 4.76
125Ni-LCCM 1.25 5Ni-LCCM 1013 4.25
150Ni-LCCM 1.50 6Ni-LCCM  11.05 3.45
175Ni-LCCM 175 7Ni-LCCM  10.61 4.35
200Ni-LCCM 2.00 8Ni-LCCM  10.27 4.05

The yNi-LCCM models are representative computational models used to describe different relative Ni-loading levels and local Ni configurations,
rather than the exact bulk stoichiometry of the experimental samples. For Ni-free LCCM, Ni-normalized carbon productivity is not applicable; LCCM
is included as a reference because negligible carbon formation was observed. The rate-limiting barrier refers to the highest activation barrier among
the elementary C-H bond cleavage steps considered in the DFT calculations. DFT: Density functional theory; LCCM: (La,;:Cay,5)(CrysMn, )O4 ;.

The origin of this non-monotonic Ni utilization is further examined by density functional theory calculations
in the following section, where the experimental Ni-normalized carbon productivities are correlated with
representative DFT-derived rate-limiting barriers in Table 2. A comparison of carbon productivity and
reaction conditions for representative Ni-based methane decomposition catalysts is provided in
Supplementary Table 3. Because reported carbon yields are normalized using different bases across studies,
this comparison is intended only as a contextual benchmark rather than a direct ranking.

DFT analysis of Ni-configuration-dependent methane decomposition

DFT calculations were performed to examine elementary C-H bond-cleavage steps, adsorption behavior, and
activation barriers (E,) associated with methane decomposition. To rationalize the experimentally observed
non-monotonic Ni-normalized carbon productivity, calculations were carried out on LCCM, Ni(111), and
representative yNi-LCCM surface models with different relative Ni-loading levels and local Ni
configurations. As shown in Figure 7A and B, Ni(111) and the LCCM(0-10) surface were first constructed as
reference models, representing metallic Ni and the parent LCCM surface, respectively. These two reference
structures provide the baseline for evaluating the effects of progressively introduced Ni species and their local
configurations in the yNi-LCCM models. The LCCM surface model was constructed based on XRD
refinement [Supplementary Figure 10], and the corresponding surface configuration is shown in
Supplementary Figure 11. Ni atoms were introduced into the LCCM surface model to represent increasing
relative Ni-loading levels, followed by structural optimization [Figure 7C-J]. As defined in Table 1, the yNi-
LCCM models serve as representative computational analogs of the experimental xNi-LCCM series, rather
than exact bulk stoichiometric replicas. The correlation between the experimental Ni-normalized carbon
productivity and the DFT-derived rate-limiting barriers is summarized in Table 2. Ni(111) was included as a
reference surface because it is a stable and commonly used model for metallic Ni in methane decomposition
studies™.

The stepwise C-H bond cleavage pathway of methane was modeled through four elementary
dehydrogenation steps from surface-bound CH, to surface carbon species. Transition-state calculations were
used to determine the activation energy for each elementary C-H bond cleavage step. The rate-limiting step
was defined as the elementary step with the highest activation barrier for each surface. The elementary C-H
bond cleavage steps are listed in Supplementary Table 4, and the calculated activation energies are
summarized in Supplementary Table 5. The rate-limiting barriers extracted from Supplementary Table 5 are
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Figure 7. Optimized surface configurations of (A) Ni(111), (B) LCCM, and (C-J) yNi-LCCM surfaces (y =1 - 8). Each panel shows the front
and top views of the optimized model. Colors denote different elements: La (green), Ca (light blue), Cr (dark blue), Mn (purple), Ni
(white/grey), and O (red). LCCM: (Lag75Cag,5)(CrosMny )05

compared with the experimental Ni-normalized carbon productivities in Table 2. A schematic illustration of
the methane decomposition pathway and surface intermediates is shown in Supplementary Figure 12.
Hydrogen recombination and desorption were treated in a simplified manner and were not used to define
the rate-limiting C-H activation barriers.

Reaction energy profiles are shown in Figure 8, and the corresponding rate-limiting activation energies are
summarized in Table 2 and Supplementary Table 5. Comparison across different Ni loadings reveals a non-
monotonic variation in the rate-limiting activation energy. Among the yNi-LCCM models, 2Ni-LCCM and
6Ni-LCCM exhibit lower rate-limiting barriers than neighboring compositions, indicating more favorable C-
H bond cleavage kinetics. These two models serve as representative computational analogs of the
experimental 050Ni-LCCM and 150Ni-LCCM compositions, respectively. As summarized in Table 2, the
lower calculated barriers for 2Ni-LCCM and 6Ni-LCCM are consistent with the experimentally observed
local maxima in Ni-normalized carbon productivity. This comparison suggests that the non-monotonic
carbon productivity is closely related to the local reaction energetics of composition-tuned Ni sites.

Further insight is obtained from the optimized surface configurations [Figure 7]. At lower Ni loadings, Ni
atoms are primarily located in the surface layer of the LCCM model, whereas additional Ni atoms occupy
second-layer configurations at higher loadings. In the present models, up to four Ni atoms can be
accommodated near the surface before excess Ni preferentially occupies subsurface or second-layer
positions. This transition alters the local coordination environment and Ni-Ni ensemble structure of the
active sites.
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Figure 8. Reaction energy profiles for methane decomposition on LCCM, Ni(111), and yNi-LCCM surfaces (y = 1-8). The grey region
highlights the simplified hydrogen-release step. LCCM: (Lag;sCay25)(CrosMngs)Os 5.

The calculated low-barrier compositions, particularly 050Ni-LCCM and 150Ni-LCCM, correspond to
favorable surface Ni configurations before extensive second-layer Ni occupation. With further increases in
Ni loading, additional Ni atoms increasingly contribute to Ni-Ni ensemble or bulk-like behavior rather than
improving the intrinsic activity of each Ni site. This provides a possible explanation for why increasing Ni
content enhances overall methane conversion and catalyst-mass-normalized carbon yield but does not lead
to a proportional increase in Ni-normalized carbon productivity.

Overall, the DFT results help rationalize the experimental observation that Ni utilization in xNi-LCCM is not
controlled by total Ni content alone, but is strongly influenced by local Ni configuration, Ni reducibility, and
site accessibility. This interpretation is consistent with the structural and surface analyses discussed above:
XRD confirms the stability of the LCCM framework after reduction, XPS shows the coexistence of Ni’ and
Ni** species, STEM-EDS reveals reduction-induced Ni redistribution, and HRTEM indicates interfacial
anchoring of Ni-containing domains on the LCCM matrix. These findings suggest that composition-tuned,
exsolution-related Ni configurations play an important role in determining methane decomposition activity
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Figure 9. Carbon phase formation and residual inorganic content of xNi-LCCM-derived carbon products. (A) XRD patterns of spent LCCM
and xNi-LCCM catalysts after methane decomposition at 750 °C for 8 h. Diffraction peaks corresponding to LCCM, metallic Ni, and
graphitic carbon are marked; (B and C) TGA and derivative weight curves of acid-treated carbon products obtained from (B) 050Ni-LCCM
and (C) 150Ni-LCCM after treatment with 5 M HNO,. The residual masses after carbon oxidation were used to estimate the remaining
inorganic contents. XRD: X-ray diffraction; TGA: thermogravimetric analysis; LCCM: (La,;5Ca25)(CrosMng)O4 .

and intrinsic carbon productivity.

Carbon characterization

Figure 9A presents the XRD patterns of the spent LCCM and xNi-LCCM catalysts after methane
decomposition at 750 °C for 8 h. For the Ni-containing samples, diffraction peaks corresponding to metallic
Ni are observed, which can be attributed to the in situ reduction of Ni species under the methane reaction
environment. Additional diffraction features at 20 = 26.3-26.5° are assigned to graphitic carbon formed
during CDM. In contrast, no diffraction peaks associated with either metallic Ni or graphitic carbon are
observed for the Ni-free LCCM sample, indicating that the LCCM support remains structurally stable and
shows negligible activity toward methane decomposition under the investigated conditions.

The carbon-catalyst mixture collected after methane decomposition was subsequently treated with
5 M HNO, to separate the carbon product from the catalyst. The purified carbon was analyzed by TGA to
estimate the remaining inorganic content. As shown in Figure 9B and C, the mass loss below 200 °C is
attributed to moisture removal, while the major mass loss between 200 and 800 °C corresponds to carbon
oxidation. The residual mass at higher temperatures was assigned to inorganic residue. After acid treatment,
the residual masses were 4.20 % and 1.41 % for the carbon products from 050Ni-LCCM and 150Ni-LCCM,
respectively, corresponding to TGA-based carbon contents of approximately 95.8% and 98.6%. This indicates
effective removal of most inorganic species from the carbon product. Notably, this purification was achieved
using relatively mild nitric acid treatment, compared with the stronger acid conditions typically required for
chemically stable oxide supports such as TiO, and SiO,"".
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Figure 10. Representative TEM images of carbon-catalyst mixture after 8 h CDM reaction: (A) before acid treatment and (B) after acid
treatment with 5 M HNO,. Dark contrast regions associated with catalyst particles are significantly reduced after acid treatment, while the
overall carbon morphology is preserved. TEM: Transmission electron microscopy; CDM: catalytic decomposition of methane.

Figure 10 shows representative TEM images of the carbon-catalyst mixture before and after acid treatment.
Before acid washing, dark contrast regions are observed and are attributed to catalyst particles. After
treatment with 5 M HNO,, these regions are largely removed, indicating effective separation of the catalyst
from the carbon product. The overall carbon morphology is largely retained after acid treatment, suggesting
that the acid washing step mainly removes the inorganic catalyst component without causing obvious
structural damage to the carbon framework. TEM analysis also shows that the carbon product contains
mixed nanostructures, including carbon nanotubes, carbon nanofibers, and carbon nano-onions.

Raman spectroscopy was performed to evaluate the structural ordering of the carbon products before and
after acid treatment. The spectra were baseline-corrected and deconvoluted using Lorentzian functions to
analyze the D, G, and 2D bands. The D band at ~1,350 cm™ is associated with defect-induced vibrational
modes, while the G band at ~1,580 cm™ corresponds to the in-plane stretching vibration of sp*-hybridized
carbon. The D/G intensity ratio (I,/I,) was used to assess the structural ordering of the carbon products,

with lower values indicating fewer defects and higher graphitic order.

The mean I,/1; values of the carbon products ranged from approximately 0.74 to 0.90 before acid washing
and from approximately 0.62 to 0.75 after acid treatment [Figure 11]. The decrease in I /I after purification
suggests improved apparent graphitic ordering, which is mainly attributed to the removal of disordered
carbon species and residual catalyst-related impurities rather than direct structural transformation of the
carbon framework. Together with the relatively high oxidation temperature observed in TGA and the tubular
carbon morphologies observed by TEM, the well-defined D, G, and 2D bands indicate that the carbon
products are predominantly nanocrystalline graphitic carbon rather than amorphous carbon.

CONCLUSIONS

Ni-LCCM catalysts were developed and evaluated for catalytic methane decomposition using a nitrate-based
gel-casting route. Under the optimized reaction condition of 750 °C, 050Ni-LCCM achieved a high Ni-
normalized carbon productivity of 11.53 g.-g,,", indicating efficient utilization of active Ni species.
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Figure 11. Raman spectra of carbon-catalyst mixtures after 8 h CDM reaction and acid-washed carbon treated with 5 M HNO,: (A and C)
Raman spectra before and after acid treatment, respectively; (B and D) corresponding |/l ratios. The D, G, and 2D bands are indicated.
The ID/IG values annotated in (A and C) correspond to the representative spectra shown, whereas the bars in (B and D) represent the
mean ID/1G values obtained from three Raman spectra collected from different regions of each sample; error bars indicate the
corresponding standard deviations. CDM: Catalytic decomposition of methane.

A non-monotonic dependence of intrinsic carbon productivity on Ni loading was observed. The highest Ni-
normalized carbon productivities occurred for 050Ni-LCCM and 150Ni-LCCM, while neighboring
compositions showed lower values. DFT calculations showed lower relative rate-limiting activation barriers
for the corresponding 2Ni-LCCM and 6Ni-LCCM models. Combined with the catalytic and structural
characterization results, this suggests that methane decomposition activity is strongly influenced by local Ni
configuration, Ni reducibility, and site accessibility rather than by total Ni content alone.

Carbon characterization confirmed the formation of predominantly nanocrystalline graphitic carbon. TEM
analysis showed mixed carbon nanostructures, while Raman spectroscopy showed a decrease in the mean
I,/1; values from approximately 0.74-0.90 to 0.62-0.75 after acid treatment. Together with TGA oxidation at

~600-700 °C, these results indicate that the carbon products are mainly graphitic rather than amorphous.

Post-reaction purification using 5 M HNO, effectively separated the carbon product from the catalyst. The
residual inorganic contents were reduced to 4.20% and 1.41% for carbon products from 050Ni-LCCM and
150Ni-LCCM, respectively, corresponding to TGA-based carbon contents of approximately 95.8% and
98.6%. The overall carbon morphology was largely retained after acid treatment.
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Overall, this work demonstrates that Ni-LCCM is an effective catalyst system for CDM, where optimized Ni
configurations enhance intrinsic activity while enabling recovery of high-carbon-content solid products after
mild acid treatment. Further optimization of reaction conditions may improve control over carbon
morphology and product selectivity.
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