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The development of hydrogen- and solvent-free catalytic systems for plastic valorization requires precise
control over metal speciation to enhance both catalytic efficiency and selectivity. Ru atomic clusters (ACs)
on HZSM-5 zeolite show a turnover frequency of 52.71 mg, ppe ngu‘l h™tin low-density polyethylene
(LDPE) conversion, a fivefold increase compared to traditional nanoparticles (NPs) at 10.63 mg ppe
mdr, > h™L. This improved catalytic performance is further evident in cyclohexane dehydro-
aromatization, where atomic-scale Ru sites exhibit a 17.8-fold activity increase (544.34 vs. 30.48 uM
mdr,~t h7Y, linking subnanometric structures to reaction pathway selectivity. Mechanistic analysis
highlights two key effects: (1) optimized interactions between isolated Ru sites and intermediates lower
dehydrogenation barriers, and (2) reduced cyclization energy barriers compared to NPs. Process
optimization leads to 87% LDPE conversion with 69% aromatic selectivity, maintaining 70% efficiency

across various polyolefins (including high-density PE and ultra-high-molecular-weight PE) and
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Accepted 24th July 2025 polystyrene. A techno-economic analysis shows the potential of AC catalysts, predicting a net present

value of 1.78 million over five years, compared to an annual loss of 8.17 million for NPs. This study
DOI: 10.1039/d55c04662a demonstrates the critical role of metal dispersion and acid—metal balance, forming the basis for

rsc.li/chemical-science a sustainable plastic-to-aromatics process with strong economic viability.

concurrently mitigating the formation of harmful byproducts.
However, their widespread application is constrained by chal-
lenges such as high cost, low catalytic activity, and insufficiently
tunable selectivity.® Several strategies, such as entropy
confinement,” construction of strong metal-support interac-

1 Introduction

Over the past 70 years, global production of synthetic,
petroleum-based plastics has surged from under 2 million
tonnes in 1950 to 430 million tonnes in 2023, with projections

indicating it will double again within the next 20 years, resulting
in potential environmental accumulation and negative ecolog-
ical impacts.'™ Current recycling methods (e.g., landfills or
incineration) are economically inefficient and lack sustain-
ability. Recently, hydrogen- and solvent-free upcycling methods
(i.e., thermodynamically feasible recovery by coupling
exothermic hydrogenolysis with endothermic aromatization)
have emerged as a promising research direction."® However,
these approaches necessitate the optimization of cost, effi-
ciency, and selectivity before they can be feasibly implemented.

Noble metal-based catalysts are integral to optimizing the
efficiency and selectivity of plastic upcycling processes, while
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tion,® regulation of particle size,” etc., have been developed for
strengthening plastic hydrogenolysis. Among them, controlling
the atomic assembly degree—specifically, optimizing the
ensemble requirements for particular reactions—can substan-
tially minimize expenditure. In ammonia synthesis, Ru NPs
larger than 1-2 nm were required," whereas the Fischer-
Tropsch synthesis favored Co NPs exceeding 6 nm." For the
oxidation of methane to methanol, Cu dimers or cluster species
within zeolite frameworks (such as ZSM-5, MOR, SSZ-13, SAPO-
34, etc.) were essential for O, dissociation, as a mononuclear
metal center without functional ligands was insufficient for
completing the transformation.'®'* Additionally, the Pt/Al,O;
catalyst demonstrated a significant activity enhancement for
ethylene hydrogenation when utilizing Pt atomic clusters (ACs)
of approximately 0.6 nm, compared to Pt nanoparticles (NPs)
larger than 1 nm. However, a further reduction in size resulted
in decreased activity, indicating that Pt ACs around 0.6 nm
provided the optimal ensemble requirement for the hydroge-
nation of C=C bonds. Nevertheless, there is a paucity of
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studies examining the impact of assembly degree on hydrogen-
and solvent-free plastics’ upcycling processes.

Typically, hydrogen- and solvent-free plastic upcycling
involves a range of reactions, including [-scission, hydro-
genolysis, dehydrogenation, hydrogen migration, dehydro-
aromatization, and re-hydrogenation of aromatics, among
others. A recent study mainly concentrated on the conversion of
waste plastics into alkanes and alkenes;'® however, the focus on
aromatic products remains shrouded in ambiguity. Aromatic
hydrocarbons are instrumental in the synthesis of advanced
polymers, the formulation of sophisticated solvents, and the
development of complex pharmaceuticals, among various other
high-value applications. Adjusting the dehydrogenation depth
to facilitate benzene ring formation while preventing coke
deposition, as well as suppressing B-scission, hydrogenolysis,
and re-hydrogenation of the benzene ring, is a crucial method
for achieving substantial yields of aromatics. AC active sites
possess the following advantages in the dehydrogenation reac-
tion:"” (i) the highly exposed active sites on ACs, characterized
by coordination unsaturation, markedly optimize the adsorp-
tion of reactants and intermediates, thereby facilitating efficient
C-H activation. (ii) The optimal electronic properties of the
atomic surface promote the desorption of products, effectively
reducing over-dehydrogenation and minimizing coke forma-
tion. However, optimizing the characteristics of active sites to
achieve superior aromatics yields—by precisely tuning the
dehydrogenation depth and inhibiting the side reactions in
complex chain reactions—remains a challenging and intricate
issue.

In this study, a strategy leveraging the discretization of active
sites was implemented in a hydrogen- and solvent-free system
to directly convert common plastics into valuable hydrocarbon
products, particularly aromatics. Ru ACs with isolated atomic
sites, in contrast to Ru NPs exhibiting continuous lattice
fringes, significantly enhanced both the conversion rate and
aromatic selectivity. This improvement can be attributed to
minimized side reactions, including B-scission, hydrogenolysis,
and the re-hydrogenation of aromatics, coupled with enhanced
dehydrogenation and dehydro-aromatization efficiencies.
Consequently, the thermal upcycling process utilizing Ru ACs
markedly improved economic benefits. Specifically, the turn-
over frequency (TOF) increased from 10.52 mg; ppg Mgr, * h ™"
for Ru NP-loaded HZSM-5-300H to0 52.40 mgyppr Mgry - h~* for
Ru AC-loaded HZSM-5-300H. Moreover, the optimized catalyst
reduced the metal loading from 1.5 wt% for Pt/y-Al,O; and
approximately 6.89 wt% for Ru/HZSM-5 to just 0.5 wt% in Ru
AC-loaded HZSM-5-300H and enhanced TOFs from 1.31 and
4.04 to 52.71 mgpg Mggr, * h™','* significantly lowering capital
input and enhancing economic efficiency. The industrial
simulation results revealed that the 0.5R/300H configuration
demonstrated significantly enhanced economic feasibility
compared to the 2R/300H, as evidenced by the superior average
return on investment (ROI) of 30.06%, a shorter payback period
(PBP) of 2.66 years, and an internal rate of return (IRR) of 16%,
all without depreciation. Additionally, the net present value
(NPV) was positive at $1 778 301.25 within 5 years, again without
depreciation. In stark contrast, the 2R/300H configuration
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showed a negative annual gross profit of $-8169496.5, also
without depreciation.

2 Results and discussion

2.1 Deciphering the interdependence of upcycling
performance and active site morphological features

2.1.1 Deciphering the interdependence of upcycling
performance and metal incorporation amount. The series XR/
YH (where X =0, 0.2, 0.35, 0.5, 0.75, 1, 2, 3; Y = 300, 150, 75) was
constructed using a combination of impregnation and reduc-
tive calcination methods (Fig. S1). The upcycling activity was
initially investigated in relation to metal loading, with a focus
on the attributes of the particles. The low-density polyethylene
(LDPE) thermal upcycling was conducted in XR/300H/solvent/
H,-free systems (X = 0, 0.2, 0.35, 0.5, 0.75, 1, 2, 3). The 0.5R/
300H exhibited the highest upcycling rate of 62.93% (Fig. 1a
and S2), with aromatics selectivity up to 70.43% (i.e., carbon
numbers ranging from 7 to 16 and peaking at 8, Fig. 1b and c).
By contrast, other XR/300H systems delivered inferior plastic
conversion and aromatics selectivity, with conversion rates/
selectivity of 35.52/29.13%, 41.61/48.43%, 47.88/49.87%,
53.54/59.94%, 51.66/43.65%, 49.41/48.07% (i.e., carbon
numbers range from 7 to 16, peaking at 8, with a higher
proportion of alkanes and a lower proportion of aromatics
generated, Fig. 1b and c), and 50.37/51.10% for 300H, 0.2R/
300H, 0.35R/300H, 0.75R/300H, 1R/300H, 2R/300H, and 3R/
300H, respectively, underscoring the superiority of low-loaded
Ru species compared to those with higher loading. Therefore,
0.5 and 2 wt% were chosen as the typical representative mass
fraction. The NMR analysis of liquid products gave a similar
conclusion as well, showing that more aromatics-related H can
be detected in 0.5R/300H (Hpr+pn/Hrotar = 0.5) compared to
those in 2R/300H (Hap+ph/Hrotal = 0.42) (Fig. S3 and S4). Note
that minimal changes in conversion rate and aromatics selec-
tivity were observed with Ru loadings ranging from 1 wt% to
3 wt%, attributed to the structure-insensitivity of the metal NPs
(i.e., continuous lattice fringe catalysis), as the structure sensi-
tivity typically emerged when the metal size was reduced to sub-
nanometer or atomic scales.' It can be speculated that the Ru
species may favorably substitute the Brgnsted acid sites (BAS) to
preclude the side reaction (e.g., B scission-facilitated C-C
cleavage) and intrinsically enable the synergistic action with
BAS, evidenced by the inferior conversion rate and aromatics
selectivity over pure HZSM-5-300H."

Furthermore, the upcycling capacity of other common
supports (e.g., Hp and Al,0;) and metal (e.g., Ir) were deter-
mined (Fig. 1d and S5). HB-zeolite-supported Ru species, metal
Ir-loaded HZSM-5-300H, and Al,Os-supported Ru species all
exhibited a dependence on metal loading, with lower incorpo-
ration amounts showing enhanced upcycling activity and
aromatics selectivity relative to higher loadings. Among these,
Ru ACs supported on HZSM-5-300H demonstrated the highest
aromatic yield and overall conversion efficiency under identical
loading conditions (i.e., nominal 0.5 wt%). This finding high-
lighted the broader applicability of this principle across
different support materials (including HZSM-5-150H and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ite features. (a) Selectivity of volatiles/gases, liquid-phase products, and

insoluble hydrocarbons in a series of XR/300H/LDPE/H,-free/solvent-free systems. (b) Selectivity of alkanes, alkenes, cycloalkanes, cycloolefins,
and aromatic products in a series of XR/300H/LDPE/H,-free/solvent-free systems. (c) Detailed hydrocarbon selectivity of alkanes, alkenes,
cycloalkanes, cycloolefins, and aromatics with varying carbon numbers. (d) Determined molar quantities of products from LDPE upcycling

mediated by metal Ru-loaded Al,O3 (A), HB (B), 300H, and metal Ir-loa

ded 300H. Total molar yields of (e) alkane, (f) alkene, (g) cycloalkane and

cycloalkene, and (h) aromatics in a series of XR/300H/LDPE/H,-free/solvent-free systems. (i) Molar yields of products in a series of XR/300H/

LDPE/H,-free/solvent-free systems. (j) Atomic-resolved HAADF-STEM

images of 0.5R/300H, with red circles indicating the atomic sites. (k) TEM

images of 2R/300H. The particle size statistics were derived from the analysis of multiple images (particle count greater than 200), based on the

long axes of irregular shapes.

HZSM-5-75H, refer to Section 2.4). Accordingly, HZSM-5-300H
and metal Ru species were selected as the representative
support and active sites.

The relationship between the yields of partial products—
namely alkanes, alkenes, cycloalkanes, cycloolefins, and
aromatics—and the amounts of metal loading was investigated.
It was apparent that both low- and high-Ru-loaded HZSM-5-
300H catalysts significantly enhanced alkane/alkene formation
compared to the 0.5R/300H catalyst (Fig. 1e). This improvement
was attributed to the greater abundance of moderate acid sites
(i.e., driving B-scission) in the 0.2R/300H and 0.35R/300H
samples and the more abundant terrace sites (i.e., facilitating
hydrogenolysis) in the 0.75-3R/300H samples relative to 0.5R/
300H (Fig. S6). These factors collectively facilitated more effec-
tive C-C cleavage processes, resulting in an increased yield of
alkanes/alkene.

BAS sites facilitate the conversion of C=C bonds into car-
benium ions but do not mediate the dehydrogenation of poly-
mer chains to generate C=C bonds. When an excess of C=C
bonds is converted into carbenium ions without

© 2025 The Author(s). Published by the Royal Society of Chemistry

a commensurate increase in C=C bonds, there is an inade-
quate supply of C=C bonds to interact with carbenium ions.
This leads to a higher propensity for B-scission rather than
cyclization.>"” Therefore, it can be concluded that the 0.5R/
300H catalyst exhibited superior performance in both dehy-
drogenation (by optimizing the C=C to carbenium ion ratio,
thereby promoting cyclization and inhibiting B-scission) and
aromatization (through effective dehydro-aromatization that
greatly enhanced aromatics formation), as evidenced by its
minimal alkane/alkene yield and maximal cyclohexane/
cycloolefin/aromatics production (Fig. le-i). To sum up, the
product distribution pattern highlighted the higher dehydro-
aromatization and hydrogenolysis capacity for 0.5R/300H and
2R/300H, respectively.

The adsorption behavior of the polymer can largely influence
the product selectivity. Typically, the hydrogenolysis is affected
by the hydrocarbon adsorption to the catalyst and the proba-
bility scales linearly with the molecular weight.*® Simulta-
neously, the adsorption energy is often inversely proportional to
the dispersity. Typically, the higher the dispersion, the lower the

Chem. Sci., 2025, 16, 16121-16136 | 16123
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adsorption energy, and vice versa.'® Therefore, it can be specu-
lated that 2R/300H more energetically adsorbed the polymer
compared to 0.5R/300H, leading to increased C-C cleavage,
which was also closely related to H* coverage. Besides, the
dehydro-aromatization was associated closely with the atomic
dispersity as well, which was associated with the atomic
assembly degree. Therefore, an initial investigation into the
dispersity of active sites was conducted through microscopic
characterization.

2.1.2 Deciphering the morphological features of active
sites. To investigate the characteristics of active sites, the
atomic-scale structure of the Ru species-loaded HZSM-5-300H
was determined by aberration-corrected scanning trans-
mission electron microscopy (AC-STEM). The 0.5R/300H
showed predominant aggregates of isolated Ru atoms without
an intact crystal face being identified (Fig. 1j). With the increase
of Ru loading from 0.5 wt% to 2 wt%, a clear lattice fringe
emerged, and the geometry of Ru ACs evolved from ensembles
with several incompact single atoms (SAs) to NPs featuring clear
crystalline structures (Fig. 1k). The average size of the Ru
assembly gradually increased from around 2.14 + 0.61 nm to
13.28 £+ 0.58 nm (Fig. 1j and k). Note that isolated Ru atoms
cannot be identified, resulting in the classification of pure ACs
or NP-mediated thermo-upcycling in this study, which was
consistent with the presence of bridge-bound CO signals in CO-
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), while linear-bound CO signals were absent (Fig. 2h).

The increased thermo-upcycling activity of ACs may thus be
linked to their more diverse and accessible active sites
compared to the more ordered and constrained active sites on
NP counterparts. ACs, typically consisting of a smaller number
of atoms, exhibit a higher surface atom ratio and increased
surface energy, leading to more active sites being established. In
contrast, NPs often have well-defined crystal facets with limited
active sites, restricting their thermo-catalytic performance. For
example, the proportion of corner atoms diminished by nearly
a factor of three with only a marginal increase in cluster size
from 1.6 nm to 2.2 nm." EDX analysis further confirmed the
existence of Ru NPs (Fig. S7 and S8). The atomic Ru sites (i.e.,
0.2R/300H) failed to effectively mediate the plastic conversion
(41.61/48.43%, lowest conversion rate across the Ru-loaded
HZSM-5-300H). It can be concluded that the over-dispersed
surface-bound Ru atoms were unlikely to accommodate C-C
bonds and H adatoms concurrently (Fig. S9), and will conse-
quently be omitted from the subsequent discussion.”* These
results verified that the Ru NPs with a continuous lattice plane
and Ru ACs with discrete atomic sites would favor hydro-
genolysis and dehydro-aromatization, respectively. The more
detailed structural and electronic properties of Ru ACs and NPs
were further investigated using various characterization
techniques.

2.2 Dissecting the structural and electronic characteristics
of XRu/300H

2.2.1 Unveiling the attributes of acidic sites and pore
structures. The characteristics of acidic sites and pore

16124 | Chem. Sci., 2025, 16, 1612116136
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structures were initially investigated. Fourier transform infrared
spectroscopy using pyridine as a probe molecule (pyridine-
FTIR) was used to monitor the acidic nature of the BAS and
Lewis acid site (LAS). The clear 1598.63 and 1446.20 cm '
feature bands were associated with the protonated pyridinium
ion corresponding to BAS and coordinatively adsorbed pyridine
on the LAS, respectively. It is worth noting that 2R/300H
possessed higher acidity compared to 0.5R/300H, indicating
that the differences in upcycling activity were not acid-
dependent, likely relating to the intrinsic structure of the
active sites (Fig. 2a and Table S3). The NH,;-TPD analysis showed
similar results (Fig. 2b). 2R/300H exhibited a higher intensity of
moderate acidity compared to 0.5R/300H (with similar weak/
strong acidity), also suggesting that the enhanced polymer
upcycling capacity was primarily dominated by particle char-
acteristics (Fig. 1b). In addition, the Ru incorporation signifi-
cantly enhanced the B and L acidity but decreased the medium-
strength acidity, due to its drastic interaction with HZSM-5 or
serving as an intrinsic acid center (i.e., reductive solid-state ion-
exchange process, Fig. 2a and b)." Besides, the correlation
between LDPE upcycling and mass transport was excluded as
well, due to the nearly similar pore characteristics (Fig. S13-19).
Note that the weaker N, desorption capacity of 2R/300H
compared to that of 0.5R/300H potentially indicated the
stronger adsorption of small molecules on Ru NPs (Fig. S15),
which was further verified by thermogravimetric analysis. The
TGA showed that the 2R/300H retained more aromatics
compared to 0.5R/300H during the LDPE upcycling, cyclo-
hexane dehydrogenation, and n-hexadecane upcycling reactions
(Fig. S20-S22), evidenced by the mass loss differences between
380 and 650 °C,** leading to the speculated correlation between
inferior dehydro-aromatization to aromatics and excessive
product adsorption on Ru NPs (poisoned active sites). For pure
300H, enhanced coke deposition was observed during cyclo-
hexane dehydrogenation compared to 0.5R/300H, highlighting
that the Ru incorporation can favorably optimize the acidity by
neutralizing the original acid sites and construct superior
metal-acid balance (i.e., appropriate intermediate retention
time on active sites)."

Typically, the narrow average pore size (i.e., confined to 1-
5 nm, Table S4) does not obstruct the ingress of polymer chains.
In zeolites, the significant heats of adsorption—which increase
linearly with carbon number for most zeolites and silicas—
combined with the conformational entropy gains from chains
adopting a more planar zig-zag configuration drive diffusion at
high temperatures in microporous materials, in the absence of
specific repulsive interactions. Consequently, the entropic
benefits offset the enthalpic penalties arising from the partial
confinement, resulting in the entry of the polymer chain, fol-
lowed by Ru species-mediated thermal transformation.*
Therefore, the intrinsic structural characteristics of Ru
assembly were subsequently investigated.

2.2.2  Unveiling the structural and electronic attributes of
Ru species. X-ray diffraction (XRD) was performed to reveal the
crystal structure of 300H, 0.5R/300H, and 2R/300H (Fig. 2c).
There was no sharp diffraction peak of Ru species (i.e. 20 =
44.005, indexed to the (1 0 1) lattice plane, PDF #06-0663) in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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XRD spectra of 300H, 0.5R/300H, and 2R/300H, showing the enlarged area between 20° and 30°. (e) Ru-K edge XANES spectra for 0.5R/300H
and 2R/300H. (f) Ru-K edge EXAFS spectra for 0.5R/300H and 2R/300H. (g) Ru 3d XPS analysis of 0.5R/300H and 2R/300H. (h) CO-DRIFTS
spectra of 300H, 0.5R/300H, and 2R/300H within 2250-1500 cm™ by flowing He gas at different times. C denotes cyclohexane. (i) Ho-TPR

analysis of 300H, 0.5R/300H, and 2R/300H.

XRD patterns, indicating that Ru species were highly dispersed
in the zeolite (i.e., small particle size, 2.14 + 0.61 and 13.28 +
5.58 nm for 0.5R/300H and 2R/300H, respectively, Fig. 1j and k).
Evident negative peak shifts were observed for 0.5R/300H and
2R/300H compared to 300H (Fig. 2d and $23), suggesting the
occurrence of lattice expansion. Since the atomic radius of Ru
(rru = 134 pm) exceeds that of Si (rs; = 111 pm), the observed
changes in lattice parameters can be attributed to the interca-
lation of Ru and the modified structural properties of the
supports upon interaction with the Ru assembly.

XAS was used to investigate the chemical state changes
responsible for the differences in upcycling capacities (Fig. 1a,
b, 2e and f). Firstly, the electronic state of Ru species was probed
by XANES, showing the distribution of normalized white-line
intensity and edge energy of 0.5R/300H and 2R/300H between
those of Ru foil and RuO,, indicating the existence of cationic
Ru (Fig. 2e). As Ru loading decreased from 2 to 0.5 wt%, both

© 2025 The Author(s). Published by the Royal Society of Chemistry

the white-line intensity and the edge energy progressively
increased, indicating that Ru become increasingly cationic with
the reduction in particle size. These results can be supported by
the XPS analysis (Fig. 2e), showing the shifts of binding energies
of Ru 3d5/2 and Ru 3d3/2 from 280.4 and 284.8 eV on 2R/300H
to 280.6 and 285.1 eV on 0.5R/300H, respectively, highlighting
the close relationship between Ru valence state and particle
size. No significant electron gain and loss can be observed for Si
and O species, evidenced by the limited peak shift (Fig. S25 and
S26). Meanwhile, increased electron gain was detected for Al
species in 0.5R/300H compared to 2R/300H, indicating the
occurrence of electron exchange between Ru species and acid
sites (Fig. S27). These results highlighted the close relationship
between particle structural characteristics and their electronic
properties, due possibly to the varied atomic interaction force
(i.e., particle size, Fig. 1j and k) and metal-support interaction
intensity.
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The EXAFS results revealed that 0.5R/300H and 2R/300H
predominantly exhibited metallic Ru-Ru scattering at approxi-
mately 2.7 A, with a minor contribution from Ru-O scattering at
around 2.0 A (Fig. 2f and S28-32). As Ru loading decreased, Ru-
Ru scattering weakened and N(Ru-Ru) decreased (from 3.42 +
0.91 to 0.76 + 0.36), undoubtedly indicating a reduction in Ru
particle size (Table S5). Additionally, the increased Ru-Ru
distance (from 2.68 + 0.01 A to 2.71 & 0.01 A) aligned with the
formation of atomic assembly, due to the increased degree of
disorder (the disappeared long-range order). These findings
underscored significant structural changes in Ru particles,
shifting from well-defined metallic NPs in 2R/300H to highly
disordered species with no discernible structures beyond
nearest neighbors in 0.5R/300H, which may account for the
observed abrupt changes in polymer upcycling. Note that the Ru
K-edge EXAFS feature of the reduced samples may entirely
disappear if the incorporated Ru existed at the extra-framework
position.” The clear EXAFS characteristics highlighted the
strong interaction (i.e., strong coordination pattern) between
the Ru species and HZSM-5 framework.

CO-DRIFTS was further used to characterize the electronic
and structural characteristics of surface Ru species (Fig. 2h).
The bands at 2100-2200 cm ™' should be indexed to the vibra-
tion of CO adsorbed on the two crystal units of ZSM-5. The Ru
incorporation induced the red shift of the CO adsorption peak
on the crystal unit, highlighting the electron flow from 300H to
the Ru assembly.>* The adsorption shoulder peaks at 1871.07
and 1868.51 cm ™' are attributed to the bridged-bonded CO at
two contiguous Ru atoms, indicating the formation of a Ru
assembly, which accorded well with the AC-HAADF-STEM
(Fig. 1j and k) results. Notably, a blue shift from 1868.51 cm™*
for 2R/300H to 1871.07 cm™* for 0.5R/300H was observed,
highlighting the decreased electronegativity (i.e., increased
valence state) of Ru ACs, decreasing the d-m electron feedback
from Ru to the CO 27* antibonding orbital.*® In addition, the
blue shift indicated a reduced interaction between Ru species
and CO molecules, consistent with the emergence of relatively
isolated Ru atoms that exhibited weaker interactions with CO.*
The Ru ACs with a higher valence state (i.e., possibly more
cationic 2D rafts) would potentially deliver more active sites, low
methane yield (Fig. S33) during polymer upcycling, and high
reaction stability (i.e., dominated 2D assembly of isolated Ru
single atoms (SAs) and limited well-defined RuO, aggregates for
particle growth, Fig. 1j).° Note that the absorption bands at 3735
and 3591 cm ™' in DRIFTS are typically assigned to the external
silanol group (Si-OH) and bridge OH group associated with
BAS, respectively (Fig. S34). Their near absence in 0.5R/300H
and 2R/300H suggested the substitution of Ru with BAS
during reduction at 450 °C (ie., reductive solid-state ion-
exchange process). The persistent bridge OH signal in 2R/
300H potentially indicated a tendency towards agglomeration
rather than complete ion exchange with BAS."

The H,-TPR technique was used to evaluate the H, binding
capacity (Fig. 2i). It was observed that 0.5R/300H exhibited
a more pronounced continuous absorption band for H,
compared to 2R/300H, indicating a greater H, binding capacity
for Ru ACs with more step sites relative to 2R/300H, which

16126 | Chem. Sci,, 2025, 16, 16121-16136

View Article Online

Edge Article

predominantly featured terrace sites. Additionally, superior H,
spillover capacity can be expected for Ru ACs.” From an alter-
native perspective, the smaller size of the Ru assembly in 0.5R/
300H resulted not only in increased exposure of Ru sites but
also promoted a strong metal-support interaction (SMSI,
Fig. S35) between Ru and 300H. These interactions are advan-
tageous for the reduction of RuO, species (i.e., more favorable
interaction with H,).>* Consequently, the interplay between the
morphologies of Ru assemblies and their upcycling perfor-
mance can be delineated, which was further elucidated through
targeted probe experiments.

The techno-economic analysis (TEA) showed that the 0.5R/
300H configuration outperformed the 2R/300H configuration
in economic terms (Tables SE1-SE8 and Fig. SE1). Specifically,
the ROI, PBP, IRR, and NPV for the 0.5R/300H configuration
were 30.06%, 2.66 years, 16%, and \$1 778 301.25, respectively,
without depreciation. In contrast, the 2R/300H configuration
showed negative economic viability, with a negative annual
gross profit of -\$-8 169 496.5, without depreciation, mainly due
to inferior annual sales revenue (i.e., low product yield) and
more Ru cost input. Therefore, it can be concluded that using
Ru ACs with isolated sites in HZSM-5 catalysts offers signifi-
cantly better economic viability compared to using NPs with
lattice plane.

2.3 An in-depth exploration of the mechanisms involved in
the polymer upcycling

2.3.1 An in-depth exploration of the mechanisms involved
in the polymer upcycling: probing reactions. Plastic thermal
recycling primarily involves the cycling and competition of
reactions such as B-scission, hydrogenolysis, dehydrogenation,
aromatization, and hydrogenation, which were subtly investi-
gated in the following section. Hexadecane was used as
a substrate to evaluate the efficacy of the system in converting
medium-chain alkanes (Fig. 3a). The results exhibited a signifi-
cant reduction in aromatics selectivity (decreasing from 70.43%
to 21% in the 0.5R/300H group, Fig. 1b), thereby reinforcing the
rationale for using polymers as reactants to preferentially
produce aromatics. Additionally, these findings indicated that
long-chain alkanes are the primary contributors to the aroma-
tization process, as the upcycling of hexadecane was predomi-
nantly dictated by the cleavage pathway rather than the
aromatization pathway (i.e., maximum selectivity of alkanes
and alkenes relative to other products). Besides, the more ready
aromatization and conversion capacities for Ru ACs compared
to those for Ru NPs were verified, even with a medium-chain
alkane reactant, showing higher aromatics selectivity (i.e.,
21% vs. 14% for 0.5R/300H and 2R/300H, respectively) and
overall yield (i.e., 81 473.05 vs. 48 774.55 uM for 0.5R/300H and
2R/300H, respectively, Fig. S36).

The hexadecane of medium length was selected as the model
substrate to determine the hydrogenolysis capacity of 0.5R/
300H and 2R/300H. More short-chain gaseous hydrocarbons
(C1-C6) were formed in the 2R/300H/hexadecane/H, (i.e., 21
937.44 puM) system compared to those in the 0.5R/300H/hexa-
decane/H, system (i.e., 13 544.46 uM) (Fig. 3b, S39, and S40),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 A systematic examination of mechanisms in polymer upcycling via probing reactions. (a) Selectivity analysis of alkane, alkene, cycloalkane,
cycloolefin, and aromatic products in XR/300H/n-hexadecane/H,-free/solvent-free systems. (b) Gas product yield and methane proportion in
XR/300H/n-hexadecane/H, systems. (c) The yield of gas product and methane proportion in XR/H/cyclohexane/H, systems. (d) Yield deter-
mination of alkane + alkene (AA) and cycloalkane + cycloalkene (CC) and the AA + CC to aromatics ratio in XR/300H/benzene/H, systems. (e)
Yields of aromatics and other products with the aromatics to other products ratio in XR/300H/cyclohexane systems. (f) In situ DRIFTS analysis of
0.5R/300H/cyclohexane and 2R/300H/cyclohexane systems from 2080 to 540 cm ™. High-resolution figures can be viewed in Fig. S45 and S47.
In situ XPS analysis of the 0.5R/300H/cyclohexane system: (g) analysis of Ru 3d XPS spectra; (h) analysis of Si 2p XPS spectra; (i) analysis of O 1s
XPS spectra. CA and CD indicate cyclohexane adsorption and cyclohexane dehydrogenation, respectively.

along with more H, consumption (i.e., 25532.06 uM vs. 32
965.01 pM for 0.5R/300H and 2R/300H, respectively, Fig. S37),
suggesting that large Ru NPs may energetically favor C-C
cleavage in comparison to Ru ACs, as low-index flat planes are
typically required for alkane adsorption.’ In addition, a greater
amount of liquid hydrocarbons (i.e., alkane, alkene, cyclo-
alkane, and cycloalkene) was obtained in the 2R/300H/hexa-
decane/H, system compared to the 0.5R/300H/hexadecane/H,
system (i.e., 33289.95 uM vs. 38 555.22 uM for 0.5R/300H and
2R/300H, respectively, Fig. S38). This also suggested that 2R/
300H exhibited superior H, utilization capacity for C-C
cleavage and recombination compared to 0.5R/300H. These
results indicated that the 2R/300H favored the hydrogenolysis
pathway more than the 0.5R/300H, which aligns with the
phenomena observed in LDPE upcycling (i.e., increased gas

© 2025 The Author(s). Published by the Royal Society of Chemistry

hydrocarbon yield upon increasing the metal loading, Fig. S33).
Note that the chain extension was observed in both systems (i.e.,
detected products with carbon numbers greater than 16,
Fig. S39 and 40), which can be ascribed to the synergism
between Ru metal (ie., cleavage of larger hydrocarbons into
smaller fragments) and acidic sites (i.e.,, chain extension
enabled by recombination and rearrangement).

As the concentration of available surface hydrogen (H*)
diminished, the possibility of the C chain undergoing further
C-C bond cleavage prior to H*-assisted desorption increased.*®
Therefore, conditions that depleted adsorbed H* elevated
selectivity towards C-C bond scission. H* exhibited stronger
binding on step edges compared to terrace sites, implying that
smaller Ru ACs, with a higher proportion of these defect sites,
maintained greater steady-state H* coverage compared to Ru
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NPs (Fig. 1j and k). This explained the observed lower selectivity
towards gaseous short-chain hydrocarbons on smaller Ru ACs
due to higher H* concentrations (i.e., superior H* binding
capacity on Ru ACs compared to Ru NPs, evidenced in Fig. 2i).
Conversely, larger NPs, with more extensive terrace areas, were
more likely to provide strong polymer adsorption but low H*
binding capacity that was conducive to C-C bond cleavages
(Fig. 4b), thereby resulting in high gas yield (Fig. 3b). Alterna-
tively, this disparity can be ascribed to the elevated density of
highly reactive under-coordinated Ru atoms (such as those at
corners and edges) on smaller Ru particles, which exhibited less
sensitivity to the challenge of cleaving the initial C-H bond
compared to the more coordinated sites on the surfaces of
larger particles.”® From another perspective, the higher surface
H* coverage in Ru ACs compared to Ru NPs may also promote

View Article Online
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the desorption of the dehydrogenated species of alkanes, indi-
rectly affecting hydrogenolysis activity but maintaining an
appropriate C=C formation rate.>”® Note that the increased
availability of H* on Ru ACs can be attributed to two key factors:
(i) a favorable binding affinity for H* and (ii) an enhanced yield
of H* from the robust dehydrogenation reactions of cyclo-
alkanes and cycloalkenes.

The regioselectivity for C-C cleavage was observed, gener-
ating more methane in the 2R/300H group compared to that in
0.5R/300H (1975.86 pM vs. 11 112.13 uM for 0.5R/300H and 2R/
300H, respectively, Fig. 3b). This can also be ascribed to the H*
binding differences between large and small Ru NPs. Typically,
the higher *H coverage on low-loading Ru ACs favored internal
C-C bond cleavage (ie., lower hydrogen liberation) over
terminal C-C bond cleavage (higher hydrogen liberation). The
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Fig. 4 A systematic examination of mechanisms in polymer upcycling via theoretical simulation. (a) The calculated DOS with the d band center,
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converse situation can be expected for larger Ru counterparts.®
An enhanced CH, yield during LDPE upcycling was also
observed with increased Ru loading, highlighting the improved
C-C cleavage capacity and regioselectivity associated with
higher Ru loading levels compared to lower loading levels
(Fig. S33).

To sum up, as the surface complex became more progres-
sively dehydrogenated in the alkane hydrogenolysis reaction,
a greater number of free neighboring Ru atoms are needed to
effectively accommodate the H*, rationalizing the conclusion
that the low-index crystal face with continuous Ru atoms can
more readily drive frequent alkane hydrogenolysis through de-
hydrogenative adsorption compared to Ru ACs without enough
continuous isolated metal sites (i.e., rapid desorption of inter-
mediates that contain C=C due to high H* coverage-mediated
adsorption inhibition).”” Besides, identical results were
observed in the hydrogenolysis reaction of cyclohexane, where
a higher yield of gaseous products and enhanced proportion of
methane were detected for the 2R/300H compared to 0.5R/300H
(Fig. 3c). These results indicated that the 0.5R/300H can
maintain the yield of aromatics by inhibiting the hydro-
genolysis reaction in the polymer upcycling reaction.

The re-hydrogenation of the benzene ring can largely
decrease the aromatics yield. For example, concurrent cyclo-
hexane dehydrogenation and benzene hydrogenation by
switching temperature were observed in a Pt(111) single crystal-
mediated cyclohexane dehydrogenation reaction.*® Therefore,
the capacity of re-hydrogenation was determined over 0.5R/
300H and 2R/300H using the benzene ring as a probe mole-
cule. More hydrogenation products of the benzene ring (ie.,
cyclohexane + cycloalkene (C/C)-related products) and hydro-
genolysis products of the benzene ring (i.e., alkane + alkene (A/
A)-related products) were observed in the 2R/300H/benzene/H,
system (2372.42 and 610.11 uM for CC and AA, respectively,
Fig. 3d) compared to that in the 0.5R/300H/benzene/H, system
(7431.46 and 9934.31 uM for CC and AA, respectively, Fig. 3d).
Concurrently, more H, consumption was observed for 2R/300H
compared to 0.5R/300H (30928.9322 uM vs. 19201.9957 uM,
Fig. S41). Effective co-adsorption of aromatic rings and H, is
essential for catalyzing the hydrogenation of aromatic
compounds.” Therefore, it is plausible that the limited surface
area of Ru ACs impeded this co-adsorption. The elevated barrier
for aromatic ring adsorption on Ru ACs, as opposed to flat
surfaces possessed by Ru NPs (refer to 2.3.2), resulted in
a decreased selectivity toward cyclohexane, cycloalkene, alkane,
and alkene-related products in benzene hydrogenation and
LPDE upcycling (Fig. 3d and 1b).

Similarly, more gas yield was observed for the 2R/300H/
benzene/H, system (9435.059913 pM, Fig. S42) compared to the
0.5R/300H/benzene H, system (295.025733 uM, Fig. S42), which
likely stemmed from the intensified competition for low-
coordination sites between the hydrocarbon intermediate and
H*, inhibiting subsequent C-C cleavage, as the smaller particles
typically exhibit a more pronounced response to variations in
H* coverage compared to larger counterparts.”> More benzene
alkylation products were observed in the 2R/300H compared to
the 0.5R/300H-mediated benzene hydrogenation reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S43), which should be ascribed to the enhanced acidity-
facilitated alkylation processes (Fig. S11 and 12).*° It can be
concluded that the 0.5R/300H, characterized by high H*
coverage and a weaker co-adsorption capacity for H* and
aromatics compared to 2R/300H, exhibited reduced C-C
cleavage and re-hydrogenation capacity, thereby maintaining
a high yield of aromatics.

Cyclohexane was selected as a model substrate to compare
the dehydro-aromatization capacities of 0.5R/300H and 2R/
300H. More aromatics yields (i.e., 13 064.18 uM and 2926.54
uM for 0.5R/300H and 2R/300H, respectively, Fig. 3e) as well as
larger aromatics/other products ratio (i.e., 3.45 and 0.95 for
0.5R/300H and 2R/300H, respectively, Fig. 3e) were observed for
0.5R/300H compared to 2R/300H (Fig. 3e). Simultaneously,
increased and dominant ring opening products (i.e., hexane,
295.98 uM with a hexane proportion in total gas (HP) of 85.38%
and 1600.74 uM with HP of 91.88% for 0.5R/300H and 2R/300H,
respectively) were observed for 2R/300H compared to 0.5R/300H
(Fig. S44). These results highlighted that the ring opening was
more preferred over dehydrogenation in a large Ru NP-incor-
porating zeolite. Superior aromatics yield of Ru ACs can be thus
associated with the following reasons: (i) intrinsically superior
dehydrogenation capacity of Ru ACs compared to Ru NPs, (ii)
inclined re-transformation of aromatics towards naphthene by
hydrogenation and subsequent hydrogenolysis on large Ru NPs
(Fig. 3d).

The turnover frequency (TOF) for aromatics production
decreased with increased loading (i.e., 544.34 uM mggr, ' h™"
and 30.48 uM mgg, ' h™' for 0.5R/300H and 2R/300H, respec-
tively), which may be attributed to the inaccessibility of a frac-
tion of Ru, given that activities are normalized based on total Ru
content. An alternative explanation for the declined TOF with
higher Ru loading is that the dehydrogenation activity is
intrinsically dependent on the structural characteristics of the
Ru active sites. Also, it was demonstrated that enhanced redox
activity can be expected for decreased particle domain size,
which would facilitate C-H bond activation. Similarly,
a maximum turnover frequency for Cu-loaded KIT-6 was
observed at a Cu surface density of 0.047 Cu per nm?, higher
than that for 0.011 and 0.024 Cu per nm” and 0.097, 0.242,
0.421, and 0.694 Cu per nm>* In a separate sample, a low-
coordinated W atom of WO;_, donated electrons to C¢Hjs,,
weakening its C-H bond, also highlighting the more effective
efficacy of Ru ACs in activating the C-H bond of cyclohexane
compared to Ru NPs.*

In situ DRIFTS was employed to further elucidate the role of
particle attributes in the dehydrogenation reaction (Fig. 3f, S45,
and S46). Peaks observed at approximately 2930 ecm " (C-H
asymmetric stretching vibration of methylene) and 2852 cm " (C-
H symmetric stretching vibration of methylene) are attributed to
the adsorption of cyclohexane. The peaks at 2319 and 2360 cm ™
can be ascribed to the adsorption of CO,, which is difficult to
eliminate completely. Notable C-H in-plane bending vibrations
associated with substituted benzene (1250-1000 cm '), C-H out-
of-plane bending vibrations related to substituted benzene (910-
665 cm '), C=C stretching vibrations linked to substituted
benzene (1600-1450 cm ') and overtone bands related to
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substituted benzene (2000-1650 cm ') were observed in the 0.5R/
300H/cyclohexane system, in contrast to the 2R/300H/cyclohexane
system, which exhibited no significant signals. Furthermore, the
stretching vibrations of the C-H group (3300-3100 cm ") indi-
cated the formation of unsaturated carbons (Fig. S45 and S46),
which were not clearly detected in the 2R/300H/cyclohexane
system as well. Therefore, Ru ACs exhibit a greater propensity to
drive the dehydrogenation reaction compared to Ru NPs, attrib-
uted to their superior hydrogen abstraction efficiency.

To summarize (Fig. 5), the observed superiority of 0.5R/300H
over 2R/300H can be attributed to its enhanced dehydrogena-
tion capacity, which effectively facilitated the rapid initiation of
depolymerization through metal-acid synergism. Additionally,
its effective cyclization capability promoted the formation of
hexacarbon rings, while the rapid aromatization process
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enabled the generation of aromatic compounds. Simulta-
neously, the comparatively weaker re-hydrogenation and
hydrogenolysis abilities of 0.5R/300H result in reduced side
reactions, such as aromatic hydrogenation and excessive C-C
cleavage, ultimately contributing to a higher yield of aromatics.

To elucidate the nature of the active site in 0.5R/300H during
the cyclohexane dehydrogenation, in situ XPS was employed to
monitor the valence state changes of Ru, O, and Si (Fig. 3g-i).
Periodic electron gain and loss in Ru 3d (280.42 eV — 280.31 eV
— 280.73 €V), corresponding to periodic electron loss and gain
in Si 2p (103.72 eV — 103.85 eV — 103.70 eV)/O 1s (533.15 eV
— 533.22 eV — 532.98 eV), were observed, underscoring the
metal-support interaction that facilitated cyclohexane dehy-
drogenation. The electron exchange observed in Ru species
highlighted its crucial role in cyclohexane adsorption, H
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generation, and product desorption. Additionally, Si,Al,O may
function as an electron reservoir, accommodating the
abstracted H to enable sequential dehydrogenation of adsorbed
aromatics, followed by re-formation and release of H,.

2.3.2 An in-depth exploration of the mechanisms involved
in the polymer upcycling: theoretical simulation perspectives.
The theoretical models for 0.5R/300H and 2R/300H were
meticulously constructed to elucidate the advantages of Ru ACs
over Ru NPs at both atomic and orbital levels. ZSM-5 was
described by the periodic MFI framework (sourced from the
Database of Zeolite Structures, http://www.iza-structure.org/
databases/). Ru;@HZSM-5 and Ru (101) were used to
describe the Ru ACs with isolated Ru atoms and Ru NPs with
a continuous lattice fringe, respectively (Fig. S48).

Atomic assemblies featuring abundant coordination-
unsaturated sites, such as kinks, steps, and edges, typically
exhibit superior catalytic performance due to their distinct
electronic properties, characterized by the shifted d-band
center. To be specific, the interaction atoms positioned in ACs
and acting sites on the lattice plane possessed averaged Ru-Ru
coordination numbers (CNs) of 4 and 9, respectively. Accord-
ingly, their d-band centers varied from —1.704 eV to —1.590 eV
(Fig. 4a and Table S6). These variations critically impacted the
binding affinity of participants to ACs and NPs.** The adsorp-
tion energies of CgH14, CsH1,, and C¢Hg on the Ru (101) surface
were significantly higher than those on Ru,;,@HZSM-5 (Fig. 4b,
S49-54, and Table S7), consistent with the phenomena observed
in probing experiments (Fig. 3). Specifically, the increased
adsorption energies of C¢Hy4 and CsH;,, combined with a weak
binding capacity for H* (Fig. 2i), contributed to an excessively
strong C-C cleavage on the Ru (101) surface, thereby enhancing
the yield of chain hydrocarbons. In addition, the excessively
strong interaction with C¢He may adversely promote coke
formation and impede subsequent reaction cycles due to the
coverage of active sites, ultimately leading to a diminished
capacity for overall reaction efficiency especially cyclohexane
dehydro-aromatization. Additionally, the strong adsorption of
CecHs would also enhance the potential for re-hydrogenation.
These results underscored the pivotal role of surface struc-
tural characteristics in optimizing catalytic performance.

The differences in the electronic structures between Ru AC
and Ru NP models should be responsible for the varied inter-
action intensity as well. The calculated average Bader charges of
Ru were 0.1074le| and —0.0427e|] for Ru;@HZSM-5 and Ru
(101), respectively (Fig. 4a and Table S8). These results indicated
that Ru on the Ru (101) surface possessed a higher electronic
density compared to Ru;@HZSM-5, particularly with enhanced
electron density positioned between —1 and 0 eV (Fig. 4a). This
increased electronic density facilitated a more effective inter-
action with the lowest unoccupied molecular orbital (LUMO) of
CeH,, resulting in greater adsorption energy.**

In the LDPE dehydrogenation reaction, the superiority of
isolated Ru sites compared to crystallographic plane Ru sites
can be reflected in the following aspects:

® Ru;0@HZSM-5 exhibited a significantly reduced dehy-
drogenation energy barrier during hexane dehydrogenation
(i.e., simulating LDPE dehydrogenation) compared to Ru (101),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decreasing from 1.552 eV to 0.568 eV, thereby demonstrating its
superior LDPE activation and dehydrogenation capacity
(Fig. S48b and c(1-3)).

@ The greater energy decline (0.3913 eV and 0.1105 for
Ru;,@HZSM-5 and Ru (101), respectively) during TS desorption
further enhanced the rapid reaction cycle (i.e., adsorption-
desorption circulation) during initiating the LDPE depolymer-
ization (Fig. S48b and d(1-3)).

The core model reaction of aromatics formation (i.e., cyclo-
hexane dehydrogenation with the liberation of one H, mole-
cule) was investigated. The Ru (101) surface was excessively
active toward cyclohexane adsorption with an adsorption energy
of —1.38 eV (Fig. 4c and Table S9) compared to Ru;,@HZSM-5
with an adsorption energy of —1.05 eV (Fig. 4c and Table S10),
potentially resulting in a higher energy barrier for subsequent
reaction steps.”® In detail, high adsorption energy in catalysis
will significantly impact subsequent product transformations
by strengthening the stability of adsorbed reactants. This strong
interaction often increases the activation energy for transition
states, slows reaction rates, and can lead to catalyst deactivation
through mechanisms such as catalyst poisoning (i.e., coke
formation due to weak product desorption, Fig. S20). Addi-
tionally, the high adsorption energy may restrict conforma-
tional changes in the reactants and introduce kinetic barriers,
ultimately affecting the overall thermodynamic and kinetic
feasibility of the reaction pathway. For example, although the
Pd (111) can activate the scission of the first two C-H bonds in
dodecahydro-N-ethylcarbazole (DNEC) as efficiently as Pd;3/G in
kinetic aspects, the thermodynamically sluggish product
desorption step enabled weak dehydrogenation performance of
Pd (111).2

Correspondingly, both C-H activation and C-H cleavage
steps were less thermodynamically favorable on Ru (101)
compared to Ru;(@HZSM-5, with energy barriers of 0.393 eV vs.
0.723 eV for the first C-H bond cleavage and 1.182 eV vs.
1.356 eV for the second C-H bond cleavage (Fig. 4c). Note that
the strong van der Waals interactions contributed to a calcu-
lated adsorption energy of C¢Hg on Ru (101) of —3.213 eV, which
was significantly higher than that on Ru;,@HZSM-5 (—2.062
eV). This indicated that the surface sites on Ru (101) were more
prone to poisoning by CsHsg, thereby obstructing further acti-
vation of C¢Hy, (Fig. 4b).

These results were in accordance with the TGA, showing that
more aromatics were formed in the (2R/300H + cyclohexane)
system relative to the (0.5R/300H + cyclohexane) system, high-
lighting that lattice fringe catalysis is also confronted with the
inferior product desorption capacity, easily enabling coke
formation and activity decline (Fig. S22). The strong adsorption
capacity of Ru NPs with the lattice fringe compared to isolated
Ru ACs for reactants and products can be ascribed to the greater
distribution of d-band electrons around the Fermi energy level
(Bader charge of —0.0427|e| vs. 0.1074]e|, Fig. 4a and Table S8),
which was closely associated with the more positive d-band
center (—1.590 eV vs. —1.704 eV, Table S6).

The migration of H* to eliminate carbonium ions represents
a crucial step in the formation of dehydro-aromatization
precursor-hexatomic carbon rings-related products. Therefore,
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the capability of Ru assemblies to facilitate hydrogen migration
and to eliminate or stabilize carbenium ions was evaluated.
Notably, a significantly higher migration energy barrier of
0.693 eV was observed for Ru (101), in contrast to the migration
energy barrier of merely 0.274 eV for Ru;,@HZSM-5 (Fig. 4d and
Table S11). These findings underscored that Ru (101) may lack
the requisite activity to effectively facilitate the production of
cyclic hydrocarbons, thereby resulting in a sluggish overall
reaction dynamics.

The detailed density of states (DOS) and integrated crystal
orbital Hamilton population (ICOHP) analyses were employed
to investigate the differences in the activity for dehydro-
aromatization between Ru ACs and Ru NPs, with a focus on
the intermediates C¢H;; + H and C¢H;, + 2H. On the one hand,
the Ru;(@HZSM-5 demonstrated a greater presence of vacant
orbitals (i.e., integration above the Fermi level) compared to Ru
(101) following the dehydrogenation of C¢H;, (resulting in
CeH,; + H) and C¢Hy; (resulting in C¢H;o + H). This enhanced
availability of empty orbitals promoted a more favorable reac-
tion pathway for subsequent hydrogen abstraction processes
(i.e., the transfer of shared electrons in C-H to that in Ru-C)
(Fig. 4e). This result can be further validated by the more
intense pCOHP distribution (i.e., indicating reaction participa-
tion) for Ru;,@HZSM-5 compared to Ru (101) above the Fermi
level (Fig. 4g). On the other hand, electronic exchange was more
readily observed in Ru;,@HZSM-5 compared to Ru (101). This
phenomenon was primarily due to the increased ICOHP value
of the Ru-C bond—rising from 0.111 eV to 0.129 eV for C¢Hy4 +
H and from 0.027 eV to 0.080 eV for CcH;, + 2H (Fig. 4g).
Additionally, the bonding proportion with the d orbital was
optimized (Fig. S55 and Table S12): for CcHy4 + H, it shifted
from 35.65% (with d,,, dominance for Ru;,@HZSM-5) to 31.41%
(with d,> dominance for Ru (101)); for C¢H;, + 2H, it changed
from 30.67%/10.70% (with d,,/d,>_,» dominance for Ru,;,@-
HZSM-5) to 17.81%/16.54% (with d,/d,, dominance for Ru
(101)). This excessive bonding with the d,» orbital may
compromise bonding stability due to its potential electronic
interactions with the antibonding orbitals of C¢H,.*®

It is evident that C¢H, actively interacted with the step, kink,
and edge sites—referred to as low-coordination sites—within
Ru ACs, in stark contrast to Ru NPs, which predominantly
featured high-coordination sites (Fig. 4h and S56). Note that the
higher density of step sites associated positively with the
enhanced reaction activity. To comprehend this experimental
finding, Nerskov et al.™* and Nakai et al. examined the depen-
dence of mass-specific activity and the ratio of step sites on the
size of hexagonally close-packed (hcp) Ru NPs constructed
according to the Wulff theorem at the nanoscale. Step sites were
observed in NPs larger than 2 nm, peaking in density at
approximately 2.5 nm before declining noticeably with further
increases in particle size. The B5 site, pivotal in Ru-based
catalysts for ammonia synthesis, predominantly resides at
step sites. The modulation of step-site density due to varying
particle size correlates well with computed activity levels.*” This
underscored the critical role of particle size in optimizing
ensemble density on metal catalysts to enhance catalytic
performance. To sum up (Fig. 5), the pronounced superiority of
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Ru ACs relative to Ru NPs can be partially ascribed to the
excessively high adsorption energy associated with Ru NPs. This
phenomenon not only restricted the efficient circulation of
subsequent reaction pathways but also facilitated re-
hydrogenation, hydrogenolysis, and the formation of coke.
Moreover, the elevated energy barriers for dehydrogenation and
hydrogen migration further diminished the overall catalytic
performance of Ru NPs in comparison to Ru ACs.

2.4 Strategic optimization of support acidity and
comprehensive investigation of practical application efficacy

The acidity intensity was adjusted by varying the Si/Al ratio from
300 to 150 and 75. On the one hand, optimum metal-acid
synergism was achieved with 0.5R/150H, facilitating the gener-
ation of a greater amount of liquid hydrocarbons (Fig. 6a-c and
S57). Note that the drop in conversion rate and aromatics
selectivity for 0.5R/75H should be ascribed to coke formation
(e.g., excessive fusion of benzene) and occurrence of side reac-
tions (e.g:, high acidity-facilitated C-C over-cracking through -
scission), which can be verified by the increased mass loss at
380-650 °C in thermogravimetric analysis (TGA) and enhanced
alkane/alkene proportion in products (Fig. S58 and 6c),
respectively.®>* The decreased aromatics-related H ratio in 'H
NMR spectra supported the occurrence of various side reactions
as well (Fig. S59 and S60).

On the other hand, the superiority of isolated ACs compared
to NPs with an intact lattice plane was further verified (Fig. 6a-
¢), extending the applicability of the principle to various acidi-
ties. It can be concluded that Ru ACs exhibited superior dehy-
drogenation capability, and their synergistic effect with BAS
enhanced the efficiency of ring formation while suppressing the
B-scission predominantly driven by BAS and bypassing the
hydrogenolysis and re-hydrogenation promoted by large Ru
NPs, leading to a reduced yield of chain hydrocarbons and
enhanced LDPE conversion rate (Fig. 6a-c). The RDS (with
different dehydrogenation barriers among different H posi-
tions) may vary among the Ru-loaded 300H, 150H, and 75H
supports (i.e., with changing cycloalkane to cycloolefin ratio
between pure support, 0.5 wt%, and 2 wt% over different
supports), however, overall showing enhanced total hydro-
carbon and aromatics yield at 0.5 wt% Ru incorporation
compared to 2 wt% Ru incorporation (Fig. 6b and c).

TGA revealed that 0.5R/300H produced significantly less
coke than 2R/300H (Fig. S20), indicating that Ru ACs have
enhanced resistance to coking due to their unique structural
properties that limit the adsorption and polymerization of
reaction intermediates (i.e., decreased residual time). Addi-
tionally, the 0.5R/150H catalyst exhibited the lowest coke
production and highest catalytic activity among the tested
samples (0.5R/75H and 0.5R/300H). This improved perfor-
mance was attributed to an optimal metal-acid balance, which
maintained sufficient acidity to facilitate intermediate conver-
sion while minimizing coke formation. In contrast, 0.5R/75H,
despite lower coke production than 0.5R/300H, did not ach-
ieve the same optimal balance, as its higher acidity could lead to
increased polymerization of intermediates and excessive B-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reactions.

scission (i.e., maximized alkane/alkene yield, Fig. 6b and c; coke
deposition, Fig. S58; coal detection, Fig. S61 and S62). Overall,
these findings highlight the superior anti-coking properties of
Ru ACs compared to NPs and the importance of optimizing acid
density for enhanced catalytic efficiency.

To investigate the practical application potential of the 0.5R/
150H in plastics upcycling, a series of consecutive reactions
following the regeneration of the spent 0.5R/150H were con-
ducted. The results revealed that both the conversion rates and
product distributions remained virtually unchanged (Fig. 6d-f),

© 2025 The Author(s). Published by the Royal Society of Chemistry

underscoring the stability in the solvent- and hydrogen-free
upcycling of LDPE. Also, they highlighted that the coke can be
easily removed through combustion, effectively restoring it to
the original upcycling capacity. Moreover, the spent 0.5R/150H
displayed stable AC morphology and size distribution, sug-
gesting the stability of active sites (Fig. $63).*

Furthermore, the 0.5R/150H demonstrated exceptional
performance in the upcycling of a diverse range of plastics,
including ultra-high-molecular-weight PE (UHMWPE), high-
density PE (HDPE), metallocene PE (MPE), PE dipping powder
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(PEDP), polystyrene (PS), polypropylene (PP), and blended
plastics (UHMW-PE : HDPE: MVLDPE: PP:PS = 1:1:1:1:1).
The observed conversion rates and aromatics selectivity for
these polymers were 86.64/51%, 76.26/31%, 79.49/44%, 50.9/
52%, 39.42/69%, 99.94/95%, and 75.5/61%, respectively
(Fig. 6g-i). These results highlighted the remarkable robustness
of 0.5R/150H as a practical thermos-catalytic upcycling catalyst,
effectively addressing polymers with different densities,
branching degrees, and typical processing contaminants. A
significant amount of polycyclic aromatic hydrocarbons (PAHs)
derived from the upcycling of polystyrene (PS) was observed,
including compounds such as naphthalene, 2-phenyl- [612-94-
2], naphthalene, 2-methyl- [91-57-6], and anthracene, 9-
ethenyl- [2444-68-0]. These PAHs were generated through the
fusion of dissociated benzene substrates. Despite their high
toxicity, PAHs can be utilized in applications such as dyes/
pigments, plastic additives, and lubricating oils.

3 Conclusion

This study elucidated the transformative potential of hydrogen-
and solvent-free thermal upcycling of plastic waste through the
innovative use of Ru AC-loaded HZSM-5. The results demon-
strated that Ru ACs significantly outperformed traditional Ru
NP-loaded HZSM-5 in both conversion rates (i.e., 62.93 vs.
51.66%), selectivity for valuable aromatics (ie., 70.43 wvs.
43.65%), and TOF (ie., 52.71 vs. 10.63 mgrppr Mg, ' h™Y),
offering compelling economic advantages (i.e., economic profit
vs. economic loss).

In detail, the atomic assembly structure of Ru ACs led to
overall optimal intermediate adsorption energies, enhanced
dehydrogenation and dehydro-aromatization capacities,
a decreased H* migration energy barrier, alleviated tendency
towards re-hydrogenation of aromatics and continuous C-C
cleavage, etc., which collectively streamlined reaction dynamics.
From the atomic and orbital levels, the increased availability of
empty orbitals in Ru ACs and reduced participation of the d,»
orbital contributed to the optimal Ru-C interaction during the
dehydro-aromatization reaction. Consequently, the TOF for
aromatics production from cyclohexane dehydro-aromatization
increased from 30.48 uM mgg,~ " h™" for 2R/300H to 544.34 uM
mgg, ' h™" for 0.5R/300H, respectively.

Additionally, the theoretical scalability of this approach,
applicable to various metals, supports, and acidities, under-
scored the broader implications of these findings. By system-
atically optimizing the metal-acid balance, the LDPE
conversion rate increased from 62.93% to 87% and the capa-
bility for effective upcycling of a wide range of common plastics
was achieved.

This comprehensive exploration not only highlighted the
superiority of ACs over NPs in waste plastic upcycling but also
provided valuable mechanistic insights that can be leveraged
for the design of more effective and cost-efficient catalysts.
Ultimately, these advancements contribute significantly to the
sustainability of polymer recycling processes, aligning with
global efforts toward sustainable development and environ-
mental stewardship. Future research should focus on the
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practical implementation of these findings to further enhance
the feasibility and efficiency of plastic waste upcycling
technologies.

4 Materials and methods

Detailed materials and methods can be found in the SI,
including chemicals and materials, catalyst preparation, char-
acterization, experimental and analytical methods, and theo-
retical calculations.
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