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ABSTRACT: A catalytic architecture, comprising a mesoporous silica shell surrounding platinum nanoparticles (NPs) supported on a solid 
silica sphere (mSiO2/Pt-X/SiO2; X is the mean NP diameter), catalyzes hydrogenolysis of melt-phase polyethylene (PE) into a narrow C23-
centered distribution of hydrocarbons in high yield using very low Pt loadings (~10–5 g Pt / g PE). During catalysis, a polymer chain enters a 
pore, contacts a Pt NP where C–C bond cleavage occurs, and then the smaller fragment exits the pore. mSiO2/Pt/SiO2 resists sintering or 
leaching of Pt and provides high yields of liquids; however, many structural and chemical effects on catalysis are not yet resolved. Here, we 
report the effects of Pt NP size on activity and selectivity in PE hydrogenolysis. Time-dependent conversion and yields, and a lumped kinetics 
model based on competitive adsorption of long vs. short chains reveal that the activity of catalytic material is highest with the smallest NPs, 
consistent with a structure-sensitive reaction. Remarkably, the three mSiO2/Pt-X/SiO2 catalysts give equivalent selectivity. We propose that 
mesoscale pores in the catalytic architecture template the C23-centered distribution, whereas the active Pt sites influence carbon-carbon bond 
cleavage rate. This conclusion provides a framework for catalyst design by separating C–C bond cleavage activity at catalytic sites from selec-
tivity for chain lengths of the products influenced by the structure of the catalytic architecture. The increased activity, selectivity, efficiency, 
and lifetime obtained using this architecture highlight the benefits of localized and confined environments for isolated catalytic particles un-
der condensed-phase reaction conditions. 

INTRODUCTION 
Long carbon chains are constructed during olefin polymeriza-

tions to achieve desired average lengths and dispersity, stereochem-
ical control, and co-monomer incorporation through catalyst-
programmed precision, providing inexpensive plastics with desira-
ble physical and chemical properties.1 These materials’ myriad 
applications, such as in lightweight, strong, and disposable single-
use packaging, in protective, insulating jacketing for wires and tele-
communications cables, chemically resistant containers, medical 
devices, and piping, depend greatly on their molecular weight, ste-
reochemical, and compositional properties. The structure/property 
relationship-guided requirements for high quality materials, along 
with chemical degradation under melt-reprocessing conditions, 
currently limits any economic incentive to recycling plastics and 
contributes to low recycling rates of high-density polyethylene 
(HDPE, 8.9% US), low-density polyethylene (LDPE) and linear 
LDPE (LLDPE, 4.3% US, combined) and isotactic polypropylene 
(iPP, 0.6% US).2 Limited recycling, combined with massive pro-
duction of polyolefins representing more than 50% of the estimated 
400 million tons of plastics produced worldwide each year,3 con-

tributes to the disastrous accumulation of plastics everywhere on 
Earth.4-5 In addition, landfill-based disposal of waste plastics gener-
ates real costs to manufacturers and consumers.6 Upcycling used 
plastic materials, by their selective conversion into higher value 
chemical products, has been proposed as a new approach that 
could partly address this waste crisis. While many economic, logis-
tical, and technical factors can influence the commercial implemen-
tation of such energy-related chemical conversions, upcycling of 
used polyolefins into value-added chemicals would benefit from 
selective cleavage of the long chains into a narrow distribution of 
desired chain lengths,7-9 just as polymer properties and applications 
are advantaged by highly selective polymerizations. Such upcycled 
products have greater value than the used plastics, for example as 
lubricating liquids,10 as intermediates for surfactants.11 The liquid 
species may be purified from environmental contaminants during 
their conversion from mixed plastics, could be advantageously re-
cycled in refineries as part of a cyclical economy for plastics, or used 
as high value liquid fuels. Catalyst design paradigms are now need-
ed as the scientific foundation of potential upcycling processes in 
which specifically targeted, narrow ranges of desirable chain lengths 
are produced from polyolefins.  
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Figure 1. Pathways for catalyst-controlled hydrogenolysis of polyethylene (PE) into wax-like oligomers or gases. 

In general, the deconstruction of longer polymer chains follows a 
decay in the number-averaged molecular weight (Mn) inversely 
related to the rate of carbon-carbon bond cleavage.12 Assessing and 
comparing catalysts, which may operate with either similar or dis-
tinct mechanisms, also requires analysis of the distribution of the 
species in the reaction mixtures (i.e., the populations). Concurrent 
generation of all chain lengths by random C-C bond cleavage is 
undesirable for the production of molecules in a targeted molecular 
weight range. Several pathways could lead to poor chain-length 
selectivity. A catalyst that breaks any C–C bond will form mixtures 
of low, medium, and high molecular weight products. Alternatively, 
an unselective catalyst that initially generates intermediate-length 
hydrocarbons from long chains, and then subsequently converts 
the intermediates to liquids and/or gases will result in processes 
with conversion-dependent yields and selectivities. More useful 
catalysts, however, cleave long chains directly to the desired short 
chain fragments and can yield the desired products over a wide 
range of conversion (Figure 1, top). Ideally, the catalyst will con-
vert polymers into liquid products until the supply of polymers has 
been exhausted, before over-hydrogenolysis of the primary liquid 
products begins. 

One recently reported catalyst for the hydrogenolysis of polyole-
fins, Pt nanoparticles (NPs) grown on strontium titanate nanocu-
boids through five atomic layer deposition (ALD) cycles (5c-
Pt/SrTiO3), favors cleavage of long chains to lubricant-length high 
quality liquids and produces only small amounts of gases (<1%).13 
A related catalyst with smaller Pt NPs (1.2 nm) made through few-
er ALD cycles, produces more small volatile molecules, and it was 
concluded that increased catalytic rates associated with the struc-
ture-sensitive hydrogenolysis reaction14 manifest itself in greater 
proportions of gas production during polyolefin deconstruction. In 
less selective hydrogenolysis reactions, the amount of the smallest 
species (C1 – C6) that result from chain end cleavage increases in 
proportion to the conversion of the longer chains as a result of the 
increased mole fraction of chain ends (e.g., eicosane has two methyl 

groups, and two decane molecules of similar mass have four methyl 
groups). Ru/C behaves in this fashion, producing more gases with 
increasing conversion in the model hydrogenolysis reaction of n-
octadecane.15 Thus, the hydrogenolysis of polyolefins would greatly 
benefit from understanding catalytic effects on chain-length selec-
tivity. 

In this context, selective hydrogenolysis of polyethylene and iso-
tactic polypropylene to narrow distributions of hydrocarbon oli-
gomers is catalyzed by spherical mesoporous silica shell/active 
platinum NP/silica core (mSiO2/Pt/SiO2) materials containing 3.2 
± 0.5 nm Pt nanoparticles.16 This catalytic architecture creates line-
ar, radial-oriented wells with Pt NPs located solely at the bottom, 
requiring the hydrocarbon chains to adopt a zig-zag, all-anti con-
formation as they move through the mesopores to access the cata-
lytic sites. The rate of diffusion of polymer chains in the mesopores, 
as measured by temperature-dependent NMR exchange spectros-
copy (EXSY), is equivalent within error of diffusion in the bulk. 
The hypothesis for the catalytic function, inspired by the behavior 
of processive enzymes in degradations of biological and synthetic 
polymers,17-20 is that end segments of polymer chains imbibed in the 
pores are repeatedly cleaved, releasing a narrow distribution of 
oligomeric chains with lengths governed by the catalytic process.  
Moreover, a processive mechanism that repeatedly cuts a single 
chain should minimize the degree to which translocation within the 
pores (an interior mass transfer resistance) influences the overall 
rate. Exterior mass transfer resistances (i.e., transport between the 
bulk and the pore openings) may impact selectivity but not activity.  
Although the molecular weight (and viscosity) in the boundary 
layer near the catalyst–melt interface may change due to different 
external mass transfer resistances for long and short chains, the 
catalyst will always be in contact with hydrocarbons. As shown 
below, the data and model fits support a preference for adsorption 
of long chains (consistent with processive behavior) and a particle 
size effect (consistent with an absence of mass transfer limitations).  
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Figure 2. TEM images for Pt-1.7/SiO2 (a), Pt-2.9/SiO2 (c), Pt-5.0/SiO2 (e), mSiO2/Pt-1.7/SiO2 (b), mSiO2/Pt-2.9/SiO2 (d), and mSiO2/Pt-
5.0/SiO2 (f). Dark field images of the cores of mSiO2/Pt-x/SiO2 are shown as insets in (b, d, f) at equivalent magnification. 

In addition, a few important effects are proposed for the hydro-
genolysis of polyethylene on mSiO2/Pt/SiO2 catalysts.16 First, pref-
erential adsorption of polymer chains over oligomeric species in 
mesopores is predicted to improve selectivity by limiting over-
hydrogenolysis of the primary reaction products. Second, the cata-
lytic architecture significantly influences the identity of the prod-
ucts, with narrower mesopores producing shorter mean chain 
lengths (~C13) while wider mesopores provide longer average chain 
lengths (~C18). The influence of the catalytic architecture upon the 
products’ length and distribution could result from several factors, 
including chain adsorption phenomena in the pores, rates of car-
bon-carbon bond cleavage via exposed active sites, and/or the pore 
templating a specific conformation of the chains.  

The size of the Pt NPs in mSiO2/Pt/SiO2 materials could also 
impact the conversion of polyolefins by affecting rates of carbon-
carbon bond cleavage and/or by a NP template effect, in which the 
exposed size of the platinum NP is hypothesized to influence the 
average chain length of the product. This NP templating effect 
could be physically related to, for example, the average distance 
from the silica support to the active site on a Pt NP. This NP tem-
plating effect could cause the observed relationship between pore 
diameter and chain length of hydrogenolysis products in 
mSiO2/Pt/SiO2-catalyzed hydrogenolysis,16 by only allowing a 
portion of the 5.0 nm Pt NP surface to be available for reaction with 
the polymer chain. This possibility, that the dimensions of Pt NPs 
affect the product chain length, is investigated in the present study, 
which also examines the influence of Pt NP size on rates and selec-
tivity in hydrogenolysis of polyethylene catalyzed by the mSiO2/Pt-
X/SiO2 architecture (where X is the mean Pt NP diameter). This 

study highlights advantages of the catalyst design, which provides 
remarkable conversion-independent, narrow distributions of con-
densed-phase oligomeric products in high yield, as a result of selec-
tive cleavage of long polymeric chains over short ones. 

RESULTS 
Catalyst Design and Preparation. Mesoporous 

shell/catalyst/core (mSiO2/Pt-X/SiO2) materials containing Pt 
NPs with average diameters of 1.7 nm (mSiO2/Pt-1.7/SiO2), 2.9 
nm (mSiO2/Pt-2.9/SiO2), and 5 nm (mSiO2/Pt-5.0/SiO2) were 
synthesized to investigate the effects of Pt particle size on catalytic 
polyolefin hydrogenolysis in a confined environment specifically 
and uniformly located at the closed ends of mesopores. All other 
meso- and nanostructural properties of the mSiO2/Pt-X/SiO2 ma-
terials are equivalent across the three catalysts, including the 120 
nm size of the SiO2 core, as well as the 2.4 nm diameter and the 120 
nm length of the mesopores in the silica shell. The uniform meso- 
and nanoscale architecture of these catalysts was created through 
the synthetic approach. Common 120 nm monodisperse solid silica 
spheres, prepared via a seeded growth process,21 react with ami-
nopropyl trimethoxysilane to give surface-functionalized NH2-SiO2 
spheres. Polyvinylpyrrolidone (PVP)-capped Pt NPs, either 1.7 (± 
0.3), 2.9 (± 0.5), or 5.0 (± 1.0) nm in diameter (Figure S1) were 
immobilized onto the NH2-SiO2 spheres (Pt-X/SiO2, X = 1.7, 2.9, 
or 5.0 nm), then the 120 nm thick, radially-aligned mesoporous 
silica shell was grown on the Pt-X/SiO2. Transmission electron 
microscopy (TEM) reveals that, as desired, the silica core sizes and 
mesoporous shell thickness are equivalent across the three samples, 
and the Pt NPs are localized at the core–shell interface (Figure 2). 
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Table 1. Gas, extractable waxes, and insoluble products formed at different reaction time from mSiO2/Pt-X/SiO2-catalyzed hydro-
genolysis (X = 1.7, 2.9, and 5.0 nm).a  

Catalysta Product Reaction Time (h) 

6  8 12 20 

mSiO2/Pt-1.7/SiO2 

PE (g) 3.029 3.030 3.015 3.007 

gas 0.274 (9.1%) 0.349 (11.6%) 0.345 (11.4%) 1.993 (66.3%) 

liquid  0.476 (15.7%) 0.880 (29.0%) 1.523 (50.5%) 1.014 (33.7%) 

solid 2.279 (75.2%) 1.801 (59.4%) 1.147 (38.0%) n.a. 

mSiO2/Pt-2.9/SiO2 

PE (g) 3.004 3.001 3.002 3.018 

gas 0.255 (8.4%) 0.250 (8.3%) 0.360 (12.0%) 0.451 (14.9%) 

liquid  0.195 (6.4%) 0.611 (20.4%) 1.315 (43.8%) 2.138 (70.8%) 

solid 2.554 (85.2%) 2.139 (71.3%) 1.327 (44.2%) 0.428 (14.2%) 

mSiO2/Pt-5.0/SiO2 

PE (g) 3.066 3.000 3.001 3.066 

gas 0.119 (3.9%) 0.140 (4.7%) 0.259 (8.7%) 0.371 (12.1%) 

liquid  0.058 (1.9%) 0.255 (8.5%) 0.525 (17.5%) 1.892 (61.7%) 

solid 2.889 (94.2%) 2.604 (86.8%) 2.216 (73.8%) 0.807 (26.2%) 

a Reaction conditions: 3 g of PE (Mn = 20 kDa, Mw = 90 kDa, ρ = 0.92 g/mL), with 0.0007 – 0.003 wt.% Pt with respect to PE, 0.89 MPa H2, 300 °C. 

Pt NPs are more clearly observed in the sample prepared with 
5.0 nm Pt NPs compared to the smaller Pt NPs, which are nonethe-
less also clearly localized at the core–shell interface in the 
high-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) images. The N2 isotherms from 
Brunauer-Emmett-Teller (BET) analysis, 943-981 m2/g range of 
surface areas, 0.81-0.83 cm3/g pore volumes, and 2.4 nm pore di-
ameters calculated from the Barrett–Joyner–Halenda (BJH) model 
were all nearly identical for three catalysts (Figures S2, S3). That is, 
the characterization data indicates that the only significant physical 
difference between mSiO2/Pt-1.7/SiO2, mSiO2/Pt-2.9/SiO2, and 
mSiO2/Pt-5.0/SiO2 is the size of the platinum NPs. We also note 
that 1.7 nm Pt NPs are smaller, on average, than the 2.4 nm meso-
pore diameter, while the average sizes of the Pt NPs in the other 
two catalytic materials are larger than that of the mesopores. 

The active surface area of platinum, which varies between the 
three mSiO2/Pt-X/SiO2 catalytic materials on a per mass basis, 
should be kept constant to compare the catalysts’ behavior in poly-
olefin hydrogenolysis reactions. Active Pt in the mSiO2/Pt-X/SiO2 
materials was estimated using the structure-insensitive ethylene 
hydrogenation reaction (Table S2).14 The mSiO2/Pt-1.7/SiO2 
material, as expected, catalyzes ethylene hydrogenation with the 
highest initial activity (95.2 mmol C2H6·gPt

–1·s–1), while the activity 
of mSiO2/Pt-5.0/SiO2 (20.5 mmol C2H6·gPt

–1·s–1) is the lowest. 
The higher activity per mass of smaller NP Pt catalyst is attributed 
to their higher dispersion.22 The amount of catalyst used for hydro-
genolysis reactions was normalized to have the same number of Pt 
active sites based on the performance of mSiO2/Pt-5.0/SiO2 in 
ethylene hydrogenation.  

Hydrogenolysis of Polyethylene. Polyethylene hydrogenolysis 
experiments examining the effects of Pt NP sizes employ these 
three mSiO2/Pt-X/SiO2 catalysts. Typical reaction conditions use 
linear polyethylene (ca. 3 g PE, Mn = 20 kDa, Mw = 90 kDa, ρ = 0.92 
g/mL) and 0.89 MPa of H2 pressure, heated at 300 °C for 6 – 20 h, 
in a mechanical impeller-mixed autoclave containing from 0.02 – 
0.1 mg Pt, under solvent-free conditions. Since the PE used for this 

study has melting point below 120 °C, as measured by differential 
scanning calorimetry, the reactors initially contain melted PE 
mixed with catalysts at 300 °C. At the end of each experiment, the 
reactors contained a condensed-phase fraction as well as volatile 
species in the headspace. After cooling the reactors to room tem-
perature, the volatile species were quantified by comparison of the 
mass of condensed phase materials before and after the conversion, 
and the C1 – C9 hydrocarbons composition of the volatiles was 
quantified by gas chromatography-flame ionized detector (GC-
FID). Soluble species were extracted from the condensed phase 
using methylene chloride to give a yield of ‘extracted waxes’. The 
yield is defined as the weight of waxes divided by the total weight of 
initially added polymer. The quantified composition of the extract-
ed waxes was analyzed by calibrated GC-mass spectrometry (MS), 
which showed mostly linear C8 ~ C50 hydrocarbons. The mass of 
the polymeric solid remaining after extraction was determined to 
estimate the conversion of the PE. Analysis of the quantities of each 
fraction and their composition, in terms of molecular weight and 
distribution, provides key insight for comparing performance of the 
three mSiO2/Pt-X/SiO2 catalytic materials. The relative activity of 
the catalysts for carbon-carbon bond cleavage is estimated by com-
paring conversion of PE into small molecules, per surface active site 
of Pt under equivalent reaction conditions. The most active catalyst 
converts the largest amount of insoluble solid polymer. The activity 
of catalytic materials may also be compared by analyzing the 
amounts of volatile and extracted species formed per unit time, 
with volatile species corresponding to more carbon-carbon bond 
cleavages. For example, formation of 1 g of CH4 corresponds to a 
ca. 19-fold greater number of C–C bond hydrogenolysis steps than 
1 g of C20H42; in contrast, conversion of a solid polymeric material 
with Mn ~20 kDa into a polymer with Mn ~ 10 kDa corresponds to 
only one C–C bond hydrogenolysis step, on average. Thus, such 
assays of catalytic activity are best considered qualitatively.  

These two estimates indicate that catalyst activity follows the 
trend mSiO2/Pt-1.7/SiO2 > mSiO2/Pt-2.9/SiO2 > mSiO2/Pt-
5.0/SiO2 over the course of the PE deconstructions (Table 1). For 
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example, based on the amount of unextracted CH2Cl2-insoluble 
materials after reaction, mSiO2/Pt-1.7/SiO2 affords 25% conver-
sion of PE after 6 h at 300 °C under 0.89 MPa, whereas only 15% 
and 6% consumption of PE are observed using mSiO2/Pt-
2.9/SiO2 or mSiO2/Pt-5.0/SiO2, respectively (Figure S6). In 
addition, mSiO2/Pt-1.7/SiO2 gives the most soluble species 
(16%) and the most gas-phase species (9%), while mSiO2/Pt-
5.0/SiO2 produces the least amount of soluble and volatile species 
(4 and 2%, respectively). These data indicate that the smallest Pt 
NP catalyst is most active at short reaction times (at the lowest 
experimentally accessible conversion under these conditions). This 
trend continues over the course of the experiments. After 12 h, 
mSiO2/Pt-1.7/SiO2 catalyzes the hydrogenolysis of 62% of PE, 
while mSiO2/Pt-5.0/SiO2 gives only 26% conversion.  

The yields of extracted waxes also follow the trend mSiO2/Pt-
1.7/SiO2 > mSiO2/Pt-2.9/SiO2 > mSiO2/Pt-5.0/SiO2. After 6 h, 
for example, the most active catalyst mSiO2/Pt-1.7/SiO2 provides 
15.7% extractable waxes, whereas mSiO2/Pt-2.9/SiO2 or 
mSiO2/Pt-5.0/SiO2 form only 6.4% and 1.9%, respectively. In 
general, the yields of extractable fractions increase during the batch 
conversion following this trend, until all the unextractable solids are 
consumed. At that point, the yield of wax decreases, as a result of 
over-hydrogenolysis. 

Although more volatile species are formed both initially (6 h) 
and at high conversion (20 h) with the mSiO2/Pt-1.7/SiO2 cata-
lyst than using the larger Pt NP catalysts, following a similar trend 
as described above for extractable waxes, intermediate conversions 
reveal a powerful, particle-size independent effect on selectivity. 
Specifically, similar quantities of volatile species are obtained after 
12 h with each of the catalytic materials (ca. 10-12%), even with 
dramatically different conversions of polymer.  

In fact, the mass fraction of volatile species formed using 
mSiO2/Pt-1.7/SiO2 is roughly constant from the first 6 h (at 25% 
conversion of PE) to 12 h (at 62% conversion of PE), indicating 
that the solid polymeric materials undergo selective hydrogenolysis 
to the extractable waxes over that portion of the reaction (Table 1). 
In addition, the percentage of mass corresponding to volatile spe-
cies increases from ca. 4% after 6 h (at 5% conversion of PE) to 
10% after 12 h (26% conversion of PE) using the mSiO2/Pt-
5.0/SiO2 catalyst. That is, the quantity of volatile species obtained 
from mSiO2/Pt-1.7/SiO2 after 6 h is comparable to that of 
mSiO2/Pt-5.0/SiO2 after 12 h, corresponding to equivalent con-
versions of PE (Figures S6 and S8). 

After 20 h, quantitative conversion of polyethylene is achieved 
with mSiO2/Pt-1.7/SiO2. Concurrently, the quantity of volatile 
species dramatically increases, and the fraction of extractable waxes 
dramatically decreases. This behavior is attributed to over-
hydrogenolysis,13 which involves further conversion of oligomeric 
primary products into lower value light hydrocarbons. The over-
hydrogenolysis process only becomes dominant once most or all 
the long-chain PE is consumed. A test of this idea involves the hy-
drogenolysis reaction using mSiO2/Pt-1.7/SiO2 for 15 h, which a 
priori was postulated to give high yield of extractable waxes and 
similar (~10-12%) yields of volatile species at high PE conversion, 
based on over-hydrolysis at 20 h and the behavior of the other two 
catalytic materials in Table 1. The result from this experiment 
matches our expectation, giving 73.6% yield of extractable waxes 
with only 12.4% of gases (Figure 3). Remarkably, all three Pt-sized 
catalysts give similar mass fractions of volatile products at conver-
sions of PE ranging from 25-70% (e.g., 10-12% volatiles), suggest-

ing that the over-hydrogenolysis process occurs only at high PE 
conversion, regardless of the Pt NP size. 

 

 
Figure 3. Bar chart showing time-dependent mass-based fractions of 
gas phase and methylene chloride-extracted waxes, and residual solid 
products after mSiO2/Pt-1.7/SiO2-catalyzed hydrogenolysis of PE 
(Mn = 20 kDa) at 300 °C under 0.89 MPa H2. The mass fraction of 
extractable species increases from 6 to 15 h, while only a small increase 
in low molecular weight gas phase products is observed over that time. 
Quantitative conversion of solids (20 h) is accompanied by substantial 
increase in gas products (over-hydrogenolysis).  

Expectedly, these three mSiO2/Pt-X/SiO2 materials also catalyze 
the hydrogenolysis of a second, smaller polyethylene sample (Mn = 
5.9 kDa, Mw = 28 kDa) under identical conditions (ca. 3 g of PE, 
300 °C, 0.89 MPa H2) (Table S5). A related trend in activity is 
observed, in which mSiO2/Pt-1.7/SiO2 produces the most liquids 
and gases (87.3% by mass) after 6 h, while mSiO2/Pt-2.9/SiO2 
and mSiO2/Pt-5.0/SiO2 catalyze the hydrogenolysis of ca. 64% of 
the polyethylene to extractable waxes and gases. The distribution of 
chain lengths in the extracted waxes is similar for the three 
mSiO2/Pt-X/SiO2 catalysts. In addition, similar over-
hydrogenolysis is observed after 24 h using mSiO2/Pt-1.7/SiO2 as 
the catalyst, giving 55% of volatile species by mass at that time. This 
5.9 kDa Mn polyethylene is more reactive than the longer 20 kDa 
Mn polyethylene studied above, producing a higher mass percent-
age of gases and extractable waxes for each catalyst under equiva-
lent conditions. Note that the overall catalytic process involves 
diffusion and adsorption of chains into the pores, polymer chain 
adsorption onto Pt, single (or multiple) C–C bond cleavage steps 
of the chain, and diffusion of the smaller polymer fragments. The 
relative rates of these steps will affect the overall rate of polymer 
conversion. Thus, the combined rates of these steps are faster for 
the shorter polymer (Mn = 5.9 kDa) than the longer one (Mn = 20 
kDa). 

The rates of the individual steps could also affect the mean chain 
length and shape of the distribution of hydrocarbon products in the 
extractable liquids and waxes. Alternatively, or in addition to a ki-
netic effect, the average length of the platinum NP that is accessible 
to the polymer chains could influence the hydrocarbon product 
distribution via a templating mechanism, as noted in the Introduc-
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tion. In such a scenario in which the NP templates the product 
chain length, 1.7 nm and 5.0 nm platinum NPs would give the 
shortest and longest average chain lengths, respectively. Our previ-
ous observation that the diameter of the pores in the mesoporous 
shell influences the distribution could also come from such kinetic 
or templating effects.13 

Given that each of the mSiO2/Pt-X/SiO2 catalysts could provide 
hydrocarbon species characteristic of the sizes of their NPs, it was 
surprising that instead, the mean and distribution of product chain 
length in the extracted wax products are very similar for the three 
catalysts and over a wide range of conversions. Comparisons show 
similar compositions of the extractable fractions, determined by 
calibrated GC-MS, obtained after equivalent reaction times, or at 
similar conversions of solid polymer or having similar percent 
yields (by mass) of extracted species. Most of the experiments 
afford soluble hydrocarbon wax products with a mean chain length 
of ca. C23 and similarly shaped distributions, as seen by visual 
inspection (Figure 4) and statistical analysis of the histograms. For 
example, the mean chain length and distributions of the extracted 
waxes, obtained using the three Pt NP-sized catalysts, are virtually 
identical from reactions performed to ca. 75% conversion of PE 
(60-70% yield of wax). Moreover, the distributions of Cn chains in 
the extracted waxes are statistically indistinguishable, in terms of 
the mean product sizes [C23] and between the variances in product 
size [±7 carbons] as determined by one-way analysis of variance 
(ANOVA).  

The distribution of chain lengths in the extracted oil fraction is 
also independent of conversion throughout the catalytic regime 
that produces the most extractable oils. For example, mSiO2/Pt-
1.7/SiO2 provides C23-centered bell-like distributions of chain 
lengths as the extracted wax yields range from 30% after shorter 
reactions (8 h) to 73% after longer times (15 h). 

 

 
Figure 4. Similar carbon number distributions of extracted waxes with 
similarly high conversions (~80%). Top: 86% conversion of solid pol-
ymer and 73.6% yield of extracted oils from mSiO2/Pt-1.7/SiO2, 15 h 
at 300 °C; Center: 85.8% conversion of solid polymer and 70.8% yield 
of extracted oils from mSiO2/Pt-2.9/SiO2, 20 h at 300 °C; Bottom: 
73.8% conversion of solid polymer and 61.7% yield of extracted oils 
from mSiO2/Pt-5.0/SiO2, 20 h at 300 °C.  

We also note that at lower conversions obtained with shorter re-
action times, the C23-centered distribution is distorted by a lower 

molecular weight fraction, giving a ‘shoulder’ to the bell-shaped 
distribution at ~C14 (Figure 5, 8 h data and Figure S12). These 
non-Gaussian lower molecular weight species are likely formed as 
part of the process that initially produces shorter gas-phase species, 
and the relative abundance of these species decreases as conversion 
to a C23-centered distribution of wax products increases during the 
catalytic reactions. Similarly, over-hydrogenolysis, at high conver-
sions that afford large amounts of gaseous products, also produces a 
large molar fraction of the extracted products with shorter chain 
lengths (C9 - C15) than observed in the C23-centered distributions 
from shorter reaction times. 

 

 
Figure 5. Carbon number distribution of extracted waxes (weighted by 
% yield of extracted waxes) from hydrogenolysis of PE using 
mSiO2/Pt-1.7/SiO2 (0.085 wt / silica wt.%) as catalyst. Conditions: 
0.0007 Pt wt / PE wt.% in the reactor for 8-15 h at 300 °C under H2 (at 
0.89 MPa), and the product was isolated by extraction of the solid 
reaction mixture with methylene chloride at 80 °C from the reactor that 
was vented at 25 °C. 

Control Experiments. The above observations result from the 
combined effects of the mesoporous shell/active site/core architec-
ture and the high activity of the Pt NP sites. Control reactions, in 
which platinum-free mesoporous silica shell/solid silica core mate-
rials (mSiO2/SiO2) are heated with PE under H2 at 300 °C for 12 h, 
result in minimal conversion of the solid polymer (3.6%) and even 
less extractable oil product (1.2%; Table S3). 

The small amount of extracted liquids contains the signature fea-
tures of mSiO2/Pt/SiO2 experiments at low conversion, namely a 
ca. C23-centered broad distribution of chain lengths with a shoulder 
around C14 (Figure S23, S26). The similarity of these distributions 
suggests that a background reaction, involving interactions of PE 
and mSiO2 but not Pt sites, occurs at an early stage of all the con-
versions. A second control experiment shows that the Pt particles 
supported on the silica core (Pt-X/SiO2) but lacking the mesopo-
rous silica shell are much less effective than the mSiO2/Pt-X/SiO2 
catalysts. For example, conversion of PE is only 4.6% after 12 h 
using Pt-1.7/SiO2, in comparison to 62% obtained under equiva-
lent conditions with mSiO2/Pt-1.7/SiO2. The low conversion was 
also obtained using Pt-2.9/SiO2 (4.3%); and Pt-5.0/SiO2 (13.5%; 
Table S4). The higher activity of Pt-5.0/SiO2 compared to Pt-
1.7/SiO2 is likely due to less structural changes of the former under 
catalytic conditions. The extracted wax products from the Pt-



 7 

X/SiO2 catalytic materials appear as a flat distribution of chain 
lengths (Figures S62, S65, and S68). 

The inequivalent behavior of mSiO2/Pt-X/SiO2 and Pt-X/SiO2 
catalytic architectures are at least partly related to changes in Pt 
NPs during hydrogenolysis reactions. The TEM image of catalytic 
Pt-1.7/SiO2 materials, collected post-catalysis at high conversion 
(62%) after methylene chloride extraction to remove the hydrocar-
bon products, revealed a significant amount of detached, sintered, 
and aggregated Pt NPs (Figure S5a). In contrast, TEM of 
mSiO2/Pt-1.7/SiO2 collected on as-synthesized and post-reaction 
materials indicates that Pt NPs are located at the shell/core inter-
face even after mixing in melted PE, hydrogenolysis treatment, and 
extraction and separation from organic products with no apparent 
aggregation (Figure S5b). This contrast further highlights the im-
portance of the architecture of mSiO2/Pt-X/SiO2 in which con-
finement of Pt NPs prevents aggregation,23-24 and the mSiO2 over-
coat prevents the detaching of particles from the support.  

 

 

Figure 6. Carbon number distribution of extracted waxes from hydro-
genolysis of PE using fresh (top) and 5 times recycled (bottom) 
mSiO2/Pt-1.7/SiO2 (0.085 wt / silica wt.%) as catalyst. Conditions: 
0.0007 Pt wt / PE wt.% in the reactor for 12 h at 300 °C under H2 (at 
0.89 MPa), and the product was isolated by extraction of the solid 
reaction mixture with methylene chloride at 80 °C from the reactor that 
was vented at 25 °C. 

Stability Tests. The resilience of mSiO2/Pt-X/SiO2 toward sus-
tained catalytic performance is further supported by repeated use of 
unique samples of catalytic materials (catalyst recycling). Complete 
consumption of isotactic polypropylene (i-PP, Mn = 23 kDa) under 
hydrogenolysis conditions at 300 °C16 into easily isolated liquid 
facilitates catalyst-product separations useful for recycling studies. 
Note that the liquid and gas hydrocarbon products would be fur-
ther deconstructed by catalytic hydrogenolysis into even smaller 
molecules at longer reaction times, and therefore complete con-
sumption of i-PP is distinct from “full conversion” of typical catalyt-
ic experiments. Thus, any catalyst deactivation will be detected 
under conditions that give complete i-PP consumption, whereas 
catalyst deactivation could be obscured after full conversion via 
hydrogenolysis of all carbon-carbon bonds. The apparent rate of 
hydrogenolysis, the conversion to liquids (Figure S13), and the 
chain lengths and distribution of the molecules in the isolated liq-
uid product are similar over the five cycles of i-PP hydrogenolysis 

experiments (Figure S15). A subsequent reaction of the recovered 
catalyst with PE (Mn = 20 kDa) provided similar gas, wax, and solid 
yields (Figure S14) and a similar molecule distribution (Figure 6) 
as obtained from the freshly prepared catalytic materials, although 
the product distribution of the recycled catalyst is broader. These 
results, along with the identical TEM before and after catalysis, 
(Figure S5) implies that the mSiO2/Pt-X/SiO2 catalyst is highly 
recyclable.  

Model of Pt NP-size dependent rate constants for selective 
hydrogenolysis of long chains. As discussed above, the relative 
activity of small, medium, and large Pt NPs was estimated by con-
version of solids and yields of liquids and gases. The rate constants 
for carbon-carbon bond cleavage should also follow this trend, but 
the rate constants are not easily determined due to the wide distri-
butions of polymer lengths, oligomeric products, and volatile spe-
cies.  

To extract apparent rate constants for each of the three 
mSiO2/Pt-X/SiO2 catalysts, we constructed a kinetic model25 that 
considers competitive adsorption and cleavage of lumped popula-
tions representing the long chains and short chains. Optimized fits 
of the model to the experimental data above reveal a nearly two-
fold increase in the rate constant for carbon-carbon bond cleavage 
using mSiO2/Pt-1.7/SiO2 compared to the catalyst containing 5 
nm Pt NPs, expounded below. 

Our lumped model actually divides the reactants and products 
into four groups. Group S (“solids”) consists of large polymers with 
mean mass MS = 20,000 Da, representing the solids in Table 1. 
Group L (“liquids”) consists of the primary reaction products, with 
mean mass ML = 300 Da, representing the extracted waxes. Group 
C (“condensates”) consists of smaller oligomeric products that are 
primarily vapor under reaction conditions and condense into liquid 
for subsequent room temperature analysis. The mean mass of this 
group is a free parameter of the model. Group G (“gases”) consists 
of light hydrocarbon gasses with mean mass MG = 28 Da. 

Under reaction conditions, group S and group L chains possess 
distinct, length-dependent adsorption characteristics and compete 
for contact with the catalyst active sites. This competitive adsorp-
tion equilibrium is defined by the equilibrium constant Kswap, such 
that a value Kswap<1 describes a general tendency for the catalyst 
pores to be occupied by high molecular weight species (Scheme 1). 
The value of Kswap is left as a free parameter of the model. 
Scheme 1. Competitive adsorption equilibrium (Kswap) of solid 
(S) polymer chains and liquid (L) waxes. θS and θL is the sur-
face coverage of solid- and liquid-length chains. 

 
Adsorbed solid polymer or liquid oligomer chains may undergo 

carbon–carbon bond cleavage, via hydrogenolysis, to form smaller 
products, governed by a single rate constant k. Scheme 2 shows this 
model, where * denotes an adsorbed polymer or liquid. Adsorbed 
group S polymers may undergo hydrogenolysis to form group L 
polymers, per the top reactions. The mass ratio in the rate of the 
top right reaction preserves mass and statistically represents the 
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repeated cleavage of very large group S polymers entirely to smaller 
group L polymers. Group L polymers may do the same to form 
either group C or group G polymers, but these processes require 
multiple cuts to produce the correct mean size, and similarly have 
their rates adjusted to account for this. 
Scheme 2. Steps in the model for deconstruction of longer 
chains of absorbed solid polymer (S*) and liquid (L*) chains 
into smaller fragments. Produced * are transient empty pores 
that are immediately filled by either solid polymer (S) or liquid 
chains (L) immediately after cleavage, per scheme 1, and are 
not tracked explicitly. 

 
This model may be solved (eq 1) for the fraction of remaining 

solid polymer s=S/S0, where S0 is the moles of solid polymer chains 
at the beginning. 

  
Here τ = tctotkML/[S0(MS-ML)] is a dimensionless time, ctot is the 

catalyst concentration, and κ and λ are collections of rate constants 
and group mean masses given in equations 2 and 3. 

  

 
Figure 7. Fit of lumped solid (S), wax/liquid (L) and gas (G) groups 
from model to experimental data, as a function of reaction time for 
mSiO2/Pt-1.7/SiO2, used to calculate k and Kswap. 

The model was optimized using the product fraction data pre-
sented in Table 1, and computed and experimental data are plotted 
in Figure 7. k is assumed to vary with Pt NP size, while MC and Kswap 
are maintained across all three experimental sizes. The model pre-
dicts that the hydrogenolysis rate constant is strongly impacted by 
Pt NP size: k was found to be 5.4 ×10–4, 4.0 × 10–4, and 2.8 × 10–4 
mol cleavages per hour per normalized active site count for 1.7, 2.9, 
and 5.0 nm Pt NPs, respectively. The optimal Kswap = 1.1 × 10–3 
suggests the catalyst structure preferentially adsorbs high molecular 
weight species. Thus, after cleavage, a long chain will likely remain 
in the pore and the small product will be expelled, consistent with 
the processive mechanism put forth in our earlier work.16 The op-
timal mean condensate size (MC = 250 Da = 18 carbons) is large 
relative to other measures of volatility (critical temperature, satura-
tion vapor pressure). However, the vapor-liquid equilibrium of the 
reactor is complicated, and we do not attempt to model it in great 
detail. The reported MC does not violate the model construction. 

 

DISCUSSION 
Influence of the mSiO2/Pt-X/SiO2 catalytic architecture on 

PE hydrogenolysis. The mSiO2/Pt-X/SiO2 architecture is respon-
sible for the very efficiently catalyzed PE conversions, which re-
quire very low platinum loading. The three mSiO2/Pt-X/SiO2 cata-
lysts operate effectively at 0.7-3.4 × 10–5 g Pt / g PE, converting Mn 
= 20 kDa into long oligomeric hydrocarbon waxes in over 70% 
yield after 15 – 20 h at 300 °C. With these catalysts and low Pt load-
ing, PE with Mn of 5.9 kDa is also converted into waxy hydrocar-
bons in 40-60% yield within 6 h. For comparison, the Pt-1.7/SiO2 
catalyst, composed of identical colloidal Pt NPs similarly immobi-
lized on identical Stöber SiO2 core as the mSiO2/Pt/SiO2, gives 
only 4.6% conversion with 0.7-1.4 × 10–5 g Pt / g PE under compa-
rable conditions. Although the poor performance of Pt/SiO2 is at 
least partly associated with catalyst degradation, an active site-
immobilized and highly selective catalyst with Pt NPs on its exter-
nal surface, 5c-Pt/SrTiO3, also requires 2.4 × 10–3 g Pt / g PE to 
reduce Mn from 8.15 kDa to 2.15 kDa (in 97% yield) after 24 h at 
300 °C under 1.17 MPa of H2, and produces a desirable Mn of 600 
Da after 96 h.13 A Ru/C catalyst needs 1.3 × 10–2 g Ru / g PE at the 
low temperature of 200 °C and 2 MPa of H2 to convert PE with Mn 
of 1.7 kDa into 45% yield of liquid alkane distributions centered at 
C16.15 Alternatively, 1.5 × 10–3 g Ru/CeO2 / g low density polyeth-
ylene (LDPE) converts Mn of 1.7 kDa into 90% yield of C5-C45 
liquids and waxes at 240 °C after 8 h under 6 MPa of H2.26 The 
ability of mSiO2/Pt-X/SiO2 materials to be effective at low Pt load-
ing is a consequence of high reactivity for carbon–carbon bond 
cleavage in polyolefins (see below) and long lifetime. The latter 
feature is further supported by this catalyst remaining equivalently 
effective and selective after multiple recovery and re-use cycles. We 
attribute the long lifetime of the catalyst, under these reaction con-
ditions, to effects of both architecture and the synthetic approach. 
The isolation of individual Pt NPs in the bottom of a mesoporous 
silica channel limits their dissociation from the silica support during 
catalytic hydrogenolysis. Because rates of hydrocarbon hydrogen-
olysis are structure-sensitive,14, 22 sintering into larger Pt NPs will 
have an outsized negative effect on deactivation. We also noted 
above that 1.7 nm Pt NPs are smaller than the 2.4 nm diameter 
mesoporous channels; however, release of Pt NPs from mSiO2/Pt-
1.7/SiO2 was not detected, in contrast to their observed release 
from the silica surface of Pt-X/SiO2 during catalysis. Likely, the Pt 
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NPs are embedded into the walls of the mesoporous silica shell. 
Thus, the persistent confinement of these particles at the shell/core 
interface needed for long catalyst lifetime originates from not only 
geometric factors. Likely, the growth of the mSiO2 shell also chemi-
cally immobilizes Pt NPs in the catalytic material. 

The mSiO2/Pt-X/SiO2 architecture also appears to impart high 
activity for these catalytic conversions. Although precise rate con-
stants of carbon-carbon bond cleavage are not readily measured, 
due to the thousands of possible individual steps associated with 
many inequivalent bonds in the distribution of species in the reac-
tor, the relative activities of these catalysts may be assessed qualita-
tively and further estimated by the lumped-kinetic model. One 
indicator of high activity is the small amount of Pt in the reactor 
that is capable of converting PE into small molecules in a relatively 
short amount of time. The long catalyst lifetime noted above con-
tributes to the apparent high activity of this qualitative assessment 
because the analysis is not performed at low conversion (where 
catalyst deactivation would be avoided); thus, comparisons of ac-
tivity with Pt-X/SiO2 have little value. Nonetheless, comparisons of 
metal loading in catalysts that transform a large fraction of the pol-
yolefins, identified above for hydrogenolysis catalysts, suggest that 
the Pt centers in mSiO2/Pt-X/SiO2 are especially active. Moreover, 
the active sites in this material are at the closed end of 120 nm-long 
mesopores, which require polymers to enter and translocate 
through the pores to reach the Pt NPs. These steps are not rate-
controlling, as evidenced by the shorter reaction times to reach 
equivalent liquid yields using catalysts with smaller Pt NPs, proba-
bly because the pores are constantly filled with polymer chains 
under these conditions. Interestingly, the shorter reaction times 
needed for full conversion of smaller (Mn = 5.9 kDa) PE suggests 
that chain length influences the overall reaction rate, perhaps as a 
result of more favorable matching of polymer and pore lengths. The 
rate of carbon–carbon bond cleavage at a particular catalytic site 
should be very similar for all H2C–CH2 linkages in hydrocarbon 
chains, whereas adsorption or translocation in the pores could be 
affected by the molecular mass of a chain.  

The architecture of the mSiO2/Pt-X/SiO2 catalysts is also re-
sponsible for high selectivity and high yields of an approximately 
bell-shaped distribution of the extracted wax products. As the PE 
deconstruction proceeds over time, the yield of each species in the 
distribution of the extracted wax products increases. At high con-
version (ca. 85%), selectivity for the waxy distribution with 
mSiO2/Pt-1.7-SiO2 is 85%, calculated as the mass of waxy liquids / 
total mass of deconstructed products (waxy liquids and gas). The 
selectivities of both mSiO2/Pt-2.9/SiO2 at 85% conversion or 
mSiO2/Pt-5.0/SiO2 at 72% conversion are also ca. 85% for the 
statistically indistinguishable waxy product distribution. That is, the 
three sized Pt NP catalysts provide equivalent chain-length distri-
bution of the products and equivalent selectivity for those distribu-
tions. This characteristic selective production of a certain range of 
hydrocarbon oligomers is noticeably absent from the control cata-
lyst (Pt-X/SiO2) at any stage of conversion. As noted in the Intro-
duction, the average chain length of the products is affected by the 
characteristics of the mesoporous silica shell in the mSiO2/Pt/SiO2 
catalysts.16 On the basis of this behavior and extensive solid-state 
13C NMR studies of conformational and dynamic behavior of ab-
sorbed polyethylene, we propose that the polymer chains thread 
into a pore following a specific head-first fashion to reach the active 
Pt site and adopt stable conformations prior to cleavage. Head-first 
adsorption of the polymer into the pore prevents cleavage from 

occurring at any carbon-carbon bond, such as in the middle of a 
chain. Likely, the favored conformations also decrease the probabil-
ity of methane production via hydrogenolysis of a C–CH3 bond. 
Instead, the C–C bond cleavage in a polymeric chain favors a few 
specific linkages of the many in long polymeric chains, averaging 
about 23 carbons from the chain end. That is, the mesoporous 
architecture confers selectivity, templating a narrow range of prod-
ucts from hydrogenolysis, rather than the NP sites where the car-
bon-carbon bond cleavage occurs. 

Influence of the Pt NPs on hydrogenolysis. Time-dependence 
of PE consumption, time-dependence of wax yields, and rate con-
stants for carbon-carbon bond cleavage estimated by a lumped 
population balance model indicate faster reactions for smaller Pt 
NPs in mSiO2/Pt-X/SiO2 compared to larger ones, a signature of a 
structure-sensitive catalytic reaction. For example, 29% yield of 
extracted wax is obtained after 8 h using mSiO2/Pt-1.7/SiO2, 
whereas only 8.5% yield is produced by mSiO2/Pt-5.0/SiO2 after 
the same amount of time. Similarly, at high conversion, ~75% yield 
of extracted wax is obtained with mSiO2/Pt-1.7/SiO2 after 15 h, 
whereas mSiO2/Pt-2.9/SiO2 requires 20 h. The shorter reaction 
times for conversions of equivalent amounts of PE to comparable 
distributions of smaller hydrocarbon chains is a qualitative indica-
tor of higher catalytic rates for the smaller NPs, from experiments 
using equivalent platinum active sites in the reactor. A quantitative 
assessment of rate constants for PE hydrogenolysis from modeling 
reveals that the hydrogenolysis rate constant for 2.9 nm Pt NPs is 
by approximately 75% of 1.7 nm NPs, and the rate constant of 5.0 
nm NPs is ca. 50% of the fastest, smallest Pt NP catalyst. 

That is, the rate of PE hydrogenolysis catalyzed by the active 
sites in smaller Pt NPs is higher than that of sites in larger Pt NPs. 
In contrast, the similar rates for the small and large Pt NPs as well 
as Pt surfaces is a hallmark of structure insensitive reactions.14 Thus, 
this qualitative assessment reveals that PE hydrogenolysis rates are 
increased with greater proportions of edge and corner sites com-
pared to facets in the Pt NPs, and we infer that hydrogenolysis ca-
talysis using mSiO2/Pt-X/SiO2 is a structure-sensitive catalytic 
reaction. Hydrogenolysis of light linear, branched, and cyclic al-
kanes have been demonstrated to be structure sensitive on metal 
surfaces, whose activity (and selectivity, see below) varies with the 
exposed single crystal facet.27-30 This structure sensitivity naturally 
transfers to NP catalysts,31-33 because the distribution of surface 
atoms at the facets changes with the size of the NP.34 For example, 
the rate of ethane hydrogenolysis, in terms of turnover frequency 
(TOF), for 1.7 nm Pt/SBA-15 (1.2 × 10–2 s–1) is double compared 
to that of 2.9 nm Pt/SBA-15 (0.6 × 10–2 s–1).14 This trend, involving 
smaller metal NPs characterized by faster reactions, is observed for 
these silica-supported Pt NPs operating under gas-solid conditions, 
while larger NPs on other supports (such as Pt/Al2O3) have been 
shown to have higher activity than smaller NPs.35 Small Pt NPs, 
prepared by one ALD cycle in the 1c-Pt/SrTiO3 catalyst, have 
higher activity for PE hydrogenolysis than medium and large Pt 
NPs,13 revealing that Pt NP size effect and associated structure 
sensitivity is also important in condensed phase C–C bond hydro-
genolysis. 

Structure sensitivity is often also manifested in terms of selectivi-
ty. For example, larger Pt NPs catalyze hydrogenolysis of small 
hydrocarbons in solid-gas reactions to give more branched prod-
ucts than linear ones, favoring cleavage of carbon–carbon bonds of 
secondary carbons over those involving tertiary carbons.35 In 1c-
Pt/SrTiO3-catalyzed hydrogenolysis of HDPE in the condensed 
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phase, the higher rate of C–C bond cleavage also provides more 
light hydrocarbon products and gives poor selectivity to high quali-
ty liquids than in reactions using the larger Pt NPs in 5c-
Pt/SrTiO3.13 As noted above, remarkably, the selectivity of PE hy-
drogenolysis catalyzed by small, medium, and larger Pt NPs in 
mSiO2/Pt-X/SiO2 is independent of the particle size. As an addi-
tional comparison, similar amounts of volatiles species (~9%) and 
extracted waxes (~18%) are obtained at similar conversions for the 
three catalysts. This result reveals that smaller Pt NPs in 
mSiO2/Pt-1.7/SiO2 form similar amounts of light hydrocarbon 
products as in mSiO2/Pt-5.0/SiO2, in contrast to the behavior of 
Pt/SrTiO3 catalysts. 

CONCLUSION 
The synthesis of smaller (1.7 nm), intermediate (2.9 nm), and 

larger (5.0 nm) Pt NPs in the identical mSiO2/Pt-X/SiO2 architec-
ture provides a family of efficient, highly active, and highly selective 
catalysts with characteristic features and excellent behavior, across 
the three Pt NP sizes, in polyethylene hydrogenolysis. The smallest 
Pt NP is smaller than the 2.4 nm diameter of the mesopore in 
mSiO2/Pt-X/SiO2, while the largest Pt NP is larger than the pore 
diameter. The conversions catalyzed by these catalysts proceed in 
three stages. The first approximately 25% of PE conversion is poor-
ly selective for the mSiO2/Pt-X/SiO2 catalysts, giving approximate-
ly 65% (by mass) of products as waxy hydrocarbons. The second 
stage, involving another 60-75% conversion of the PE, is highly 
selective for a narrow C23-centered distribution of the desired wax-
like products. This distribution is templated by the mSiO2/Pt-
X/SiO2 architecture, rather than by the size of the Pt NPs. Adsorp-
tion of PE chains into mesopores limits conformations to affect the 
average product chain length. This prominent pore template effect 
is further demonstrated by the independence of the C23-based bell-
shaped distribution of the extracted wax products to Pt NP size as 
well as reaction time or conversion (prior to over-hydrogenolysis). 
This pore-templated cleavage phenomenon was also observed in 
mSiO2/Pt-5.0/SiO2-catalyzed hydrogenolysis of PE at 250 °C, 
which showed features consistent with a processive mechanism.16 
We note that the present conditions (300 °C) result in decreased 
Mn of the residual PE over the reaction, which is not consistent with 
highly processive behavior. Thus, the pore-templated carbon-
carbon bond cleavage, which is a component of the processive 
mechanism, also functions in related processes with a low degree of 
processivity. The present study also indicates that the size of the 
exposed Pt surface, dictated either by Pt NP size or pore diameter 
of the mesoporous shell, is unlikely to be responsible for selecting 
the average chain-length of the product. 

Once nearly all of the PE is consumed, undesired over-
hydrogenolysis of the wax into volatile species is observed in the 
third stage. At this stage, the average carbon number decreases 
from the C23-centered distribution as the reaction proceeds. Thus, 
mSiO2/Pt-X/SiO2 is not only selective for hydrogenolysis of PE to 
waxes but also remarkably selective for hydrogenolysis of PE in the 
presence of a large amount of C23-centered waxes. The three stages 
of PE hydrogenolysis occur faster with smaller Pt NPs than with 
larger ones, corresponding to an increase in catalytic rate without 
significantly diminishing selectivity.		

Finally, we note that the amount of Pt needed for effective hy-
drogenolysis is lowest for mSiO2/Pt-X/SiO2 in comparison with 
the metal loading in other reported precious metal catalysts.13 The 
robustness of this Pt catalyst to deactivation, demonstrated here 

and previously16 in the conversion of environmentally-
contaminated post-consumer bubble wrap (used as found), indi-
cates that Pt is advantaged by its resistance even to common organ-
ic and inorganic impurities (see Figures S4 and S75-79). Although 
we have shown that this approach and particular catalyst architec-
ture can be applied to hydrogenolysis of i-PP and branched PE,16 
we are currently studying the effects of narrow mesopore diameters 
to selectively thread and deconstruct linear HDPE without degrad-
ing branched polymer chains. In addition, our work here reveals 
that other types of catalytic active sites for polymer deconstruc-
tions, placed at specific locations inside these or related porous 
architectures, will undoubtedly be influential in approaches that 
lead to plastic upcycling conversions. 
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