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inum nanoparticles on strontium
titanate nanocuboids via surface organometallic
grafting for the catalytic hydrogenolysis of plastic
waste†
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Pt/SrTiO3 (Pt/STO), prepared on small scale by atomic layer deposition (ALD), is a capable heterogeneous

catalyst for the selective hydrogenolysis of polyolefins to hydrocarbon oils, providing a promising

approach for upcycling plastic waste. However, because deposition by ALD is costly and resource-

intensive, a new synthesis of Pt/STO is needed to effectively scale catalyst production and pursue the

commercialization of upcycling processes. To that effect, this work details a scalable deposition method

for Pt/STO made by surface organometallic chemistry (SOMC) techniques using Pt(II) acetylacetonate or

and trimethyl(methylcyclopentadienyl)platinum. The STO support was calcined (550 °C), treated with

ozone (200 °C), and finally steamed (200 °C) to afford a clean STO surface populated with only hydroxyl

groups. Pt precursors were dissolved in toluene and deposited onto STO. After reduction at 300 °C, the

STO support was decorated with 1.0–1.5 nm Pt nanoparticles. The size and loading of these

nanoparticles were varied by employing a multi-cycle deposition and oxidation and/or reduction process

designed to ALD techniques. These Pt/STO catalysts hydrogenolyzed isotactic polypropylene into liquid

products (>95% yield) with average molecular weights of 200–300 Da (∼25 carbon atoms) and narrow

size distributions at 300 °C and 180 psi H2.
Introduction

Single-use plastics constitute an important cornerstone of the
current chemical economy because of their wide-ranging use in
many critical industrial sectors. As many as 400 million metric
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tons of plastics are produced globally each year to meet
consumer needs in textiles, medical and construction equip-
ment, and food and beverage products, among other uses.1–6

Modern society lacks the infrastructure to process post-
consumer plastics efficiently and economically, meaning that
up to 80% of these products are discarded to landlls. A
minority of plastic waste is downcycled, via traditional
mechanical recycling, which prevents recovery of their inherent
chemical value.4,5 While several chemical recycling approaches
have been proposed, there are barriers to their broad imple-
mentation at scale. For example, pyrolysis, a high-temperature
(∼500 °C) decomposition process in an oxygen-free environ-
ment, can successfully break down plastics at various industrial
scales but it (1) is inherently unselective and tends to afford
wide product distributions, and (2) the value of these products
is intimately related to the current price of crude oil, which
limits the process' economic upside.7–10 Overall, developing an
economically viable method for chemical recycling will require
a process that selectively creates value-added products across
a wide range of starting plastics. Ideally, these chemical upcy-
cling techniques should simultaneously recoup the inherent
This journal is © The Royal Society of Chemistry 2023
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chemical value built into single-use plastics and create
a uniform product that can meet a particular commercial need.

At the laboratory scale, a promising upcycling technology is
catalytic hydrogenolysis, in which waste polyolens are selec-
tively converted into liquid and wax-like products using metal
nanoparticle catalysts deposited on a metal oxide support.11–19

We have previously reported such a system in which platinum
(Pt) on SrTiO3 nanocuboid (STO; Pt/STO) catalysts convert
various high-density polyethylene, low-density polyethylene,
polypropylene, and waste plastic streams into highly uniform
liquid and waxlike lubricant products with 60–80 carbon atom
backbones.18–21 Recent efforts to model a conceptual pilot plant
for this process have shown that Pt/STO upcycling at a scale of
250 Mt day−1 could protably generate lubricant materials
while reducing process emissions relative to current industrial
methods.22 These results incentivize further study of Pt/STO
upcycling, part of which involves scale-up of Pt/STO catalyst
synthesis to the kilogram and ton scales. STO nanocuboids have
also previously been investigated as a model catalyst support,
and as a bridge between templates for surface science studies
and performance-oriented, high surface area supports, and the
work developed here may also affect innovation of other M/STO
catalyzed processes.18,19,23–26

Scaling up the Pt/STO synthesis will require establishing new
procedures for support synthesis and Pt deposition. We have
previously explored such methods for the scale-up of the STO
synthesis, demonstrating that 20+ g of support can be synthe-
sized in a 4 L batch reactor without signicant changes to
support physical properties nor impact on products of hydro-
genolysis when used in a nal Pt/STO catalyst.19 Currently, Pt
nanoparticles are introduced onto STO supports via atomic
layer deposition (ALD), a well-established technique that
deposits metals from a gaseous precursor in a precise
fashion.18,23 This process, however, requires highly specialized
instrumentation, making it difficult to increase output beyond
the gram scale in a short period of time. It is, therefore,
necessary to develop a Pt deposition method that retains the
precision and tunability of ALD while also facilitating an
increase in the output of Pt/STO. Such a deposition method
would likely be based on a solution-phase process. Several types
Fig. 1 Stepwise SOMC synthesis of Pt/STO catalysts. Pt (green) is depo
under heating via trimethyl(methylcyclopentadienyl)platinum(IV) (MeCpP
which point the sample is placed in a reducing environment (“H2”) to a
support (right).

This journal is © The Royal Society of Chemistry 2023
of solution-based processes are attractive alternatives to ALD
and have found applications in numerous areas of industrial
importance not limited to waste plastic upcycling.27,28

Solution atomic layer deposition (sALD) is one attempt to
develop such a process. Starting from dissolved metal precur-
sors, sALD proceeds via the same surface-limited chemistry as
conventional, vapor-phase ALD, but improves on the process by
both increasing deposition yield and eliminating the need for
precursors that are stable in the vapor phase, which are oen
prohibitively expensive.29–31 Several sALD systems have been
reported for the deposition of inorganic and organic thin lms
on common metal oxide supports (e.g. titania, silica), among
other exploratory examples.29–33

Another promising synthetic method analogous to ALD is
surface organometallic chemistry (SOMC), in which organo-
metallic precursors are chemisorbed onto catalyst support
surfaces.34 Straddling homogeneous and heterogeneous catal-
ysis, this technique generates supported catalysts with single,
well-dened active sites without uncontrolled deposition and
molecular degradation.34–37 These active sites also lend them-
selves well to spectroscopic and kinetic characterization, facil-
itating the optimization of activity and selectivity.34 Unlike ALD,
SOMC is also scalable and an appealing target for large-scale
catalyst deposition.

In the last forty years, SOMC-derived supported catalysts
have been tuned through precursor engineering and support
control to optimize catalyst activity and selectivity for processes
as wide-ranging as metathesis, polymerization, hydrogenation,
and hydrogenolysis, among others.34–39 These works largely
focus on graing onto amorphous silica, a support that is
desirable because of its high surface area and high density of
surface hydroxyls available for bonding. Many seminal SOMC
systems have been developed around early transition metal
(e.g., Ti) complexes. Late transition metals form weaker M–O
bonds relative to early transition metals, and under hydrogen
treatment during SOMC form metal nanoparticles on the cata-
lyst surfaces.34 For example, SOMC-derived Cu/ZrO2 catalysts
have shown selectivity for the conversion of carbon dioxide to
methanol. This selectivity is partially attributed to the activation
of CO2 via interaction with Zr(IV) Lewis acid sites in close
sited onto a STO nanocuboid (surface termination shown) in toluene
tMe3). MeCpPtMe3 bonds to hydroxyl groups on the STO surface, at
fford a sample with 1–2 nm Pt nanoparticles on the STO nanocuboid

J. Mater. Chem. A, 2023, 11, 1216–1231 | 1217
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proximity to deposited Cu particles. Importantly, an SOMC-
derived synthesis is integral to this mechanism since it allows
for the introduction of highly dispersed and isolated Zr(IV)
sites.34 Comparable activity has been shown for Cu/Ti@SiO2,
whose SOMC synthesis affords a high density of Ti(IV) isolated
sites. SOMC techniques have also been used to synthesize
PtGa@SiO2 alloyed nanoparticles, which show high selectivity
for alkane dehydrogenation. Additionally, high-throughput
screening techniques have been used to synthesize >100
possible SOMC catalysts for testing in dry reforming of
methane.40 Together, these results show that SOMC can
produce small, supported nanoparticles for catalysis, with the
potential to synthesize a broad range of bimetallic systems.34

In this work, we report the synthesis of a supported platinum
nanoparticle catalyst via SOMC graing onto STO nanocuboids
(Fig. 1 and S1†). We have studied surface treatment via calci-
nation, ozonolysis, and steaming of the STO nanocuboids to
inuence surface hydroxyl density and clean the STO surface.
The rationale for using this pre-processing method is consistent
with other studies of analogous zeolite supports in which pre-
reaction processing inuences reaction selectivity.41–46 Then,
the SOMC graing of Pt precursors was studied, along with
chemical treatments to generate Pt nanoparticles from the
SOMC materials. All Pt/STO catalysts prepared in these ways
were investigated in hydrogenolysis of isotactic polypropylene
to provide liquid products with narrow dispersity, replicating
the outcomes from ALD materials.
Experimental
Materials

Isotactic polypropylene (i-PP), number-averaged molecular
weight (Mn) = 5000 Da, weight-averaged molecular weight (Mw)
= 12 000 Da, was obtained from Sigma-Aldrich and used as
received.
Synthesis of SrTiO3 nanocuboids

The procedure for the synthesis of large-scale STO nanocuboids
was reported by Peczak et al.19 The solution concentrations were
proportionally scaled for a 4 L reactor, with the concentrations
of Sr, Ti, and NaOH halved relative to the liquid volume to
decrease the concentration of chloride ions in the unlined
Hastelloy C-276 reactor. Solution A was prepared with 38.69 g of
Sr(OH)2$8H2O dissolved in a solution of 48.04 g of acetic acid
and 640.00 g of H2O under stirring for 2 h. A solution B was
prepared with 27.62 g of TiCl4 dissolved in 504.96 g of ethanol
for 10min. The two solutions A and B weremixed and stirred for
10 min in a 2000 mL Erlenmeyer ask; 276.85 g of 10 M NaOH
solution was injected into the AB solution for 28 min at a ow
rate of 10 mL min−1 using a syringe pump. The AB–OH solution
was stirred using a magnetic stirrer at the maximum stir rate of
the stir plate; no gelation was observed. Aer mixing and stir-
ring, the AB–OH solution was allowed to sit for 10 min; the pH
of the solution was 13.0, and sedimentation occurred.

The solution and sediment were transferred to a 4 L Has-
telloy C-276 reactor with an internal impeller and a heating
1218 | J. Mater. Chem. A, 2023, 11, 1216–1231
jacket. The reactor was heated to 240 °C at a rate of 2 °C min−1

and held for 2 h with a stir speed of 400 rpm. Aer the reaction,
the reactor was cooled at a rate of 2 °C min−1. The precipitate
and liquid were transferred from the reactor to a secondary
container. The solution pH was 13.2 aer the hydrothermal
reaction. Initially, the liquid was a light-yellow color but
changed to dark orange with time. The precipitate was washed
with vacuum ltration and dried in air overnight (12 h, 110 °C).

Treatments of SrTiO3 nanocuboids

Prior to Pt deposition, STO supports were treated through
a mixture of calcination in air, ozonolysis, and steaming. STO
nanocuboids (∼300 mg at a time) were calcined in air between
350 °C and 550 °C for 4 h. STO samples were then introduced
into a xed bed ow reactor and treated with a ow (400 sccm)
of ozone in oxygen (8% O3) using an ozonolyzer (Pacic Ozone,
Evoqua Water Technologies LLC) at a constant temperature
(200 °C) for 2 h. Samples were then treated with steam at 200 °C
for 2 h.

Deposition of Pt onto STO nanocuboids

Vacuum-dried STO nanocuboids (200 °C, 12 h) were suspended
in a solution of trimethyl(methylcyclopentadienyl)platinum(IV)
(MeCpPtMe3) (Sigma Aldrich, 98%) or platinum(II)acetylaceto-
nate (Pt(acac)2) (Sigma Aldrich, >99.98%) in toluene (target
2 wt% Pt) at various temperatures for 72 h under an inert
atmosphere in a N2-lled glovebox, washed and ltered three
times with toluene and once with pentane to remove phys-
isorbed precursor, and then vacuum dried at 60 °C overnight.
The sample was either calcined at 300 °C in air for 4 h, and/or
reduced under 10% hydrogen at 300 °C for 4 h. In order to
increase the amount of Pt loaded onto the STO surface, a multi-
cycle (i.e.multiple cycles of deposition and reduction) approach
was implemented. In a one-cycle (1c) deposition and reduction
process, STO samples were introduced into a toluene solution
for Pt metalation and then reduced to afford metal Pt nano-
particles as above. The reduction treatment of the ligated Pt/
STO catalyst regenerates surface hydroxyls, which creates
more available sites for deposition and removes any ligands
bound to the Pt metal. Aerward, the 1c-sample was vacuum
dried (200 °C, 12 h) and reintroduced into a glovebox to be used
for an additional round of deposition and reduction to give the
two-cycle (2c) sample. Repeating this process again produced
the three-cycle (3c) sample.

Characterization

Nuclear magnetic resonance (NMR) titration. STO samples
were introduced into a solution with an excess of MgBn2(THF)2
(synthesized as reported by Schrock47) and a cyclohexane
internal standard (C6H6, Sigma-Aldrich-Millipore, 99%, A.C.S.
reagent) allowed to react in a J-Young tube while being pro-
cessed on a 500 MHz Bruker NMR spectrometer with multinu-
clear broadband observe probes (2.5, 5, or 10 mm tube
diameter). OH− site density was calculated through the inte-
gration of toluene peaks relative to the cyclohexane standard.
Calculation of the absolute amount of toluene in each sample
This journal is © The Royal Society of Chemistry 2023
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was then taken as a measure of the absolute number of
hydroxyls on the STO surface and used to determine mmol of
OH per square nanometer of support.

NMR characterization. Solution NMR experiments were
conducted using a Brucker UltraShield AVANCE 600 MHz
spectrometer (1H = 600 MHz) and spectra were analyzed using
MestReNova (v14.1.1-24571). NMR analysis of i-PP derived
liquid samples were carried out in 1,1,2,2-tetrachloroethane-d2
at 395 K (122 °C).

Dynamic nuclear polarization (DNP)-enhanced 17O solid-
state NMR experiments were carried out on the bare STO
nanocuboids to characterize their surface termination. STO
materials were surface-enriched with 17O by rst partially
dehydroxylating them at 300 °C overnight, rewetting them with
40% 17O-water in a dry atmosphere, and then removing excess
water at room temperature under vacuum overnight. This
process partially exchanges oxide and hydroxide centers from
the surface. The procedure was repeated to surface 17O-enrich
a sample of anatase titania that was used as a reference. The
material was then wetted with a 16 mM solution of the TEKPol
biradical polarizing agent in either fully protonated or fully
deuterated 1,1,2,2-tetrachloroethane (TCE),48 packed into
a 3.2 mm sapphire rotor, and inserted into the pre-cooled (100
K) low-temperature MAS probe installed from a Bruker AVANCE
III 400 MHz/263 GHz MAS-DNP spectrometer. Measurements
were carried out using three approaches, namely, (1) a 17O{1H}
PRESTO-II experiment excites exclusively hydroxyl 17O
species,49,50 (2) a 17O{1H} D-RINEPT-SR41

2(tt) experiment excites
both hydroxyls and oxide 17O centers that are near 1H nuclei,51

and (3) a 17O direct DNP experiment that reveals all surface 17O
centers,52 regardless of 1H locality. The MAS spinning frequency
was set to 13.888 kHz and 17O pulses utilized effective RF
powers of 25 kHz. 1H RF powers were of 100 kHz for hard and
CW pulses and 132 kHz for the tanh/tan adiabatic SR41

2 pulses
used in the D-RINEPT-SR41

2(tt) experiments. Recycle delays
were set to 2 s and 8 s for the indirect and direct DNP experi-
ments performed on the STO, respectively, and 10 s in the case
of anatase TiO2. Quadrupolar Carr–Purcell Meibook–Gill
(QCPMG) was applied for sensitivity enhancement.53 34 echoes
were acquired, with a spikelet separation of 694 Hz. PRESTO
spectra were acquired in 2048 and 768 scans for STO and TiO2,
respectively, with 2 rotor cycles of recoupling and INEPT spectra
were acquired in 8192 and 1536 scans with 32 rotor cycles of
recoupling. Direct DNP experiments utilized a 6.94 kHz spikelet
separation, recycle delays between 1 and 256 s and acquired in
256 scans. Through-space 17O{1H} heteronuclear correlation
experiments were measured using the D-RINEPT-SR41

2(tt) pulse
sequence and 100 kHz 1H frequency-switched Lee-Goldburg
homonuclear decoupling.54 672 scans were acquired for each
of the 16 t1 increments of 130.672 ms and the QCPMG spikelet
separation was increased to 2.315 kHz.

1H{195Pt} experiments were carried out using a sideband-
selective perfect-echo (PE)-RESPDOR experiment using an Agi-
lent DD2 400 MHz spectrometer equipped with a Samoson
1.7 mm fast-MAS probe.55 Samples were packed into 1.7 mm
rotors in an inert atmosphere and spun to 40 kHz using pres-
surized nitrogen. Hard 1H pulses utilized a 100 kHz RF eld
This journal is © The Royal Society of Chemistry 2023
while the sideband-selective, 50 ms, 195Pt pulses were applied
with a 13 kHz RF power. The total recoupling time was equal to
1.2 ms. Sub-spectra were acquired in either 2048 or 16 384 scans
with a 1 s recycle delay. The 195Pt offset frequency was rst
stepped in 10 kHz increments around −2000 ppm to nd
a spinning sideband and was then stepped in 40 kHz incre-
ments to measure the intensities of the neighboring spinning
sidebands.

Density functional theory. Density-functional theory (DFT)
calculations of 17O magnetic shielding and electric eld
gradient tensors were carried out using CASTEP (version
2018).56 The default “on-the-y” ultraso pseudopotentials were
used together with the exchange-correlation functional of Per-
dew, Burke, and Ernzerhof (PBE).57,58 Structures were rst
geometry optimized with convergence tolerances of 2 × 10−5 eV
per atom in total energy, 0.05 eV Å−1 in forces, and 0.002 Å in
maximum atomic displacement. Geometry optimization calcu-
lations used kinetic energy cutoffs of 489.8 eV, a k-point grid
density of 0.08 Å−1, and the Grimme D2 dispersion scheme.59

Shielding calculations used the gauge-including projector
augmented-wave (GIPAW) method as implemented within
CASTEP.60,61 The kinetic energy cutoff was increased to 700 eV
and the k-point grid density was set to 0.03 Å−1. 17O magnetic
shielding constants converged to within 1 ppm and were con-
verted to chemical shis using a reference shielding of
187.065 ppm calculated using SrO and TiO2.

Electron microscopy. Nanoparticle imaging was conducted
by scanning transmission electron microscopy, using a FEI
Talos F200X TEM/STEM operated at 200 kV. Aberration-
corrected high-resolution transmission electron microscopic
images were acquired using the Argonne Chromatic Aberration-
corrected TEM (ACAT), a FEI Titan 80-300 ST with an image
corrector to correct both spherical and chromatic aberrations.
These microscopes were used in coordination with the Center
for Nanoscale Materials (CNM) at Argonne National Laboratory.
In preparation for analysis by electron microscopy, powdered
samples (∼20 mg) were sonicated in ethanol (10 mL) for 15
minutes. The resulting suspension was dropcast onto a lacey
carbon TEM grid (Ted Pella, Inc., UC-A on Lacey 400 mesh Cu).
Particle size and shape were measured using ImageJ and Gatan
Digital Micrograph soware.62 The face-to-face distance
between opposing [100] faces of STO nanocuboids was used as
a measure of particle width.

Brunauer–Emmet–Teller (BET) surface area measurements.
The catalyst surface area was determined by nitrogen adsorp-
tion using a Micromeritics ASAP 2010 instrument. Each sample
was degassed by heating at 150 °C under vacuum prior to
measuring the surface area. Five data points were measured for
an accurate evaluation of surface area.

X-ray absorption ne structure (XAFS). XAFS spectroscopy
measurements were completed at the 10ID beamline at the
Advanced Photon Source (APS) of Argonne National Laboratory.
The beam was generated via an undulator source with a liquid
N2-cooled Si(111) double crystal monochromator (DCM) and
harmonic rejection mirror. Spectra were collected in uores-
cence mode using Soller slits and a Zn lter with a uorescence
ionization chamber. Simultaneous measurement of the Pt foil
J. Mater. Chem. A, 2023, 11, 1216–1231 | 1219
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was completed and calibrated to 11 562.76 eV at the zero-
crossing of the second derivative. Samples were diluted with
SiO2 and pressed into self-supporting wafers at a 45° angle and
placed within an in situ gas cell as described in detail in
a previous report.63a Spectra were measured under He ow (200
mL min−1) at room temperature before and aer reduction
(3.5% H2/He, 250 °C, 10 minutes, 50 mL min−1) to remove
surface oxide species formed in the samples upon contact with
air. Data processing (includes normalization, background
subtraction calibration, and tting) was performed using the
Demeter/Athena/Artemis suite of XAFS analysis soware.63b

Electron paramagnetic resonance spectroscopy (EPR).
Continuous wave (CW) X-band (9–10 GHz) EPR experiments
were carried out with a Bruker ELEXSYS II E500 EPR spec-
trometer (Bruker Biospin, Billerica, MA), equipped with a TE102
rectangular EPR resonator (Bruker ER 4102ST). Field modula-
tion at 100 kHz in combination with lock-in detection leads to
rst derivative-type CW EPR spectra. Measurements were per-
formed at 15 K. A helium gas-ow cryostat (ICE Oxford, UK) and
an ITC (Oxford Instruments, UK) was used for temperature
control. Data processing was performed using Xepr (Bruker
Biospin, Billerica, MA) and MatlabTM R2018b (MathWorks)
environment.

Thermogravimetric analysis (TGA). TGA was carried out
using a TGA Discovery (TA Instruments) coupled with a mass
spectrometer (QMS200, Stanford Research Systems) with 10
mL min−1 N2.

Powder diffraction (PXRD). The crystalline phase composi-
tions of the samples were determined by PXRD using a Bruker
Diffractometer D8 Advance operating with the following
parameters: Cu Ka radiation of 40 mA, 40 kV, Kl = 0.15418 nm,
2q scanning range of 20–60°, a scan step size of 0.0018° and
a time of 1 s per step. The sample was placed on a zero-
background silicon holder (MTI Corp.) for analysis.

Inductive coupled plasma (ICP). Metal analysis was per-
formed at the Northwestern University Quantitative Bio-
element Imaging Center. Quantication of Pt, Sr, and Ti was
accomplished using ICP-OES of acid-digested samples.

Catalytic hydrogenolysis of i-PP using Pt/STO. Hydro-
genolysis experiments were performed in 100 mL Parr auto-
claves equipped with an overhead stirrer and thermocouple
extending to just above the melted polymer. i-PP (3 g) and Pt/
STO catalyst (300 mg) were loaded into a glass liner in the
reactor. The autoclave was sealed, and then evacuated and
relled with mixed gas (9 : 1 ratio of H2 : He) three times. The
reactor was pressurized with mixed gas (9 : 1 ratio of H2 : He) at
827 kPa at room temperature, and then heated to 300 °C (1.2
MPa). Aer 24 h, the reactor was allowed to cool to room
temperature. The gas in the headspace was directly injected into
a gas chromatograph (GC) for analysis (see below). The
remaining gas in the headspace was slowly released. The liquid
products were collected and fractionated based on their loca-
tion either outside the liner (OL) or inside the liner (IL). OL-
products were directly collected by pipette, while IL-products
were extracted with n-hexane (HPLC grade) warmed at 55 °C.
The extracted solution was ltered through silica gel, and the
solvent was removed using a rotary evaporator. Both OL- and IL-
1220 | J. Mater. Chem. A, 2023, 11, 1216–1231
products were analyzed by ultra-high pressure liquid chroma-
tography (UHPLC), NMR, and thermogravimetric analyzer-
differential scanning calorimetry (TGA-DSC). In the manu-
script, the total amount of liquid is the sum of OL and IL.

Liquid species analysis. A Waters Corporation UHPLC
system equipped with the ACQUITY AQT XT45 (1.7 mm, 4.6 mm,
150 mm) analytical column was used to characterize theMn and
Mw of the soluble products. The calibration standard included
research-grade, pure alkane species individually (n-octane, n-
nonane, n-decane, n-dodecane, n-hexadecane, n-octadecane, n-
eicosane, n-tetracosane, n-octacosane, n-dotriacontane, and n-
hexatriacontane, 1 mL, 50 mg mL−1). A calibration curve and
representative spectrum are presented in the ESI (Fig. S2†). OL-
and IL-products were dissolved in n-hexane (1 mL, 50 mg mL−1)
and injected for analysis.

Quantication of gas species. The volatile products were
sampled by connecting the autoclave to a GC sampling loop and
analyzed simultaneously using a GC-ame ion detector (FID)
and a GC-thermal conductivity detector (TCD) installed on a HP
5890 gas chromatograph. A Supelco 60/80 Carboxen 1000 (15′ ×
1/8′′ × 2.1 mm) packed column (GC-TCD) was used to measure
the ratio of H2 to He (internal standard) to quantify H2 in the
headspace aer an experiment. An Agilent GS-Gaspro (15 m ×

0.32 mm × 0.00 mm) capillary column was used to separate and
quantify the C1–C9 hydrocarbon species by GC-FID. Quanti-
cation of volatile hydrocarbons was conducted by using a cali-
brated gas tank (Matheson, C1–C4 hydrocarbons gas tank) and
pure small molecular weight alkanes solvent vapor (Sigma-
Aldrich, HPLC grade, n-pentane, n-hexane, n-heptane, and n-
octane). A graphical display of a calibration curve is presented
in the ESI (Fig. S3†).

TGA-DSC analysis. i-PP derived samples were analyzed
simultaneously by TGA and DSC conguration, installed on
a Netzsch (STA 449F1) equipped with Al2O3 crucible (volume 85
mL) with lid. The instrument calibrations (weights, temperature,
and sensitivity) were performed using calibration sets (serial
#14565) provided by Netzsch. An empty Al2O3 crucible served as
reference. A 3 mg sample was placed in the sample crucible,
covered by a lid. The sample was heated from 40 to 550 °C with
3 °C min−1 in a streaming nitrogen atmosphere (purge: 20
mL min−1; protective: 20 mL min−1) to suppress oxidation. The
total instrumental runtime was 3 h. Analysis of DSC peaks was
carried out using Proteus Thermal Analysis Soware (Ver 8.0.2)
from Netzsch.

Results and discussion
Preparation of STO nanocuboids prior to surface modication
studies

Strontium titanate (SrTiO3, STO) nanocuboids (nano-
rectangular prisms) were synthesized hydrothermally as per
the scaled-up method described in Peczak et al. at 240 °C for
2 h.19,64 The STO nanocuboids have an average size of 45 ±

10 nm and an average shape of a cube composed of (100) facets,
with rounded edges. 70 to 75% of nanoparticles in the STO
sample take this shape, though the batch is 100% crystalline
SrTiO3 by powder X-ray diffraction. Previous work has
This journal is © The Royal Society of Chemistry 2023
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demonstrated that hydrothermally synthesized STO nano-
cuboids predominantly have a Ti-rich,

ffiffiffiffiffi

13
p

by
ffiffiffiffiffi

13
p

, 33.3°
rotated TiO2 double layer reconstruction on the surface of the
{100} facets,19,64–72 and that upon annealing at elevated
temperatures, the rounded corners between these {100} facets
reform into {110} facets.66 Additionally, bulk STO has a close
lattice match with platinum, which can result in a high degree
of epitaxial stabilization of platinum nanoparticles on the
support surface.23,26,73 Previously, platinum nanoparticles with
narrow size distribution and a range of sizes were synthesized
on STO nanocuboids by atomic layer deposition (ALD).18,23,25,26,74

These ALD-derived Pt/STO catalysts synthesized show no signs
of immediately evident SrCO3 buildup at room temperature or
typical reaction conditions (200–300 °C), per results collected
via X-ray diffraction (Fig. S4†), though some carbonate desorp-
tion was observed at high temperatures (Fig. S5†).

In atomic layer deposition, ozone treatment is used to clean
the STO surface because as-synthesized STO nanocuboids can
have a range of adventitious species on the surface, including
hydroxyls as part of the surface termination, adsorbed water, or
ions (e.g. sodium, chloride, hydroxide, acetate, carbonate) from
the hydrothermal solution, as suggested in Peczak et al.19

Carbonates, for example, can form during the STO synthesis
Fig. 2 TGA (a), 1st derivative (b), water signal (c) and CO2 signal (d) of ST

This journal is © The Royal Society of Chemistry 2023
when inhomogeneity in the pre-heating Sr–Ti–OH mixture
creates local environments with intermediate pH (e.g. 3 < pH <
9). In this range, strontium carbonate is more thermodynami-
cally stable than strontium titanate.19,75–77 The concentration of
the adsorbed ions from the reactionmixture can be signicantly
decreased by washing and drying the nanoparticles post-
synthesis. However, such post-reaction processing still allows
for some species, such as hydroxyls and water, to remain on the
surface. Variation in the concentration of hydroxyls and water
on the surface, both between batches and between individual
cuboids, can result in inhomogeneity in the graing of catalyst
precursors on the surface of the support. To minimize this
effect, various pre-treatments can be performed to burn or
desorb species on the surface or to selectively re-introduce
desired surface species. Here, calcination and ozonolysis were
used for the former, and steam for hydroxyls.
Surface modication through calcination

STO nanocuboids were calcined for 4 h at temperatures between
350 °C and 550 °C. Particle size and the relative amount of
nanocuboid particles are statistically equivalent in the as-
synthesized sample and post-calcination samples (Fig. S6 and
O as prepared and after calcination at 350 °C, 450 °C and 550 °C.

J. Mater. Chem. A, 2023, 11, 1216–1231 | 1221
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Table S1†). Calcination of as-synthesized STO nanocuboids at
350 °C and 550 °C desorbed most surface species, which
generally desorb between 200 °C and 600 °C, as seen by TGA of
the calcined materials (Fig. 2). These results demonstrate that
calcination at 550 °C exhibits the lowest weight loss of desorbed
species, indicating that this surface is the least contaminated
and therefore cleanest. At around 550 °C, the surface area of the
STO sample has decreased 37% from the as-synthesized sample
even though particle morphology does not visibly change. This
likely stems from the coalescence of individual STO nano-
cuboids (Table S2†). To avoid this and ensure that the STO
support surface area was sufficiently high for catalyst deposi-
tion, calcination treatments were not carried out at tempera-
tures higher than 550 °C.

Effect of calcination on MeCpPtMe3 graing

One cycle of platinum was deposited at room temperature on
STO samples calcined at 350 °C or 550 °C, using the
MeCpPtMe3, the organometallic precursor used for ALD of Pt,
resulting in Pt/STO samples with weight loadings of 0.019 wt%
and 0.13 wt%, respectively. It appears that the Pt particle size is
uneven on the STO calcined at 350 °C, while it is more uniform
when deposited on STO calcined at 550 °C (Fig. 3). Uneven
deposition on otherwise equivalent samples is likely due to
remaining surface species that interfere with Pt graing,
Fig. 3 1cPt/STO using STO pre-calcined at 350 °C (a) and at 550 °C (b).
samples presented in (a) and (b) are provided in the adjacent histograms

1222 | J. Mater. Chem. A, 2023, 11, 1216–1231
making calcination at 550 °C the preferred temperature.
However, the weight loading of Pt is still low relative to previ-
ously reported ALD deposition and can likely be increased
through additional pre-deposition surface treatments.

Surface modication through ozonolysis

A similar effect to calcination can be achieved at lower
temperatures using stronger oxidants, such as ozone through
ozonolysis. The lower temperature of ozonolysis can be bene-
cial if there are other properties, such as phase transitions or
sintering, that would be accelerated at higher temperatures. In
this work, both processes were used in sequence to ensure that
STO support surfaces were sufficiently clean for Pt deposition.
Additionally, because ozone treatment at 200 °C was previously
used to deposit Pt by ALD,18 the use of ozonolysis in this work
enables a comparative study between ALD- and SOMC-derived
Pt deposition methods. Ozone treatment at 200 °C was used
to treat the STO surface aer calcination prior to catalyst
deposition. Pt deposition was conducted via SOMC of
MeCpPtMe3 at 65 °C on STO supports treated by both calcina-
tion and a combination of calcination and ozonolysis. Ozone
treatment did not signicantly affect nal Pt particle size, as
nal particle sizes for both samples were 1.3 nm (Fig. 4), and Pt
weight loadings were similar (0.13 wt% without ozone and
0.12 wt% with ozone).
Metalation of MeCpPtMe3 at 25 °C. Pt particle size distributions for the
in (c) and (d), respectively.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Platinum particle size distributions for SOMC 1cPt/STO prepared with STO that had been calcined at 550 °C and steamed at 200 °C (red,
average size of 1.3 ± 0.2 nm) and with an additional ozone treatment at 200 °C between the calcination and steaming steps (green, average size
of 1.3 ± 0.2 nm). Metalation of MeCpPtMe3 at 65 °C.
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Effect of steam treatment

Any combination of calcination and ozonolysis likely leads to
signicant dehydroxylation, meaning that hydroxyls must be
replenished prior to SOMC graing. Steam treatment at
elevated temperatures can be used to re-introduce controlled
concentrations of surface hydroxyls.78 NMR titration of surface
hydroxyls on STO nanocuboids with Bn2Mg(THF)2 on samples
calcined at 550 °C and then steam-treated at temperatures
ranging from 100 °C to 500 °C revealed that the hydroxyl
concentration reaches a maximum of 17.3 OH per nm2 at 200 °C
(Fig. S7†). The presence of O3 did not signicantly affect surface
hydroxyl concentrations. Below that temperature, the number
of reconstituted hydroxyls is low, and above that temperature,
the formation of hydroxyls is increasingly in competition with
the reverse dehydration reaction to form a bridging oxygen,
shiing the equilibrium toward low hydroxyl concen-
trations.79a,b Steam treatment at 200 °C was selected to use as
a post-treatment of ozonolysis. TGA conrms a higher loss of
water when ozone is used in between the calcination at 550 °C
and the steam treatment at 200 °C (Fig. S8†). It is likely that the
increased oxidizing power of ozone is leading to re-arrangement
and stabilization of the surface, making it more prone to reac-
tion with water to form hydroxyls.

DNP-enhanced 17O solid-state NMR was carried out to
characterize the structure of the formed hydroxy species and
surface termination. Three experiments, PRESTO, D-RINEPT-
SR41

2(tt), and direct DNP, were conducted to selectively detect
hydroxyl species, all oxygen centers near 1H spins, and all
oxygen centers regardless of environment, respectively. The D-
RINEPT-SR41

2(tt) experiment revealed two major surface envi-
ronments resonating near 500 and 100 ppm at 9.4 T, the later of
which could be assigned to hydroxyls using the PRESTO
measurement (Fig. 5). Plane-wave DFT calculations were carried

out on the c(4 × 4)80 and ð ffiffiffiffiffi

13
p � ffiffiffiffiffi

13
p ÞR33:7� terminations of

STO,81 in addition to three hydrated variants of the (2 × 1)
This journal is © The Royal Society of Chemistry 2023
termination,82,83 to predict the 17O chemical shis and quad-
rupolar coupling parameters for various surface environments.
These calculations revealed that the signal around 500 ppm can
be attributed to surface oxygen species in the TiO2 double layer,
with potentially a shoulder from the Sr layer. No evidence for Sr–
OH species was detected, meaning that, as expected, the Pt
graing sites are Ti–OH species. The ratio of the Ti–O–Ti and
Ti–OH signal intensities was similar in a direct DNP experiment
and was not affected by the solvent protonation level. 17O{1H}
HETCOR experiments revealed that the major correlation for
the oxide resonances was from a neighboring Ti–OH species,
and this was not affected by the application of a longer recou-
pling time in protonated TCE (i.e. no correlations to solvent
were observed, Fig. 5). This indicates that hydroxyls are found
homogeneously on all STO facets and that signicant defects

are present in the usually hydrophobic ð ffiffiffiffiffi

13
p � ffiffiffiffiffi

13
p ÞR33:7�

surfaces, in agreement with the high average hydroxyl density.
Effect on Pt precursor and solution temperature on graing

The amount of Pt loading via SOMC can be increased by
changing the starting Pt complex that is graed to the STO
surface. Pt(acac)2 and MeCpPtMe3 are two common platinum
precursors used in catalyst synthesis.82–85 In addition to tradi-
tional methods such as wet impregnation, incipient wetness,
and co-precipitation, these precursors have been used for ALD
of Pt nanoparticles on oxide surfaces,86 with MeCpPtMe3
specically used to grow Pt nanoparticles of a range of sizes
through cyclic growth on STO nanocuboids.18,23,24,26,86 On STO
calcined at 550 °C, ozone and steam treated at 200 °C, graing
at 50 °C of Pt(acac)2 was more efficient (0.50 wt% Pt) than the
graing using MeCpPtMe3 (0.12 wt%), which is expected due
the covalent nature of the Pt–C bond in the latter.

Solid-state NMR 1H{195Pt} perfect-echo RESPDOR experi-
ments (Fig. 6) were performed on a sample of MeCpPtMe3
graed onto STO. Correlations were observed in the sideband-
J. Mater. Chem. A, 2023, 11, 1216–1231 | 1223
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Fig. 5 Experimental (black) D-RINEPT-SR41
2(tt) (bottom) 1D and

2D17O{1H} spectra and 17O{1H} PRESTO spectra acquired on STO and
anatase titania. Simulated spectra are shown on the top corresponding
to the parameters calculated using plane-wave DFT for various surface
terminations, as indicated on the figure. An asterisk is used to mark the
position of a spinning sideband.

Fig. 6 Simulated (red) and experimental (black) 1H MAS (a) and 1H
{195Pt} perfect-echo RESPDOR (b) solid-state NMR spectra acquired
on a MeCpPtMe3/STO material.
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selective experiment corresponding to a uniform Pt environ-
ment characterized by an isotropic 195Pt chemical shi of−2100
± 100 ppm, a tensor span of 1600 ± 200 ppm, and a skew of
−0.8 ± 0.2. These parameters are similar to those measured in
a MeCpPtMe3/Zn–SiO2 catalyst,87 suggesting that it adopts
a similar bipodal coordination environment. This is consistent
with the observation that aer graing of MeCpPtMe3 onto STO
supports, the nal Pt loading (0.5 wt%) was lower than that
obtained with Pt(acac)2 (2 wt%), as a bipodal mode of graing
consumes surface hydroxyls that would otherwise be available
for additional Pt deposition. No evidence of monopodal or
tripodal Pt species was detected.

EPR spectroscopy conrmed the presence of Ti(III) on STO
both as synthesized and aer calcination (Fig. S9†). The
observation of Ti(III) in these samples is consistent with
1224 | J. Mater. Chem. A, 2023, 11, 1216–1231
previous reports that show Ti(III) evolution in STO aer treat-
ment in both reducing environments and high-temperature
annealing environments. It has been proposed that such an
environment can introduce oxygen vacancies into the STO
crystal lattice, leading to a reduction of Ti4+ to Ti3+ to preserve
electrical neutrality.87–89 Overall, Ti(IV) appears to be the domi-
nant Ti species, though paramagnetic effects from Ti(III) over-
whelm the NMR signals for 1H and 195Pt.
Metalation temperature for Pt(acac)2 deposition

Aer STO nanocuboids were calcined at 550 °C and treated by
ozonolysis and steaming (both at 200 °C), Pt(acac)2 was graed
onto the STO nanocuboids in toluene at temperatures ranging
from 50 °C to 120 °C for 72 h. The Pt loading was slightly
affected by solution temperature for Pt(acac)2, with 0.50 wt% Pt
deposition being observed at 50 °C, and increasing slightly to
0.54 wt% at 80 °C and 0.55 wt% at 120 °C (Fig. 7). A metalation
temperature of 90 °C was also tested, and average Pt particle
size was comparable to that observed for depositions carried out
at 80 °C (Fig. S10†). A metalation temperature of 120 °C led to
larger particles, however, which are thought to be less active for
polyolen hydrogenolysis.18 Thus, metalation at 80 °C was
selected for further experiments.
Multiple-cycle deposition

One of the unique features of the self-limiting ALD processes is
that particles or layers of a desired size or thickness can be
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 STEM HAADF micrographs of SOMC 1cPt/STO calcined at 550 °C, followed by O3 and steam treatment at 200 °C, made at a 50 °C (1.2 ±

0.3 nm; (a)), 80 °C (1.3 nm, (b)), and 120 °C (1.8 nm, (c)).
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grown by repeating the growth cycle a specic number of
times.23,90 SOMC is also a self-limiting deposition process, and it
should be possible to perform additional cycles of graing to
deposit controlled amounts of Pt on the surface until a desired
particle density or size is reached. We observed the Pt surface
loading increase from 0.90 Pt atoms per nm2 aer one cycle to
1.66 Pt atoms per nm2 aer two cycles. Interestingly, the average
Pt nanoparticle diameter was independent of the number of
cycles at 1.3 ± 0.3 nm, 1.2 ± 0.39 nm, and 1.5 ± 0.35 nm aer
the 1, 2, and 3 cycles (Table 1). Instead, increases in Pt loading
are driven by new nanoparticle formation. The cycle-by-cycle
growth behavior of SOMC under reducing conditions is
different from analogous ALD depositions, where oxidizing
conditions appear to favor particle growth over new nucleation
on subsequent cycles.86,90

Aer the Pt precursor is graed to the STO nanocuboid
surface (two cycles), the excess precursor is washed off with
toluene and the pre-catalyst is dried before forming Pt nano-
particles. Like ALD,86 Pt nanoparticles can be formed via
oxidation or reduction of the graed species to remove the
stabilizing ligands. In both the oxidizing and reducing cases,
the individual Pt atoms are mobile on the oxide surface and
nucleate to form nanoparticles. In the case of ALD at sub-
atmospheric pressures, under oxidizing conditions, PtOx/Pt

0

core–shell particles form, while a metallic Pt0 particle forms
under reducing conditions.86,90 The mobility of the Pt species
can be modied by adjusting the partial pressure of the oxidant
Table 1 Average Pt particle size, measured from STEM-HAADF images,
EXAFS fit results from Table 2 (see below). STO calcined at 550 °C follow

Average diameter
� SD (nm)

1cPt_red/STO 1.3 � 0.30
2cPt_red/STO 1.2 � 0.39
3cPt_red/STO 1.5 � 0.35
2cPt_red/STO_spent 1.8 � 0.89
2cPt_calc/STO 0.8 � 0.22
2cPt_cal + red/STO 1.0 � 0.20
2cPt_cal + red/STO_spent 1.3 � 0.49

a The number of atoms per particle was calculated using estimations des

This journal is © The Royal Society of Chemistry 2023
or reductant.85 Here, the graed Pt species were either annealed
under air at 300 °C, or reduced under hydrogen at 300 °C for 4 h,
or annealed at 300 °C under air followed by reduction at 300 °C
for 4 h. An annealing temperature of 300 °C was chosen to
remove organics according to TGA (Fig. S11†). The average
particle sizes and distributions for all three conditions are
summarized in Fig. 8 and Table 1 along with the Pt loadings.
Oxidizing before reducing lowers the average Pt particle size
from 1.2 to 1.0 nm compared to reduction only, indicating that
PtOx may be better stabilized onto STO, also shown by the Pt/Ti
ratio of 0.374 that remains constant aer reactions. The higher
Pt/Ti ratio in the reduced sample only may be due to the higher
reduction of Pt species compared to the calcined and reduced
samples (Fig. 8 and Table 1). A layer of PtOx in contact with the
support would favor stronger binding compared to Pt0.90,91

Both Pt/STO catalysts mentioned in Fig. 8 were examined by
high-resolution transmission electron microscopy (HRTEM) to
examine the interface between the Pt catalyst and STO support.
The results are presented below in Fig. 9. These micrographs
demonstrate cube-on-cube epitaxy between the Pt metal {100}
facet and {100} STO support facet. However, planar epitaxy
between the Pt metal {101} facet and the {100} facet was
observed in some images. Image analysis suggests that the
epitaxy shown in Fig. 9 represents a minor portion of all Pt/STO
catalyst–support interactions. This epitaxial stabilization is
likely responsible for the high stability of deposited Pt nano-
particles against sintering. Although previous reports of Pt/STO
and loadings measured by ICP. Pt particle size ranges estimated from
ed by O3 and H2O at 200 °C. Metalation of Pt(acac)2 at 80 °C

Particle rangea (nm)
Pt loading
(wt%) Pt/Ti

0.562 0.0224
1.3–1.8 1.082 0.0446

1.636 0.0365
1.3–1.9 1.204 0.0443

0.884 0.0374
1.1–1.9 0.936 0.0374
1.0–1.3 0.960 0.0214

cribed by Jentys88 and assuming a spherical particle shape.

J. Mater. Chem. A, 2023, 11, 1216–1231 | 1225
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Fig. 8 Pt particle size distribution of 2cPt/STO after calcination,
reduction and both oxidation at 300 °C followed by reduction at 300 °
C. STO support has been calcined at 550 °C followed by separate O3

and steam treatment both at 200 °C.

Fig. 9 (a) Aberration corrected HRTEM of platinum nanoparticle
grafted onto STO. Fast Fourier transform patterns of the (b) platinum
nanoparticle and (c) STO indicating the orientation and cube-on-cube
epitaxial growth. The purple color in (b) and (c) is the result of both
noise and overlapping intensities in the diffraction pattern. The white
and yellow points in these sub-figures were used to determine which
Pt and STO facets were imaged.

Fig. 10 Product distribution (liquid and gas) and Mn and Mw from OL
after the first hydrogenolysis and 4 consecutive recycling experiments
using 2cPt_red/STO. Conditions: i-PP (3 g), 301.0 mg 2cPt_red/STO
catalyst, 300 °C, 180 psi mixed gas, 24 h. For gas distribution, see ESI.†
No solid products were observed. Đ = 1.1 for all.
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synthesized by ALD show a larger relative amount of cube-on-
cube epitaxy in comparable samples,24,26,92 these results are
generally consistent with observations that smaller average
sizes for deposited nanoparticles lead to distortions in epitaxial
stabilization.92,93 Such distortions include but are not limited to
planar epitaxy, as is the case here, or existences as twinned
particles, as was observed in some images corresponding to the
experiment in Fig. 9. An example of such epitaxy is presented in
the ESI (Fig. S12†).

Catalytic testing and recyclability

The 2cPt_red/STO was tested in the hydrogenolysis of i-PP at
300 °C and 180 psi for 24 h. The sample was chosen because its
1226 | J. Mater. Chem. A, 2023, 11, 1216–1231
Pt loading and average Pt particle diameter most closely match
Pt/STO catalysts synthesized by one cycle of ALD,18,23 allowing
comparison of hydrogenolysis results between physically
similar samples. The yield of liquid products was 96.3%. TheMn

of the product was ∼270 Da with a dispersity (Đ) of 1.1 (Fig. 10).
A key feature of the ALD-Pt/STO is its reusability, which is
a result of its stability against sintering, as determined by
repeated catalytic tests and TEM of the post-reaction catalyst.
The 2cPt_red/STO was recovered and used four additional times
for a total of ve catalytic runs, and full conversion of i-PP was
obtained for all runs (no solid product remained). TheMn of the
product was obtained from the used 2cPt_red/STO catalyst was
identical to the rst experiment with fresh catalyst. There were
a few changes in hydrogenolysis experiments over catalyst
recycling. First, the molar H2 consumption, corresponding to
the moles of C–C bonds that are hydrogenolyzed, was 3.0 mmol
for the rst run and approximately 4 mmol for subsequent runs,
with less than 10% of the i-PP converted (Fig. S13†). There was
a small decrease in the quantity of methane formed aer the
rst two runs, which may be related to changes in the available
active sites. Aer the rst catalytic run, the headspace is
comprised of around 70 mol% methane. An equivalent mole
percent of methane formation was reported by Hackler et al.,
who used a comparable Pt/STO catalyst for i-PP upcycling under
largely equivalent conditions.21

Aer the 5 consecutive catalytic runs, Pt particle size
increased slightly from 1.2 nm to 1.8 nm (Fig. 11a and b) and
the Pt loading increased from 1.082 to 1.204 wt%, likely because
of the loss of carbon-rich species from the as-prepared catalyst.
However, the Pt/Ti ratio decreased only slightly from 0.0446 to
0.0443, indicating a negligible loss of Pt.

The 2cPt_cal+red/STO catalyst, containing smaller nano-
particles, was also tested for stability against sintering by
repeated catalytic testing for i-PP hydrogenolysis at 300 °C, 180
psi for 24 h. The Mn of the product was ∼200 Da for the rst 4
This journal is © The Royal Society of Chemistry 2023
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Fig. 11 (a) STEM-HAADF image of 2cPt/STO and (b) platinum particle size distributions (1.8 ± 0.89 nm) (right) after 5 catalytic runs. The initial
sample is 2cPt_red/STO (Table 1). (c) STEM-HAADF image of 2cPt/STO and (d) platinum particle size distributions (1.3± 0.49 nm) after 5 catalytic
runs. The initial sample is 2cPt_cal+red/STO (Table 1).
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runs and 218 Da aer the 4th run (Fig. 12). More light gases, in
particular methane, and liquid alkanes (C5H12 and C6H14) were
formed aer initial runs, although the amounts of gases and
liquids formed decreased with successive reactions (Fig. S14†).
Fig. 12 Product distribution (liquid and gas) and Mn and Mw from OL
after the first hydrogenolysis and 4 consecutive recycling experiments
using 2cPt_cal+red/STO. Conditions: i-PP (3 g), 301.0 mg
2cPt_cal+red/STO catalyst, 300 °C, 180 psi mixed gas, 24 h. For gas
distribution, see ESI.† No solid products were observed. Đ = 1.1 for all.

This journal is © The Royal Society of Chemistry 2023
It was previously proposed that smaller catalyst nanoparticles
produce lower molecular-weight upcycling products due to the
availability of more Pt edge sites, which may be active sites for
polymer hydrogenolysis, potentially explaining the greater
methane production. The particle sizes reported above are
consistent with this relative denition of “smaller” particles.18

Pictures of the initial polymer and nal products are presented
in Fig. S15.† In general, the SOMC-derived Pt/STO catalyst re-
ported herein hydrogenolyzes polyolens to upcycled products
with similar yields and average molecular weights to those
made by comparable catalysts, such as those reported by
Hackler.20,21 A table of comparable catalysts is presented in the
ESI (Table S3†). Aer the 5 consecutive catalytic runs, Pt particle
size increased slightly from 1.0 nm to 1.3 nm (Fig. 11c and d)
and the Pt loading increased from 0.936 to 0.960 wt%. However,
the Pt/Ti ratio decreased only slightly from 0.0374 to 0.0214,
also indicating a negligible loss of Pt.

XAFS was performed on the fresh and spent 2cPt_red/STO
and 2cPt_cal+red/STO. According to the Pt L3 XANES, the
2cPt_cal+red/STO was the least reduced sample while the two
spent samples were the most reduced (Fig. S16†) by qualitative
comparison of the spectra with Pt metal and PtO2. Linear
combination tting (LCF) with the metal and oxide spectra for
the fresh samples indicates a larger fraction of oxidized Pt in
2cPt_cal+red/STO than 2cPt_red (Table S4†), consistent with
J. Mater. Chem. A, 2023, 11, 1216–1231 | 1227
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Table 2 Pt L3 edge EXAFS fit results for 2cPt/STO samples before and after 5 reactions (k= 3.0–15 Å−1, Dk= 0.5, kN N= 1, 2, 3, R= 1.9–3.1 Å). S0
2

set to the value (0.84) fit for the Pt reference foil. Notation: N – coordination number, R – distance to neighboring atom, s2 – Debye–Waller
factor, DE0 – energy correction

Sample N R (Å) s2 (×10−3 Å2) DE0 (eV) R-Factor

2cPt_red/STO Fresh 8.5 � 0.4 2.727 � 0.002 7.5 � 0.3 5.8 � 0.4 0.004
Spent 8.6 � 0.4 2.737 � 0.002 6.6 � 0.3 5.6 � 0.4 0.004

2cPt_cal+red/STO Fresh 8.2 � 0.8 2.711 � 0.006 9.5 � 0.7 5.0 � 0.3 0.020
Spent 7.7 � 0.4 2.716 � 0.003 8.2 � 0.3 4.3 � 0.4 0.004

Pt metal — 12 2.765 � 0.002 4.8 � 0.2 7.6 � 0.4 0.008
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smaller average particle sizes observed for the former (Table 1).
Spent 2cPt_red and 2cPt_cal+red/STO closely resemble metallic
Pt even aer air exposure (Fig. S16†), suggesting surface species
deposited from the hydrogenolysis experiments may have pre-
vented re-oxidation of surface Pt unlike the fresh materials.
Aer an in situ reduction in 3.5% H2/He at 250 °C for 10 min, all
samples were reduced (Fig. S17†). For both samples, there was
no signicant change in the Pt–Pt coordination number (Table
2) aer reaction, although larger Pt–Pt bond lengths and
smaller Debye–Waller factors t for the spent samples also
support an increase in the average Pt particle size following
hydrogenolysis for both 2cPt_cal+red/STO and 2cPt_red. The
sample that was calcined rst had a lower coordination number
(8.2 vs. 8.5) and Pt–Pt bond length than the sample reduced
without calcination which is also in agreement with a smaller
particle size observed in TEM and suggested from XANES LCF
results (Table S4†).
Conclusions

In this work, we have established a multi-cycle, SOMC-derived
process by which Pt/STO catalysts can be synthesized from
organometallic Pt precursors in a toluene solution. Prior to
deposition, the STO support surface is calcined, ozonolysed,
and steamed at 200 °C. MeCpPtMe3 and Pt(acac)2 were both
graed onto STO in toluene, and Pt(acac)2 was found to afford
a signicantly higher Pt loading. Deposition of Pt(acac)2 at 80 °C
was found to be optimal because it produced the highest Pt
loading and best homogeneity aer surface decoration. This
afforded samples with average Pt particle sizes of 1.3, 1.2, and
1.5 nm, corresponding to Pt loadings of 0.6 wt%, 1.1 wt%, and
1.6 wt% aer 1, 2, and 3 cycles of deposition and reduction in
H2, respectively. These data suggest that SOMC techniques,
when applied in successive cycles, favor new particle deposition
over increasing the size of existing particles.

Two samples of 2cPt/STO, one which was reduced and
another which was both calcined and reduced aer synthesis,
were tested for hydrogenolysis of isotactic polypropylene (Mn =

5 kDa, Mw = 12 kDa). The Pt/STO samples have average Pt
particle sizes of around 1.2 and 1.0 nm, respectively, and
afforded nal upcycling products (all >95% yield) with molec-
ular weights around 300 and 200 Da, respectively. This suggests
that smaller supported Pt nanoparticles are generally more
active for polyolen hydrogenolysis, which is consistent with
previous reports of plastic upcycling with the Pt/STO system.
1228 | J. Mater. Chem. A, 2023, 11, 1216–1231
Overall, the results suggest that SOMC-derived Pt/STO catalysts
meet several proof-of-concept criteria and have the potential to
be commercially viable upcycling catalysts.
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51 H. Nagashima, J. Trébosc, Y. Kon, K. Sato, O. Lafon and
J.-P. Amoureux, J. Am. Chem. Soc., 2020, 142(24), 10659–
10672.

52 F. A. Perras, K. C. Boteju, I. I. Slowing, A. D. Sadow and
M. Pruski, Chem. Commun., 2018, 54, 3472–3475.

53 F. H. Larsen, J. Skibsted, H. J. Jakobsen and N. C. Nielsen, J.
Am. Chem. Soc., 2000, 122(29), 7080–7086.

54 A. Bielecki, A. C. Kolbert and M. H. Levitt, Chem. Phys. Lett.,
1989, 155(4–5), 341–346.

55 A. Venkatesh, D. Gioffre, B. A. Atterberry, K. Rochlitz,
S. L. Carnahan, Z. Wang, G. Menzildjian, A. Lesage,
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