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Single-use polyolefins are widely used in our daily life and
industrial production due to their light weight, low cost, superior stability,
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hydrogenolysis is regarded as a promising technique, which can effectively
and selectively convert polyolefin plastic waste to value-added products. In
this perspective, we focus on the design and synthesis of structurally well-
defined hydrogenolysis catalysts across mesoscopic, nanoscopic, and
atomic scales, accompanied by our insights into future directions in
catalyst design for further enhancing catalytic performance. These design
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principles can also be applied to the depolymerization of other polymers

and ultimately realize the chemical upcycling of waste plastics.

recycling, polyolefin, catalytic hydrogenolysis, depolymerization

Due to the superior characteristics of plastics, including low
cost, light weight, extreme stability, and good durability, the
applications of plastics exceptionally improve the quality of our
daily life in almost every aspect, such as better food
preservation, one-time-use medical devices, corrosion-resistant
pipes, cheap and lightweight packaging materials, etc.
Unfortunately, the increasing demands, low cost, and mostly
one-time-use nature of plastics result in a rapid accumulation
of plastic waste." Among 353 million tons (Mt) of plastic waste
generated in 2019, only 9% of plastics were recycled, while
19% were incinerated, 22% were leaked into the environment
due to mismanagement, and the remainder ended up in
landfills,” which poses a potential threat to our environment
and, ultimately, to human health. There are several recycling
methods to overcome the plastic waste crisis: mechanical
recycling (primary and secondary), chemical recycling
(tertiary), and incineration (quaternary).” Mechanical recy-
cling involves two main steps: grinding and remodeling the
plastics into new products. The difference between primary
and secondary recycling is that the former uses postindustrial
plastic wastes as the substrate, while the latter uses
postconsumer plastics. However, both methods produce
downgraded polymer products that are finally dumped into
landfills.* Incineration can only partially recover the energy
used to produce plastics and also generates a tremendous
amount of greenhouse gases and pollutants, like the micro-
plastic residues in the ashes.” Chemical recycling is considered
the most promising method that can convert plastic waste into
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value-added products, also termed chemical upcycling.®” ">
However, chemical recycling and upcycling could be more
energy-intensive and expensive to implement in industry than
mechanical recycling and incineration.* Hence, developing
more efficient and incentivized chemical conversion processes
could significantly reshape the lifecycle of plastics.

Globally, the production of polyolefin (PO), including
polyethylene (PE) and polypropylene (PP), reached 105 and
76 Mt in 2022, respectively, accounting for approximately 50%
of the total plastic commodity market."> To solve the plastic
waste crisis, this large body of PO plastics must be recycled in
an efficient circular pathway or repurposed into high-value
products, which inevitably involves depolymerization of PO.
Depolymerizing PO to high-value chemicals requires selec-
tively breaking C—C bonds. However, the saturated C—C
bonds in the PO backbone are stable and cannot be cleaved
easily."* Pyrolysis and hydrocracking are conventional chemical
recycling and upcycling methods for PO that can obtain
gaseous and liquid products. However, the pyrolysis reaction is
typically endothermic and requires high temperatures (>400
°C),">'® which increases energy cost of the process and
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Figure 1. Porous core—shell structure and processivity of enzyme-like mSiO,/Pt/SiO,. (a) A processive mechanism proposed for mSiO,/Pt/SiO,,
analogous to the mechanism that many enzymes deconstruct large macromolecules. (b) Bright- and dark-field transmission electron microscopy of
the mSiO,/Pt/SiO,. (a) and (b) were reproduced with permission from ref 30. Copyright 2020 Springer Nature. (c) Top: gel permeation
chromatography (GPC) analysis of the molecular weight distribution of solid components before and after reaction by 220 nm mSiO,/Pt/SiO, and
Pt/SiO,. Bottom: GC analysis of the distribution of liquid products by 220 nm mSiO,/Pt/SiO, and Pt/SiO, (catalysis conditions: S0 mg of linear
PE, M, = 34.2 kDa; M,, = 42.4; D = 1.24, 300 psi H,, 300 °C, 12 h). Reproduced with permission from ref 31. Copyright 2023 American Chemical

Society.

simultaneously lowers product selectivity.'”'® More thermo-
dynamically favorable hydrocracking can be carried out at
lower temperatures (250—375 °C) than pyrolysis,” but it leads
to heavily isomerized branching alkane products.'”*° Com-
pared to pyrolysis and hydrocracking, catalytic hydrogenolysis
is usually exothermic,”" which can convert PO into more
desirable linear alkane products under milder conditions
(<300 °C).** The H,-rich environment during hydrogenolysis
can promote the cleavage of C—C bonds, the hydrogenation of
intermediates to form alkanes, and the suppression of coke
deposition and isomerization, the main obstacle of pyrolysis
and hydrocracking.'’~>%***

Previous studies on C—C hydrogenolysis were mostly
carried out on small alkanes in the gas phase. This could be
very different from PO hydrogenolysis, which needs to be
carried out in the condensed phase. Therefore, fundamental
understanding and catalytic process development of the C—C
hydrogenolysis in PO are urgently needed. Due to the
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similarities in the C—C bonds in the PO backbone, controlling
selectivity in C—C cleavage represents the most challenging
topic in PO hydrogenolysis. Catalyst design could play a
significant role in controlling product alkane chain length and
preventing the formation of gases, especially methane, which
are important to increase the value of the products and make
the recycling and upcycling of waste PO plastics profitable for
broad adoption.

Compared to small molecule catalysis, where the reactant
typically has a well-defined composition, polymer deconstruc-
tion reactions involve a mixture of molecules with a broad
molecular weight distribution. Consequently, it is challenging
to accurately monitor changes in reactants, reaction
intermediates, and catalysts due to the complexity of the
reaction. The interaction between the molecule and the active
site is crucial in small-molecule catalysis. However, in the case
of large polymer molecules, the interaction between the
molecule and the heterogeneous catalyst support could also
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play a significant role in determining activity and selectivity.
Therefore, designing structurally well-defined catalysts is
critical for the chemical upcycling of waste plastics as it
helps to modulate both the polymer—active site and polymer—
support interaction. There have been reviews on PO
hydrogenolysis that summarize the recent developments in
catalysts and catalytic processes.'®*>**~*” Some reviews also
list catalysts with their compositions, catalysis conditions, and
major products.'”*****” Herein, we focus on interpreting the
crucial roles of structurally well-defined catalysts at meso-
scopic, nanoscopic, and atomic scales in advancing our
fundamental understanding and improving the catalytic activity
and selectivity of PO hydrogenolysis. We also give our
perspective on designing and synthesizing structurally well-
defined catalysts that could further improve their catalytic
performance in PO hydrogenolysis. Similar catalyst design
principles should also be applicable to the deconstruction of
other natural or manmade polymers.

The connection between natural enzymes and the design of
well-defined catalysts lies in the emulation of the precise active
site architecture exhibited in enzymes, which ingeniously
combine specific binding sites (localized areas that control
bond breaking or making) with precisely positioned non-
reactive components, which promote access to binding sites
and influence reaction dynamics.”® The design of robust
enzyme-like catalysts, precisely placing both reacting and
nonreacting components, is beneficial to active and selective
chemical transformations under challenging conditions.*®

Processivity, initially proposed to describe the ability of natural
enzymes to catalyze consecutive reactions without releasing
their substrate, has been used in designing enzyme-like artificial
catalysts.”” The first implementation of the concept in
designing inorganic heterogeneous catalysts was demonstrated
by an ordered mesoporous silica shell/active sites/core
architecture (mSiO,/Pt/Si0,), Figure 1a.”’ This innovative
three-layer catalyst was synthesized by localizing 3.2 + 0.5 nm
Pt nanoparticles (NPs) on amine-functionalized silica spheres
(Si0,, 127 + 7 nm in diameter), followed by the growth of
mesoporous silica shell (mSiO,, 110 = 8 nm in thickness) with
radially organized pores (2.4 = 0.2 nm in diameter) grown
around silica spheres (Figure 1b). In mSiO,/Pt/SiO,, the
thickness of the mSiO, shell was equivalent to the pore length
and Pt NPs were precisely positioned at the end of linear
channels in the mSiO, shell. These linear pores in the mSiO,
shell controlled the linear conformation of PE chains when
they entered the pores, validated by "*C solid-state nuclear
magnetic resonance (SSNMR). To thoroughly understand the
significance of the porous structure, a control sample, Pt/SiO,,
was synthesized by supporting Pt NPs on silica spheres without
growing the enclosing mSiO, shell, on which polymer chains
would be adsorbed and cleaved randomly.

As expected, the hydrogenolysis of high-density polyethylene
(HDPE) catalyzed by Pt/SiO, leads to significant changes in
number-average molecular mass (M, ), weight-average molec-
ular mass (M,), and polydispersity (D = M, /M,) of the
remaining HDPE fraction. However, the hydrogenolysis
catalyzed by mSiO,/Pt/SiO, gives the same molecular mass
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of the remaining HDPE as the starting HDPE (Figure 1c).*!
Furthermore, the short alkane products obtained on mSiO,/
Pt/SiO, exhibit a much narrower distribution than those
obtained from Pt/SiO,. These contrasting results indicate that
during the hydrogenolysis catalyzed by mSiO,/Pt/SiO,, all
reacting HDPE chains were thoroughly deconstructed to
smaller, dichloromethane-soluble hydrocarbons. In contrast,
the nonreacting HDPE chains were unaffected and maintained
the same molecular mass as the starting HDPE. This behavior
proved the processivity, where the small products effectively
exited the mesopores, while long polymer chains were not
released due to their relatively stronger interaction with the
silica pores than small product molecules. A microkinetic
model coupled with population balance models was proposed
to predict the transformation of molecular weight distribution
during deconstruction and simultaneously validate the
processivity in the catalytic reactions, consistent with the
results of UV—vis-based experiments that the adsorption
behavior of hydrocarbon chains is molecular-weight depend-
ent.”>** Compared with long polymer chains, shorter segments
would not have a longer residence time in the pore, which
prevents them from converting to gases through further C—C
bond cleavages and enables the processivity of this mesoporous
catalyst.32 These results reveal that mSiO,/Pt/SiO, can
effectively mimic the catalytic behavior of natural enzymes
and realize the processive cleavage of the C—C bonds in PO, as
depicted in Figure la. This processive PE hydrogenolysis yields
narrowly distributed alkane products. Processivity in the
hydrocracking of HDPE has also been demonstrated by Ru/
HZSM-$ catalysts.™

Based on the mesoporous silica shell/active sites/core catalyst
architecture of mSiO,/Pt/SiO,, the effects of Pt NP size on the
activity and selectivity in PE hydrogenolysis were inves-
tigated.”® Benefiting from the well-defined and controllable
architecture of this catalyst platform, other structure
parameters of the catalysts were kept identical, including the
SiO, core diameter, the mSiO, shell thickness, and the pore
diameter in the mSiO, shell. Three mSiO,/Pt-X/SiO, catalysts
(where X represents the mean NP diameter, X = 1.7, 2.9, 5.0
nm) show equivalent chain-length product distributions in
hydrogenolysis of PE (M, = 20 kDa, M,, = 90 kDa, p = 0.92 g/
mL). However, the size of Pt NPs significantly influenced the
rate of carbon—carbon cleavages, and smaller Pt NPs showed
higher cleavage rates. Obviously, when the size of Pt NPs
decreases, the ratio of edge/corner sites to facet sites increases,
revealing PE hydrogenolysis rates are higher at edge/corner
sites than facet sites of Pt NPs, further supporting that the
hydrogenolysis reaction is structure sensitive. Notably, the
mSiO,/Pt-X/SiO, architecture templated the product distri-
bution in PE hydrogenolysis rather than the size of Pt NPs.
The adsorption of PE chains into mesopores controls the
translocation and conformation of polymer chains, thereby
influencing the product distributions. Additionally, although
the pore diameter of 2.4 nm is larger than 1.7 nm Pt NPs, no
postreaction aggregation or leaching of Pt NPs were observed,
which means that the presence of mSiO, can effectively
prevent the migration and detachment of Pt NPs from the
SiO, support. This finding exhibits the importance and
robustness of this ordered mesoscale architecture in PO
hydrogenolysis.
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Figure 2. Pore diameter effects on PO hydrogenolysis. (a) Liquid product distributions obtained from HDPE hydrogenolysis at full conversion at
300 °C under 1.38 MPa H, for 24 h using mSiO,/Pt/SiO, (0.004 wt % Pt with respect to HDPE) with pore diameters of 1.7 (top), 2.4 (middle),
and 3.5 (bottom) nm. Reproduced with permission from ref 30. Copyright 2020 Springer Nature. (b) Schematic of the model system. A single
chain of length N = 64 is highlighted in cyan. A representative pore with diameter D = 4.0¢ and length I = 320 is shown (with o representing the
monomer size). Catalysis reactions: PE (M, = 20 kDa, M,, = 90 kDa, p = 0.92 g/mL), 0.89 MPa H,, 300 °C for 6—20 h. (c) Effects of residence
time on the cleavage of chains (N = 64) in a pore and its pore diameter dependence. Top: mean residence time 7, of a chain as a function of pore
diameter; center: probability distribution P of the number of times before the chain is cleaved before its fragments leave the pore; bottom: fraction f
of the original chains that have been chopped at least once. (d) Effects of pore-diameter-dependent chain conformation on cleavage products and
processivity. Top: average z-component Ré,z of a chain (N = 64) before the cleavage as a function of pore diameter D; center: probability
distribution P of the first bond cleaved in original chains; bottom: processivity of cleavage events s as a function of the pore diameter. (b) to (d)
were reproduced with permission from ref 36. Copyright 2023 American Chemical Society.

Keeping the same Pt NP diameter (~3.2 nm), SiO, core
diameter (~127 nm), and mSiO, pore length (~110 nm),
mSiO,/Pt/SiO, with a small pore diameter of 1.7 nm results in
a distribution predominantly of shorter C,,-centered hydro-
carbons in PE hydrogenolysis, while a large pore diameter of
3.5 nm leads to longer Cg-centered products (Figure 2a).%°
To fully understand how the pore diameter influences product
distributions, coarse-grained simulations were utilized to clarify
the interaction between pore residence times and chain
cleavages.”® A model system was developed where a bulk
polymer solution engages a planar substrate with a cylindrical,
end-closed pore (Figure 2b). The investigation of the changes
in M,, of products relative to pore diameter revealed that larger
pores yield larger average products, consistent with exper-
imental results. These observed diameter-dependent differ-
ences in product distributions were explained by two possible
mechanisms. One is the dynamic mechanism, showing that the
polymer residence time controls how many times the chain is
cleaved if the C—C cleavage rate remains constant and is
independent of the polymer length. Figure 2c exhibits the
inverse relationship between the pore diameter and average
residence time, which means the chains in broader pores have
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short residence times and are less frequently cleaved than in
narrower pores. Interestingly, when the numbers of cuts are the
same, broader pores give a larger fraction of cleaved initial
chains than do narrower pores. Another mechanism is the
structure mechanism. An enhanced C—C bond cleavage
probability was observed for near-terminal C—C bonds, and
the bias is predominantly dependent on pore diameter. In the
narrower pores, the geometry adopts the elongated config-
uration of polymer chains. Figure 2d further illustrates how the
pore diameter affects the processivity of catalytic reactions, in
which s denotes the fraction of all successive cuts. The inverse
relationship between s and pore diameters reveals that with
increasing pore size, the probability of finding multiple chains
near the catalyst increases, and the exchange of chains between
the bulk and pore is more rapid. In summary, the analysis of
chain residence times and preferred bond cleavages suggests
that the product lengths depend on pore-diameter-dependent
dynamics and conformational limitations.

In addition to the pore diameter, the pore length also plays a
vital role in the hydrogenolysis reactions. In situ, magic-angle
spinning (MAS) NMR spectroscopy was used to elucidate the
mechanism of processive PO hydrogenolysis.”" To clarify the

https://doi.org/10.1021/jacsau.4c00289
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Figure 3. Pore length effects on the extent of processivity in PO hydrogenolysis. (a) In situ 'H (left) and *H (right) NMR spectra obtained during
a 27 h d,-PE hydrogenolysis reaction catalyzed by a 125 nm mSiO,/Pt/SiO, catalyst under 300 psi H, at 300 °C. The inset shows an enlarged view
of the alkane region from the 'H spectra. Resonances were assigned as indicated in the figure. (b) Normalized product fraction (F;) after 27 h of
reaction as a function of catalyst shell thickness. (c) Schematic depiction of the Pt/SiO,-catalyzed d,-PE hydrogenolysis mechanism and the
formation of unique 'H-containing products. Reproduced with permission from ref 31. Copyright 2023 American Chemical Society.

explanation of the mechanism, the definition of the extent of
processivity needs to be elucidated, which is the average
number of reactions of a reactant chain during its residence in
the pore—the larger the extent of processivity, the less release
of partially cleaved polymer intermediates back into the melt,
and narrower product distributions. To explore the effect of
the pore length on the processivity of the catalyst, X-mSiO,/
Pt/SiO, (X represents the pore length, equivalent to the
thickness of the mSiO, shell) with different shell thicknesses
were prepared. As shown in Figure 3¢, the dehydrogenative
chemisorption of a polymer chain creates M—H and M—C
bonds on the metal NP surface. Then, hydrogen from NPs may
be transferred to organometallic moieties in a reductive
elimination, leading to the release of two shorter alkanes. As
depicted in Figure 3a, the intensity of peaks b—e,
corresponding to H/D exchange and hydrogenolysis, increased
with time, confirming the occurrence of these two processes.
Interestingly, the H/D exchange signal was more intensive
than the sum of various hydrogenolysis signals and grew much
faster as the time increased from 0 to 27 h, which reveals that
most PE—Pt interactions kinetically favored dehydrogenation/
rehydrogenation and the release of polymer instead of cleavage
of C—C bonds. Furthermore, to better evaluate how the shell
thickness influences the probability of different reactions, the
normalized product fraction after 27 h was calculated. Figure
3b shows that H/D exchange was still the predominant
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reaction for all pore lengths, but the fraction of hydrogenolysis
significantly increased with the increase in pore length, proving
that processivity corresponds to pore length. The molecular
dynamics simulations further confirm that longer pores
preferentially made the polymer chains entirely confined,
increased the residence time in the pore, and increased the
efficiency of cutting numbers per residence, which resulted in
increasing processivity. Moreover, the degree of isomerization
was also boosted in long pores due to increased polymer
residence time.

The pore length not only affects the extent of processivity
but also controls the chain length of products. A microkinetic
model was created, assuming the polymer chain was partially
confined within the pore.”” The amount of consumed H, was
equal to the number of C—C bond cleavages since each C—C
bond cleavage consumes one equivalent of H,, which is then
divided by time to calculate the C—C bond cleavage rate.
Interestingly, no matter whether the pore length was longer or
shorter, the rates of C—C cleavage maintained equivalent,
confirming that polymer mass transport inside the pores is not
rate-limiting since the pores are filled all the time in the melted
polymer. Likewise, the equivalent H, consumption with
varying pore lengths suggests that the pore architecture did
not limit H, diffusion. However, the product distributions of
X-mSi0,/Pt/SiO, at similar conversions differed. The 25-
mSiO,/Pt/SiO, yields a broader product distribution centered

https://doi.org/10.1021/jacsau.4c00289
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Figure 4. Pore length effects on product selectivity in PO hydrogenolysis. (a) Wax product distributions of X-mSiO,/Pt/SiO, with the same
numbers of C—C cleavages as measured by H, consumption. Reaction conditions: 3 g of PE-short (M, = 2.8 kDa, M,, = § kDa) with 0.003 wt % Pt
with respect to PE and 0.89 MPa H, at 300 °C for 6 h. (b) Difference between the length distributions of fragments (i.e., exclusively produced by
cleaving longer chains) and all reactant chains from simulated data. Top: the probabilities of creating fragments of a given size chain; bottom: the
probabilities of cleaving short chains. (c) Lifetime analysis of a representative (N = S) short fragment within the pore from the simulation data.
Top: distribution of intrapore residence times, and the inset shows the zoomed-in distribution for the shorter pore length (I = 85); bottom:
distribution showing the number of cleaving times during a single residence. Reproduced with permission from ref 37. Copyright 2023 American

Chemical Society.

at heavier hydrocarbons than other longer pore lengths (Figure
4a). To understand why longer pores lead to the formation of
lighter hydrocarbons, one hypothesis is that the conformation
of a polymer chain lies in whether it is partially or fully
confined. The conformation of polymer chains can affect the
bias of specific C—C bond cleavages. To examine this
conformation effect, a chain with length N > 10 was utilized
to monitor the length of short fragments after cleavages.
Interestingly, no apparent differences in the frequencies of
short fragment lengths were observed in the shortest (I = 80)
and longest pores (! = 320), proving that the variations in pore
length did not exert a substantial conformational impact on
C—C bond cleavages (Figure 4b). Meanwhile, the distribution
of reactant chain lengths shows that longer pores prefer to
retain shorter reactants. It raises another hypothesis that the
residence time controls average product length. Taking the
reactant with length N = 5 as a representative, longer pores
possess longer residence times of these reactants and thus
increase the number of subsequent cuts, generating shorter
products (Figure 4c). Hence, the pore length not only
influences the extent of processivity but also affects the average
length of products. Combined with the size effect of Pt NPs
and pore diameter effects, these three essential parameters can
be employed to optimize catalytic architecture and improve
activity, selectivity, and stability in PO hydrogenolysis.

The distinct design of mSiO,/Pt/SiO, precisely located
catalytic sites at the closed ends of mesopores. This porous
architecture showed key characteristics of processivity, enabled
the preferential release of products, restricted the overcutting
of C—C bonds to form light gases, and effectively prevented
catalytic sites from deactivation over nonporous architecture.
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The presence of “dead-end” pores, however, made a different
dynamic from more common “open-pore” nature enzymes
with catalytic sites at a defined distance from the pore end
(Figure Sc).38 Assuming a more open catalyst system can
facilitate the leaving of products from active Pt sites and
prevent the further cleavage of products to light gases including
methane, mSiO,/Pt/MCM-48 was prepared by positioning Pt
NPs on the surface of the mesoporous MCM-48 core and then
growing another layer of mSiO, shell. Remarkably, this catalyst
depicted a C,g-centered Gaussian product distribution in
deconstructing PO with faster C—C bond cleavage rates and
negligible methane production (Figure Sa—b). The turnover
frequency (TOF) is 4.2 + 0.3 s™', much higher than solid-core
catalyst mSiO,/Pt/SiO, (1.6 + 0.1 s') and nonporous
catalyst Pt/SiO, (1.3 + 0.1 s™'). Additionally, the involvement
of a porous core provided pathways for fragments to diffuse
away from cleavage sites and thereby avoided secondary
reactions that led to the formation of volatiles, especially
methane. With the same polymer to Pt ratio, Pt particle size,
and reaction conditions, mSiO,/Pt/MCM-48 converted 1.360
g of low-density polyethylene (LDPE, M, = 20 kDa, M,, = 91
kDa) and produced 0.054 g (4%) of volatiles, including 0.0025
g of (0.18%) methane, while mSiO,/Pt/SiO, only converted
0.424 g of LDPE, but produced 0.070 g (17%) of volatiles,
including 0.0034 g (0.74%) of methane. The coarse-grained
simulation indicates that the existence of end-opened pore
facilitates the release of fragments and decreases the likelihood
of overhydrogenolysis to generate shorter products (Figure
5d). Another interesting finding is that as time increased, a
Gaussian C,g-centered distribution was shifted to a Gaussian
C,4-centered distribution, meaning the bias on specific
midchain C—C bond cleavages in short paraffin, which needs
more explorations to clarify the mechanism behind this
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Chemical Society.

phenomenon. The significant differences between an “open—
closed” architecture and an “open—open” architecture reveal
that a template effect can determine the product distribution in
the polymer deconstruction, which means the scale dimensions
and structural configuration of the mesoporous core and shell
can be applied to optimize the selectivity of PO hydro-
genolysis.

With the inspiration of natural processive enzymes, a series of
inorganic processive catalysts are designed that effectively
improve the catalytic activity and selectivity in PO hydro-
genolysis. These enzyme-like catalysts realize the combination
between binding sites (localized regions that promote bond
breaking/making in the reacting molecule) and precise
positioning of nonreacting components that influence reaction
barriers and control access to the binding sites. To further
optimize the performance of catalysts, one future direction is
using crystalline microporous structures instead of amorphous
mesoporous structures to mimic the atomic-level confined
environment inside processive enzymes. Both experimental
and coarse-grained, particle-based simulations have proved that
pore diameter not only influences the residence time of a
polymer chain near the active site, which controls how many
times it is cleaved and final product distributions (narrower
pore prefers to yield smaller products), but also affects the
conformation of a polymer chain when it threads into the pore
and accesses the active site. Crystalline microporous materials,
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such as zeolite and metal—organic frameworks (MOFs), could
provide atomic-level defined pores to control the translocation
and conformation of confined polymer chains. The MFI type
zeolite could be an ideal choice of microporous core and shell
(the pore size is around 0.50~0.55 nm) because the synthesis
methodology has been mature, making it accessible to control
the size and morphology of zeolite crystals. Catalytic active
sites can be introduced into zeolite for cleaving C—C bonds,
including metal NPs, small clusters, and single sites. Acid sites
can also be introduced and adjusted by tuning the Si/Al ratio
in zeolite, providing additional active sites for hydrocracking
and isomerization of hydrocarbons. Although micropores can
limit the conformation of polymer chains and bias which bonds
are most likely to be cleaved, enhancing the selectivity of
hydrogenolysis reactions, possible slow diffusion of polymer
and products during the catalysis could be a main challenge,
affecting the activity and selectivity of zeolite-supported
catalysts in hydrogenolysis. Therefore, precisely controlling
the depth of active sites from the surface of zeolite crystal is
another future research direction. Similar approaches could
also be extended to well-defined MOF structures, but the main
challenge for applying MOFs in hydrogenolysis lies in the
stability under harsh reaction conditions.

In addition to the inspiration from the processivity of natural
enzymes, cooperativity, another common motif exhibited in
enzymes, can also be used to guide the design and construction
of multisite cooperative catalyst systems, which provide many
possible combinations of types of active sites in synthetic
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materials. Advanced control in catalyst synthesis is essential to
achieve the intended spatial arrangement of discrete
architectural components. This necessitates the development
of specialized synthetic methodologies for the precise place-
ment of interactive catalytic sites, either similar or diverse, at
defined distances and orientations from each other. Another
level of cooperativity is combining C—C cleavage with a
secondary process to create new conversion pathways. A
successful example is one-pot hydrogenolysis/hydrocracking—
aromatization of PE waste catalyzed by Pt/y-Al,0,.”" This
process is self-sustaining as the hydrogen produced in the
aromatization is enough to drive the C—C cleavage,
eliminating the need for external hydrogen supplies and
generating valuable long-alkyl-chain-functionalized aromatics.

As mentioned above, catalytic hydrogenolysis is generally
regarded as a promising method that can convert end-of-life
PO to value-added products, thus achieving the objectives of
chemical upcycling and building a bright path to an
environment-friendly and circular plastic economy. However,
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the severe methanation of PO on subnanometer metal clusters
caused by favorable terminal C—C bond cleavages and
fragmentation remained significant challenges. To overcome
these challenges, researchers are focusing on nanoscale size
control of active metals, polymer—support interaction,
optimization of catalytic conditions (lower reaction temper-
atures and higher H, pressures), and the choice of special
supports that can store H, on the reducible surface for H,
spillover and reverse spillover, effectively desorb intermediate
hydrocarbon chains, and thus suppress the yield of methane.

Multiple active sites, including Ru, Pt, Ni, Co, and other
elements, have been explored for PO hydrogenolysis. Among
these elements, Ru and Pt are the most active d-metals for C—
C bond cleavages and have received widespread attention and
development. Recently, strontium-titanate-supported Pt (Pt/
SrTiO;) was reported to preferentially cleave long PE chains to
high-quality liquid products with a small yield of volatile
products in PE hydrogenolysis.”” As the size of Pt NPs
decreased, the yield of gas products increased, and the catalytic
rate increased simultaneously, a feature for a structure-sensitive
reaction. The yield of short products (C,—Cg) from chain-end
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C—C bond cleavages was directly proportional to the
conversion of longer polymer chains to short ones with more
chain ends. Commercial Ru/C catalysts also behave in this
manner, generating an increasing amount of gaseous products
as the conversion increases in the hydrogenolysis of n-
octadecane.”™* Hence, a thorough understanding of catalyst
structural effects on product selectivity is crucial for enhancing
catalytic hydrogenolysis performance. As illustrated above, in
the catalytic system of mSiO,/Pt/SiO,, the size of Pt NPs
significantly influenced the C—C bond cleavage rates.’
Compared with large Pt NPs, smaller ones showed a faster
rate of PE hydrogenolysis, revealing that PE hydrogenolysis
rates increased with a more significant fraction of corner and
edge sites than facet sites on Pt NPs. It can be inferred that
hydrogenolysis catalyzed by mSiO,/Pt/SiO, was also
structure-sensitive, consistent with Pt/SrTiO;. This trend was
also observed in the hydrogenolysis of ethane catalyzed by Pt/
SBA-15, where the TOF of 1.7 nm Pt was twice that of 2.9 nm
Pt NPs.* Thus, the finding of smaller NPs associated with
more rapid hydrogenolysis reactions is consistent for Pt NPs
supported on silica as well as on SrTiO;. An opposite trend has
also been observed, in which smaller NPs on other supports
give lower activity compared to larger NPs, such as Pt/Al,0;."*

Ru/ZrO, serves as another case where the TOF in LDPE
hydrogenolysis increases from ca. 300 to 1200 h™' as the
particle size increases from ca. 1 to 9 nm.* Meanwhile, the Ru
dispersion decreases as the particle size increases. These two
factors lead to the conversion for LDPE hydrogenolysis
increasing first and then decreasing with increasing Ru particle
size at the same Ru/polymer ratio, showing a volcano plot with
the highest conversion achieved at a particle size of 2.5 nm. To
explore the reasonable explanations, active sites of Ru NPs
were divided into edge, corner, and facet sites. The adsorption
of PE on Ru facet sites is enhanced due to multipoint
interaction between these sites and PE, which leads to the
increase in TOF as the particle size increases. However, this
strong adsorption of PE causes the production of gas products
induced by consecutive hydrogenolysis. A different trend
occurred on Ru/Ce0,.*® At lower loadings with subnanometer
clusters (<0.5 wt %), the intrinsic activity of Ru in the
hydrogenolysis of PP increased as the particle size decreased, a
trend inversely mirrored at higher loadings (>0.5 wt %). When
transitioning into the low-loading range, Ru NPs were more
cationic and highly disordered. The reports in small alkane
hydrogenolysis show that electron-deficient Ru is less active in
C—C bond hydrogenolysis,*”** opposite to the higher intrinsic
activity with more cationic Ru in PO hydrogenolysis catalyzed
by the low-loading Ru/CeO,. The intriguing catalytic perform-
ance of low-loading Ru/CeO, is attributed to the highly
disordered Ru species. Other than the impact on the activity,
the disordered Ru species strengthens *H binding and
increases surface *H coverage, leading to a lower ability to
accommodate extra H from PE and thus favoring less-
dehydrogenated transition states, such as internal C—C bond
cleavage and branching C—C bond cleavage (Figure 6a). The
size of metal NPs also affects the tacticity of liquid and solid
products in the hydrogenolysis of isotactic polypropylene
(iPP) catalyzed by Ru/C.* When the particle size decreases,
the ratio of terrace sites decreases, which leads to a lower
stereoisomerization rate (Figure 6b).
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In addition to the effects of active sites, the regioselectivity of
C—C bond cleavages can be modulated by varying H,
pressure. For Ru/CeQ,, higher H, pressure favors the
cleavages of internal C—C bonds, which suppress the
formation of methane induced by terminal C—C cleav-
ages.* "> Another study supports this conclusion by
modeling hydrogenolysis reactions of squalene and alkanes.>”
The model reveals that the dissociation of Ci.ar,—C bonds
(3c—*C), terminal Ciecondary— Cprimary Ponds (®Cc-'C), and
fragmentation exhibited negative reaction order in H,
pressure.” In contrast, the dissociation of Ciecondary—Csecondary
bonds (*C—>C) showed an approximately zero reaction order,
supporting that a high H, pressure selectively favored the
cleavages of *C—>C bonds rather than *C—'C and *C—*C
bonds. Chen et al. further proved this conclusion in the
hydrogenolysis of PP and LDPE catalyzed by 0.125 and 2 wt %
Ru/Ce0,.* They changed the H, pressure from 5 to 60 bar
and found with H, pressure increases, CH, selectivity
decreases due to the shift from cleaving terminal *C—'C in
PP and *C—'C in LDPE to internal *C—>C in PP and *C—>C
in LDPE. Interestingly, the selectivity of branched products
reduces because of the regioselectivity shift from cleaving
*C—2C to *C—C bonds in LDPE. This H, pressure effect was
also observed in PO hydrogenolysis catalyzed by Ru/C. When
H, pressure increased from 5 to 75 bar, the PE conversion
increased until 45 bar and then decreased due to a competition
of active sites between PO and excess surface *H.
Mechanistically, an important step of PO hydrogenolysis is
dehydrogenation, which forms carbon—metal bonds and
simultaneously weakens C—C bonds, leading to various
dehydrogenated transition states. Higher H, pressure favors
transition states with less dehydrogenation, which explains the
observation that a rise in H, pressure favored the dissociation
of internal over terminal C—C bonds and preferred branching
C—C scissions to generate linear products.

Enhancing catalytic performance in PO hydrogenolysis can
also be achieved by developing a reducible support surface that
is capable of storing H, through hydrogen spillover from Ru.>*
This strategy was demonstrated on a Ru-(WO,),-ZrO,
catalyst. A notable issue with Ru/ZrO, is the strong binding
of PE, which results in excessive overhydrogenolysis of strongly
adsorbed intermediates and, thus, massive methane formation.
Involving (WO,), clusters into this system suppressed
methanation and shifted product distribution to heavier,
more valuable paraffin because highly dispersed (WO,),
clusters stored hydrogen in surface hydroxyls via hydrogen
spillover from Ru that dissociated molecular H,. During
hydrogenolysis reaction on Ru, (WO,), clusters provided extra
hydrogen to Ru through reverse spillover, promoting the rate-
limiting hydrogenation/desorption processes, which occurred
on the surface of Ru either by modifying catalyst—polymer
interactions or by constructing new interfacial sites, thus
efficiently removing reaction intermediates before their
overhydrogenolysis (Figure 6¢). Other intermediate reducible
dopant oxides (V, Mo) play similar roles to (WO,),, storing
and supplying H, to Ru through spillover/reverse spillover to
suppress the formation of methane.’® Another promising
support is partially reducible TiO,.***” A 3-fold increase in
hydrogenolysis rates was achieved by modulating the
reducibility of the TiO, support and strong metal—support
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interactions. The treatment of TiO, with ammonia (NH,)
enhanced hydrogen binding to Ru because of the H, spillover
transferring from Ru to TiO,, which formed delocalized
electrons, reduced support more extensively, and increased the
positive charges on Ru (Figure 6d). In other words, hydrogen
storage capacity was boosted, promoting intermediates’
desorption, preventing overhydrogenolysis, and increasing the
liquid yield in PP hydrogenolysis. Thus, the capability of
supplying hydrogen to active sites to hydrogenate and desorb
hydrogenolysis products is a critical driver for enhancing
catalytic performance, which represents a promising nano-
scopic catalyst design strategy.

Jaydev et al. demonstrated that carbon-supported Pt directly
converted PP to motor oils (C,;—C,s) and explored the
interaction between polymer chains and carbon supports.>®
The adsorption strength of hydrocarbons on the carbon
support can be modulated by chain length and oxygen
concentration doped on the support surface. Although they
concluded that longer hydrocarbons possess stronger adsorp-
tion strength than shorter chains by comparing temperature-
programmed desorption (TPD) results of linear alkanes (n-
heptane, n-hexane, and n-pentane), this effect can hardly be
practical in the design of catalysts. Therefore, they focused on
oxygen-functionalized carbon supports and selected four
activated carbon supports, ie, AC, AC1l, AC2, and AC3,
with different surface oxygen concentrations, referencing SiO,
and Al,O;. Compared with AC1, SiO, and Al,O; show low n-
heptane adsorption, indicating the poor adsorption capability
of hydrocarbon on their surface. As a result, Pt/SiO, and Pt/
Al O, display extremely low selectivity toward liquids, which
proves the important role of adsorbing properties exhibited by
carbon supports. Interestingly, AC with the lowest surface
oxygen concentration among the four carbon supports is
hardly able to desorb cracking products from AC and
subsequently render the over cleavage of polymer chains to
small alkanes, while AC1 with the highest surface oxygen
concentration makes the desorption of certain-length hydro-
carbons favorable and promotes the catalytic cycle. Another
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two carbon supports, AC2 and AC3, lie in between these two
extreme situations. Additionally, AC1 has the highest
cumulative micropore volume, which could also contribute
to the observed support effect. To better understand the
mechanism, they proposed three adsorption/desorption
processes on different carbon supports (Figure 7). For
supports with optimal adsorption strength, PP chains and
intermediates can adsorb on the surface of supports and be
cleaved at Pt sites until the hydrocarbon products are too small
to stay adsorbed. However, for supports with excessive
adsorption strength, it is difficult for PP chains and products
to desorb, which hinders the adsorption of other polymer
chains. Lastly, for supports that do not adsorb polymer chains,
the rate of cleavage is much lower. In conclusion, controlling
the interaction between polymer and support can drive the
activity and selectivity of PP hydrogenolysis.

Polymer-porous support interaction can also induce the
entropy confinement effect on PO hydrogenolysis.”” High
entropy is one of the intrinsic natures of PO, while the
transition state decreases the entropy owing to the restriction
of chain mobility, which results in unfavorable PO adsorption
on catalysts and an unstable transition state. To overcome this
challenge, Kang et al. used SBA-15 with mesoporous channels
as the support and a precise impregnation method to make Ru
NPs uniformly distributed inside the mesopores (p-Ru/SBA-
15). SBA-15 with 9.1 nm pore diameter enables the balance
between the space confinement effect and diffusion of PO
chains. For comparisons, they prepared Ru/SiO, with Ru NPs
supported on the surface of nonporous silica and c-Ru/SBA-15
by using the conventional impregnation method with Ru NPs
located at both the internal and external surface of SBA-1S.
With Ru NPs of similar geometric and electronic features, p-
Ru/SBA-15 exhibits better hydrogenolysis performance. Under
the same reaction condition, the LDPE solid conversion on p-
Ru/SBA-1S is 89.20%, whereas the conversions on c-Ru/SBA-
15 and Ru/SiO, are 44.06% and 22.48%, respectively.
However, these catalysts display similar product distributions
when they maintain a consistent solid conversion of around
55% by regulating reaction time. These results demonstrate
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Available under a CC-BY-4.0 license. Copyright 2023 Mingyu Chu et al. (c) Representation of Pt/STO synthesis by ALD. In ALD, a cycle (A) is
first employed to decorate the STO surface with a MePtCpMe; precursor, after which a cycle (B) is employed to anneal away the ligands and afford
bare Pt NPs on STO. Reproduced with permission from ref 25. Copyright 2023 Elsevier Inc. (d) Schematic of SOMC-derived Pt/STO synthesis
using a MeCpPtMe; precursor. Reproduced with permission from ref 62. Copyright 2023 Royal Society of Chemistry.

that the precise location of Ru NPs inside the mesoporous
channels can enhance catalytic activity but exhibit negligible
effects on product selectivity. *C MAS NMR further elucidates
the entropy confinement effect on polymer chain freedom in
SBA-15 channels by using n-eicosane as the model compound
and observing the chemical shift of CH, and CH peaks located
at 34.3 and 25.9 ppm, respectively. With the same ratio of
catalyst/n-eicosane, p-Ru/SBA-15 shows more chemical shifts
of CH, and CH to the high field, indicating SBA-15 support
has a stronger interaction with n-eicosane than nonporous
SiO,. Therefore, the adsorption of LDPE chains in mesopores
is more stable and efficiently decreases the entropy of these
long polymer chains. Combined with thermodynamic analysis,
the turnover rate depends on the difference in entropy before
and after the adsorption of polymer reactants, S — Sgyy. Since
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the value of § — Sgy is negative, the less negative the value,
the smaller the positive value of —TAS', lower activation free
energy, and increasing catalytic activity.

Optimizing the size of active sites, polymer—support
interaction, reaction conditions (including temperature and
hydrogen pressure), and supports that allow hydrogen
spillover/reverse spillover has shown initial success in
suppressing methane formation and enhancing catalyst activity,
selectivity, and stability in hydrogenolysis reactions. More
studies are still necessary to further illustrate the mechanism
and design principles of superior catalysts for hydrogenolysis.
Although high hydrogen pressure can alleviate methane yield,
it is not an ideal choice for practical applications, considering
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the high cost of instrumentation and operation. Therefore,
there is a strong need to develop catalysts that can suppress
methane formation at low H, pressures. Compared with the
modulation of reaction conditions, particle size is an important
and feasible parameter that influences the rate of C—C scission
and the tacticity of liquid and solid products. The optimal
polymer—support interaction can also be modulated by
different surface oxygen concentrations. The excessive
interactions prohibit the desorption of products and block
sites for polymer adsorption, while weak interaction results in
negligible adsorption of polymer chains and C—C scission.
Notably, polymer—porous-support interaction also leads to the
entropy confinement effect, which can reach lower activation
energy and higher catalytic activity by precisely impregnating
metal NPs in mesopores. In addition, precious metals, such as
Pt and Ru, are highly active for hydrogenolysis, but they are
expensive and sporadic, leading to much higher expenses than
earth-abundant elements, such as iron (Fe), cobalt (Co), nickel
(Ni), and copper (Cu). It is an important research direction to
partially or totally replace rare and expensive elements with
inexpensive crustal elements that can maintain or exceed the
performance of precious metals. The preparation of Pt- or Ru-
based alloys could be a promising future direction. The
involvement of an inexpensive secondary element could
mitigate the adsorption strength of hydrogen and hydro-
genolysis intermediates and prevent overhydrogenolysis to
methane. Furthermore, the involvement of WO, and partially
reducible support, e.g., TiO,, provides more possibilities in
choosing superior supports for promising designs of hydro-
genolysis catalysts. In the reported Ru-(WO,),-ZrO, catalyst,
the Ru and (WO, ), on ZrO, support are randomly distributed,
where a controlled placement of these two functional sites
could lead to a uniform hydrogen spillover and reverse
spillover, further enhancing the performance of the catalyst.

During polymer deconstruction, methanation typically results
from terminal C—C bond cleavages. Initially, limited chain
ends yield minimal methane, but the growing number of chain
ends with C—C bond cleavages inevitably yield much more
methane as the reaction proceeds. Considering the exper-
imental and theoretical results and future directions discussed
in the part of the nanoscopic scale, although lowering the
reaction temperature and increasing H, pressure can kinetically
alleviate methane generation, these strategies are impractical
due to the prolonged reaction time and costly equipment.
Instead, optimizing the geometric configuration of active sites
and catalyst architectures at the atomic level could further
boost their catalytic activity and selectivity.

Compared to single sites, multisite metal NPs enable the
cracking of adjacent C—C bonds of polymer chains, generating
methane.’® To overcome this challenge, lowering the energy
barrier for cleaving internal C—C bonds and minimizing the
adsorption of polymer chains on multisite metal NPs are
promising strategies. Therefore, the involvement of a Ru
single-atom catalyst (Ru SAC) provides a promising solution
because isolated Ru atoms determine the type of C—C bond
cleavages. Moreover, the strong interaction between Ru single
atoms and CeO, support not only ensures the uniform Ru
atom dispersion but also prevents the leaching and aggregation
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of Ru, thus boosting catalyst stability. Compared to Ru NPs,
this Ru SAC decreases methane yield from 21.1% to 2.2% and
exhibits 94.5% liquid products. The mechanism behind this
catalysis reveals that Ru single sites preferentially cleave
internal C—C bonds, contrasting with multisite Ru NP
catalysts that cannot prevent cleavage of terminal C—C
bonds, which is further supported by hydrogenolysis reactions
of model alkanes (Figure 8a—b). This single-site system
demonstrates outstanding efficiency and versatility in PO
hydrogenolysis, which shows a pronounced potential for
industrial applications and merits more studies and extensions.

Pt NPs supported on SrTiO; (Pt/STO) is another example
showing the atomic level regulation of hydrogenolysis catalyst
since the matched Ilattice between FCC Pt and STO
nanocuboids surface leads to a strong metal—support
interaction, which can prevent Pt NPs from leaching or
sintering during catalytic reactions.”*”°"** Atomic layer
deposition (ALD) was used to prepare Pt/STO, realizing the
uniform deposition of Pt NPs.”” The loading, size, and edge-
to-facet ratio of Pt NPs can be effectively controlled via
increasing/decreasing the number of ALD cycles (Figure 8c).
In this sense, 1c-, Sc-, and 10c-Pt/STO were prepared, and the
size of Pt NPs increased with more ALD cycles. By comparing
the catalytic behaviors of these three catalysts, it was found that
smaller Pt NPs with a high edge-to-face ratio led to the
overhydrogenolysis of PE to form undesirable light-gaseous
products. Considering the conversion rate and distribution of
high-quality liquid products, 5c-Pt/STO was used as a primary
catalyst, which converted PE to high-quality liquid products
(M, = 590 Da, M,, = 625 Da) with a low D of 1.1. Intriguingly,
similar catalysis results were observed in the hydrogenolysis
reactions of PE with varying molecular weights. To investigate
the mechanism behind PE hydrogenolysis catalyzed by Pt/
STO, PE—catalyst interaction and structure sensitivities caused
by varying sizes of Pt NPs were investigated. *C MAS NMR
and computational modeling proved that PE chains were
preferentially adsorbed on Pt NPs over the STO surface and
longer polymer chains exhibited stronger binding on cleavage
sites than shorter hydrocarbon chains. Furthermore, the
density functional theory (DFT) calculations revealed that
the irregularities on the Pt/STO surface induced by Pt NPs
disfavored the all-anti conformation of PE chains. Among
different types of Pt sites, Pt(100) sites were responsible for
the adsorption of H atoms, while Pt(111) sites realized the
adsorption and cleavages of hydrocarbon chains. In contrast to
commercial Pt/Al,O;, Pt NPs have stronger interactions with
STO rather than y-Al,O; support, leading to better catalytic
stability. Therefore, it is a promising approach to boost the
metal nanoparticle-support interactions by choosing atomic
lattice-matched metal NPs and supports in catalyst prepara-
tion.

An alternative method, surface-organometallic chemistry
(SOMC), has emerged as a viable solution-phase metal
deposition method to synthesize Pt/STO, maintaining the
advantages of ALD.®” In this approach, Pt/STO catalysts are
prepared on a gram scale by suspending STO supports in a
solution of platinum acetylacetonate (Pt(acac),) or trimethyl-
(methylcyclopentadienyl)platinum(IV) (MeCpPtMe;) in tol-
uene under heating, followed by treating the ligated samples
under hydrogen gas (H,). This technique was employed over
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Figure 9. Involvement of earth-abundant ZrO, in the hydrogenolysis of PO. (a) Construction of L-ZrO,@mSiO,. (b) Hydrogenolysis results from
L-ZrO,@mSiO, and control catalysts. Carbon number distribution of liquid products catalyzed by L-ZrO,@mSiO,, ZrO,-30 (30 nm particle
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permission from ref 66. Available under a CC-BY license. Copyright 2023 Shaojiang Chen et al.

three consecutive cycles of deposition and reduction, leading
to the formation of Pt NPs with average sizes ranging from 1.2
to 1.8 nm, which depends on the specific conditions used.
SOMC-derived Pt/STO was successfully applied in upcycling
iPP with a starting M, of 5000 Da into liquid products having
an average M, of 270 Da and D of 1.1. This performance was
replicated even after five successive hydrogenolysis runs.
Notably, the average diameter of the Pt NPs remained
consistent (1.3 + 0.3, 1.2 + 0.39, 1.5 + 0.35 nm) across
various SOMC deposition cycles. It indicates a distinctive
cycle-by-cycle growth behavior in SOMC under reducing
conditions, differing from ALD, where oxidizing conditions
typically facilitate particle growth rather than initiating new
nucleation in subsequent cycles. Strong electrostatic adsorp-
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tion (SEA) is another promising technique to deposit Pt on
STO.°" Under equivalent reaction conditions, the catalysts
derived from ALD, SOMC, and SEA produced similar
products, verified by GPC and NMR.*’

Since noble metals are expensive and rare, replacing noble
elements with inexpensive and earth-abundant elements is
worth further exploration and development. Dufaud and Basset
reported the application of earth-abundant zirconium (Zr)
hydride in PO hydrogenolysis under milder temperatures
(<150 °C) and atmospheric pressure.”> The well-defined
catalyst zirconium hydride supported on silica (=Si0O);ZrH
can be synthesized by surface organometallic chemical
reactions, in which the zirconium center is electrophilic,
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promoting the activation of C—H bonds and the cleavage of
C—C bonds in alkanes. Since the backbones of PO possess
analogous hydrocarbon chains as in higher alkanes, the
catalytic C—C bond cleavage in PO can also be catalyzed by
silica-supported [Zr],—H or even more electrophilic silica—
alumina-supported [Zr],—H. The alumina hydride groups are
located close to the Zr center, which makes it more
electrophilic and thus enhances the catalytic performance in
PO hydrogenolysis.”* Norsic et al. further explored the
different catalytic performances between groups 4, S, and 6
metal hydrides (M = Zr, Hf, Ta, W) supported on silica—
alumina.”® In the hydrogenolysis reactions of alkane waxes,
they found that supported [Zr],—H exhibits the highest
catalytic activity, which shows that metal hydrides in group 4
are promising to improve the catalytic performance of PO
hydrogenolysis.

Even though Zr hydride shows promising activity in the
catalytic hydrogenolysis of PO, the air- and water-sensitive
nature of Zr—H hinders its application. On the other hand,
Chen et al. demonstrated that the oxygen- and water-stable
ZrO, can be easily prepared and integrated into silica-based
porous structures with Zr(O), adatom serving as the active site
for C—-C cleavage.66 To realize this design, a metal oxide-
mesoporous silica architecture was constructed by depositing
ultrasmall ZrO,(OH),_,, NPs on the surface of single-layer
graphene oxides and then growing mSiO, shells outside to
form mSiO,/ZrO,(OH),_,,/graphene oxide structures. To
create a more open catalytic architecture, graphene oxide was
removed by calcination. Thus, amorphous localized ZrO, NPs
(L-ZrO,) were embedded into mesoporous silica to construct
L-ZrO,@mSiO, (Figure 9a), in which the ultrasmall L-ZrO,
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NPs were confined in the narrow zone between two mSiO,
platelets. The presence of silica and the strong interaction
between ZrO, and SiO, limit the crystallization and growth of
L-ZrO,. L-ZrO,@mSiO, represents another promising “open—
open” architecture discussed in the mesoscopic section with
defined pore diameter, pore length, and location of active sites,
which can be adapted in synthesizing well-defined catalysts
using precious elements, inexpensive elements, and metal
oxides as the active sites. L-ZrO,@mSiO,-catalyzed hydro-
genolysis of PE leads to a narrower, Gaussian Cg-centered
alkane product distribution, while other ZrO, control catalysts
gave broad, non-Gaussian product distribution (Figure 9b). In
addition, the ultrasmall amorphous ZrO, NPs contain more
active sites than larger crystalline ZrO, NPs normalized by
mass, agreeing with the predicted Zr(O), adatom active sites
that are more likely to present on unsaturated amorphous
ZrO, surface. The C—C cleavage mechanism on L-ZrO,@
mSiO, varied from those reported for metal NPs, reducible
oxides, and even SOMC Zr hydride. DFT calculations suggest
the heterolytic cleavages of H—H and C—H bonds on adatom
Zr(0),/ZrO, generate O—H and Zr—H or Zr—CH,CH,R
species and subsequently engage in protonolytic elimination,
insertion, and f-alkyl elimination (Figure 9c). The adatom
Zr(0),/ZrO, active sites have a much better air- and water-
stability than organometallic Zr—H active sites.

Three ordered zirconium UiO-metal—organic frameworks
(UiO-MOFs)-supported Ru dihydrides (UiO-RuH,) catalysts,
UiO-66-RuH,, UiO-67-RuH,, and UiO-68-RuH, with pore
sizes of 5.1, 6.8, 8.1 A, were synthesized to catalyze PO
hydrogenolysis reactions.”” The product distributions from
hydrogenolysis of PE (M,: ~1700 Da, M,: ~4000 Da),
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depicted in Figure 10a, showed a noticeable shift from lighter,
narrower to heavier, broader when the MOF pore sizes are
increased from S.1 to 8.1 A. Although methane was always the
dominant component in gaseous products regardless of the
pore size of MOFs, UiO-68-RuH, gave an excellent yield of
94% of liquid products. In addition to the hydrogenolysis of
commercial PE, this series of catalysts is also applied to
postconsumer single-use LPDE such as plastic bags and
droppers (Figure 10b). Interestingly, a similar shift of product
distributions with increasing pore size was observed, meaning
the distribution of products can be tuned by the pore size of
MOFs. The reusability tests show that UiO-RuH, could be
recycled more than five times with an intact MOF structure
and negligible leaching of Ru and Zr. In addition to the
involvement of well-defined MOF structures, single atomic Ru
sites also promoted the activation and cleavage of sterically
encumbered internal C—C bonds in PE, suppressing
methanation. The DFT calculation showed that f-alkyl transfer
was the turnover-limiting step (TLS) due to the high activation
barrier. This work demonstrated that superior catalytic
performances were achieved by the combination of Ru single
sites and well-defined MOF structures with tunable pore size
and excellent stability.

PO hydrogenolysis by well-defined catalysts at the atomic scale
is still in its infancy. More catalysts with single atomic sites
need to be studied to realize the full potential of these atomic-
level controlled catalysts, just like the observed transformation
from terminal to internal C—C bond cleavages to suppress
methane formation on the Ru/CeO, single-atom catalyst.
Embedding single sites in enzyme-like architectures, well-
defined MOF structures, zeolites, or partially reducible
supports could enable combined benefits of both components
in a catalytic system. As demonstrated that the MOF pore size
in UiO-RuH, plays a significant role in controlling the
hydrogenolysis product chain length, the large space in MOF
pore geometry control has not been explored for PO
hydrogenolysis. Another direction is the cooperation between
lattice-matched active sites and supports, like the preparation
of Pt/SrTiO;, enabling the stabilization of Pt NPs on the
surface of SrTiO; with negligible aggregations and leaching of
Pt under hydrogenolysis reaction conditions. The successful
epitaxial growth of PtO, atomic layers on rutile-type TiO, with
similar lattice parameters was also reported recently, allowing
the electronic state modulation of Pt species on rutile TiO,
and achieving outstanding stability and activity in thermoca-
talytic and electrocatalytic reactions.”® This rational design can
also be applied to other metal active sites on oxide supports
with matched or similar lattice constants, which provides a
potential strategy for the synthesis of hydrogenolysis catalysts.
In addition, compared with metal hydrides in groups 5 and 6,
the metal hydrides in group 4 are more promising to improve
the catalytic performance of PO hydrogenolysis, especially the
earth-abundant Zr hydride. However, the primary challenge
facing Zr-hydride-based catalysts lies in their susceptibility to
water and oxygen. Therefore, preparing and precisely locating
water- and air-stable Zr species into an appropriate architecture
is the prerequisite for advancements in Zr-based catalysts.

Creating structurally well-defined catalysts that can achieve
desired selective deconstructions of PO is of paramount

2095

importance. After summarizing recent advancements in catalyst
development focusing on mesoscale, nanoscopic, and atomic
level structure control, numerous possibilities and opportu-
nities are worth further exploring. Here, we divide these
possible avenues into the following categories.

(1) The implementation of processivity and cooperativity
from natural enzymes into the design of enzyme-mimic
catalysts enables selective bond cleavage and function-
alization. Processivity can be achieved by precisely
positioning active sites, where bond-making or -cleaving
occurs, in a porous architecture with atomic-level
defined pores. The interaction between polymer and
pore enables the whole polymer chain to be converted to
uniform smaller products before desorbing from pores,
thereby enhancing the catalytic efficiency and product
selectivity in PO hydrogenolysis. Cooperativity can be
attained by controlling the spatial arrangement of
interactive catalytic sites at defined distances and
orientations, which can combine the characteristics of
diverse active sites in synthetic materials.

(2) The optimization of tunable porous structures with the

ability to precisely position active sites, such as zeolites,

MOFs, and COFs, can produce narrow and tunable PO

hydrogenolysis products. The pore diameter is a pivotal

parameter in designing well-defined porous catalysts,
which determines the residence time of polymers near
active sites, the conformation of polymer chains in the
pore, and final product distribution. To achieve an
atomic-level confined environment, crystalline zeolites,

MOFs, and COFs are regarded as ideal selections.

However, the slow product diffusion of polymer and

products in microporous channels could be the main

challenge, hindering the development of zeolite-support
catalysts. Therefore, the study of accurately controlling
the embedding depth of active sites below the surface of
zeolites is important. In addition, maintaining superior
stability of MOFs and COFs under hydrogenolysis
reaction conditions is another future research direction.

(3) The selection of specific supports that can effectively
adsorb long polymer chains, desorb the intermediates
and products, stabilize the active sites, or cooperate with
active sites. The supports with hydrogen storage
capability can promote the rate-limiting hydrogena-
tion/desorption step, which can efficiently desorb
intermediates, prevent overhydrogenolysis, and suppress
methanation during hydrogenolysis. Additionally, de-
positing metal active sites on supports with matched or
similar lattice constants can boost the interactions
between metal NPs and supports, which stabilizes the
metal NPs on the support surface with negligible
aggregations or leaching during PO hydrogenolysis
reactions. In addition, the polymer—support interaction
is another significant parameter that can be regulated by
changing the surface heteroatom concentrations, driving
the activity and selectivity in PO hydrogenolysis. The
entropy confinement effect induced by porous supports
thermodynamically decreases the hydrogenolysis activa-
tion energy of adsorbed polymer and promotes catalytic
activity.

(4) The involvement of single-atom catalytic sites in
mesoscopic or nanoscopic catalyst systems can merge
the benefits of atomically defined active sites with
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mesoscopic or nanoscopic confined environments to
enhance the activity and selectivity of PO hydro-
genolysis. Well-defined single sites could preferentially
break internal C—C bonds to enhance the selectivity of
liquid products and suppress the methanation. There-
fore, incorporating single sites into enzyme-like well-
defined architecture, such as MOFs and zeolites, can
bring more opportunities in PO hydrogenolysis. In
addition, the replacement of monofunctional noble
elements, partially or completely, with inexpensive
elements or multicomponent active sites, such as
bimetallic, intermetallic, and high-entropy alloys, repre-
sents another promising avenue in decreasing the cost
and promoting performance for large-scale conversion of
waste PO.

Combined, these opportunities bring fresh impetus to the
development of PO hydrogenolysis. These catalyst design
principles obtained for PO hydrogenolysis can also be applied
in the deconstruction of other polymers, ultimately achieving
chemical upcycling objectives to realize circularity in plastic
lifecycles.
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