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The rapid accumulation of plastic waste poses a critical environmental challenge and demands effective upcy-
cling strategies to advance a circular economy. Microwave-assisted catalysis offers a low-energy, highly efficient
alternative to conventional thermal processes; however, the principles guiding catalyst design and the underlying
reaction mechanisms in this context remain insufficiently understood. Here, we report a microwave-assisted
catalytic approach for converting polyolefin waste into high-value hydrogen (Hz) and multi-walled carbon
nanotubes (MWCNTs) using a Pt-promoted Fe/Ni bimetallic catalyst. The catalyst design leverages incorporation
of a very small amount of Pt (e.g., 0.3 %) to substantially lower the oxygen vacancy formation energy, as revealed
by experimental characterization and density functional theory (DFT) calculations, resulting in a 3.3-fold in-
crease in strong acid site density. These modifications reduce the activation barriers for C-H and C-C bond
cleavage, enabling efficient polyolefin conversion. Butane was employed as a model compound in DFT calcu-
lation to elucidate the polyethylene decomposition reaction mechanism, which proceeds via terminal C-H bond
activation, formation of conjugated olefins, and subsequent deep dehydrogenation. Under microwave treatment,
the Fe/Ni-0.3 %Pt catalyst achieved an Hjy yield of 53.9 mmol/g and a selectivity of 90 % from low-density
polyethylene (LDPE). The carbonaceous co-products were mainly high-quality MWCNTs exhibiting excellent
electromagnetic interference (EMI) shielding performance. This integrated catalytic-microwave approach
demonstrates a scalable route for transforming various polyolefin wastes into clean Hy and advanced carbon
materials, offering a viable pathway for sustainable energy and material production within a circular economy
framework.

1. Introduction

To date, over 8 billion metric tons of virgin plastics have been pro-
duced globally, with approximately 80 % ending up as waste in landfills
and natural environments, which poses significant environmental con-
cerns [1,2]. Polyolefins, including polyethylene (PE) and polypropylene
(PP), account for more than 50 % of global plastic production [3].
However, their recycling remains a significant challenge due to their
highly inert nature, as they are composed primarily of strong C-C and
C-H bonds [4]. Nonetheless, given their elemental composition, poly-
olefin waste represents a valuable feedstock for the production of
hydrogen and functional carbon materials, offering a promising strategy
to mitigate plastic pollution while simultaneously addressing the
growing demand for sustainable energy resources [5,6]. In a typical
pyrolysis process, long-chain polyolefins such as PE undergo random

homolytic cleavage of C-C bonds, producing smaller hydrocarbon
fragments including alkanes and alkenes [7]. These volatile fragments
adsorb onto the catalyst surface, where metal sites catalyze subsequent
dehydrogenation and hydrogenolysis reactions, generating surface alkyl
intermediates [8,9]. Simultaneously, acid sites on the catalyst promote
scission reactions, further cracking larger intermediates into light hy-
drocarbons, carbonaceous materials, and H2 [10].

Microwave-assisted catalytic processes have garnered increasing
attention for their ability to effectively convert plastic waste into high-
value products [4,11,12]. This technology utilizes microwave radia-
tion for selective heating of the reaction system, enhancing energy ef-
ficiency and reaction selectivity [4,13]. The interaction between
microwaves and catalysts facilitates faster and more uniform heating,
reducing the need for high temperatures and expanding the range of
feasible catalytic transformations. Moreover, microwave irradiation
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may induce non-thermal effects that lower activation energy and alter
reaction pathways, enhancing selectivity by favoring specific bond
cleavages during the catalytic cracking of liquid hydrocarbons and
polyolefin wastes [14]. In this context, Hu and co-workers showed that
microwave irradiation generates localized “hot-metal” domains on
microwave-absorbing catalysts, producing intense thermal and electric
field gradients for the activation of C-H and C-C bonds [15,16]. Com-
bined experimental and modeling studies on methane dehydroaroma-
tization (DHA) further demonstrated that the synergistic thermal and
non-thermal effects of microwaves not only enhance conversion and
aromatic yields but also alter coke formation dynamics and improve
catalyst stability through field-induced polarization [15,17,18].
Notably, thermal catalytic decomposition of plastics yields moderate
hydrogen production, typically ranging from 20 to 40 mmol Hz per gram
of plastic. However, microwave-initiated catalytic decomposition
demonstrated a more efficient pathway, achieving hydrogen yields
exceeding 40 mmol/g [11,14].

As transition metals with partially filled 3d orbitals, Fe, Ni, and Co
exhibit high catalytic activity by facilitating the dissociation of hydro-
carbon molecules through electron acceptance, thereby promoting the
formation of lighter products [19,20]. In addition, these metals possess
high carbon solubility, enabling them to serve as nucleation centers for
graphitic carbon deposition and the growth of carbon nanotubes (CNTs)
[21]. The combination of strong catalytic performance, efficient energy
conversion under microwave irradiation, and ability to generate valu-
able carbon nanostructures makes them ideal candidates for plastic
upcycling applications [22,23]. However, Fe, Co, and Ni alone do not
yield optimal catalytic performance. Fe-based catalysts are widely
regarded as cost-effective and catalytically efficient for the conversion of
plastic waste into hydrogen and carbon materials, owing to their strong
C-H bond activation ability and excellent microwave-induced heating
properties [24]. However, iron readily reacts with carbon to form iron
carbide (FesC), and iron oxides are prone to structural collapse at
elevated temperatures, both of which diminish catalytic performance.
Some studies reported that Ni-based catalysts exhibited lower hydro-
genation activity and Hj production yield [19,25]. However, some in-
consistencies exist in the literature, with certain studies reporting that Ni
exhibits better performance than Fe [26]. These discrepancies may arise
from variations in experimental conditions such as reaction atmosphere,
temperature, and feed composition.

Bimetallic catalysts can overcome these limitations by com-
plementing each other’s strengths. The synergistic effects between metal
components, as well as the electronic and geometric modifications
introduced by secondary metals, lead to enhanced activity, stability, and
selectivity [27]" For instance, Li et al. [14] developed a Fe-Al-based
catalyst that, when doped with cobalt in a microwave field, efficiently
converted into a high-performance Fe/Co alloy. The introduction of
cobalt effectively suppressed Fe carburization, enhanced dehydrogena-
tion of plastic feedstocks, and thus increased the overall yield of both
hydrogen and carbonaceous products. However, the degree of graphi-
tization of carbon materials was reduced. Zhang et al. [28] proposed an
iron-cobalt bimetallic catalyst capable of harvesting nearly 80 %
hydrogen while producing abundant carbon nanotubes. Moreover, Fe-
and Ni-based catalysts have shown promise in selectively converting
plastics into hydrogen and carbon materials, making them ideal candi-
dates for sustainable plastic waste upcycling and recycling [29,30]. Luo
et al. [20] investigated Fe/Ni bimetallic catalysts supported on porous
silicon carbide (SiC). The combination of a porous structure, enhanced
dielectric properties, and catalyst-support interactions facilitated the
efficient conversion of plastic waste into high-value products. A syner-
gistic effect between the two metals was observed, with Ni preferentially
cleaving =C-H bonds to promote the formation of saturated alkanes,
whereas Fe was more effective in breaking C-C and C-H bonds, thereby
contributing to the generation of gaseous products. Furthermore,
increasing the Fe content led to carbon nanotubes (CNTs) with a higher
degree of graphitization. This was attributed to the higher carbon

Applied Catalysis B: Environment and Energy 384 (2026) 126214

solubility in Fe, which enhanced carbon atom diffusion and deposition,
thereby improving the CNT growth process. On the other hand, intro-
duction of Fe into Ni was found to prolong the catalyst’s operational
lifetime and enhanced the production yield of carbon nanotubes [31].
Other studies also demonstrated that Fe/Ni bimetallic catalysts enable
high yields of hydrogen and carbon materials during polypropylene
pyrolysis, attributed to their enhanced reducibility and synergistic ef-
fects [26]. These effects likely arise from modified electronic structures
that facilitate C-H bond dissociation and promote hydrogen spillover,
thereby improving catalytic activity and reaction selectivity [32].

Despite significant progress in the development of these bimetallic
catalysts, several challenges remain unresolved. Specifically, Fe/Ni
bimetallic systems, though promising, suffer from instability at high
temperatures, unstable carbide formation, and suboptimal hydrogen
selectivity. In this context, noble metals have been incorporated as
promoters to enhance catalyst activity and stability in methane
decomposition [33-35]. Takenaka et al. investigated methane decom-
position over Ni/SiO: catalysts promoted with Cu, Rh, Pd, Ir, and Pt
[36]. Among these, Pd was found to suppress catalyst deactivation and,
through the formation of Pd-Ni bimetallic alloys, improve the yield and
the morphology of the resulting carbon nanofibers. In another study, the
incorporation of Pt as a promoter in Ni/CeO: catalysts enhanced
methane decomposition by improving hydrogen yield and catalyst sta-
bility, which was attributed to the synergistic interaction between Ni
and Pt, their fine dispersion, and proper metal-support interactions
[35]. Pt was also found to facilitate hydrogen spillover, accelerating
reaction kinetics [37]. However, to the best of our knowledge, the use of
noble metals to promote microwave-assisted catalytic decomposition of
waste plastics in conjunction with transition metals has not yet been
explored. In addition, it is well established that the formation of oxygen
vacancies in metal oxides typically arises from the consumption of lat-
tice oxygen under high-temperature and reducing atmospheres [38].
These oxygen vacancies, along with surface acid sites, metal dispersion,
and the spatial distribution of active phases, play a critical role in
determining the catalytic activity and product selectivity during the
thermal decomposition of polymers.

In this study, low-density polyethylene (LDPE) is employed as a
model polyolefin to investigate an efficient microwave-assisted catalytic
upcycling approach using a Pt-modified Fe/Ni bimetallic catalyst (Fe/
Ni-Pt). Fe and Ni act as bifunctional components, offering both strong
microwave absorption and catalytic activity, while a very small amount
of platinum (e.g. 0.3% by weight) serves as a promoter to enhance
hydrogen dissociation under microwave irradiation. This strategy
significantly improves hydrogen yield and selectivity and promotes the
formation of high-value carbon nanotubes. A combined experimental
and theoretical investigation reveals that Pt incorporation enhances
catalytic performance by increasing oxygen vacancy concentration,
generating stronger acid sites. These synergistic effects collectively
accelerate C-H and C-C bond activation, resulting in higher hydrogen
yields and more controlled carbon nanostructure formation. The strat-
egy was successfully extended to other post-consumer polyolefin wastes,
demonstrating broad applicability and high efficiency. Moreover, the
resulting solid products exhibit excellent electromagnetic interference
(EMI) shielding properties for functional applications. Overall, this work
presents a promising pathway for sustainable plastic waste valorization
into clean energy and functional materials.

2. Experimental section
2.1. Chemicals and materials

Methanol, iron nitrate nonahydrate (Fe(NOs)s-9H20), nickel nitrate
hexahydrate (Ni(NOs)2-6H20), citric acid, and chloroplatinic acid were
purchased from Macklin Reagent Co., Ltd. (Shanghai, China). Low-
density polyethylene (LDPE) FE 8004 was obtained from Qatar Petro-
chemical Company. All materials were used as received without further



Y. Qiao et al.

purification. The real-world plastic waste of rinse bottle (low density
polyethylene), milk containers (high-density polyethylene), plastic wrap
(linear low-density polyethylene) and storage box (polypropylene) used
in this study were collected from waste materials used by large super-
market chains and the laboratory.

2.2. Preparation of catalyst

The catalyst was synthesized using a combustion method. Fe
(NOs)s-9H20 and Ni(NOs)2-6H20 were mixed in a molar ratio of 1:2,
followed by the addition of citric acid. Distilled water was then added,
and the mixture was stirred until all solids were completely dissolved.
Methanol and a chloroplatinic acid solution were subsequently intro-
duced, and the solution was ultrasonicated for 15 min, followed by an
additional 5 min of stirring. The resulting solution was exposed to a UV
xenon lamp for 30 min. After UV exposure, the solution was placed in a
vacuum oven for an appropriate period of time to form a viscous gel.
This gel was calcined at 350 °C in a nitrogen atmosphere for 3.5 h, after
which it was collected and ground into a fine powder.

2.3. Microwave catalytic upcycling of LDPE

LDPE was ground into a fine powder using a ball mill under cryo-
genic conditions and then physically mixed with the catalyst particles to
ensure even dispersion. The mixture was then transferred to a reaction
tube, which was placed in the reaction chamber of a microwave reactor
(MKP-WT1HA, Qingdao Microwave Applied Technology Co. Ltd). The
reactor operated at a fixed frequency of 2450 MHz, with an adjustable
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output power ranging from 10 % to 100 % of its maximum capacity of
2000 W. LDPE was mixed with the catalyst at a 1:1 mass ratio and
subjected to microwave treatment at the designated temperature and
power for 5min, unless otherwise specified. Nitrogen gas was intro-
duced into the system at a flow rate of 10 mL/min for 5 min to purge air
from the reaction tube prior to microwave radiation. In the catalyst
recycling experiments, the spent catalyst was dispersed in ethanol and
subjected to ultrasonication for 30 min, followed by a 15 min resting
period to separate carbonaceous materials from the catalyst. The
recovered catalyst was reused directly in subsequent reaction cycles by
adding fresh LDPE powder, without the addition of new catalyst.

2.4. Characterization

Gaseous products were analyzed using gas chromatography (GC, ISQ
7610, Thermo Fisher Scientific Inc.), while a mass spectrometer (MS,
1SQ1600, Thermo Fisher Scientific Inc.) was employed to identify in-
termediate reaction species. Hydrogen selectivity was defined as the
volume fraction of Hy gas to the total gaseous products, as determined by
GC (Eq. 1). It reflects the purity of Hz in the gaseous products. Hydrogen
yield was calculated as the number of moles of hydrogen produced per
gram of plastic feedstock (Eq. 2). Hydrogen efficiency was determined
using Eq. 3, and it represents the ratio of hydrogen atoms in the
generated H gas to the theoretical number of hydrogen atoms originally
present in the plastic (Eq. 3). The overall microwave-assisted plastic
upcycling process is illustrated schematically in Fig. 1.
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Fig. 1. Schematic for catalyst preparation, microwave-assisted PE upcycling, and product analysis.
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The morphology of the solid products, i.e., the catalysts and carbon
materials, was examined using a Hitachi SU5000 high-resolution scan-
ning electron microscope (SEM), a Thermo Fisher Scientific Talos F200X
high-resolution transmission electron microscope (HRTEM) and FEI
Theims Z High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) with aberration correction. Crystallo-
graphic analysis was performed using a Malvern PANalytical Empyrean
3.0 multipurpose X-ray diffractometer (XRD) over a 26 range of 10°-90°.
The surface elemental valence states and oxygen vacancies of the sam-
ples were investigated using an X-ray photoelectron spectroscopy (XPS)
with a PHI VersaProbe 4 system (ULVAC-PHI). The elemental compo-
nents of the catalyst were analyzed by Malvern PANalytical Energy
Dispersive X-Ray Fluorescence Spectrometer (XRF). The carbon species
generated during the microwave reaction were characterized using a
Renishaw inVia-Qontor Raman spectrometer. The acidity test was con-
ducted by temperature-programmed desorption (TPD) in an NHg at-
mosphere using BelCata II Catalyst Analyzer.

2.5. Electromagnetic interference (EMI) shielding performance

Owing to their intrinsic dielectric and magnetic properties, the solid
materials recovered from the catalytic process, consisting of residual
catalyst particles and carbonaceous components, exhibit strong poten-
tial for high-value applications in EMI shielding. Samples containing 20,
30, and 40 wt% of the solid material, uniformly dispersed in paraffin
wax, were molded into rectangular blocks with dimensions of 22.86 mm
x 10.16 mm to meet the X-band waveguide standard. The thickness of
the samples was 3 mm. The measurements were conducted using a
vector network analyzer (Keysight N5227B, USA). By applying estab-
lished electromagnetic theory, the scattering parameters (S11, S12, S21,
Sa2) were converted into EMI shielding coefficients, including reflec-
tance (R), transmittance (T), and absorbance (A), using Egs. (4)-(6).
Furthermore, the total shielding effectiveness (SEt), shielding effec-
tiveness by reflection (SEg), and shielding effectiveness by absorption
(SEp) were calculated according to Egs. (7)-(9).

R=1Sul* = [Sx/? Q)
T =|Su[* =[Sz 5)
A=1—-R-T 6)
SEr = 10lo L @
R = g 1-R
SE, = 10log <ﬂ> ®
T
1
SE; = 1010gf (C)]

2.6. DFT calculations

All first-principles calculations in this work were based on density
functional theory using the generalized gradient approximation of Per-
dew, Burke, and Ernzerhof (GGA-PBE) [39] functional. The projector
augmented-wave pseudopotentials[39] were used, as implemented in
the Vienna ab initio simulation package (VASP) [40]. The Hubbard-U
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correction was employed to take the electron-correlation interactions
into consideration [41,42]. The effective U values of Ugyp(Fe) = 4.0 eV
and Ugyp(O) = 0.0 eV. A plane-wave energy cutoff of 400 eV and a
1x1x1 Monkhorst-Pack [43] k-point grid were adopted for the supercell
of (111) surfaces of Fe3O4 with 224 atoms. The configuration contained
two layers of Fe atoms and two layers of O atoms, which were separated
by 15 A vacuum. In our investigation, the oxygen vacancy formation
energies (Eg) were calculated as [44]:

Ef(Vo) = Ewot(Vo) — Ewor(bulk) — Zniﬂi 10)

where E;(Vop) is the total energy of a (111) surface supercell of either
Fes04 or Fegp 13Nip g20xcontaining an oxygen vacancy; E(bulk) is the
total energy of the pristine (111) surface with 224 atoms; n; is the
number of atomic species removed from (n; < 0) the supercell to
make the oxygen vacancies; y; is the chemical potential of atomic species
i. The reaction energy barrier (Ep,,) and reaction energy (AE) were ob-
tained by the following formulas:

Epar = Ers — Ejs an
AE = Eps — Ejg 12)

where Ers, Ejs, and Epg represent the total energy of the transition
structure (TS), the initial structure (IS), and the final structure (FS),
respectively. In convention, a negative AE value represents an
exothermic reaction, while a positive AE value represents an endo-
thermic reaction. The adsorption energy (Eaqs) of adsorbate X is calcu-
lated according to Eq. 13:

E,4 = E(gas/slab) — E(gas) — E(slab) 13

where E(gas/slab) is the total energy of the adsorbed system, E(gas) is
the single point energy of the butane molecule, and E(slab) is the total
energy of the clean surface.

3. Results and discussion
3.1. Structural and compositional analysis of the catalyst

XRD analysis (Fig. 2a) revealed characteristic peaks corresponding to
Feo.18Nio.s204 and FesOs, confirming that these crystalline phases were
the primary components of the catalyst. No diffraction peaks related to
Pt were detected, likely due to the low loading and high dispersion of Pt
in the catalyst [45]. The XRD patterns of Fe/Ni-0.3 %Pt and
Fe/Ni-0.15 %Pt closely resembled that of unmodified Fe/Ni catalyst,
although variations in peak intensity and broadening were observed.
These differences indicate that the introduction of Pt may influence the
crystallite size and overall crystallinity of the material.

As shown in Fig. 2b and ¢, XPS was performed to investigate the
surface composition and oxidation states of the catalyst components. For
the Fe 2p orbital, two prominent peaks were observed at 710.1 eV and
712.3 eV, corresponding to Fe** 2ps/> and Fe®* 2ps/2, respectively.
Additional peaks at 723.0 eV and 725.4 eV were assigned to Fe?* 2p1/2
and Fe®* 2p+/2 [46]. These binding energies are characteristic of iron in
both the divalent (Fe?*) and trivalent (Fe®*) oxidation states, which are
frequently encountered in iron-based catalysts. The mixed-valent state
of iron indicates its intrinsic redox activity, which plays a vital role in
promoting reactions requiring electron transfer [47]. In particular, Fe**
acts as an electron donor, while Fe** serves as an electron acceptor,
facilitating the cleavage of chemical bonds in plastics and enhancing
overall catalytic efficiency.

In the Ni 2p region, the XPS spectrum displayed peaks at 853.2 eV,
854.5 eV, and 855.8 eV, which were attributed to Ni°® 2ps/2, Ni** 2pa/2,
and Ni** 2ps/2, respectively. Additional peaks at 871.5 eV and 876.8 eV
were associated with Ni®* 2p+/2. The presence of Ni® confirmed the
metallic state of nickel, which is commonly involved in hydrogen
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Fig. 2. (a) XRD patterns of the catalysts: Fe/Ni, Fe/Ni-0.15 %Pt, and Fe/Ni-0.3 %Pt. (b) Fe 2p XPS spectra and (c) Ni 2p XPS spectra of the representative Fe/Ni-

0.3 %Pt catalyst.

transfer reaction [48-50]. Moreover, previous studies on water splitting
have shown that nickel oxide defects can promote the formation of ox-
ygen vacancies, which enhance charge separation and create favorable
sites for hydrogen evolution [51] While these findings were observed
under photothermal water-splitting conditions, a similar role of oxygen
vacancies may contribute to enhanced hydrogen production in
microwave-assisted plastic upcycling systems.

The morphology and elemental distribution of the catalysts were
characterized using SEM, TEM, HAADF-STEM and EDS. SEM images
show that the Pt-modified Fe/Ni catalyst exhibited a rough, porous
structure (Fig. 3), which could facilitate microwave adsorption and
promote effective plastic-catalyst interactions during conversion [52].
TEM analysis revealed that the metal nanoparticles are partially
aggregated into clusters. Moreover, the aberration-corrected, high--
resolution HAADF-STEM was employed to directly visualize the Pt
species on the Fe/Ni surface. As shown in Fig. 3(g, h), both atomically
dispersed Pt and small Pt clusters are observed. The Pt species are
relatively uniformly distributed across the catalyst surface, confirming
the coexistence of atomic-scale and sub-nanometer Pt domains.
Elemental mapping by EDS (Fig. 3b-e) and compositional analysis by
XRF (Supplementary data Figure S1) confirm the uniform distribution of
Fe, Ni, and Pt throughout the catalyst, with concentrations consistent
with the intended synthesis ratios. These results verify the successful
incorporation of platinum and validate the structural design of the
catalyst.

Because of the very low Pt content (0.3 %) in the optimized catalyst,
Pt-related peaks were not detectable in XPS or XRD. A reference sample
with a higher Pt loading (10 %) was prepared using the same synthesis
protocol and examined by XPS and XRD (Supplementary data
Figure S2). XPS analysis of this sample reveals that Pt may exist mainly
in the metallic state with a fraction of partially oxidized Pt>*/Pt** species.
XRD analysis further indicates that Pt can form an alloy phase with Fe,
identified as Feo.7sPto.2s, while no distinct Pt-Ni alloy peaks were
observed. However, more advanced techniques such as synchrotron-
based X-ray absorption spectroscopy (XAS) will be needed to confirm
the possible oxidation state and alloy formation of Pt in the catalysts
with very low Pt loading used in this study.

3.2. Microwave catalytic performance for LDPE deconstruction

Fe/Ni-based catalysts are well recognized for their strong microwave
absorption and efficient activation of C-C and C-H bonds, making them
highly effective for microwave-assisted catalytic transformations.
However, their catalytic performance is strongly influenced by compo-
sitional modifications and surface engineering. Zhao et al. [24] reported
that iron-nickel bimetallic oxides, such as NisFeiOx, possessed
outstanding catalytic dehydrogenation activity, achieving a hydrogen

yield exceeding 40 mmol/g of plastic. Similarly, Wang et al. [22]
developed a Fe/Ni-CeO, catalyst supported on carbon nanotubes that
produced high-purity hydrogen. The enhanced performance was
attributed to the synergistic effect between Fe and Ni, while the CeO4
phase effectively suppressed coke formation and promoted the reform-
ing of intermediate species. Inspired by these advances, several
Fe/Ni-based catalyst formulations were synthesized and compared ac-
cording to previous studies (Supplementary data Figure S3) [4,11,16,22,
24,28]. Among them, the Pt-modified Fe/Ni bimetallic catalyst
demonstrated the most promising performance in terms of hydrogen
yield and selectivity.

Fig. 4 presents the hydrogen production performance of Fe/Ni-based
catalysts in microwave-assisted plastic upcycling. The incorporation of a
very small amount of platinum significantly enhanced the hydrogen
yield, efficiency, and selectivity compared to the unmodified Fe/Ni
catalysts. The Fe/Ni-0.15 %Pt catalyst exhibited significantly improved
performance compared to the unmodified Fe/Ni catalyst, and further
enhancement was achieved with the Fe/Ni-0.3 %Pt catalyst. This
improvement is likely due to the synergistic effect between Pt and the
Fe/Ni oxides, which enhanced the supply of reactive oxygen species and
weakened the adsorption of by-products (such as CO) on active sites
[53]. Additionally, the intrinsic redox activity of Pt may have contrib-
uted to more efficient hydrogen evolution under microwave conditions
[54,55]. However, when the Pt content was increased from 0.3 % to
0.5 %, the catalytic performance plateaued, with only a marginal in-
crease in hydrogen yield and efficiency (53.9 vs. 54.1 mmol/g and 0.80
vs. 0.81 %). The hydrogen selectivity slightly increased from 0.90 to
0.91. This suggests that beyond a certain threshold, additional platinum
does not contribute meaningfully to hydrogen production or selectivity.
This may be because excessive Pt occupies the active sites on the surface
of the catalyst thereby diminishing the overall catalytic performance
[56].

To elucidate the synergistic effect between Pt and the Fe/Ni bime-
tallic catalyst, control catalysts comprising Fe-Pt and Ni-Pt were syn-
thesized and evaluated. As shown in Fig. 4 and Supplementary data
Figure S4, the Ni-Pt catalyst produced a hydrogen yield of only
26.8 mmol/g, while the Fe-Pt catalyst yielded 42.7 mmol/g. Both values
were substantially lower than the hydrogen yield achieved by the Fe/Ni-
Pt catalyst system, which reached 53.9 mmol/g. These results further
highlight the critical role of the Fe/Ni bimetallic framework in achieving
superior catalyst performance. The enhanced activity can be attributed
to the synergistic interaction between Fe and Ni, which facilitated the
formation of abundant and highly active sites. Under microwave irra-
diation, the catalyst promoted efficient cleavage of C-C and C-H bonds
in polymer chains, a key step in hydrogen evolution [26,57]. Fe has a
high carbon solubility, and catalysts containing Fe are not prone to
deactivation at high temperatures [44]. Additionally, Fe also has the
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Ni Kol

Fig. 3. (a) SEM images of the representative Fe/Ni-0.3 %Pt catalyst. (b-e) EDS elemental mapping images showing the distribution of Fe (green), Ni (blue), and Pt
(yellow). (f) TEM images of the Fe/Ni-0.3 %Pt catalyst. (g, h). HAADF-STEM images of the Fe/Ni-Pt catalyst at different magnifications. The yellow circles indicate
the aggregated Pt clusters, while the red circles highlight the Pt atoms.
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partially filled 3d orbitals enabling hydrocarbon activation through
electron acceptance, while Ni enhanced hydrogenation—dehydro
genation reactions, particularly promoting C-H bond cleavage to
generate Hz [58,59]. The co-existence of Fe and Ni improved the
dispersion and accessibility of active metal species. It was argued that
bonding can form between Fe and Ni which improved electron transfer
capabilities. This improved electron transfer enhanced activation of
hydrocarbon intermediates and promoted hydrogen generation path-
ways [20].

Fig. 5a presents the influence of reaction temperature on Hj yield
and selectivity. As the temperature increased from 300 to 600 °C, both
H, yield and selectivity improved significantly, reaching 53.9 mmol/g
and 90 %, respectively. Further increasing the temperature did not lead
to additional improvements in hydrogen production efficiency, sug-
gesting that the catalytic activity reaches a plateau. A similar trend was
observed with respect to microwave power, where increased power
initially enhanced performance, but beyond a certain threshold, no
substantial gains were achieved (Supplementary data Figure S5).
Optimal microwave power of 800 W and reaction temperature of 600 °C
were identified, under which a maximum hydrogen yield was achieved
(Supplementary data Figures S4 and S5). Under these conditions, the Fe/
Ni-Pt catalyst exhibited enhanced surface activation driven by strong
local electric fields and rapid dielectric heating intrinsic to microwave
systems. This accelerated the homolytic cleavage of C-C and C-H bonds
in LDPE chains, which were otherwise difficult to break due to the
saturated hydrocarbon structure. It was noted that, in thermal pyrolysis
of polyethylene for Hy production, usually a high temperature of 800 °C
was needed and only up to ~70 % Hy were generated [13,60,61], which
highlights the superior efficiency of the microwave approach. Previous
studies have demonstrated that microwave irradiation significantly en-
hances thermal distribution by generating localized “hot spots,” which
accelerate electron mobility and facilitate their rapid transfer across the
surface of metal catalysts, thereby promoting catalytic reactions [62,
63]. Moreover, the pronounced mismatch in dielectric constants be-
tween the catalyst and PE leads to intense interfacial polarization and
dielectric relaxation under the influence of the microwave field. This
results in the accumulation of charge carriers at the interface, rapidly
activating the reaction [63,64]. In contrast, traditional heating has
lower selectivity in providing energy, resulting in a wider heat distri-
bution, more side reactions, and lower catalytic efficiency [11,61].

Fig. 5b shows the influence of the LDPE-to-catalyst mass ratio on
catalytic performance. The highest hydrogen yield (54.0 mmol/g plas-
tic) and hydrogen selectivity (90 vol%) were obtained at a 1:1 mass ratio
of feedstock to catalyst. As the ratio increased, the hydrogen yields
gradually declined, likely due to the excess LDPE with limiting access to
active catalytic sites, thereby lowering the overall conversion efficiency.
Notably, even at a high LDPE-to-catalyst ratio of 5:1, the hydrogen
selectivity remained largely unchanged (~85 %) with a decent H, yield
of ~50 mmol/g plastic. The results underscore the robustness of the
catalyst and its strong intrinsic selectivity toward hydrogen evolution,
even under catalyst-limited conditions.

The catalytic LDPE cracking of microwave heating was compared to
conventional thermal heating using an electric furnace (Fig. 5a vs.
Supplementary data Figure S6). At the same temperature (e.g., 600°C),
H, yield and selectivity were significantly improved by 26.3 mmol/g
and 0.27, respectively, with microwave treatment. In addition, micro-
wave also demonstrated superior energy consumption efficiency, with
over 40 % energy saving as compared to traditional thermal pyrolysis
(Supplementary data Figure S7), consistent with previous reports
[65-67].The enhanced performance under microwave irradiation was
attributed to its selective and volumetric heating mechanism. Micro-
wave energy was preferentially absorbed by the bimetallic catalyst,
generating rapid and localized thermal hotspots on the catalyst surface.
These hotspots created steep temperature gradients that enabled effi-
cient energy transfer to adjacent LDPE chains, promoting the homolytic
cleavage of C-H and C-C bonds [11,24]. The strong electric field

Applied Catalysis B: Environment and Energy 384 (2026) 126214

generated under microwave irradiation can directly polarize alkane
molecules, thereby decreasing the electron density of the C-H bonds and
facilitating their activation [15]. In contrast, conventional heating relied
on bulk thermal conduction, resulting in slower and less uniform heat
distribution, which limited the efficiency of catalytic activation.

The recyclability and long-term stability of the catalyst were assessed
through 10 consecutive reaction cycles, with ultrasonic treatment
applied after each cycle to recover the catalyst from the carbonaceous
materials. The catalyst exhibited high stability, maintaining a hydrogen
yield of > 45 mmol/g, after 3 consecutive reaction cycles. However, a
gradual decline in activity was observed over successive cycles. By the
10th cycle, the hydrogen yield decreased to approximately 30 % of its
initial value. This reduction was attributed to the progressive accumu-
lation of pyrolysis byproducts, such as coke and unconverted carbona-
ceous residues, on the catalyst surface [71,72]. These deposits likely
blocked active sites, hindered reactant access, and reduced catalytic
efficiency. As cycling progressed, the buildup of such deactivating spe-
cies intensified, further compromising hydrogen evolution and overall
catalyst performance [16,73]. To verify this, we conducted
HAADF-STEM analysis of the spent catalysts. The results clearly show
that carbonaceous deposits encapsulate the metal nanoparticles after
reaction (Supplementary Data, Figure S9). The originally well-defined
lattice fringes of Fe/Ni were coated with coke, and the spatial overlap
between carbon and metal domains strongly indicates that the active
sites were blocked by deposited carbon species.

Catalyst regeneration was subsequently performed. Following five
consecutive use cycles, the spent catalysts were treated according to a
reported procedure [74]. Figure S10 compares the Hy generation per-
formance of the fresh, spent, and regenerated catalysts, and a significant
catalytic performance increase was observed after regeneration. For
example, the Hy yield was improved from 25.36 mmol/g of the spent
catalyst to 42.72 mmol/g of the regenerated catalyst, recovered 80 % of
the fresh catalyst. While these results are promising, further work will be
carried out to better design a regeneration procedure to address this
critical issue.

3.3. Characterization of carbon materials

Carbon was the predominant solid product obtained from the
microwave-assisted reaction. SEM and TEM analyses confirmed the
presence of multi-walled carbon nanotubes (MWCNTs) within the
carbonaceous materials (Fig. 6 and Supplementary data Figure S11). As
the reaction temperature increased from 300 °C to 800 °C, the amount of
granular material decreased, while MWCNTs became more abundant
and increasingly dominated the SEM field of view. Typically, the
MWCNTs exhibited inner diameters ranging from 2.1 to 5.3 nm and
outer diameters from 5.7 to 10.4 nm (Fig. 6). Most of the metal catalyst
particles were encapsulated within the nanotube walls, predominantly
located at the midpoint or tip, indicating that a tip-growth mechanism as
the dominant mode of CNT formation [68]. Overall, the carbon struc-
tures were primarily composed of entangled MWCNT bundles inter-
spersed with dispersed particles. Such morphology facilitates the
formation of continuous conductive pathways for mobile charge car-
riers, making these carbon nanostructures particularly attractive for
applications in EMI shielding [75,76].

Raman spectroscopy was conducted to evaluate the structural order
and defect characteristics of the carbonaceous products. The spectrum
displayed two prominent peaks at ~1350cm™ (D band) and
~1580 cm™ (G band), associated with the Asg out-of-plane breathing
mode of disordered carbon structures and the E:g in-plane stretching
mode of graphitic sp> carbon domains, respectively. The D band arises
from lattice imperfections in the hexagonal carbon network, originating
from either tetrahedral (sp®) defects or distorted trigonal (sp?) ar-
rangements, while the G band corresponds to the crystalline graphitic
ordering of sp? hybridized carbon atom [77,78].The measured Ip/Ig
ratio of approximately 0.84 suggests the degree of graphitization is
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Fig. 6. Representative TEM (a-b) and SEM (c) images of the carbon materials from LDPE upcycling catalyzed with Fe/Ni-0.3 %Pt at 600 °C; (d) Raman spectra of the
carbon materials generated from LDPE upcycling catalyzed by Fe/Ni-0.3 %Pt at different temperatures.

relatively high. The carbon material exhibits superior properties
compared to those obtained through pyrolysis using a conventional
furnace (Supplementary data Figure S12). The Ip /Ig ratio of the
representative carbon materials obtained in this study catalyzed by
Fe/Ni-0.3 %Pt with microwave treatment was lower than that of a
widely used commercial MWCNTs (NC7600 manufactured by Nanocyl,
Belgium) (0.84 vs. 1.2) (Supplementary data Figure S12).

3.4. Proposed reaction mechanism

Oxygen vacancies play a crucial role in plastic pyrolysis by serving as
defect sites, facilitating C-H bond activation and cleavage [79-81]. Peng
et al. [79]and Zhu et al. [80] both proposed that oxygen vacancies are
conducive to the generation and transfer of reactive oxygen species. The
transfer causes these reactive oxygen species to appear in a new form
(Oads), and the continuously provided electrons in this process trigger
the cleavage of the C-H bond. Notably, the incorporation of very small
amounts of Pt was found to significantly increase the concentration of
oxygen vacancies. XPS analysis of the O 1s spectra revealed that Pt
addition (0.3 %) resulted in a nearly 23 % increase in the proportion of
oxygen-deficient species, suggesting improved surface reactivity of the
catalyst (Fig. 7). Meanwhile, it can be inferred that the increase in Opgs is
due to the adsorption of surface oxygen vacancies and the activation of
active oxygen species to generate adsorbed oxygen. This mechanism
promotes the redox performance of the catalyst [82].

Lietal. [10] investigated microwave-assisted cracking of polyolefins
and proposed that oxygen vacancies can be replenished by oxygen
originating from water molecules, with hydrogen playing a pivotal role
in the redox-mediated regeneration of surface oxygen species. Building
upon this insight, we propose an alternative pathway, after C-C random

breakage into short chains, they absorb on the surface of Pt. In situ
catalysis by Pt activates the C-H bond, generating surface intermediates
and Pt-H species [83]. Subsequently, these mobile hydrogen species
migrate to the adjacent catalytic interface. They react with the active
oxygen species on the metal oxide surface, generating alkyl radicals (R-)
and H20. The direct involvement of Pt and reactive oxygen species
lowers the activation barrier for C-H bond cleavage [84]. During this
process, redox-active metal centers, such as Fe (Fe** < Fe?* < Fe®) and
Ni (Ni** < Ni** < Ni°), promote the rapid migration and replenishment
of lattice oxygen through a reversible redox cycle, enabling continuous
participation of 0%~ in hydrocarbon activation [85]. Once H20 molecules
are polarized under microwave irradiation, the dissociation energy of
the O-H bond is further reduced, thereby enhancing their interaction
with adjacent oxygen vacancies. This interaction leads to the heterolytic
dissociation of H20 at Fe/Ni catalytic sites, generating H* and OH-
species via electron transfer mechanisms [10]. The resulting protons
(H*) combine with electrons to eventually form Hz, whereas the OH"
species will occupy the oxygen vacancy site, thereby restoring the lattice
structure [86].

It is worth noting that strong acid sites play a critical role in polymer
cracking reactions, as polymer activation typically initiates via adsorp-
tion and protonation at these sites, subsequently inducing C-C bond
cleavage. Acid sites on catalysts are typically classified based on their
strength and corresponding activation temperature: weak (T < 250°C),
medium (250°C < T < 350°C), and strong (T > 350°C) acid sites [10].
Strong acid sites facilitate cracking and hydrogen transfer reactions
through the formation of carbocation intermediates, which significantly
enhances the selectivity toward gaseous and short-chain hydrocarbons.
This results in higher yields of low-molecular-weight olefins and
hydrogen-rich gaseous products [10]. Elevated reaction temperatures
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Fig. 7. Surface oxygen species and acid site distribution of Fe/Ni-based catalysts. High-resolution O 1 s XPS spectra showing the relative proportions of surface
oxygen species for (a) Fe/Ni and (b) Fe/Ni-0.3 %Pt catalysts. Deconvoluted peaks correspond to lattice oxygen (Oy), oxygen vacancies (Oy), and adsorbed oxygen
species (O,qs). NHa-TPD profiles illustrating the acid site strength distribution for (c) Fe/Ni and (d) Fe/Ni-0.3 %Pt catalysts. Peaks above 350 °C represent strong acid
sites. The ratio of strong acid peak area to total desorption peak area reflects the proportion of strong acid sites in each sample.

generally intensify these acid-catalyzed processes, resulting in higher
yields of low-molecular-weight products; however, excessively high
temperatures may also induce secondary reactions such as aromatiza-
tion, oligomerization, and polycondensation, which not only shift
product selectivity toward heavy polyaromatics but also promote coke
deposition on the catalyst surface [87,88].

The dispersed Fe/Ni system exhibits predominantly weak acid sites
[10,88]. As shown in Fig. 7c, the Fe/Ni alloy catalyst prepared in the
current work possessed only about 30 % strong acid sites, favoring
milder cracking of high-molecular-weight hydrocarbons. These catalysts
preferentially promote double-bond isomerization reactions rather than
extensive cracking, resulting in longer-chain hydrocarbons and
increased yields of liquid-phase products while minimizing the forma-
tion of small molecules or undesirable byproducts like coke [87]. Upon
incorporation of very small amounts of Pt, the overall acidic sites
decreased slightly (Supplementary data Table 1). However, the pro-
portion of strong acid sites increased substantially to approximately
94 % after Pt modification (Fig. 7d), resulting in a 3.3-fold increase in
strong acidity (105.9 vs. 32.5 mmol/g). These sites enhanced polymer
activation under microwave heating, where local electric fields and
dielectric heating concentrated energy at acid centers. The resulting
field-enhanced temperature enabled selective bond cleavage while
suppressing random thermal cracking pathways [10]. This increase in
strong acidity indicates that the Pt-modified Fe/Ni promoted intensive
cracking and hydrogen transfer reactions, thereby improving selectivity
toward light hydrocarbons and hydrogen.

Oxygen vacancies and strong acid sites on the catalyst surface are
expected to exhibit a synergistic correlation. As mentioned earlier, ox-
ygen vacancies facilitate the activation of electron-rich C-H bonds in
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hydrocarbon chains, enabling their homolytic cleavage via electron
transfer and polarization mechanisms. Simultaneously, strong acid sites
promote f-scission of C-C bonds, thereby accelerating the depolymer-
ization of long polyethylene chains into low-molecular-weight products
[87] [89]. In contrast, weak acid sites primarily catalyze double-bond
isomerization rather than bond cleavage, favoring the formation of
longer hydrocarbon chain and thereby increasing liquid product yield
(Fig. 7 and Supplementary data Figure S4, Table S4). NHs-TPD analysis
revealed a substantial increase in both acid site density and strength
upon Pt incorporation, particularly in the high-temperature desorption
region (T > 350 °C), characteristic of strong acid sites. This enhance-
ment is attributed to Pt-induced formation of oxygen vacancies within
the metal oxide lattice, which generate additional coordinatively un-
saturated metal centers. These defect sites not only serve as additional
Lewis acid sites but also modulate the local electronic environment,
thereby increasing the surface acidity and catalytic activity [10,90]. The
significant improvement in hydrogen production is attributed to the fact
that after Pt modification, the proportions of oxygen vacancies and
strong acid sites increased significantly. The strong acid sites promoted
the breaking of the C-C bond, while the oxygen vacancies facilitated the
activation and cleavage of the C-H bond. The synergy between the two
effects effectively converts long-chain hydrocarbons into hydrogen gas
and carbon materials.

It should be noted that NHs-TPD primarily provides information on
the total acidity and does not differentiate between Brgnsted and Lewis
acid sites. While Brgnsted acid sites are generally regarded as the main
active sites for C-C activation, recent studies have shown that Lewis
acids can also promote bond cleavage of C-C/C-H [91-93]. Further
studies will be needed to distinguish the specific roles of Brgnsted and
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Lewis acid sites.

As confirmed by XRD analysis, Feo.1sNio.s20x and FesOs were the
predominant crystalline phases of the catalyst. Experimental results
suggest that the oxygen vacancy concentration played a crucial role in
the cleavage of C-H bonds. In order to evaluate the effect of Pt doping on
oxygen vacancy formation, first-principles calculations were performed
to determine the formation energy of oxygen vacancies on the (111)
surface of Fe304 before and after Pt incorporation (Figures 8 and S9). As
shown in Fig. 8, Pt doping significantly lowered the oxygen vacancy
formation energy. For vacancy site Va at the first layer of the (111)
surface of Fe3O4, the formation energy decreased from —0.77 eV (pris-
tine) to —3.8 eV (Pt-doped). Similarly, the formation energy of V,
another kind of oxygen vacancy, dropped from —0.79 eV to —5.2 eV,
exhibiting an even greater reduction. The substantial reduction of for-
mation energies indicates that Pt doping thermodynamically stabilized
oxygen vacancies by modifying the electronic structure and facilitating
charge redistribution.

We further investigated Feo 1sNio20x, which is more catalytically
relevant in our system (Figures 8 and S10). Pt doping decreased the
formation energy of surface oxygen vacancies (V,) from 1.53 eV to
0.28 eV, further confirming its role in promoting vacancy generation.
These results demonstrate that Pt doping is an effective strategy for
thermodynamically stabilizing oxygen vacancies on both FesOs and
Feo.1eNio.s20x surfaces, thereby enhancing catalytic activity through
increased surface defect concentration.

To gain deeper insight into the dehydrogenation mechanism, an in-
tegrated microwave reactor-mass spectrometry (MW-GC-MS) system
was employed to capture and identify intermediate species
(Supplementary Data Table S2 and Table S3). Note that sampling posed
a challenge because the reaction proceeds rapidly, and a delay in col-
lecting products from the reaction tube can lead to further trans-
formations. In addition, the resulting product mixture is highly complex.
Nevertheless, several branched olefins were detected among the in-
termediates (Table S2), which are typical dehydrogenation products of
iso-alkane intermediates. Furthermore, a substantial amount of iso-
alkanes was identified in the final products (Table S3). These results
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collectively provide strong experimental support for a p-scission
mechanism.

Given the complexity of byproducts generated during LDPE con-
version, the analysis specifically focused on the dehydrogenation step
leading to the formation of olefinic bonds. The abundant detection of 1-
alkenes, isoalkanes and conjugated alkenes, together with their
sequential appearance, suggests a dehydrogenation pathway initiated
by terminal C-H bond dissociation to produce 1-alkenes, followed by
isomerization into relatively stable conjugated olefins, and subsequent
partial deep dehydrogenation. To elucidate the stepwise dehydrogena-
tion process, density functional theory (DFT) calculations were per-
formed using butane as a model compound. Butane was selected as the
representative model molecule for our DFT calculations because: 1)
during both thermal and catalytic cracking of polyethylene, butane is
consistently identified as one of the major primary gaseous products
[94], and it was also detected in our own product spectrum (approxi-
mately 28 % in the hydrocarbons, Supplementary Data Table S3); 2) its
simple linear structure allows for a clear and computationally tractable
mapping of the elementary C-H activation, dehydrogenation, and
B-scission pathways, while avoiding the additional complexity associ-
ated with branched or long-chain intermediates; 3) butane has been
widely employed in previous mechanistic and computational studies of
long hydrocarbon activation [95,96]. Experimental results had
confirmed Feg 13Nig 820y as the primary active phase for alkane cracking
and hydrogen evolution. We investigated the dehydrogenation pathway
of butane on the (111) surface of Feq 18Nip.g20x by calculating the
relative energy changes along the reaction coordinate, enabling con-
struction of a complete potential energy profile (Fig. 9).

Initially, the butane molecule adsorbs onto the catalyst surface,
forming a stable intermediate (Feg 1gNig g20x-CH3CH2CH2CH3*) with an
adsorption energy of —-0.37 eV. The first dehydrogenation step involves
the breaking of C-H bonds at the terminal carbon and its adjacent car-
bon atom, leading to the formation of a surface-bound intermediate
(Fep.18Nig g20x-CHo,CHCH,CH3*), accompanied by Ni-H bond forma-
tion on the catalyst surface. This transformation presents an energy
barrier of 1.1 eV, representing the rate-determining step of the overall
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Fig. 8. Oxygen vacancy formation energy: (a) Two types of oxygen vacancy and their formation energies (eV) of the (111) surface. V, and V}, represent the oxygen
vacancies marked with blue and black circle at the first layer of (111) surface of Fe304. (b) The oxygen vacancy formation energies of the Feg 1gNip g20x. ()
Representation of two symmetrical oxygen vacancies of the (111) surface of Fe304; and (d) Oxygen vacancies of Feg 1gNig g2Ox.
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Fig. 9. The relative energy profile of the stepwise dehydrogenation of LDPE catalyzed by Feq 1gNipg2Ox under microwave treatment as calculated by DFT. Grey,

white, yellow, silver and red represent C, H, Fe, Ni, and O atoms respectively.

process. The resulting product corresponds to 1-butene. Subsequent
dehydrogenation proceeds via cleavage of additional C-H bonds at the
opposite terminal and its adjacent carbon atom, resulting in the for-
mation of a second C—=C bond and generation of 1,3-butadiene. Notably,
the energy barrier for forming the second double bond is lower than that
for the first, indicating that the conjugated diene structure provides
additional thermodynamic stabilization and acts as a driving force for
continued dehydrogenation.

These results suggest that Fe 13Nig g20x not only effectively stabi-
lizes key transition states but also promotes the stepwise removal of
hydrogen atoms, ultimately favoring the formation of high-value con-
jugated olefins and Hy. This insight highlights the importance of
designing catalysts that facilitate initial C-H bond activation and benefit
from conjugation effects in later steps, thereby lowering energy barriers
and improving hydrogen production efficiency.

3.5. Applicability to real-world polyolefins wastes and EMI shielding
applications

The catalytic performance of Fe/Ni-Pt was further evaluated using
post-consumer plastic wastes, including LDPE, LLDPE, HDPE, and PP, to
assess its practical viability for processing real-world polyolefin waste
streams under microwave-assisted conditions (Fig. 10). Hydrogen yields
ranged from 47.7 to 53.1 mmol/g of plastic, with hydrogen selectivity
values between 0.87 and 0.92, comparable to those obtained from the
virgin LDPE (54.0 mmol/g and 0.90 selectivity). These results confirmed
the feasibility of converting real-world polyolefin waste streams into
high-value hydrogen and carbon materials under microwave-assisted
conditions. Notably, all feedstocks exhibited consistently high
hydrogen selectivity (>0.87). This suggests that under the high-energy
microwave field, the reaction pathway favors dehydrogenation over
the formation of complex hydrocarbons. It contrasts with conventional
pyrolysis, where a broader spectrum of oxygenated compounds and

12

hydrocarbon derivatives are typically produced [97,98].

It should be noted that Hy yield from our post-consumer polyolefin
wastes (LDPE*, HDPE*, PP*, and LLDPE*) are not significantly different,
with a typical variation of 10 % (50.3, 53.1, 47.7, and 51.9 mmol g~*
plastic, respectively). The influence of polymer structure on hydrogen
generation is a possible reason, though it has not yet been extensively
explored. Previous studies reported that PP exhibits slightly lower C-C
bond dissociation energies than PE because of the presence of tertiary
carbons along its backbone [3]. The methyl substituent on each repeat
unit introduces tertiary and secondary carbon centers that promote the
formation of branched (iso-) intermediates during pyrolysis. These in-
termediates preferentially follow pathways leading to condensable
liquid hydrocarbons rather than light gaseous species. In contrast, the
linear backbone of PE decomposes more readily into linear olefins and
light alkanes, which are easily dehydrogenated on metal sites to form
Hy. Jieet al. also showed a slightly higher Hy yield from HDPE as
compared to PP (55.6 vs. 5l.4mmolg ' plastic) under
microwave-initiated catalytic deconstruction of plastic waste [11]. Liu
et al. reported similar Hy yields from linear polyolefin plastics (LLDPE,
HDPE, and PP) with approximately 50 mmol g ! plastic [23]. Therefore,
consistent with these reports, the Hz yield from PP in our study is slightly
lower than that from PE, and the overall difference appears not very
significant.

Benefiting from the impressive catalytic performance of Fe/Ni-0.3 %
Pt, polyolefin waste was effectively converted into carbon-based mate-
rials suitable for EMI shielding applications. To evaluate the EMI
shielding performance, the catalytic product obtained from the reaction
at 600 °C were mixed with paraffin wax at designated mass ratios to
fabricate composite specimens. As shown in Fig. 11, the SEr increased
substantially with higher filler content. Above 30 % loading, R is higher
than A, indicating a reflection-dominated shielding mechanism.
Notably, the SEt reached an impressive 78 dB at a concentration of
40 wt% catalytic product, corresponding to a shielding efficiency



Y. Qiao et al. Applied Catalysis B: Environment and Energy 384 (2026) 126214

(b)

. 1.1
1,/1,=0.84 PP*
z 2
F1.0 T =
€ =
§ © 1,/15=0.83 LLDPE*
& =
9= to9 Z E
%)
@ g |Ip/1g=0.55
% 7]
0.8 5 2
o <
I,/1,=0.84 LDPE*
401 . . : —L10.7 . . r .
LDPE LDPE* HDPE* PP* LLDPE* 800 1200 1600 2000 2400

Wavenumber (cm'l)

X

(d)

Fig. 10. (a) Hydrogen production and selectivity catalyzed by using LDPE,HDPE,LLDPE and PP in laboratory waste respectively at 600 ° C with Fe/Ni-0.3 %Pt (*

indicates waste plastics); (b) The Raman values of the carbon materials generated after the reactions of the above-mentioned different laboratory wastes; (c-f) SEM
images of carbon materials generated from PP*, LLDPE*, HDPE*, and LDPE*, respectively.

A
D
2
®
S
-
;]

(b) ¢
™ SE;
[ dsk,

SE,

e
o
"
-

20 wt%
—30 wt%
40 wt%

—e—R

=)
<
1
(=)
<
"

e
EN
1

%)
>
:
%)
<
"
e
o
A

EMI SE, (dB)
Average EMI SE (dB
Power coefficient

e
)
:

L) 11 11 _ . .
10 11 12 20 wt% 30 wt% 40 wt% 20 wt% 30 wt% 40 wt%

9
Frequency (GHz)

0 T v T v

<

Fig. 11. (a) EMI SE in the range of 8.2-12.4 GHz; (b) Average values of EMI SE; (c) Average values of power coefficient for the composites containing 20 wt%, 30 wt
% and 40 wt% solid products obtained from the microwave treatment of LDPE at 600 °C with Fe/Ni-0.3 %Pt.

13



Y. Qiao et al.

exceeding 99.99999 %. These results highlight the strong potential of
the upcycled carbon materials for use in high-performance EMI shield-
ing applications.

4. Conclusion

In this study, a Fe/Ni-Pt bimetallic catalyst was developed for
upcycling polyolefin wastes into Hy and high-quality MWCNTs under
microwave irradiation. Incorporation of trace Pt (e.g., 0.3 %) substan-
tially reduced the oxygen vacancy formation energy and increased
strong acid site density by 3.3-fold, as confirmed by experimental
characterization and DFT calculations. These synergistic effects
enhanced C-H and C-C bond activation, resulting in a high hydrogen
yield of 53.9 mmol/g with 90 % selectivity from LDPE under optimal
microwave conditions. Compared with thermal pyrolysis, the
microwave-assisted approach achieved a 40 % reduction in energy
consumption while maintaining a high plastic decomposition efficiency.
Mechanistic studies revealed that the reaction proceeds via terminal
C-H bond activation, conjugated olefin formation, and subsequent deep
dehydrogenation. The resultant MWCNTs exhibited excellent EMI
shielding performance, and the process proved effective for a range of
real-world polyolefin wastes, underscoring its practical applicability.
These findings highlight defect engineering and acidity modulation as a
generalizable design strategy for next-generation microwave-assisted
catalysts, advancing sustainable plastic waste-to-resource technologies.
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