
 
 

NORTHWESTERN UNIVERSITY 

Syntheses of Platinum Catalysts on Strontium Titanate Nanocuboids for 

Selective Polyolefin Hydrogenolysis 

 

A DISSERTATION 

SUBMITTED TO THE GRADUATE SCHOOL 
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

 

for the degree 

 

DOCTOR OF PHILOSOPHY 

 

Field of Chemistry 

By 

Ian Lukasz Peczak 

 

EVANSTON, ILLINOIS 

June 2023 

 

 

 

 



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by Ian L. Peczak, 2023 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

ABSTRACT 

Single-use plastic waste pollution will cause significant harm to the environment if left unaddressed. One 

possible mitigation strategy is to develop processes, e.g. catalytic hydrogenolysis, that can convert (i.e. 

upcycle) waste plastics into value-added products capable of participating in a circular economy. Platinum 

(Pt) catalysts on strontium titanate nanocuboid supports (STO; Pt/STO) are attractive hydrogenolysis 

catalysts because of properties such as cube-on-cube epitaxy between Pt and STO, which contribute to 

superior catalytic performance. However, for Pt/STO to commercially upcycle discarded polyolefins, 

tunable and scalable Pt/STO syntheses that do not harm catalytic performance must be designed.  

 

As part of a broad upcycling study, Pt/STO catalysts were synthesized by scalable methods and used to 

hydrogenolyze research-grade polyethylene into uniform, straight-chain lubricant products (Mn = 490 Da, 

Ð = 1.03). Microwave- and convection-based STO nanocuboid syntheses were developed to control 

support particle size and morphology, and highly cuboidal STO nanoparticles were obtained with average 

sizes from 20 to 80 nm and low size variance between the particles in each batch. One synthesis 

produced 20 g STO under relatively mild conditions (16 h, 200 °C) and replaced TiCl4 (l) with titanium (IV) 

bisammonium lactato dihydroxide, a water-stable Ti4+
 complex.  

 

Pt nanoparticles were deposited on STO using surface organometallic chemistry (SOMC) and strong 

electrostatic adsorption (SEA). For both techniques, sequential cycles of deposition and reduction were 

used to increase Pt loading on the support surface. For SOMC-derived Pt/STO, average loading 

increased up to 1.5 % Pt by weight, and average Pt particle size increased to about 1.5 nm. For SEA-

derived Pt/STO, average loading increased to 0.65 % Pt by weight, and average Pt particle size 

increased to about 2.8 nm. SOMC-derived Pt/STO converted isotactic polypropylene (starting Mn = 6000 

Da) into low-dispersity products (Ð = 1.1 for each sample) with average molecular weights centered 

between 200 < Mn < 300 Da. Increasing the scale of Pt/STO synthesis did not adversely affect upcycling 

product distributions when said catalysts were used for hydrogenolysis. Consistent with experimental 
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observations, preliminary models of polymer adsorption on Pt/STO via a united-atom representation 

suggest that long chains adsorb preferentially on Pt.              
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ALD: atomic layer deposition. 

BET: Brunauer–Emmett–Teller 

  BF: Bright field 

BTO: Barium titanate 

CFR: Continuous flow reactor 

CH: Convection Hydrothermal Heating  

DRIFTS: diffuse reflectance infrared Fourier transform spectroscopy. 

HAADF: high angle annular dark field. 

HDPE: High-density polyethylene 

HREM: high resolution electron microscopy. ICP: inductively coupled plasma. 

ICP-OES: inductively coupled plasma optical emission Spectroscopy. 

LDPE: Low-density polyethylene 

LLDPE: Linear low-density polyethylene 

MAH: Microwave-Assisted Hydrothermal Heating 

MDPE: Mid-density polyethylene 

NC: Nanocuboid 

PE: Polyethylene 

PP: Polypropylene 

PTA: Platinum (IV) tetraamine nitrate 

PXRD: powder x-ray diffraction 

RT13: ( √ 13× √ 13) R 33.7°.  

SEA: Strong electrostatic adsorption 

SCO: Strontium Carbonate 

SOMC: surface organometallic chemistry 

Sr(OAc)2: strontium acetate 

STEM: scanning transmission electron microscopy 

STO: SrTiO3 
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TEM: transmission electron microscopy 
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Ti(OBu)4: titanium butoxide 

Ti(OtBu)4: titanium tetrabutoxide. 

Ti(OiPr)4: titanium isopropoxide 

Ti(OPr)4: titanium propoxide 

TiCl4: titanium tetrachloride. 

XPS: X-ray photoelectron spectroscopy 

XRD: X-ray diffraction.  



8 
 

DEDICATION 

I dedicate this Dissertation to my parents, Dorota and Pawel. You two are the purest embodiment of 

American Dream - immigrants from distant shores who left everything behind in search of opportunity in 

these United States. You sacrificed comfort and security to ensure that my sisters and I could live happy 

and fulfilling lives. All three of us have taken that to heart, and I hope this Dissertation demonstrates my 

commitment to honoring those sacrifices and proving they were not in vain. I love you both dearly, and I’m 

incredibly proud to be your son. Thank you for everything. 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

TABLE OF CONTENTS 

Abstract………………………………………………………………………………………………………... 3 

Acknowledgments…………………………………………………………………………………………..... 5 

Abbreviations…………………………………………………………………………………………………. 6 

Dedication……………………………………………………………………………………………………... 8 

Table of Contents…………………………………………………………………………………………….. 9 

List of Tables, Illustrations, Figures, and Graphs…………………………………………………………. 11 

Chapter  1. Introduction……………………………………………………………………………………… 21 

               1.1 Abstract………………………………………………………………………………………… 21 

               1.2 Introduction……………………………………………………………………………………. 21 

               1.3 Recycling Methods…………………………………………………………………………… 25 

               1.4 Pt/STO As a Hydrogenolysis Catalyst……………………………………………………… 35 

               1.5 Focus & Organization………………………………………………………………………… 54 

Chapter  2. Size-Controlled Pt/STO Synthesis with TiCl4…...…………………………………………… 55 

               2.1 Abstract………………………………………………………………………………………… 55 

               2.2 Introduction…………………………………………………..………………………………... 56 

               2.3 Experimental…………………………………………………………………………………... 69 

               2.4 Results and Discussion…………………………………………………………………….... 63 

               2.5 Conclusion……………………………………………….………………………………........ 87 

Chapter  3. Size-Controlled Pt/STO Synthesis with TiCl4…...…………………………………………… 89 

               3.1 Abstract………………………………………………………………………………………… 89 

               3.2 Introduction…………………………………………………..………………………………... 90 

               3.3 Experimental…………………………………………………………………………………... 93 

               3.4 Results and Discussion………………………………………………………………………. 97 

               3.5 Conclusion……………………………………………….……………………………………. 126 

Chapter  4. Size-Controlled Pt/STO Synthesis with TiCl4…...…………………………………………… 128 

               4.1 Abstract………………………………………………………………………………………… 128 

               4.2 Introduction…………………………………………………..………………………………... 129 



10 
 

 

 

 

 

 

 

 

 

               4.3 Experimental…………………………………………………………………………………... 130 

               4.4 Results and Discussion………………………………………………………………………. 133 

               4.5 Conclusion……………………………………………….……………………………………. 149 

Chapter  5. Size-Controlled Pt/STO Synthesis with TiCl4…...…………………………………………… 150 

               5.1 Abstract………………………………………………………………………………………... 150 

               5.2 Introduction………………………………………………..…………………………………... 150 

               5.3 Experimental…………………………………………………………………………………... 155 

               5.4 Results and Discussion…………………………………………………………………….... 164 

               5.5 Conclusion……………………………………………….…………………………………..... 196 

Chapter  6. Size-Controlled Pt/STO Synthesis with TiCl4…...…………………………………………… 197 

               6.1 Abstract………………………………………………………………………………………… 197 

               6.2 Introduction…………………………………………………..………………………………... 197 

               6.3 Experimental…………………………………………………………………………………... 199 

               6.4 Results and Discussion………………………………………………………………………. 200 

               6.5 Conclusion……………………………………………….……………………………………. 205 

Chapter  7. Size-Controlled Pt/STO Synthesis with TiCl4…...…………………………………………… 206 

               7.1 Future Work……………………….…………………………………………………………... 206 

               7.2 Conclusion.…………………………………………………..………………………………... 211 

 References………………………………………………………………………………………………..….. 213 

 



11 
 

 

LIST OF TABLES, ILLUSTRATIONS, FIGURES, AND GRAPHS 
 

Figure 1.1 Graphical Depictions of Chemical Resource Processing in Linear (Top) and Circular 

(Bottom) Economies……………………………………………………………........................ 23 

Figure 1.2 Profit Margins, Market Sizes, and Relative Barriers to Market for the Global Wax, 

Lubricant, and Surfactant industries…………………………………………………………. 25 

Figure 1.3 Impact of Molecular Branching on Alkane Hydrogenolysis Rates………………………….. 30 

Figure 1.4 Progression of Hydrogenolysis Reaction from Starting Polymer to Final Liquid 

Product……………………………………………………………………………………………. 31 

Table 1.1 Select Summary of Supported Catalysts Recently Tested for Polyolefin Hydrogenolysis, 

Associated Reaction Conditions, and Final Reaction Products…………………………….. 32 

Table 1.2 Number-Averaged (Mn) and Weight-Averaged (Mw) Molecular Weights, and Dispersities 

of Initial and Final Polyethylene Products Hydrogenolyzed by a Pt/SrTiO3 Catalyst 

Synthesized with Five Cycles of Atomic Layer Deposition………………………………….. 37 

Figure 1.5

  

Images and Pt Particle Size Measurements of Pt/STO Catalysts Synthesized Through 

1, 5, and 10 Cycles of Atomic Layer Deposition (ALD)……………………………………… 38 

Figure 1.6 Images of STO before and after hydrogenolysis reaction under 170 psi H2 at 300 oC…... 39 

Figure 1.7 Molecular Weight Distributions of Starting LLDPE, iPP Polymers, and an LLDPE-iPP 

Mixture along with Upcycling Products for Hydrogenolysis of Both Pure Starting 

Polymers and Their Mixture…………………………………………………………………….. 41 

Figure 1.8 Tribological Testing Results for Mixtures of Commercial Lubricants and Plastic-Derived 

Lubricant Products………………………………………………………………………………. 43 



12 
 

Figure 1.9 Hypothetical Pilot Plant for Waste Plastic Conversion to Lubricant Products…………….. 45 

Figure 1.10 Representation of Pt/STO Synthesis by Atomic Layer Deposition (ALD)…………………. 47 

Figure 1.11 Schematic of SOMC-Derived Pt/STO Synthesis Using a Pt(acac)2 Precursor…………… 49 

Figure 1.12 HAADF-STEM Micrographs of STO Nanocuboid Supports Synthesized Using 

Microwave-Assisted Heating (Left) and Convection Heating (Right)………………………. 53 

Figure 2.1 Current and Future Routes for Addressing Plastic Waste…………………………………... 56 

Figure 2.2 Visual Representation of Corner Rounding Measurements for STO Nanoparticles……... 60 

Figure 2.3 Schematic of STO NC Synthesis and Possible Orders of Operation for Sr-Ti-OH Gel 

Creation…………………………………………………………………………………………… 64 

Figure 2.4 TEM-BF Micrographs of STO Nanocuboids Synthesized From Each of Four Possible 

Gel Creation Conditions………………………………………………………………………… 65 

Figure 2.5 Rate of pH Change in STO Precursor Gels Based on Order of Operation……………….. 66 

Figure 2.6 Powder X-Ray Diffraction Pattern of STO Precursor Gel Synthesized with Fast BTM 

Addition…………………………………………………………………………………………… 67 

Figure 2.7 Powder X-Ray Diffraction Pattern of STO Precursor Gel Synthesized with Slow BTM 

Addition…………………………………………………………………………………………… 68 

Figure 2.8 Powder X-Ray Diffraction Pattern of STO Precursor Gel Synthesized with Fast MTB 

Addition…………………………………………………………………………………………… 69 

Figure 2.9 Powder X-Ray Diffraction Pattern of STO Precursor Gel Synthesized with Slow MTB 

Addition…………………………………………………………………………………………… 70 



13 
 

Table 2.1 Phase Identification in Pre-Hydrothermal STO Colloidal Precursors………………………. 71 

Figure 2.10 TEM-HAADF Micrographs of STO Gel Precursor in Constant pH (Left, Green) and 

Climbing    pH Conditions (Right, Red)………………………………………………………... 72 

Figure 2.11 Elemental Mapping of Sr/Ti in Sr-Ti-OH Colloidal Precursors……………………………… 73 

Figure 2.12 Average Sizes of STO Nanocuboids Produced Through Variation of Added H2O and 

NaOH……………………………………………………………………………………………… 74 

Table 2.2 Synthetic Conditions Varied during STO Size Variation Experiments……………………... 75 

Figure 2.13 Synthetic Conditions Varied during STO Size Variation Experiments……………………... 75 

Figure 2.14 Electron Micrographs of STO NCs with Varied Average Sizes…………………………….. 76 

Table 2.3 Measurements of Corner Rounding in STO Nanocuboid Samples of Various Sizes……. 77 

Figure 2.15 Size Measurements for Gel Precursors Compared to Final STO Nanocuboid Size……... 78 

Table 2.4 Precursor Particle Sizes vs. Final Hydrothermal Particle Size……………………………… 79 

Figure 2.16 PXRD Patterns of STO Samples with and without SrCO3………………………………….. 81 

Figure 2.17 Conditions Under Which SrCO3 Uptake Was Observed with Longer Stir Times…………. 82 

Figure 2.18 STO Nanoparticle Products Obtained Through Variation of Global Sr:Ti Ratio………….. 83 

Figure 2.19 Degradation of Sr(OH)2
.8H2O After Grinding and Desiccation……………………………... 84 

Figure 2.20 TEM-BF Micrographs of STO Nanocuboids Synthesized in a 4 L Batch Reactor………... 85 

Figure 2.21 TEM-HAADF Micrograph of SEA-Derived Pt/STO Catalysts……………………………….. 87 



14 
 

Figure 3.1 Synthesis of Sr-Ti-OH Reaction Mixtures for Screening by X-Ray Diffraction……………. 98 

Figure 3.2 Sr-Ti-OH for STO Samples in Figure 3.1 that were Highly Cubic (a) and Irregular (b) 

After Heating……………………………………………………………………………………... 99 

Table 3.1 Variation of Sr2+ Source and Resulting Crystalline Composition of Final Sr-Ti-OH 

Mixture……………………………………………………………………………………………. 100 

Figure 3.3 Secondary Electron STEM Micrographs of STO After Hydrothermal Treatment of Sr-Ti-

OH Mixtures that did (left) and did not (right) Precipitate STO Prior to Heating………….. 103 

Figure 3.4 Powder X-Ray Diffraction Characterization of Sr-Ti-OH Reaction Mixture Precipitates 

(Varied Sr2+ and Ti4+ Sources, With and Without Ethanol as a Solvent)…………………... 105 

Figure 3.5 a Representative Powder X-Ray Diffraction Pattern for Sr-Ti-OH Samples Labeled 

“Amorphous”……………………………………………………………………………………… 106 

Figure 3.5 b Representative Powder X-Ray Diffraction Pattern for “Weakly Crystalline” Diffraction 

Pattern in Figure 3.3 with Phases other than SrCO3………………………………………... 107 

Figure 3.5 c Representative Powder X-Ray Diffraction Pattern for Crystalline Diffraction Pattern 

where Sr(OH)2.8H2O is Likely the Primary Phase…………………………………………... 108 

Figure 3.6 Sr-Ti-OH Reaction Mixtures Synthesized from Bimetallic Sr/Ti Solution (no Ethanol, 

Acetic Acid Substituted for a Moderately Strong Acid)………………………………………. 110 

Figure 3.7 a STEM HAADF Micrographs of Sr-Ti-OH Mixtures Prior to Hydrothermal Treatment 

for 125 mL and 1 L Scale Syntheses………………………………………………………….. 112 

Figure 3.7 b X-Ray Diffraction Pattern of Post-Reaction MAH STO Product……………………………. 112 



15 
 

Figure 3.8 High Angle Annular Dark Field (HAADF) STEM Micrographs of MAH STO Samples 

Synthesized in a 1 L Reactor…………………………………………………………………… 113 

Figure 3.9 HAADF STEM Micrograph of Re-Treated STO Nanocuboid Supports……………………. 114 

Table 3.2 Average Particle Sizes for STO Nanoparticles Synthesized at Varied Times and 

Temperatures by Both Microwave Heating (MAH-STO) and Convection Heating (CH-

STO)………………………………………………………………………………………………. 116 

Table 3.3 Average Size and % Cubes per Sample for STO Samples Synthesized in a 4 L 

Hydrothermal Reactor…………………………………………………………………………… 116 

Table 3.4 Summary of Experimental Design for STO Synthesis………………………………………. 117 

Figure 3.10 Percent Nanocuboid Particles for STO Samples Synthesized by Either Microwave 

Heating (MAH)-STO or Convection Heating (CH-STO) with and without Stirring at 

Various Temperatures and Times……………………………………………………………... 118 

Figure 3.11 Percent Nanocuboid Particles for STO Samples Synthesized by Either Microwave 

Heating (MAH)-STO or Convection Heating (CH-STO) with and without Stirring at 

Various Temperatures and Times……………………………………………………………... 119 

Figure 3.12 Electron Micrograph of SrTiO3 Samples Treated Hydrothermally for 64 Hours at 120 oC 

Under Previously Reported Lab Scale Conditions with Convection Heating……………… 121 

Table 3.5 Elemental Ratio of Sr/Ti for STO Samples Synthesized on 1 g, 10 g, and 20 g Scales…. 123 

Figure 3.13 HAADF STEM Micrographs of STO Supports Synthesized by Microwave-Assisted 

Heating and Convection Heating Using TiBALD as a Ti4+ Source…………………………. 124 

Figure 3.14 Powder X-Ray Diffraction Pattern of STO Nanoparticles Synthesized Using TiBALD…... 125 



16 
 

Figure 3.15 Powder X-Ray Diffraction Pattern of Sr-Ti-OH Gel Precursor Synthesized 

with TiBALD as a Ti4+ Source………………………………………………………………….. 126 

Figure 4.1 Hydrogenolysis Reactor Setup with Relevant Dimensions of the Reactor, Impeller, 

and Plastic Melt Height………………………………………………………………………….. 131 

Figure 4.2 1H NMR Spectrum (1,1,2,2,-tetrachloroethane-d2 120 oC, 500 MHz) of LLDPE…………. 134 

Figure 4.3 13C NMR Spectrum (1,1,2,2,-tetrachloroethane-d2 120 oC, 500 MHz) of LLDPE………… 135 

Table 4.1 Polymer samples before and after catalytic hydrogenolysis, with corresponding 

structural properties as determined by gel permeation chromatography (GPC) and 1H 

NMR……………………………………………………………………………………………… 135 

Scheme 4.1 Potential and Unique C-C Bond Cleavage Sites Along the PE Backbone………………… 136 

Figure 4.4 a) Molecular Weight Distribution Plots for Starting and Hydrogenolyzed Polyethylene of 

Varying Molecular Weight and Branching, as Determined by GPC (b) 13C{1H} NMR 

spectrum of Affinity polyolefin prior to hydrogenolysis (c) 13C{1H} NMR spectrum of 

Affinity polyolefin after to hydrogenolysis……………………………………………………... 137 

Figure 4.5 Gas Formation wt% As a Function of Starting Polyolefin Molecular Weight……………… 138 

Figure 4.6 Molecular Weight Distribution Plots for Isotactic, Syndiotactic, and Atactic 

Polypropylenes for the Starting Polymers and Resulting Products After Hydrogenolysis.. 139 

Figure 4.7 Liquid/wax Yield for Various Polyolefins as a Function of Molecular Weight……………... 141 

Figure 4.8 Mass Spectrometry Plots for Various Polymers After Catalytic Hydrogenolysis…………. 142 

Figure 4.9 Molecular Weight Distribution Plot for Catalytic Hydrogenolysis Products  



17 
 

From Various Polyolefins, as Determined by GPC………………………………………… 143 

Table 4.2 NMR Analysis of the Products Produced from iPP in the Presence of H2 or D2………….. 144 

Figure 4.10 (a) Sequential Pathways for C-C- bond Cleavage of iPP via Hydrogenolysis 

to Liquid and Gas Products…………………………………………………………………….. 146 

Figure 4.11 Molecular Weight Distribution for 12 wt % Polyethylene in VistaMaxx iPP-co-PE and 

Isotactic Polypropylene for Comparison, as Determined by GPC………………………….. 148 

Figure 4.12 Molecular Weight Distribution Plots for Virgin LLDPE, Virgin iPP, a Physical Mixture of 

the Virgin Polyolefins, and the Corresponding Hydrogenolysis Product, as Determined 

by GPC……………………………………………………………………………………………. 149 

Figure 5.1 Stepwise SOMC Synthesis of Pt/STO Catalysts with MeCpPtMe3………………………… 154 

Figure 5.2 Stepwise SOMC Synthesis of Pt/STO Catalysts with Pt(acac)2……………………………. 154 

Figure 5.3 i-PP Derived Liquid Sample Analysis………………………………………………………….. 162 

Figure 5.4 Gas Species Quantification and H2 Consumption Analysis………………………………… 163 

Figure 5.5 Diffraction Patterns of SrTiO3 After Various Treatments……………………………………. 165 

Figure 5.6 Thermogravimetric Analysis (TGA) of As-Prepared STO Supports………………………... 165 

Figure 5.7 TEM Images of As-Prepared STO and STO after Calcination at 350 °C, 450 °C, and 

550 °C…………………………………………………………………………………………….. 167 

Table 5.1 Average Size of STO Nanocuboids and Average Amount of Nanocuboid Particles 

per Sample Analyzed for an As-Synthesized Support Sample, and Samples That had 

been Calcined at 350 °C, 450 °C, and 550 °C……………………………………………….. 167 



18 
 

Table 5.2 BET Surface Area of STO Supports After Calcination at Various Temperatures……….... 168 

Figure 5.8 TA, 1st Derivative, Water Signal, and CO2 of STO As Prepared and After Calcination….. 169 

Figure 5.9 1cPt/STO using STO pre-calcined at 350 °C and 550 °C…………………………………... 170 

Figure 5.10 Platinum Particle Size Distributions for SOMC 1c Pt/STO………………………………….. 171 

Figure 5.11 NMR Titration of Surface Hydroxyls per nm2 on STO with Bn2Mg(THF)2 

in C6D6 and Cyclohexene……………………………………………………………………….. 172 

Figure 5.12 TGA Curve and H2O Signals of STO After Various Treatments……………………………. 173 

Figure 5.13 Experimental D-RINEPT-SR41
2(tt) 1D and 2D17O{1H} Spectra and 

17O{1H} PRESTO Spectra Acquired on STO and Anatase Titania…………………………. 175 

Figure 5.14 Simulated and Experimental 1H MAS and 1H{195Pt} perfect-echo RESPDOR 

Solid-State NMR Spectra Acquired on a MeCpPtMe3/STO Sample………………………. 177 

Figure 5.15 Continuous wave X-Band EPR Spectra of Calcined STO, Pt(acac)2 on STO 

After Grafting, Pt(acac)2 on STO after Reduction, and as Prepared STO………………… 178 

Figure 5.16 STEM HAADF Micrographs of SOMC 1c-Pt/STO Calcined at 550 °C, followed by O3 

and Steam Treatment at 200 °C, made at 50 °C, 80 °C, and 120 °C……………………… 179 

Figure 5.17 STEM HAADF Micrographs of SOMC 1c-Pt/STO Calcined at 550 °C, followed by O3 

and Steam Treatment at 200 °C, made at 90 °C…………………………………………….. 179 

Table 5.3 Average Pt Particle Size, measured from STEM-HAADF Images, and Loadings 

Measured by ICP………………………………………………………………………………… 181 



19 
 

Figure 5.18 TGA of 2cPt/STO After a Second Deposition of Pt(acac)2 , only dried…………………….. 182 

Figure 5.19 Pt Particle Size Distribution of 2c-Pt/STO After Calcination, Reduction, and Both 

Reduction and Oxidation at 300 °C, or Just Reduction at 300 °C………………………….. 183 

Figure 5.20 Aberration Corrected HRTEM of Platinum Nanoparticle Grafted Onto STO……………… 184 

Figure 5.21 Aberration Corrected HRTEM of Platinum Nanoparticles Grafted onto STO with 

Two Different Exposed Orientations…………………………………………………………… 185 

Figure 5.22 Product Distribution and Mn and Mw from OL After Initial Hydrogenolysis and 

Four Consecutive Recycling Experiments Using 2cPt_red/STO…………………………… 186 

Figure 5.23 Characterization of Gas Products Formed Via iPP Hydrogenolysis of 2cPt/STO_red… 187 

Figure 5.24 STEM-HAADF Image of 2cPt/STO and Platinum Particle Size Distributions 

After Five Catalytic Runs……………………………………………………………………….. 188 

Figure 5.25 Product Distribution and Mn and Mw from OL after Initial Hydrogenolysis and 

Four Consecutive Recycling Experiments Using 2cPt_cal+red/STO……………………… 190 

Table 5.4 Data for Supported Pt Upcycling Catalysts Comparable to the 

SOMC-Derived Catalysts Reported in this Work…………………………………………….. 190 

Figure 5.26 Characterization of Gas Products Formed Via iPP Hydrogenolysis Using 

2cPt/STO_cal+red……………………………………………………………………………….. 191 

Figure 5.27 Images of The Initial Polymer and After Five Successive Hydrogenolysis Runs 

Using 2cPt/STO_cal+red……………………………………………………………………….. 192 



20 
 

Figure 5.28 XANES Region for 2cPt_red and 2cPt_cal+red Before and After Reaction 

for Materials Without Treatment……………………………………………………………….. 193 

Figure 5.29 XANES Region for 2cPt_red and 2cPt_cal+red Before and After Reaction 

for Materials Reduced in-Situ at 250 °C, 3.5 % H2…………………………………………... 194 

Table 5.6 Pt L3 Edge EXAFS Fit Results for 2cPt/STO Samples Before and After Five Reactions.. 195 

Table 5.7 Linear Combination Fitting Results for As-Received Pt/STO Samples……………………. 195 

Figure 6.1 SEA-Derived Synthesis of Pt/STO on a 1, 5, and 10 g scale………………………………. 200 

Table 6.1 Synthetic Parameters Used for Pt Deposition onto STO Supports on a 300 mg, 1 g, 5 g, 

and 10 g Scale…………………………………………………………………………………… 201 

Figure 6.2 Multi-Cycle Synthesis of Pt/STO with Varied Pt Loadings………………………………….. 202 

Figure 6.3 HDPE Hydrogenolysis with 1c and 3c Pt/STO……………………………………………….. 203 

Table 6.2 . Relevant Data for Comparison of SEA-Derived and ALD-Derived Pt/STO Upcycling of 

Polyethylene Samples…………………………………………………………………………... 204 

Figure 7.1 Variation in Pt and STO Lattice Parameters As a Result of Reductions in Particle Size... 210 

 

 

 

 

 

 

 

 



21 
 

CHAPTER 1 

Introduction 

This Chapter was adapted with permission from “I.L. Peczak, R. M. Kennedy, R. A. Hackler, B. Lee, M. 
Meirow, E. Luijten, M. Delferro, K. R. Poeppelmeier. ‘Treasuring Trash: Pt/SrTiO3 Catalysts Process 

Plastic Waste into High-Value Materials’ Matter, 2023, Submitted.” 
 

© Elsevier 2023. 
 

1.1 ABSTRACT 

Single-use plastics are ubiquitous throughout modern society because they have properties that make 

them desirable in a wide variety of applications, including low cost of production, high thermal and 

chemical stability, and tunable mechanical properties. Several of the recycling methods currently used to 

process single-use plastic waste, such as mechanical recycling and pyrolysis, do not selectively process 

plastic materials into uniform products, as would be advantageous for repurposing these materials in 

pursuit of a circular economy. Catalytic hydrogenolysis, whereby carbon–carbon bonds in polymers are 

broken over a supported catalyst in presence of H2, is a promising approach to converting plastics into 

value-added products that can be sold commercially. In this Account, we present some recent advances 

in polyolefin hydrogenolysis from Argonne National Laboratory and Northwestern University, with a focus 

on Pt nanoparticles on SrTiO3 nanocuboid supports (Pt/SrTiO3; Pt/STO). Current developments in this 

field, general challenges, and future directions are discussed.  

 

1.2 INTRODUCTION 

1.2.1 Plastic Waste and Current Approaches to End-of-Life Management: Origin, Uses, and 

Environmental Impact of Plastics 

Plastics were first developed in the late 19th century to replace scarce natural materials such as wood and 

ivory. Beginning with the synthesis of Bakelite in 1907, interest and investment in the development of 

various fully synthetic plastic materials grew significantly in the early 20th century.1 With the onset of 

World War II, plastic production was prioritized because it allowed Western powers to meet material 
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demands for a wide range of military applications without overusing natural resources. In peacetime, the 

abundance of material feedstocks and existence of well-established commercial processes facilitated the 

repurposing of plastics for use in domestic and commercial applications.2 Since then, plastic production 

has continuously increased to meet growing consumer needs in areas as wide-ranging as packaging, 

medical devices, piping, food and beverage containers, and electronics, among others. This demand has 

recently intensified because of both the COVID-19 pandemic, during which large portions of the global 

population opted for single-use products in lieu of reusable alternatives, and a general increase in the 

global standard of living, which has driven consumption of both non-necessity and specialty goods.2 

While the rate of plastic recycling varies widely by material type, geographic location, and product identity, 

recycling rates are generally low, ranging from around 20% for polyethylene terephthalate (PET, Society 

of the Plastics Industry (SPI) Code 1) to near 0% for plastics such as polyvinyl chloride (PVC, SPI Code 

3). Globally, overall plastic recycling rates are also low, ranging from around 20% in Europe, to 15% in 

Asia, and 5–10% in the United States, creating a pollution crisis that will significantly harm both the 

environment and human health if left unaddressed.3 Of the 300–400 million annual tons of plastic 

produced globally, up to 80% are discarded without further processing.3 These discarded materials often 

end up in landfills, rivers, or oceans where they leach chemicals such as phthalates into soil and ground 

water.4 When present in waterways, single-use plastics can both potentially harm local wildlife and 

habitats and decompose into microplastics, which may eventually end up in food designated for human 

consumption.3,5,6 Beyond creating an environmental hazard, discarded plastics are a major source of 

untapped chemical energy. By some estimates, the energetic value stored in discarded plastics annually 

worldwide is equivalent to around 3.5 billion barrels of oil ($175 billion at $50 / barrel).7  

A critical barrier to the effective processing of plastics is that modern economic arrangements link plastic 

producers, consumers, and post-use processors in a linear fashion (Figure 1.1).8,9 
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Figure 1.1. Graphical Depictions of Chemical Resource Processing in Linear (Top) and Circular 

Economies (Bottom). In a linear economy, primary and energy resources are processed in the 

manufacturing sector to create a variety of industrial chemicals, materials, and consumer goods. These 

materials are then discarded as waste with limited recovery. In a circular economy, aside from some low-

value sustainable waste, resources are repurposed after use into energy and reusable resources, which 

are returned to the manufacturer for adaptation into new materials and goods. Designed by Argonne 

National Laboratory.10  

 

Fossil fuels and other petrochemical resources are extracted, refined, and distributed to manufacturers, 

which process these resources into a variety of industrial chemicals, materials, and consumer goods. The 

low cost of fossil fuels and the excellent properties of synthetic polymers made from virgin materials 

cement this arrangement and complicate efforts to repurpose plastic waste for commercial use. One 

effective way to combat this will be to establish profitable and scalable avenues for processing plastics 

into higher-value commodities. Such an economic arrangement is termed a circular economy and is the 
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cornerstone of a sustainable future, but will require significant changes to the status quo from companies 

and governments alike (Figure 1.1).11  

Importantly, the inherent nature of a circular economy will create significant economic opportunities for 

the repurposing of waste plastics into petroleum-derived materials and goods (Figure 1.2). As an 

example, waxes, lubricants, and surfactants are commercial products that are structurally analogous to 

chemically recycled plastic materials. These products command significant markets, ranging from $9.8 

billion in worldwide annual sales for waxes to $125.8 billion for global lubricant sales. Profit margins for 

these materials range from ~$1500 per ton on the low end for wax materials, to around $4000 per ton for 

higher-value surfactants. Thus, there is a potentially huge economic upside in creating these high-value 

materials from low-value plastic waste. To that effect, novel techniques must be developed to reliably 

repurpose spent plastics into value-added products. Such techniques, termed “upcycling” in 1999 by 

Gunter Paul,12 can take the form of polymer-to-polymer conversions, polymer-to-monomer conversions, 

or conversions to a product completely independent of the starting material. Over the last five years, a 

variety of such processes have been developed to selectively convert plastic waste. 

 It is important to understand how these techniques compare to current methods of waste plastic 

recycling, and why said methods have not been able to create hydrocarbon products suitable for 

commoditization. 
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Figure 1.2. Profit Margins, Market Sizes, and Relative Barriers to Market for the Global Wax, 

Lubricant, and Surfactant Industries. Profit margins in these industries range from around $1500–2500 

per ton on the low end (waxes) to around $4000 per ton on the higher end (surfactants). The global wax 

industry has the smallest market share at around $10 billion annual sales, while the global surfactant and 

lubricant markets have corresponding sizes of around $40 billion and $126 billion, respectively. Barriers 

to market (e.g., product purity specifications, regulations, etc.) are lowest for waxes and highest for 

surfactants. Reproduced with permission from Aeternal Upcycling, Inc.  

 

1.3 RECYCLING METHODS 

1.3.1 Mechanical Recycling 

Currently, most plastics that do not end up in landfills are recycled through mechanical processes.4 

Mechanical recycling is an umbrella term that refers to both primary mechanical recycling, whereby 

uncontaminated materials are repurposed for their original use, and secondary mechanical recycling, 
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through which the physical form of a plastic is manipulated to generate a new product distinct from the 

starting polymer.4  

Primary mechanical recycling repurposes uncontaminated materials without changing their properties, 

extending the lifetime of an individual product while minimizing damage to material structure. However, 

very few plastics can be recycled in such fashion because the criteria required for primary mechanical 

recycling (e.g., known origin, no contamination) are highly stringent and do not apply widely. Secondary 

mechanical recycling, on the other hand, relies on methods such as grinding, pelletizing, washing, and 

drying, etc. to form a manipulable polymer material that can be physically engineered into another 

product.13,14 First, the starting polymer is cleaned and physically reconfigured to afford a homogeneous 

plastic mass suitable for further processing. This processing into final products is often done via extrusion 

because it is cheap, solvent-free, and easily scalable across a variety of polymer types. Heat and rotating 

screws are used to induce thermal softening and plasticization, after which the polymer melt is fed into a 

fixed extruder and molded into a desired shape.  

Mechanical recycling is largely suitable for processing thermoplastics, such as high-density polyethylene 

(HDPE, SPI Code 2) and polypropylene (PP, SPI Code 5), which make up most industrial plastics. These 

materials consist of independent (i.e., not cross-linked) long and short chains, and therefore can undergo 

multiple heating and cooling cycles as required for physical molding.15 Thermosets, found in materials 

such as polyurethane foam or in vulcanized rubber, are another important class of plastics consisting of 

highly cross-linked three-dimensional structures that do not soften or otherwise change their properties 

when subjected to heating or cooling. This feature has made thermosets critical in applications that 

require structural soundness at high temperatures. However, these same properties preclude thermosets 

from being processed by mechanical recycling. While a variety of potential recycling techniques, such as 

microbial degradation and microwave irradiation, are currently being investigated for their ability to break 

down thermosets, a state-of-the-art technique has yet to be established.15,16  

Materials that are recycled through secondary mechanical recycling are prone to degradation because of 

radical formation along the polymer chain, which causes β-scissions that degrade the plastic material.17,18 
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This is accelerated by contamination in the starting feedstock and by the presence of pigments or 

additives, which are found in a wide variety of consumer goods. The scissions that lead to mechanical 

degradation are often exacerbated by both mechanical shearing and incompatibility between multiple 

types of polymers in polymer melts, which leads to fracturing in the final extrudate. While these 

degradation processes are specific to each polymer type, chain length reductions and loss of mechanical 

properties of the starting polymer are consistently observed.19 As a result, mechanical recycling permits 

only a limited number of reprocessing cycles and largely outputs materials of lower value (termed 

downcycling). Thus, for plastic recycling to play a meaningful role in a future circular economy, chemical 

techniques will need to be developed that can process a wide range of plastics into value-added products 

consistently over many material lifecycles. 

1.3.2 Pyrolysis 

One non-mechanical method for processing plastics is pyrolysis, whereby plastic materials are heated in 

a reduced oxygen environment at temperatures between 400 oC and 800 oC. Pyrolysis can be both 

thermally and catalytically driven and can convert a wide range of polymers into alkanes, alkenes, 

alkynes, and aromatics. The products of such processes are often liquids with physical properties 

comparable to diesel oil. As a result of the similarities, many pyrolysis processes are currently positioned 

to eventually compete with virgin petrochemicals for the market share of fuels used in transportation and 

heating.20,21  

Several pyrolysis processes are being conducted at the pilot scale and the method is generally moving 

beyond proof-of-concept towards further commercialization.22,23 However, challenges still exist. If 

catalysts are used in pyrolysis, those that are active for cracking are also susceptible to fast deactivation 

and coking.24 Moreover, the economics of pyrolysis products fluctuates significantly. Because pyrolysis 

products compete with virgin petrochemical products, their economic viability is tied to the price of crude 

oil, incentivizing manufacturers to target niche markets where sustainability is quantified and valued 

through metrics such as carbon credits. Importantly, pyrolysis processes are not typically selective and 

yield broad product distributions with gas and char byproducts.7 Therefore, pyrolysis processes need to 
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be coupled with extensive separation of the final product mass, which further strains the ability of 

pyrolysis to create value-added products as part of a circular economy.  

 

1.3.4 Solvent-Based Purification of Plastic Waste 

Solvent-based purification (SBP) of polymers has also been explored as a closed-loop recycling method 

to either recover a desired polymer in whole or to produce polymer components suitable for re-

polymerization. Extraction of polymers from mixtures by leveraging differences in solubility is well 

established25 and has recently been studied for the recycling of PET, polylactic acid, and PVC.26 

Moreover, some reports exist demonstrating how solvent-based purification can be used to isolate 

polyolefin materials from waste plastics. It was shown that xylene at 85 oC can dissolve LDPE without 

dissolving PP. From this mixture, PP was filtered out and PE was then precipitated out with a propanol 

antisolvent (99% recovery, 3 kg scale).27 Additionally, a dissolution/reprecipitation method can be used to 

recover LDPE, HDPE, and PP from various toluene, hexane, and/or xylene solutions.28 Importantly, SBP 

requires large amounts of organic solvent, the production of which may be energy intensive and 

environmentally harmful.28 Additionally, SBP is not effective at processing multi-layer plastics, but can 

only isolate the components of physical polymer mixtures. As a result, it currently competes with existing 

separation technologies such as infrared sorting, where it is not cost competitive.26 Nevertheless, several 

commercial initiatives are underway to execute this technology at scale. The PureCycle process 

developed by Proctor and Gamble, for example, uses solvent dissolution to recover polypropylene 

materials.29 Comparable technologies, such as APK AG’s Newcycling® process and Fraunhofer’s 

CreaSolv® process, are also being developed to target multi-layer plastics.29  
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1.3.5 Catalytic Hydrogenolysis of C–C bonds 

Catalytic hydrogenolysis is a technique in which carbon–carbon and carbon–hetero atom bonds30 in 

organic molecules are selectively cleaved by a supported metal catalyst in an abundance of H2.7,31 The 

mechanism of this process over Pt, Rh, and Ir nanoparticle catalysts for C2–C10 alkanes has been studied 

in depth (Figure 1.3).32,33,34 It has been proposed that n-alkane hydrogenolysis rates and bond cleavage 

selectivity can be described via a series of elementary steps, one of which is the rate-limiting cleavage of 

a carbon–carbon bond. While this carbon–carbon bond cleavage has a large enthalpic cost, the formation 

of gaseous H2 produces an entropy increase that drives the reaction.32 Increasing n-alkane length 

significantly increases the rate of hydrogenolysis,32 likely because longer chains retain a much larger 

fraction of their entropy upon adsorption to the catalyst surface. Moreover, it was observed that for the 

hydrogenolysis of molecules containing primary and/or secondary carbons, carbon–carbon bond 

cleavage proceeds through α,β-bound intermediates that adsorb at two sites on the catalyst surface.34 For 

a given intermediate, this results in the formation of three H2 molecules, which ultimately may inhibit 

hydrogenolysis because H2 competitively adsorbs at sites that may otherwise be occupied by alkanes.34 

Branched molecules, however, cannot form these intermediates and must form other species by C–H 

activation at nearby primary carbon atoms (e.g., α,γ- and α,δ-bound transition states), increasing the 

entropy and enthalpy of activation and generating more H2 relative to α,β-bound intermediates.32–34 

Finally, catalyst particle size also appears to impacts hydrogenolysis rates. This phenomenon is likely 

exacerbated by particle sintering on the support surface, which is well-established for metal nanoparticles 

under harsh conditions such as those employed in hydrogenolysis.35 
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Figure 1.3. Impact of Molecular Branching on Alkane Hydrogenolysis Rates. As the degree of 

substitution in alkanes increases, hydrogenolysis rates become lower. This increase in substitution is 

associated with increases in activation enthalpy and entropy, as well as increases in H2 formed in 

molecular activation based on proposed elementary steps. Created based on data reported in Refs.32–34 

 

In the development of catalytic upcycling methods for use in a circular economy it will be important to 

translate the knowledge gained about small molecule hydrogenolysis to equivalent processes for 

macromolecules. Some examples of such conversions (e.g., Figure 1.4) have already been reported for 

polyolefin molecules (polyethylene and polypropylene), which bear many structural similarities to alkanes. 

These hydrogenolysis reactions have been conducted in solvent-free conditions to prevent spurious side 

reactions between the hydrogenolysis catalyst and solvent molecules. The solvent-free polymer melt is 

processed in an abundance of H2 (20–200 psi) at moderate temperatures (up to 300 oC) over a Pt or Ru 

catalyst supported on a metal oxide (e.g., TiO2,36
 SiO2,36–38 Al2O3,7,36 tungstated zirconia,39,40 

perovskites,7,41,42 zeolites38)31 or amorphous carbon.43,44 The products of these reactions are typically 

liquids and waxes with straight-chain, alkane-like conformations, with backbones that typically number 

10–100 carbon atoms (Figure 1.4, Table 1.1). 

 

Adapting C–C Bond Hydrogenolysis for Polyolefin 
Deconstruction 

Alkane Hydrogenolysis: Flaherty, D. W.;  Hibbitts, D. D.; Iglesia, E., J. Am. Chem. Soc. 2014, 136, 9664

Polyethylene Hydrogenolysis: J.-M. Basset Angew. Chem., Int. Ed. 1998, 37, 806 
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Figure 1.4. Progression of Hydrogenolysis Reaction from Starting Polymer to Final Liquid 

Product. Polyolefin hydrogenolysis will require cleavage of bonds in polymeric structures (e.g., those 

found in waste plastics such as packaging) to afford shorter chain liquid products. These processes are 

similar to those studied in Refs.32–34 
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Table 1.1. Select Summary of Supported Catalysts Recently Tested for Polyolefin Hydrogenolysis, 

Associated Reaction Conditions, and Final Reaction Products. For each report, the catalyst, support, 

hydrogenolyzed polymer, reaction conditions (time, temperature, loading by weight), yield to liquid 

products, and corresponding references are presented below.  

 

 

Catalyst Support Polymer(s) Temp. (°C) Time (h) Loading (%) Yield (%) Ref.(s) 

Ru Carbon PE, PP 200, 225 16 5 > 45 43,44 

Ru TiO2 PP 250 16 5.9 > 66 36 

Ru CeO2 PP 250 16 4.8 6.8 36 

Ru CeO2 PE 200 5 5 77 45 

Ru SiO2 PP 250 16 4.9 23.6 36 

Ru Al2O3 PP 250 8 5.1 44.7 36 

Ru BEA PE 200 16 5.0 > 50 38 

Ru FAU PE 200 16 5.0 > 40 38 

Pt SrTiO3 PE & PP 300 24–96 0.5–10 > 80 7,41,42,46 

Pt Al2O3 PE 300 18 1 0 7 

Pt WOx/ZrO2 PE 300 24 0.5 60 39 

Ni SiO2 PE 300 2 15 65 37 

Co ZSM-5 PE & PP 250 20 5 < 5 47 

Zr AlS PE & PP 200 0.8 15 > 99 48 

Zr mSiO2 PE 300 20 4.7 86 49 

Ta-H SO4/Al2O3 PE 150 15 3 < 30 50 
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In polymer hydrogenolysis, ruthenium catalysts are often selected because they appear to be more active 

than Pt, and often yield final product distributions centered at lower molecular weights. For example, a 

Ru/C catalyst converted polypropylene (PP) to an alkane product distribution centered between C5 and 

C32, with the average product size of a sample depending largely on reaction parameters.26 The higher 

activity of Ru catalysts for hydrogenolysis increases terminal C–C bond cleavage, leading to methane 

formation and hindering production of value-added liquid products.44,45 However, some Ru-supported 

catalysts do not exhibit this behavior. For example, Ru/TiO2 catalysts were found to convert polypropylene 

samples into oils with carbon centers between C50 and C70, while catalysts such as Ru/SiO2 and Ru/CeO2 

produced predominantly C1–C6 alkanes (yields of 65.3% and 97.8%, respectively).36 Ru/Al2O3 produced a 

lower relative amount of C1–C6 alkanes, although this is likely due to lower activity of the catalyst for 

hydrogenolysis. While the different rates of methane formation may be attributable to features such as 

support effects and ruthenium particle size, they are overall not well understood.36,38,43,44  

Platinum catalysts are used for hydrogenolysis because they appear to be more selective than 

comparable ruthenium-supported catalysts. Indeed, Pt catalysts such as Pt/SrTiO3 have hydrogenolyzed 

a variety of polyethylene (PE) and PP samples of varying molecular weights (3,000 Da < Mn < 160,000 

Da) to liquid and wax products with very low dispersities (Ð = 1.1 for almost all samples). The average 

sizes of the final product range from around C20 for polypropylene samples with starting molecular 

weights around 4000 Da to C70 averages for high-density polyethylene samples with starting molecular 

weights around 35,000 Da.7,41,42,46 

To improve the underlying economics of hydrogenolysis, it may be desirable to use earth-abundant 

metals such as nickel in place of more expensive noble metals such as Pt or Ru. Recently, Ni supported 

on SiO2 has been identified as a potential upcycling catalyst. Ni/SiO2 performed comparably to some Ru- 

and Pt-supported catalysts, upcycling low-density polyethylene to n-alkanes (C6–C35) at typical 

hydrogenolysis conditions (300 oC, 30 bar H2) with a liquid yield of 65 wt%.37 However, further 

investigation into this and analogous supported nickel catalysts is required to determine which plastics 

can be hydrogenolyzed and what range of final products can be obtained. Beyond nickel, other earth-

abundant metal catalysts such as cobalt and zirconia have also been explored for waste plastic 
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hydrogenolysis. For example, a cobalt catalyst supported on the zeolite ZSM-5 was reported to 

hydrogenolyze both polyethylene and polypropylene to propane with 80% selectivity by weight at 523 K 

and 40 bar H2 after 20 hours.47 By contrast, bulk cobalt and cobalt nanoparticles are highly selective for 

methane production in the same reaction (> 95% by weight). This difference can be attributed to the 

stabilization of Co on the zeolite support, which prevents further reduction to the metallic species that 

appears to favor methane formation.47  

Amorphous zirconia nanoparticles between platelets of mesoporous silica also selectively upcycle 

polyethylene (Mn = 20,000 Da) into products with a narrow distribution centered around C18.49 Zirconia in 

other forms, such as a supported organometallic zirconium catalyst on highly Brønsted acidic sulfated 

alumina, also converted linear and branched polyolefins to hydrocarbons centered between C12 and C18 

depending on reaction conditions and polymer identity.48 Finally, tantalum has also been studied as a 

hydrogenolysis catalyst. A cationic tantalum hydride compound supported on sulfated aluminum oxide 

converted HDPE waste to C1–C28 alkane products under hydrogenolysis conditions, while also producing 

a high molecular weight fraction (Mw = 6.2 kDa, Ð = 2.3) and C13-C32 alkane products under metathesis 

conditions.50
 

 

1.3.6 Choosing Supports for Hydrogenolysis 

Beyond choice of catalyst, there are several properties of catalyst supports, such as stability and 

morphology, that can influence catalyst performance in polyolefin hydrogenolysis. One such property is 

the presence of metal acid sites on the support surface, which promote hydrocracking activity and can 

help suppress the formation of light gases and other products derived from terminal C–C cleavage. For 

example, Ru catalysts supported on acidic supports, such as the zeolites FAU (faujasite framework, Si/Al 

2.55) and BEA (beta framework, Si/Al 12.5), can promote the formation of liquid alkanes because of 

selectivity towards non-terminal C–C bond cracking.38 Additionally, Pt supported on WOx/ZrO2  was 

studied for PE hydrogenolysis at 250 oC and 30 bar H2 and found that the metal–acid balance on the 

support surface significantly influenced the final hydrogenolysis products.39,51 In theory, such an approach 
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can be used to exert fine control over the hydrogenolysis of various polymers into target products. Similar 

phenomena have also been observed for γ-Al2O3 supports. For example, a physical mixture of SnPt/γ-

Al2O3 and Re2O7/γ-Al2O3 was active for the tandem dehydrogenation and olefin cross metathesis of 

polyethylene. 52  

Hydrogenolysis catalyst supports can also be selected for their reusability and impact on overall activity 

without promoting tandem processes. The previously mentioned Ru/C system, which hydrogenolyzes 

polyethylene samples (Mw ≈ 4000 Da) into liquid alkanes with yields up to 45% by mass, is an example of 

this.44 In addition to its widespread commercial availability and relatively low cost, an attractive feature of 

the Ru/C catalyst is its stability under a flow of n-dodecane, which would be desirable in a commercial 

process based on this reaction. For these reasons, Ru supported on CeO2 is also an effective and 

reusable catalyst for polyolefin hydrogenolysis.45 Ru/CeO2 has higher activity and selectivity than other 

supported-Ru catalysts, likely because CeO2 is a basic metal oxide with comparatively strong Lewis base 

sites. These sites can strongly interact with metal particles, which may lead to the formation of relatively 

smaller Ru nanoparticles on the support surface.45 The CeO2-supported Ru catalyst was also found to be 

reusable for five catalytic runs. 

 

1.4 Pt/STO AS A HYDROGENOLYSIS CATALYST 

Catalyst supports can also be selected for their well-defined morphologies. Strontium titanate (SrTiO3 / 

STO) is such a catalyst and has an established track record of use across a variety of catalytic reaction 

spaces because it is highly ordered, crystalline, and has well-defined particle morphologies.7,45,53,54,55 In 

2019, a study was published detailing how Pt nanoparticles supported on SrTiO3 nanocuboids (Pt/SrTiO3; 

Pt/STO) selectively transform polyethylene materials into value-added products in solvent-free conditions 

at 300 oC under 170 psi H2 (Table 1.2).7 The materials tested included a variety of pre-consumer high-

density polyethylene (HDPE) samples (8 < Mn < 158 kDa) as well as a commercially sourced, single-use 

plastic bag (Mn = 31 kDa), and the final products had average molecular weights centered at C70 with 

narrow dispersity (Ð = 1.06). Small amounts of gaseous hydrocarbons (C1–C8) were produced and no 
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coke formation was observed. By contrast, commercially available Pt/Al2O3 gave products with broad 

ranges in molecular weight and substantial formation of both light gases and C1–C8 alkanes. In this work, 

it was observed that the final Mn of the upcycled product was inversely proportional to conversion and 

influenced by Pt particle size, with smaller particles appearing to generally be more active for 

hydrogenolysis. Solid-state nuclear magnetic resonance spectroscopy and density functional theory 

(DFT) calculations demonstrated that polyethylene adsorption is more favorable on Pt sites than on the 

STO support, which likely contributes to catalyst selectivity.7 
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Table 1.2. Number-Averaged (Mn) and Weight-Averaged (Mw) Molecular Weights, and Dispersities 

of Initial and Final Polyethylene Products Hydrogenolyzed by a Pt/SrTiO3 Catalyst Synthesized 

with Five Cycles of Atomic Layer Deposition. Reproduced from Ref. 7 

Material Mn (Da) Mw (Da) Đ 

Initial 8150 22,150 2.7 

Final 590 625 1.1 

Initial 15,400 17,200 1.1 

Final 660 700 1.1 

Initial 64,300 70,400 1.1 

Final 800 920 1.2 

Initial 158,000 420,000 2.7 

Final 820 960 1.2 

Plastic bag 33,000 115,150 3.5 

Final 990 1130 1.3 

 

Several features of the Pt/STO catalyst make it an attractive option for polyolefin upcycling. First, owing to 

a close lattice match between FCC Pt and the {100} facet of STO, Pt nanoparticles exhibit a cube-on-

cube epitaxy with STO nanocuboids, which provides stabilization against sintering under the harsh 

conditions required for catalytic hydrogenolysis.  
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Figure 1.5. Images and Pt Particle Size Measurements of Pt/STO Catalysts Synthesized Through 1, 

5, and 10 Cycles of Atomic Layer Deposition (ALD). Pt loading on the STO surface generally 

increases with additional cycles of ALD, and Pt particle sizes range from 1.2 nm on average after 1 cycle 

to 2.9 nm on average after 10 cycles. Adapted from Ref. 7. 

 

Because of cube-on-cube epitaxy, Pt nanoparticles adopt well-understood Winterbottom constructions on 

the STO surface, with a measurable ratio of corners, edges, and facets for a range of particle sizes 

(Figure 1.5). Moreover, this stabilization ensures that there is minimal change to the Pt particle properties 

after catalytic use (Figure 1.6). It has been shown that Pt/STO catalysts can be used consecutively for 

polyolefin upcycling for at least five hydrogenolysis runs and likely longer with minimal change to product 

properties and without any reactivation steps.41 Additionally, epitaxial stabilization makes reactivation of 

the catalyst more straightforward, because high temperatures can be used to remove carbonaceous 

buildup without immediate changes to the physical properties of the Pt catalyst. These features, among 

others, have driven further investigation into (1) the synthesis of the STO nanocuboid support; (2) the 

deposition method for decorating Pt onto the STO surface; and (3) scale-up of both the support synthesis 

and deposition method. Moreover, the potential industrial viability of the Pt/STO catalyst has stimulated 

tribological studies to determine if the products of Pt/STO hydrogenolysis are indeed commercially 

viable.56  
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Figure 1.6. Images of STO before and after hydrogenolysis reaction under 170 psi H2 at 300 oC. Pt 

particle size was generally equivalent before (2.0 +/– 0.5 nm) and after (2.1 +/– 0.5 nm) hydrogenolysis, 

suggesting that minimal sintering occurred during reaction. 

 

1.4.1 Effect of Polymer Structure on Hydrogenolysis 

After testing of Pt/STO catalysts for high-density PE hydrogenolysis, additional investigations were 

conducted to determine how variation in polymer feedstock affects the final product distribution.46 Pre-

consumer polyethylenes (Dow Chemical Company, Engage 8100 (Mn = 50,950, Ð = 2.1), Engage 8200 

(Mn = 33,950, Ð = 2.2), Affinity 1875 (Mn = 7,600, Ð = 2.4)) of varying macrostructures (i.e., molecular 

weight and branch density) as well as polypropylenes of varying macrostructure and tacticity (i.e., 

microstructure) were converted into lower molecular-weight liquid products and analyzed by gel 

permeation chromatography (GPC). For polyethylene samples, the initial molecular weight of 

polyethylene was found to moderately affect the yield of liquid and wax products relative to the total 

starting mass of polymer, with final values ranging from 55 wt% for starting polymers with Mn ≈ 7600 Da 

to up to 67 wt% for polymers with starting Mn ≈ 50,960 Da. However, the final liquid products themselves 
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appear generally equivalent in molecular weight (Mn ≈ 550 Da), polydispersity (Ð ≈ 1.4), and structure 

(degree of branching per 1000 carbons), regardless of starting average molecular weight.  

When isotactic, atactic, and syndiotactic polypropylene samples were hydrogenolyzed with a Pt/STO 

catalyst, the final products had average molecular weights centered at C18 (Ð ≈ 1.4), C64 (Ð ≈ 1.0), and 

C54 (Ð ≈ 1.0), respectively. These differences are likely due to variations in methyl group stereochemistry 

on each starting polypropylene sample. The arrangement of these groups dictates the shape and 

structure of the polymer melt, which in turn affects how the hydrocarbon chain interacts with the catalyst 

surface and impacts how many carbon–carbon bond scissions occur during reaction. 

Interestingly, when a mixture of both LDPE and PP was hydrogenolyzed by Pt/STO, the resulting product 

had no characteristics uniquely attributable to either starting polymer (Figure 1.7). This suggests that for 

some plastic feedstocks, extensive separation of raw materials is not necessary prior to conversion by 

Pt/STO, removing an obstacle towards future commercialization. This stands in contrast to other 

processes, such as pyrolysis, which may require extensive separation prior to treatment to ensure that 

harmful byproducts are not formed during the recycling process.  
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Figure 1.7. Molecular Weight Distributions of Starting LLDPE, iPP Polymers, and an LLDPE-iPP 

Mixture along with Upcycling Products for Hydrogenolysis of Both Pure Starting Polymers and 

Their Mixture. The average size of the hydrogenolysis products from the iPP and LLDPE mixture is 

noticeably larger than that for each individual component. It is possible that dynamics and viscosity of the 

mixed system slow the overall rate of hydrogenolysis. Reproduced from Ref. 46 

 

1.4.2 Tribological Applications for Select Upcycling Products 

One potentially attractive application of hydrocarbon oils derived from polyolefins is as a component in 

automotive lubricants. Lubricants are comprised of base oils, which are responsible for most of their 

friction-reducing properties, as well as additives that both  extend material stability and longevity and fine-

tune properties for optimal lubricant performance in a desired application.57 Currently, most lubricants are 

petroleum-based distillates, and the base oils that comprise these lubricants are classified into four 

groups. Group I base oils are the cheapest available: they are solvent-refined, which is less expensive 

than other processing methods, have higher sulfur content, a lower percentage of saturates, and a 

viscosity-index range from 80 to 120. Group II base oils, which are derived from hydrocracking, are more 



42 
 

expensive, but have the same viscosity-index range as Group I. However, because of the different 

processing method, they have a higher percentage of saturates (> 90%) and a lower sulfur content. 

Group III base oils, the most expensive naturally derived base oils, have properties generally equivalent 

to those of Group II oils, but have a higher viscosity-index range (> 120). Finally, Group IV base oils are 

fully synthetic oils comprised of poly-α-olefins (PAOs), obtained via selective oligomerization of long-chain 

α-olefins. They have wide-ranging properties but are primarily desired in applications with extreme cold or 

heat. All other base oils are classified as Group V base oils. 

In a tribological study, a variety of synthetic PAO molecules and Pt/STO-derived hydrogenolysis products 

(starting materials: HDPE with Mw ≈ 35 kDa and Mn ≈ 7.7 kDa; LLDPE; commercially sourced bubble 

wrap) were subjected to ball-on-disk tribological testing, and lubricating ability as a function of wear-scar 

volume and coefficient of friction were measured.56 It was found that a blend of PAO10 and liquid 

products derived from waste plastics in an 80:20 ratio most significantly reduced friction between 

contacting metal surfaces (Figure 1.8). This may be because larger PAO10 molecules are pushed out 

from the mixture at the contact point, creating a concentration gradient and diffusion of upcycled liquids to 

the bulk mixture. This phenomenon enhances fluidity and reduces friction. Importantly, these results 

demonstrate that lubricants derived from waste plastics can be readily incorporated into existing lubricant 

packages, and thus initiatives to sustainably synthesize various commercial products can be 

accomplished while leveraging existing industrial infrastructure.  
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Figure 1.8. Tribological Testing Results for Mixtures of Commercial Lubricants and Plastic-

Derived Lubricant Products. Coefficient of friction plots were tested for various mixtures of plastic-

derived lubricants and commercial lubricants at room temperature (A) and 100 oC (B). The molecular 

weight distributions of PAO10 and plastic-derived lubricants were determined by MALDI mass-

spectrometry (C). Wear scar volume was measured for these mixtures, and it was found that mixtures of 

commercial lubricants and plastic-derived lubricants were most effective at reducing wear scar at room 

temperature and 100 oC (D). Reproduced from Ref. 56  

 

1.4.3 Techno-economic Analysis and Lifecycle Assessment for Lubricant Production 

To effectively participate in a circular economy, technologies such as catalytic hydrogenolysis will need to 

comply with emissions targets established by local, national, and global guidelines.11,58 Some of these 

targets will require extensive decarbonization and have not yet been implemented widely. For example, 
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as part of broad efforts to reduce greenhouse gas emissions globally by 2050, companies with operations 

in the United States may soon be required to address Scope 3 emissions, i.e., emissions for greenhouse-

gas outputs that are not directly associated with assets possessed by an organization but are still part of 

the organization’s value chain. Although legislation at the U.S. federal level, such as the “Inflation 

Reduction Act,” will aid this through tax credits and other incentives for climate technology development, 

technologies such as upcycling must be designed with both economic viability and sustainability in 

mind.11 Thus, to assess the economic viability of Pt/STO polyolefin upcycling, a preliminary industrial 

process was modeled and a techno-economic analysis was conducted (Figure 1.9).59 Based on this 

conceptual design, a lifecycle assessment was conducted to predict hypothetical emissions associated 

with the conversion of a variety of waste polyolefins, i.e., HDPE, LDPE, LLDPE, and PP, to lubricant 

products. In this process, plastic waste is first processed and pelletized before being fed into a slurry-type 

batch reactor preloaded with the catalyst. The reactor is then pressurized to 170 psi H2 and heated to 300 

oC, at which point the reaction is executed. After 24 hours, light gases and unreacted hydrogen are 

vented and fed to a boiler for combustion, thereby generating heating for further iterations of this process. 

 

To extract the product and reset the reactor for future use, the liquid lubricant is pumped out of the reactor 

before being collected and stored. The catalyst is washed with hexane and transferred back to the reactor 

for another cycle, and the effluent hexane mixture is distilled to recover pure hexane and potentially 

recover discarded catalyst material or lubricant product. Based on this hypothetical process and 

established market pricing for petroleum-derived lubricant products (~$9 per gallon),56 the profit margin on 

the sale of these materials can reach $5 per gallon, or around $1500 per metric ton.56 These profits would 

be greater than those currently gained from the sale of pyrolysis oils and pyrolysis-derived fuels, which 

are around $500 and $1000 per metric ton, respectively, and are comparable to current profit margins for 

the sale of lubricant materials, at around $2000 per metric ton. Moreover, a preliminary lifecycle analysis 

of this product shows that on-site greenhouse gas emissions would total 0.7 g CO2 per MJ, compared to 

11.5 g CO2 per MJ for petroleum-derived lubricants. 
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Figure 1.9. Hypothetical Pilot Plant for Waste Plastic Conversion to Lubricant Products. This model 

plant was used as the basis for a techno-economic analysis and lifecycle assessment of a hypothetical 

upcycling process based around the Pt/STO catalyst system.56,59 Based on this model, waste-derived 

lubricants can be produced and sold at around $9 per gallon. This process would result in greenhouse 

gas emissions of 0.7 g CO2 per MJ, compared to 11.5 g CO2 per MJ for petroleum-derived lubricants. 

 

1.4.4. Pt/SrTiO3 Catalyst Synthesis & Scale-Up 

The proven ability of Pt/STO to upcycle a variety of pre- and post-consumer polyolefins to value-added 

products has incentivized further study of this catalyst, the support, and their interactions, with a focus on 

both the mechanism behind polyolefin hydrogenolysis and catalyst optimization for specific uses.7,46,56  



46 
 

Pt nanoparticle catalysts have typically been deposited onto STO nanocuboid supports using atomic layer 

deposition (ALD), a gaseous technique in which volatile precursors are introduced onto a support surface 

in a controlled fashion (Figure 1.10).54,60–62 Some initial studies of this technique focused on 

understanding the ALD deposition mechanism of Pt onto STO. Initial deposition of Pt precursor onto the 

STO surface begins when MeCpPtMe3 chemisorbs onto surface hydroxyl groups and releases methane 

through ligand exchange to form a bound MeCpPtMe2 species. The resulting structure is likely a mixture 

of monopodal and bipodal species, depending on whether one or two CH4 ligands are released. 

Treatment of this material in an oxidizing environment results in the formation of PtO particles on the 

support surface.60,63 In the subsequent ALD cycle, fresh MeCpPtMe3 precursor can adsorb either on 

remaining support hydroxyl groups or on now available PtO species. It was proposed that MeCpPtMe3 

preferentially binds to hydroxyl groups and once these are all occupied one molecule of MeCpPtMe3 

reacts with one PtO molecule to form metallic Pt. Further treatment in an oxidizing environment causes Pt 

particle coalescence, decreasing dispersion and increasing average particle size.63 Owing to their lower 

surface area, STO nanocuboid support surfaces appear to saturate after less exposure to MeCpPtMe3 

than required for supports such as γ-Al2O3 or TiO2, driving formation of metallic Pt and resulting in higher 

loading and more particle growth. Thus, successive cycles of deposition and reduction can be employed 

to increase average Pt particle size, which may impact the final products of polyolefin hydrogenolysis.7,41 

Through such synthesis techniques, Pt/STO catalysts can be rationally designed to target clear ratios of 

Pt particle edges, corners, and facets, as well as Pt particle dispersion on the support surface, which in 

turn can select for desired hydrogenolysis products.  
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Figure 1.10. Representation of Pt/STO Synthesis by Atomic Layer Deposition (ALD). In ALD, a cycle 

(A) is first employed to decorate the STO surface with a MePtCpMe3 precursor, after which a cycle (B) is 

employed to anneal away the ligands and afford bare Pt nanoparticles on the STO surface. This has been 

employed for up to 10 cycles to synthesize Pt/STO samples with Pt nanoparticles that range from ~1.2 

nm to ~3.0 nm. Importantly, the physical properties of the installed catalyst can be controlled by 

controlling the number of ALD cycles. Adapted from Ref.7 
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In general, ALD is desirable for use in deposition processes because it is self-limiting, unlike analogous 

vapor-phase processes such as chemical vapor deposition. Each precursor reacts with a specific surface 

site before another precursor is introduced, meaning that uncontrolled deposition is unlikely. Based on 

these principles, sequential cycles of deposition and reduction can be used to control the amount of 

catalyst that is deposited onto the support surface. Within a particular cycle of deposition and reduction, 

global parameters such as reaction temperature, feed rate, and precursor reactivity can be used to 

control the amount of catalyst introduced as well. By carefully tuning such parameters, a variety of ALD 

processes have been developed to target the synthesis of materials for specific applications. Many of 

these materials contain 1–10 nm nanoparticles of metals such as Pt, Ru, Ni, and Pd, as well as various 

bimetallic combinations of noble metals and late transition metals, onto various supports. 

In addition to mechanistic investigation, initial studies of ALD-derived Pt/STO targeted controlled growth 

of Pt nanoparticles from a MePtCpMe3 precursor, with the goal of measuring their size, dispersion, and 

chemical state.60,63 X-ray scattering and X-ray absorption spectroscopy were found to show a progression 

towards metallic platinum and an increase in nanoparticle size and spacing with successive ALD cycles.60 

It was observed that for five cycles of deposition and reduction, Pt loading increased by 2.1 % by mass 

for each cycle, and that the final average particle size after five cycles was 2.5 nm.60 These catalysts 

were utilized for propane oxidation and differences in particle size were found to affect final conversion to 

product.64 

Despite these advantages, ALD is expensive and requires specialized instrumentation, and so significant 

capital investments must be made to output material beyond the gram scale. Although there are 

commercial examples of ALD processes,65 such investments are not readily feasible for all applications. 

For this reason, various solution-phase deposition techniques have been pursued as alternative methods 

of Pt/STO synthesis. Surface-organometallic chemistry (SOMC) has been proposed as a solution-phase 

deposition technique that can retain the benefits of atomic layer deposition.41 In this process, an 

organometallic catalyst precursor, such as Pt(acac)2 or MePtCpMe3, is chemisorbed onto a support 
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surface in solution. Next, annealing in an oxidizing or reducing environment yields a bare catalyst metal. 

SOMC techniques have been used to synthesize highly dispersed, single-atom catalysts designed to 

mimic organometallic catalysis in heterogeneous form. These catalysts, typically early transition metals on 

common supports such as titania, alumina, and silica, have been used for metatheses, polymerizations, 

and dry reforming of methane, among others.66 

Pt/STO catalysts were synthesized on a gram scale by depositing a Pt(acac)2 precursor in toluene at 80 

oC and treating the ligated sample under H2 (Figure 1.11).41 This approach was tested for three 

successive cycles of deposition and reduction to synthesize Pt nanoparticles with average sizes of 1.2–

1.8 nm depending on the conditions employed. One such catalyst was used to upcycle isotactic 

polypropylene (starting Mn = 5000 Da) into liquid products with average Mn of 270 Da and Ð = 1.1, with 

comparable performance observed across five consecutive hydrogenolysis runs. This suggests that 

Pt/STO catalysts can be scaled in a solution-phase process while retaining the desirable performance 

observed in ALD-derived catalysts. 

Figure 1.11. Schematic of SOMC-Derived Pt/STO Synthesis Using a Pt(acac)2 Precursor. In toluene 

at 80 oC, Pt(acac)2 was chemisorbed onto the surface of STO nanocuboid supports. The resulting 

structure was treated in a reducing environment to afford bare 1–2 nm Pt nanoparticles on the STO 

nanocuboid surface. Adapted from Ref.41 
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In developing supported nanoparticle catalysts, it may also be desirable to explore deposition techniques 

that are not based on covalent bonding, unlike ALD and SOMC. One strategy is incipient wetness, in 

which a support is loaded into a solution of an active metal precursor, and after deposition the ligated 

material is dried and calcined to remove the volatile components of the catalyst.67 The simplicity of the 

incipient wetness method has led to its widespread use in chemical industry.68 However, it is often difficult 

to control catalyst deposition, and the physical properties of deposited catalyst can vary widely from 

particle to particle. Some deposition methods may be able to retain both the simplicity of processes such 

as incipient wetness and the precision of methods such as ALD and SOMC. One candidate is strong 

electrostatic adsorption (SEA), a deposition method that takes advantage of the charge-dependent nature 

of a metal oxide support surface. By controlling solution pH, surface hydroxyl groups can be deprotonated 

or protonated, thereby generating charged species that electrostatically bind to an ionic catalyst precursor 

(e.g., Pt(NH3)4
2+). Subsequent treatment in a reducing environment yields bare nanoparticles on the 

support surface.68,69 This method has been utilized in a proof-of-concept synthesis of 0.3 g, SEA-derived 

Pt/STO to afford 1.7 nm Pt nanoparticles on the STO surface.42 Upcycling of HDPE with this material (Mn 

≈ 35 kDa) affords a linear wax final product (Mn ≈ 2400 Da, Ð ≈ 1.1).  

 

1.4.5. Recent Advances in STO Support Synthesis 

Independent of the demonstrated performance of Pt/STO in catalytic hydrogenolysis, the STO support 

itself has several properties that generally make it desirable for use in catalysis. STO, a highly ordered 

crystalline material with the perovskite structure, consists of alternating layers of SrO and TiO2 stacked 

along the [100] direction. Its high refractive index and melting point make it resistant to transformations 

under catalytic conditions. At the nanoscale, STO particles often adopt morphologies with well-defined 

faceting, such as nanocuboids or nanododecahedra.42,70,71 These facets have well-known surface 

reconstructions.72–77 For nanocuboids, which have the Wulff shape and are terminated with the {100} 

facet, the √13 x √13 R 33.7o surface reconstruction is the most stable reconstruction in an aqueous 
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medium.78 This faceting leads to clear dispersion of catalyst on the support surface, making Pt/STO an 

attractive model system for fundamental catalytic studies.53,71,78,79 

Furthermore, the {100} facet of STO exhibits a lattice match with FCC Pt, which results in cube-on-cube 

epitaxy and stabilizes Pt on the STO surface, preventing sintering of catalyst particles during 

hydrogenolysis.7,41 Previously, this cube-on-cube epitaxy has been observed in pristine Pt/STO samples 

and for samples studied during propane oxidation, where Pt/STO remains in well-defined Winterbottom 

constructions before and after reaction.54,60,62 It has been reported that Pt/STO catalysts also resist 

sintering for polypropylene and polyethylene hydrogenolysis for at least five consecutive catalytic 

runs.41,46  

The STO surface can be modified by altering global synthetic parameters or by using post-synthesis 

treatments to selectively expose either SrO or TiO2 layers at the STO surface.80 This affects the relative 

proportion of both acidic and basic sites, which can influence the final products of catalysis. This effect 

has been studied for STO nanocuboids of various morphologies and truncations.81–84 For ethanol 

dehydrogenation and the oxidative coupling of methane,81,83 it was found that the relative proportion of 

available acidic or basic sites affects conversion more than the faceting available for adsorption of 

catalyst or reactant material. Thus, synthetic methods can play a powerful role in tuning support 

properties and provide another handle by which to optimize reactions.81–84 

STO synthesis has been closely studied over the last 30 years and numerous methodologies have been 

developed to synthesize a wide suite of particles with various shapes and facets.85–88 Many syntheses 

utilize solid state conversion of Sr- and Ti-containing reagents (e.g., SrCO3 and TiO2) in air at 

temperatures between 600 oC and 1000 oC for 4 to 10 days. While straightforward, such processes 

require significant energetic input and often produce samples with wide variation in particle size and 

morphology unsuitable for catalysis.85,86  

Many reported STO syntheses are conducted using a hydrothermal or solvothermal method, in which 

solution-phase Sr and Ti precursors are heated in a basic aqueous medium in a fixed volume to produce 

the final STO product. Such methods require milder conditions than solid-state processes, and often 
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afford more control over product morphology and size. For example, hydrothermal techniques were 

shown to be superior over molten-salt and solid-state methods in synthesizing STO nanocuboids with 

well-defined cuboidal morphologies and uniform average particle size.89 Subsequently, a variety of 

hydrothermal and solvothermal processes have been used to synthesize STO nanocuboids; they have 

typically involved treatment of a Sr2+/Ti4+ bimetallic solution in base at temperatures between 120 oC and 

250 oC for up to 48 hours in fixed-volume autoclaves using convection heating. This suggests that STO 

nanoparticles can be synthesized from a wide suite of global synthetic parameters, likely because 

differences in lab-specific, equipment-specific, and process-specific parameter impact the precipitation 

and facet growth of nanoparticles in solution.85,86,90–92 

In developing a commercially viable STO synthesis, it is desirable to use a more efficient heating method 

than convection heating to reduce the overall energetic cost needed. Microwave-assisted heating has 

been shown to introduce heat energy more uniformly and rapidly into a reaction mixture than convection 

heating, thereby impacting the temperature and time profiles required to drive chemical processes to 

completion.93–100 These techniques have been used extensively for organic syntheses of small molecules, 

where microwave reactors afford pure final products in as little as 30 minutes.94,97 Microwave assisted 

heating has also been utilized to form a variety of inorganic materials of interest, including classes of 

oxides, sulfides, and halides.95,96,98 Regarding STO, it was demonstrated that STO nanocuboids can be 

synthesized in microwave reactor without significant change to the physical properties of the final sample 

(Figure 1.12).70 This synthesis of STO nanocuboids was carried out under milder conditions than 

required when using a convection heating source and was also accomplished with the use of titanium (IV) 

bisammonium lactato dihydroxide (TiBALD), a water-stable replacement for TiCl4.70  
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Figure 1.12. HAADF-STEM Micrographs of STO Nanocuboid Supports Synthesized Using 

Microwave-Assisted Heating (Left) and Convection Heating (Right). Microwave-assisted heating 

techniques appear to produce a higher percentage of nanocuboidal STO particles under milder conditions 

(200 oC, 16 h) than required for convection hydrothermal heating (240 oC, 96 h). Adapted with permission 

from Ref. 70 

 

In addition to modifications to reaction parameters, the scale of STO synthesis will need to be increased 

in pursuit of an eventual commercial catalyst synthesis process. Previously, a 20 gram synthesis of STO 

in a microwave reactor has been reported, demonstrating that these catalyst supports can be produce 

beyond the gram scale while retaining cuboidal character. Beyond this, other examples exist of batch-

based scale-up, such as one using a stirred 4 L reactor and a convection-based heating jacket that 

afforded ~20 g of STO nanocuboids.70 Some flow-based systems have been demonstrated for the 

synthesis of BaTiO3 and BaxSr1-xTiO3 nanoparticles,101–104 which display structural similarities to STO, 

suggesting that these synthetic methods could be adapted to produce STO nanoparticles. The synthesis 

for BaxSr1–xTiO3 produced sub-stoichiometric products at both the bench scale (5 g h–1) and the pilot-plant 

scale (80 g h–1).105 Reference 105 utilized TiBALD as a source of Ti4+, confirming that this material can be 



54 
 

used to scale perovskite nanoparticle syntheses.70,106,107 Tuning global parameters, such as basicity or 

water-to-metal ratio influenced the composition and properties of the final product, but a one-step process 

was ultimately found to produce the target material. These syntheses do not select for a particular particle 

morphology, however, which may prove important for the preservation of desirable catalyst properties as 

is the case with Pt/STO. Thus, future scale-up efforts may require focus on fine-tuned control over the 

synthesis of catalysts and catalyst supports, while still producing material outputs that are viable for 

commercial use. 

1.5 FOCUS AND ORGANIZATION  

This Dissertation broadly studies the synthesis of STO nanocuboids and the methods by which Pt can be 

deposited onto these STO supports to synthesize a variety of Pt/STO catalysts. These catalysts are then 

used to study the upcycling of polyethylene and polypropylene into liquid products with narrow size 

distributions to determine which properties of Pt nanoparticle catalysts are important to waste plastic 

upcycling. Chapter 2 determines how previously reported STO hydrothermal syntheses that employ 

convection heating and TiCl4 can be modified to eliminate batch-to-batch variation such that size-

controlled STO nanocuboids are consistently produced. These supports are shown to still be amenable 

for catalyst deposition. Chapter 3 explores explains how the choice of Sr2+ and Ti4+ sources and heating 

method affects Sr-Ti-OH mixture phase stability, which in turn impacts final particle morphology. Chapter 

4 demonstrates how surface organometallic chemistry can be used to selectively deposit Pt onto the STO 

surface in a scalable fashion, and how these catalysts can then be used to upcycle polypropylene to 

uniform liquid products with ~20-30 carbon atom backbones. Chapter 5 demonstrates how strong 

electrostatic adsorption can be used to synthesize Pt/STO catalysts on large batch scales in air without 

specialized instrumentation, and how this catalyst can also be used to upcycle polyethylene reactants to 

obtain expected final liquid products. Chapter 6 shows how ALD-derived Pt/STO was used to upcycle 

various polypropylene samples and how these results can provide context for the upcycling results 

reported in Chapters 4 and 5. Chapter 7 draws conclusions from the work described in Chapters 2 

through 6 and proposes appropriate directions for future study. 
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CHAPTER 2 

Size-Controlled STO Nanocuboid Synthesis with TiCl4 

This Chapter was adapted with permission from “I.L. Peczak, R. M. Kennedy, R. A. Hackler, R. Wang, Y. 

Shin, M. Delferro, K. R. Poeppelmeier. ‘Scalable Synthesis of Pt/SrTiO3 Hydrogenolysis Catalysts in 

Pursuit of Manufacturing-Relevant Waste Plastic Solutions’ ACS Appl. Mater. Interfaces, 2021, 13, 

58691-58700.” 

 

© American Chemical Society 2021. 

2.1 ABSTRACT 

An improved hydrothermal synthesis for shape-controlled, size-controlled 60 nm SrTiO3 nanocuboid (STO 

NC) supports, which facilitates the scalable creation of platinum nanoparticle catalysts supported on STO 

(Pt/STO) for the chemical conversion of waste polyolefins, is reported herein. This synthetic method: 1) 

establishes that STO nucleation prior to the hydrothermal treatment favors nanocuboid formation, 2) 

produces STO NC supports with average sizes ranging from 25 – 80 nm with narrow size distributions, 

and 3) demonstrates how SrCO3 formation and variation in solution pH prevent the formation of STO NCs. 

The STO synthesis was scaled-up and conducted in a 4L batch reactor, resulting in STO NCs of 

comparable size and morphology (m = 22.5 g, davg = 58.6 ± 16.2 nm) to those synthesized under standard 

hydrothermal conditions in a lab-scale 125 mL autoclave reactor. Size-controlled STO NCs, ranging in 

roughly 10 nm increments from the 25 nm to 80 nm, were used to support Pt deposited through strong 

electrostatic adsorption (SEA), a practical and scalable solution-based method. Using SEA techniques 

and a STO support with an average size of 39.3 ± 6.3 nm, a Pt/STO catalyst with 3.6 wt% Pt was 

produced and used for high-density polyethylene hydrogenolysis under previously-reported conditions 

(170 psi H2, 300oC, 96h; final product: Mw = 2400, Ð = 1.03). As a well-established model system for 

studying the behavior of heterogeneous catalysts and their supports, the Pt/STO system detailed in this 

work presents a unique opportunity to simultaneously convert waste plastic into commercially viable 

products while gaining insight into how scalable inorganic synthesis can support  transformative 

manufacturing.  
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2.2 INTRODUCTION 

Owing to their critical importance in numerous industrial processes, heterogeneous catalysts and the 

reactions they catalyze remain one of the most actively studied areas of modern scientific 

research.67,68,108 Within this field, catalyst supports have been closely studied for their ability to improve 

catalytic performance. These supports, typically metal oxides such as alumina or silica, are often selected 

for desirable physical properties such as thermal and chemical stability; they also often stabilize active 

catalysts on their surfaces, thus minimizing or eliminating detrimental processes such as sintering.67,68,108 

Thus, designing catalysts with superior performances requires careful investigation of both catalyst 

behavior, support behavior, and catalyst-support interactions.54,109–112 In pursuit of this, model catalyst 

systems, with features such as high-surface area supports and clear support faceting, offer a unique 

opportunity to study as-yet unexplored systems in route to rational catalyst design.67,68,108 Currently, there 

is significant interest in studying single-use plastic hydrogenolysis, given acute worldwide concern over 

plastic waste pollution. Catalytic hydrogenolysis, which can upcycle waste polyolefins into value-added 

products, is an attractive method by which to both mitigate the growing problem of plastic waste and 

utilize an untapped resource en route to a circular economy (Figure 2.1).7,40,44,45,52,56,58,113–119  

Figure 2.1. Current and Future Routes for Addressing Plastic Waste. Currently, most plastics are lost 

to landfills (76%), while the rest are either incinerated (14%) or downcycled (8%) to less-valuable 

materials. In the future, upcycling processes could re-direct up to 100% of post-consumer materials back 

to manufacturers.113 
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To that effect, Celik et al. & Hackler et al. recently investigated a system of platinum nanoparticles (Pt) 

deposited onto SrTiO3 (STO) nanocuboids (Pt/STO) that catalyze the hydrogenolysis of high-density 

polyethylene (HDPE) into lubricant materials.7,56 In addition to demonstrating superior catalytic 

performance to a conventional catalyst, Pt on γ-Al2O3, several properties of Pt/STO make it an attractive 

model system for catalytic study. STO nanocuboids are highly crystalline, have high thermal stability, and 

have well-defined {100} facets, among other properties.7,76,120,121 Most importantly, these {100} facets 

exhibit a close interfacial energy match with FCC Pt, which leads to epitaxial stabilization of deposited Pt 

metal.54,64,122 For these reasons and others, Pt/STO catalysts have been used to catalyze a variety of 

reactions such as propane oxidation and oxidative coupling of methane.64,81–83,122  Because catalytic 

hydrogenolysis of polymers is both largely unexplored and potentially possesses wide-ranging economic 

and ecological benefits, there is strong incentive to continue studying both the Pt/STO catalyst and the 

STO support itself. 

Previously, Rabuffetti et al. established the superiority of hydrothermal synthesis over molten-salt and 

solid state methods in producing STO NCs.123 Based on that work, our group has explored the faceting, 

surface reconstructions, and catalyst/support interactions of a range of titanate perovskites, through the 

effect of metal precursors, surface directing agents (changing both surface termination and faceting), and 

microwave hydrothermal synthesis.53,71,78–80,89 Other approaches have been used to control the 

morphology of titanate perovskite nanoparticles.85,86,90–92,124 However, these nanoparticle syntheses can 

be difficult to reproduce, as the nucleation and growth processes can be highly condition-, lab-, and 

researcher-specific, in ways that are difficult to identify and quantify.85,90–92 

Moreover, increasing synthetic output of STO NCs in pursuit of a commercially viable upcycling catalyst 

will generate additional, scale-specific challenges. First, there are several considerations that inherently 

complicate advanced manufacturing processes, including but not limited to: 1) demonstrating atomic-level 

spatial and compositional control of materials while producing at manufacturing-relevant scales; 2) 

tailoring processes to meet machining constraints, and 3) utilizing pathway engineering to prevent the 

formation of undesirable design modalities, e.g. non-target particle morphologies. Furthermore, several 

challenges specific to lubricant production must also be considered. For example, firms often have 

product-specific demands for plastic feedstocks that are not shared broadly, creating demand for varied 



58 
 

raw materials with differing yet equally narrow specifications. Furthermore, switching to recycled 

feedstocks will likely also require retooling factory equipment to account for feedstock property changes 

and thereby reduce the economic incentive for use of recycled materials. In total, these myriad concerns 

regarding both catalyst and lubricant production demonstrate the need for a catalyst synthesis method 

that exhibits control over STO NC physical properties (i.e. surface area, particle morphology), retains the 

potential to be scaled in a straightforward manner, and produces a highly-uniform upcycling product that 

can meet stringent manufacturer specifications.4,125 

Herein, we report an STO hydrothermal synthesis that identifies parameters whose control is critical to the 

formation of nanocuboids, produces STO samples with at least 80% NCs, and explains the impact of 

secondary phases such as SrCO3 on the formation of the primary STO NC phase. The order of addition 

of solutions during the creation of the Sr-Ti-OH pre-hydrothermal mixture has been investigated to 

determine how it can lead to the formation of either NCs or irregularly shaped nanoparticles. Through 

analysis of pre-hydrothermal Sr-Ti-OH particles, a dependence of hydrothermal formation of STO NCs on 

both the phase and size of the precursor particles was also noted. Additionally, shortening Sr-Ti-OH 

mixture stir time was shown to potentially decrease SrCO3 formation. These modifications were 

incorporated into the synthetic method, and STO NCs with average sizes ranging from 25 to 80 nm with 

equivalent nanocuboid morphologies were synthesized by modifying the concentrations of reagents. In 

pursuit of synthetic scale-up to industrial scale, these STO supports were synthesized in a 4L batch 

reactor. The resultant STO NCs are comparable in average size and morphology to those synthesis 

herein in a 125 mL autoclave reactor, suggesting that with the modifications reported in this work, further 

scale-up of the reaction is likely attainable.  

Due to the inherent limitations of scaling up atomic layer deposition, which Celik et al. and Hackler et al. 

utilized to generate Pt/STO catalysts,7,56 solution-phase deposition methods were explored to find a 

process that can both retain some of the precision of atomic layer deposition and provide a clear path 

towards use on a manufacturing-relevant scale. To that effect, Pt/STO catalysts were synthesized 

through strong electrostatic adsorption (SEA), a charge-mediated, solution deposition method capable of 

depositing small Pt nanoparticles in a controlled fashion.126,127 These Pt/STO catalysts have been tested 
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for HDPE hydrogenolysis and produced wax products that, while larger than those observed by Celik et 

al., have very low dispersity and high uniformity.  

 

 

2.3 EXPERIMENTAL 

2.3.1 MATERIALS AND INSTRUMENTATION 

2.3.1.1 POWDER X-RAY DIFFRACTION. Diffraction experiments were conducted on a Rigaku Ultima 

powder x-ray diffractometer and analyzed using JADE software (Materials Data, Inc.). In preparation for 

analysis, solid samples were ground with a mortar and pestle. Gel aliquots were collected and spread flat 

on the PXRD sample holder. Crystallite size was obtained via peak broadening analysis in MDI JADE. 

Peak broadening was calculated via the Scherrer equation for each peak in the diffraction pattern and an 

average of values for the sample was taken. 

2.3.1.2 ELECTRON MICROSCOPY. Nanoparticle imaging was conducted by transmission electron 

microscopy, using a Hitachi H8100 TEM, Hitachi HD2300, and FEI Talos F200X TEM/STEM, all operated 

at 200kV. These microscopes were used in coordination with the NU Atomic and Nanoscale 

Characterization Experimental Center at Northwestern University and the Center for Nanoscale Materials 

at Argonne National Laboratory. In preparation for analysis by electron microscopy, gel and solid samples 

(~20mg) were sonicated in ethanol (10mL) for 15 minutes. The resulting suspension was dropcast onto a 

lacey carbon TEM grid (Ted Pella, Inc., UC-A on Lacey 400 mesh Cu). 

2.3.1.3 ELECTRON MICROSCOPY ANALYSIS. Particle size and shape were measured using ImageJ 

and Gatan Digital Micrograph software.128 The face-to-face distance between opposing [100] faces of 

STO nanocuboids was used as a measure of particle width. Particle rounding was measured by inscribing 

a circle in the corner of a STO nanoparticle such that the circumference of the resulting circle traced the 

nanoparticle corner.129 The radius of this circle was then used as a means of comparing corner rounding 

(Figure 2.2). 
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Figure 2.2 . Visual Representation of Corner Rounding Measurements for STO Nanoparticles. This 

method was adapted from measurements of corner rounding in supported gold nanoparticles, reported by 

Alpay and co-workers.129 

 

 

2.3.1.4 HDPE HYDROGENOLYSIS. A Parr reactor and a high-throughput screening pressure reactor 

(SPR; Unchained Labs) at the Argonne National Laboratory’s High-Throughput Research Laboratory 

were used for catalytic activity experiments. Activity experiments were performed under solvent-free 

conditions at 170 psi and 300 °C, unless otherwise noted. For the Parr reactor, the conditions were 300 

mg Pt/STO, 3 g HDPE, Sigma Aldrich, Mw = 35 kDa, Ð = 3.11, 300 °C, 170 psi H2, 96 h, with a glass liner 

in the reactor, as per Hackler et al.56  

2.3.1.5 GEL PERMEATION CHROMATOGRAPHY. Samples were analyzed by GPC per Hacker et al 22. 

HQL samples from hydrogenolysis of HDPE were analyzed for molecular weight (Mn and Mw) and 

molecular weight distribution (Mw/Mn) by high-temperature gel permeation chromatography (Agilent-

Polymer Laboratories 220). 1,2,4-tricholorbenzene (TCB) containing 0.01 wt% 3,5-di-tert-butyl-4-

hydroxytoluene (BHT) was chosen as the eluent at a flow rate of 1.0 mL min-1 at 150oC. Lubricant 

samples were prepared in TCB at a concentration of approximately 2.0 mg mL-1 and heated at 150oC for 

24h prior to injection. 

d 
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2.3.1.6 NOTE. All glassware was washed thoroughly with a weakly acidic (< 20 wt%) HCl solution and de-

ionized water prior to use. Stir bars were stored in a weakly acidic HCl solution and thoroughly rinsed with 

de-ionized water prior to use.  

2.3.2 SYNTHESIS 

2.3.2.1 PRECURSOR SOLUTIONS 

Solution A: As-received Sr(OH)2·8H2O (2.55 g, 10.0 mmol, Sigma Aldrich, 99.5%) was added to acetic 

acid (2.86  mL, 0.05 mol, Sigma Aldrich, 99.5%) in deionized water (20-60 mL) and stirred for 10 minutes.  

Solution B: TiCl4 (1 mL, 9.1 mmol, Sigma Aldrich, 99.5%) was added to ethanol (20 mL, absolute) in a 

50 mL beaker via Luer Lock syringe and stirred for 10 minutes. 

2.3.2.2 HYDROTHERMAL SYNTHESIS 

Solutions A and B were mixed in a 100 mL Teflon beaker and stirred for approximately 10 minutes to 

ensure homogeneity (Solution AB). AB was combined with NaOH (10M or saturated) by addition of 

base-to-metal (BTM, i.e., introduction of NaOH into AB to form AB-OH) or addition of metal to base 

(MTB, introduction of AB into NaOH to form OH-AB) depending on the experiment. A mixture 

temperature 35-55oC was observed immediately after combination of the bimetallic solution and NaOH. 

Sample was stirred for 10 minutes on a stir plate and transferred to a 125mL autoclave. Autoclave was 

treated in a Carbolite laboratory oven (1 oC/min ramp rate, 36h, 240 oC) and then allowed to cool 

ambiently to room temperature. The resulting white powder was washed repeatedly with deionized water 

via centrifuge (4500 rpm, 7 minutes) until the supernatant was pH 7, then dried in air in an oven (80oC, 

overnight). 

SAFETY NOTE: Combination of AB (pH ~4) and OH (pH ~14) generates heat and increases the 

resultant reaction mixture by 10-30oC. When conducting this synthesis beyond the 125mL lab scale, Slow 

MTB addition should be employed to prevent rapid evolution of heat. 

 

2.3.3 4L SCALE HYDROTHERMAL SYNTHESIS 

Scale-up experiments were conducted at the Materials Engineering Research Facility, part of the Applied 

Materials Division of Argonne National Laboratory. 
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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: 38.69 g Sr(OH)2·8H2O was dissolved in a solution of 48.04 g of acetic acid and 640.00 g of 

H2O under stirring for two hours. 

Solution B: 27.62 g of TiCl4 was dissolved in 504.96 g of ethanol for ten minutes.  

Solutions A+B were mixed and stirred for 10 minutes in a 2000 mL Erlenmeyer flask. 276.85 g of 10 M 

NaOH solution was injected into the AB solution over 28 minutes at a flow rate of 10 mL/min 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. After mixing and stirring, the AB-OH solution was allowed to sit for 10 

minutes; the pH of the solution was 13.0, and sedimentation occurred. 

The solution and sediment were transferred to a 4 L Hastelloy® C-276 reactor with an internal impeller 

and a heating jacket. The reactor was heated to 240 °C at a rate of 2 °C/min, and held for 12 hr, with a 

stir speed of 400 rpm. After the reaction, the reactor was cooled at a rate of 2 °C/min. 

The precipitate and liquid were transferred from the reactor to a secondary container. The solution pH 

was 13.2 after the hydrothermal reaction. Initially the liquid was a light yellow color but changed to a dark 

orange with time. The precipitate was washed and dried. 

2.3.4 Sr-Ti-OH MIXTURE SYNTHESIS 

AB-OH or OH-AB was prepared and stirred for 50 minutes, while the pH of the solution was measured by 

pH paper at 5 minute intervals. The resulting product was centrifuged once (4500 rpm, 5min), and the 

supernatant was decanted. A white gel was recovered and immediately prepared for analysis by either 

PXRD or TEM to prevent decomposition. 

2.3.5 PLATNIUM DEPOSITION 

Pt nanoparticles were deposited via strong electrostatic adsorption, a charge-mediated solution 

process.126,127 Pt(NH3)4(NO3)2 (PTA, Sigma-Aldrich, 60 mg) was added to a 15 mL glass vial containing a 

stir bar and STO nanocuboids (0.4 g) synthesized herein. Next, an NaOH solution (3mL, pH 11) was 

added to the vial and the resulting mixture was stirred for 2h. The suspension was then allowed to settle, 
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the supernatant was decanted, and the resulting product was dried in air overnight. This ligated Pt/STO 

was reduced in a tube furnace (5% H2/N2, 450oC, 12h) to afford the final Pt/STO catalyst. 

2.4 RESULTS & DISCUSSION 

Batch-to-batch variation in size, morphology, and phase purity when following the synthesis described by 

Rabuffetti et al. led us to focus on steps in the synthesis that could lead to such variation. The metal and 

base mixing step (Figure 2) was identified as the step most likely to be sensitive to small changes. Thus, 

a series of modifications were made to improve the reliability of the synthesis by increasing control over 

said step. These changes result in a synthesis that produces >80% nanocuboids. First,  5 g of NaOH 

pellets was replaced by a 13 mL, 10M NaOH solution to facilitate the combination of NaOH (OH) and the 

bimetallic Sr/Ti mixture (AB) (AB-OH). Distinct orders of operation were then established for the 

combination of AB and OH to identify all possible pathways by which the AB-OH gel could be created 

(Figure 2.3).  

These pathways were defined as follows: addition rates were labeled either fast (i.e. component is 

added in under 5 seconds) or slow (component is added dropwise over the course of stirring), while the 

orders of addition were labeled either Base-to-Metal (BTM, NaOH is added into Sr/Ti), or Metal-to-Base 

(MTB, Sr/Ti is added into NaOH). AB-OH was synthesized under each of four possible pathways and 

treated hydrothermally (240 oC, 36 h). 
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Figure 2.3. Schematic of STO NC Synthesis and Possible Orders of Operation for Sr-Ti-OH Gel 

Creation. The outcome of the STO synthesis is highly sensitive to the base and metal solution mixing 

step. Sr-Ti-OH gels can either be created via metal-to-base (MTB) or base-to-metal (BTM) addition.  

 

Electron micrographs of the resultant STO nanoparticles are presented in Figure 2.4. From these 

micrographs, it is apparent that precursor gels synthesized under Slow BTM conditions (Figure 2.4a) 

afford irregularly-shaped nanoparticles, while gels synthesized under all other conditions (Figures 2.4b-

d) afford rounded nanocuboids, with yields up to 1.5 grams.  
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Figure 2.4. TEM-BF Micrographs of STO Nanocuboids Synthesized from Each of Four Possible Gel 

Creation Conditions. Each of four conditions was established through variation of the addition rate (fast 

or slow, i.e. combination of components in either < 5 seconds or dropwise) and the order in which 

components are combined (base-to-metal or metal-to-base). 

To understand the driving forces behind variations in STO morphology, each AB-OH gel precursor was 

isolated and analyzed at five minute intervals of mixing without hydrothermal treatment. The 
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corresponding solution pHs are presented in Figure 2.5 and display two distinct environments: one in 

which the pH of AB-OH is 14 from the start of stirring (“constant pH”), and one in which the pH increases 

in a stepwise fashion, reaching 14 after all NaOH has been added (“climbing pH”). This suggests that 

STO NC synthesis requires rapid formation of a pH 14 environment (vide infra). 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Rate of pH Change in STO Precursor Gels based on Order of Operation. Gels 

synthesized via Fast BTM, Slow MTB, and Fast MTB pathways show a rapid jump to pH ~14, while gels 

synthesized via the Slow BTM pathway increase over the duration of mixing from pH ~1 to pH ~14. 

Depending on specific reaction conditions, all temperature samples experience a temperature increase of 

10 – 30oC between the start of mixing and complete incorporation of NaOH. In alkaline titanate systems, 

the perovskite STO phase is the most stable phase in the “high pH” region, shown here in light blue (pH 

12-14).130–134 
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Next, AB-OH mixtures made via all four pathways were analyzed by powder x-ray diffraction. Table 2.1 

reports the phases observed in each gel environment, final particle morphology after hydrothermal 

treatment, and average crystallite size within the gel. In the case of Fast BTM, Fast MTB, and Slow MTB 

addition, a STO primary phase (94-99%) and less significant SrCO3 secondary phase (1-6%) are 

observed. The average crystallite size in these environments is also comparable, ranging from 21.0 nm to 

around 31.3 nm. By contrast, Sr-Ti-OH gels created in a Slow BTM condition only show crystalline phases 

above pH 13, at which point a SrCO3 primary phase (64%) and a STO secondary phase (36%) are 

observed. The average crystallite size in this sample is significantly smaller at an average of 10.7 nm. 

Diffraction patterns corresponding to each entry in the table are presented in the supplementary 

information (Figures 2.6 – 2.9).  

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Powder X-Ray Diffraction Pattern of STO Precursor Gel Synthesized with Fast BTM 

Addition. Aliquots were removed from the reaction mixture after 5, 25, and 50 minutes, measured for pH, 

and spread on a sample holder for powder diffraction analysis. Peak broadening analysis via the Scherrer 

equation affords an average STO crystallite size of 25.2 ± 7.3 nm. The purple vertical lines pass through 

peaks corresponding to SrCO3, but do not identify every peak corresponding to this phase. 
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 Figure 2.7. Powder X-Ray Diffraction Pattern of STO Precursor Gel Synthesized with Slow BTM 

Addition.  Aliquots were removed from the reaction mixture every 5 minutes of stirring, measured for pH, 

and spread on a sample holder for powder diffraction analysis. No crystalline phases were observed prior 

to 35 minutes of stirring (pH 13). Peak broadening analysis via the Scherrer equation affords an average 

STO crystallite size of 10.7 ± 5.5 nm and average SrCO3 crystallite size of 9.4 ± 5.6 nm. The purple 

vertical lines pass through peaks corresponding to SrCO3, but do not identify every peak corresponding to 

this phase. 
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Figure 2.8. Powder X-Ray Diffraction Pattern of STO Precursor Gel Synthesized with Fast MTB 

Addition. Aliquots were removed from the reaction mixture after 5, 25, and 50 minutes, measured for pH, 

and spread on a sample holder for powder diffraction analysis. Peak broadening analysis via the Scherrer 

equation affords an average STO crystallite size of 31.3 ± 9.1 nm. The purple vertical lines pass through 

peaks corresponding to SrCO3, but do not identify every peak corresponding to this phase. 
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Figure 2.9. Powder X-Ray Diffraction Pattern of STO Precursor Gel Synthesized with Slow MTB 

Addition. Aliquots were removed from the reaction mixture after 5, 25, and 50 minutes, measured for pH, 

and spread on a sample holder for powder diffraction analysis. Peak broadening analysis via the Scherrer 

equation affords an average STO crystallite size of 21.0 ± 1.9 nm. The purple vertical lines pass through 

peaks corresponding to SrCO3, but do not identify every peak corresponding to this phase. 

 

 

The order of addition of the metal and base solutions during the gel creation step has a significant 

effect on the precursor particle formation (Table 2.1) and the subsequent hydrothermal formation of STO 

NCs (Figure 2.4). The optimum order, which maximizes STO NC formation and minimizes SrCO3 in the 

precursor, is the Fast MTB method. A significant percent of the STO nanoparticles were NCs for the Fast 

BTM and Slow MTB methods, although higher percentages of SrCO3 were observed in those precursor 

solutions than in the Fast MTB method. This is consistent with the original method reported by Rabuffetti 

et al, which specified pouring NaOH pellets into the Sr/Ti solution, approximately equivalent to the Fast 

BTM addition. 
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Table 2.1.  Phase Identification in Pre-Hydrothermal STO Colloidal Precursors 

 

The irregular STO nanoparticles resulting from the Slow BTM method are significantly different from the 

STO nanoparticles from the other methods (Figure 2.5). Where this method differs is in how rapidly the 

solution pH increases, with respect to the local environment of the Sr and Ti ions. For the Slow BTM 

method, the pH gradually increases from a pH of ~1 to a pH of ~14 with the addition of NaOH, while for all 

other methods the pH rapidly jumps from 1 to 14 (Figure 2.5). This is significant, as the stability of various 

ions, complexes, and solid phases change with pH.132–134 At low pH, Sr and Ti ions and complexes are 

stable in solution. At intermediate pH, Ti will condense as amorphous sol gels, which are not observable 

by PXRD.135  At high pH (pH 12-14), STO is stable and will crystalize out of solution.134 If there is a 

significant amount of CO2 dissolved in solution, that may compete with STO to form SrCO3 at high 

pH.132,133 Significantly, if the concentration in solution of Sr and Ti is not stoichiometric, Sr or Ti may form 

secondary phases instead of STO, such as SrCO3, Sr(OH)2, or TiO2, depending on if there is a higher 

concentration of Sr or Ti. In the case of the Slow BTM method, the long dwell time at intermediate pH 

allows the formation of titania sol gels, which pulls Ti out of solution. When the solution pH finally reaches 

the point that STO is stable, the solution is Ti-deficient and the Sr-rich SrCO3 phase forms in addition to 

STO (Table 2.1).  

Particles from AB-OH solutions from both constant pH and climbing pH environments were imaged by 

electron microscopy to observe possible morphological differences in the Sr-Ti-OH precursor under varied 

conditions; corresponding electron micrographs are presented below in Figure 2.10. Precursor gels 

prepared in a constant pH environment form aggregate nanoparticles with rough surfaces similar in size 

to the hydrothermally treated STO, while gels prepared in a climbing pH environment form an enmeshed, 

Gel Environment % STO % SCO Average STO Crystallite Size 
(nm) 

Post-Hydrothermal 
Morphology 

Slow BTM 36 64 10.7 ± 5.5  Irregularly Shaped 

Fast BTM 94 6 25.2 ± 7.3 Cuboid 

Slow MTB 97 3 21.0 ± 1.9 Cuboid 

Fast MTB 99 1 31.3 ± 9.1 Cuboid 



72 
 

irregular, fiber-like morphology that does not resemble STO nanoparticles. Elemental mapping of the gel 

precursors in Figure 2.10 shows generally homogeneous distributions of strontium and titanium in the 

STO gel precursor irrespective of the pH environment in which it was prepared (Figure 2.11). 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.10. TEM-HAADF Micrographs of STO Gel Precursor in Constant pH (Left, Green) and 

Climbing pH Conditions (Right, Red). Images presented are representative of each gel precursor 

solution throughout the duration of mixing. 
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Figure 2.11. Elemental Mapping of Sr/Ti in Sr-Ti-OH Colloidal Precursors. Sr-Ti-OH precursor were 

elementally mapped for Sr and Ti for samples synthesized under constant pH conditions (top left, top 

right), and climbing pH conditions (bottom left, bottom right). 

 

 

Next, the concentrations of [Sr], [Ti], and [OH] in the Sr-Ti-OH mixture were varied to determine their 

influence on final STO particle size. Specifically, the molarity of the 13 mL NaOH was varied, as was the 

amount of water used to dissolve 2.55 g Sr(OH)2·8H2O in Solution A. The results of these experiments 

are presented below in Figure 2.12. STO nanocuboids ranging from 25 nm – 80 nm are attainable when 

varying the volume of water from 20 – 60 mL and varying the amount of added NaOH from 13mL @ 10M 

to 13mL @ 25M. Both the concentration of added base and the volume of water added have significant 

effects on final particle size. Global synthetic conditions (i.e., values of [NaOH] and water volume 
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measured at the point of incorporation into the reaction mixture) and corresponding average particle sizes 

for each data point are reported in Table 2.2, along with a graphical representation of the average size 

and variance in Figure 2.13. Several representative micrographs are also reported (Figure 2.14).  

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.12. Average Sizes of STO Nanocuboids Produced through Variation of Added H2O and 

NaOH. Variation of the molarity of added NaOH and water volume used in the reaction allows for 

synthesis of STO NCs ranging from 25 – 80 nm. 

 

 

 

 

 

 

 

 

 



75 
 

 

Table 2.2 Synthetic Conditions Varied during STO Size Variation Experiments. These results 

correspond to the samples shown in Figure 6 of the paper. In each case, 9.1 mmol of both Sr(OH)2·8H2O 

and TiCl4 were used. Total water volume in the solution refers to water volume added into Solution A at 

the start of the synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13  Synthetic Conditions Varied during STO Size Variation Experiments. These data and 

associated error bars graphically represent the information reported above in Table 2.2 and are identical 

to the data presented in Figure 2.12. 

[added NaOH] VA = 60 mL VA = 50 mL VA = 40 mL VA = 30 mL VA = 20 mL 

10 M 
83.1 ± 14.5 69.1 ± 11.0 52.42 ± 9.1 51.72 ± 8.1 51.5 ± 11.2 

15 M 
52.4 ± 9.1 46.8 ± 9.2 38.0 ± 8.5 40.0 ± 11.9 38.0 ± 6.7 

20 M 
44.4 ± 8.0 35.7 ± 9.5 36.0 ± 10.0 37.3 ± 6.4 29.8 ± 5.3 

25 M 
39.2 ± 8.2 33.7 ± 7.6 26.5 ± 4.7 28.2 ±  5.2 26 ±  5.9 
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Figure 2.14. Electron Micrographs of STO NCs with Varied Average Sizes. These micrographs and 

their average sizes correspond to entries with the same average size and variance above in Figure S4a. 

Visually, STO NCs appear to have generally equivalent morphologies regardless of average particle size. 

 

To probe whether particle morphology was consistent across each sample, an average measure of 

corner rounding was obtained by inscribing a circle into the corner of each nanocuboid, the radius of 

which was used as a measure of curvature (Figure 2.2). The data show that the ratios of particle size to 

corner rounding (d:r) are comparable, ranging from 4.0 ± 1.3 to 4.9 ± 1.3. Based on these values, STO 

particle morphology appears generally equivalent across all samples (Table 2.3).129 
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Table 2.3. Measurements of Corner Rounding In STO Nanocuboid Samples of Various Sizes. The 

d:r ratios are all within one standard deviation of each other, suggesting that the nanocuboid 

morphologies in these samples are generally equivalent. These samples are also generally equivalent to 

a sample reported by Rabuffetti et al., whose d:r ratio for STO NCs was 5.0 ± 1.2 (last entry, red). 

 

Sample Size Radius of Curvature d:r 

24.7 ± 5.1 5.0 ± 0.9 4.9 ± 1.3 

39.3 ± 6.3 9.7 ± 2.7 4.0 ± 1.3 

48.8 ± 6.4 9.9 ± 2.0 4.9 ± 1.2 

64.0 ± 8.8 14.3 ± 2.1 4.5 ± 0.9 

63.9 ± 10.0 12.6 ± 1.2 5.0 ± 1.2 

 

 

The average aggregate particle size and crystallite size were measured for precursors synthesized 

under constant pH conditions, corresponding to STO NCs ranging from 25 – 80 nm (Figure 2.15, Table 

2.4). There is a correlation between both the crystallite and particle aggregate size of the precursor 

particles and the size of the final STO NCs, with larger crystallites and aggregates forming larger NCs. 
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Figure 2.15. Size Measurements for Gel Precursors Compared to Final STO Nanocuboid Size. The 

average size of STO crystallites (red, PXRD) and particles (blue, EM) from the precursor gel are 

compared against the average STO NC size (TEM-HAADF) after hydrothermal treatment. There is a 

correlation between both precursor crystallite and particle sizes and the final nanocuboid size. 
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Table 2.4. Precursor Particle Sizes vs. Final Hydrothermal Particle Size. These data correspond to 

the graph in Figure 2.15. For each STO sample, a pre-hydrothermal particle size and a final NC size 

were measured through direct imaging via electron microscopy. a Average crystallite size for each sample 

was calculated via peak broadening analysis of powder x-ray diffraction patterns. b Average STO NC 

sample size was measured through direct imaging via electron microscopy as well.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When designing a catalyst support, it is desirable to maximize surface area while retaining beneficial 

structural properties (e.g. faceting), increasing the potential number of catalytic sites. Particle size, which 

correlates inversely with surface area, can be varied over the range of 25 to 80 nm without significantly 

affecting STO NC morphology through control of the base and total ion concentrations (Figures 2.2, 

2.12). Both the concentration of base ([NaOH]) and the total ion concentration (controlled by the volume 

of water) affect the average particle size in the precursor and the STO NC (Figure 2.15), with higher ionic 

Precursor STO NC 

Avg Crystallize Size 

(nm)a 

Avg Particle Size 

(nm)b 

Avg NC Size 

(nm)b 

31.1 ± 3.1 73.5 ± 9.6 83.1 ± 14.5 

31.6 ± 3.9 58.3 ± 12.0 69.1 ± 11.0 

21.2 ± 1.9 48.1 ± 10.6 57 ± 10.4 

24.6 ± 3.5 42.4 ± 8.6 51.7 ± 8.1 

27.0 ± 2.6 35.8 ± 7.1 46.8 ± 9.2 

18.4 ± 0.7 26.3 ± 5.3 38.0 ± 6.7 

11.6 ± 1.7 26.9 ± 5.9 33.7 ± 7.6 

11.3 ± 0.9 18 ± 4.1 26 ± 5.9 
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concentrations (base or total) decreasing particle size. In the range of conditions probed, the 

concentration of base has a more significant effect on STO NC size, but the trend in the 10M NaOH 

samples at the highest water volumes (lowest total ion concentrations) suggests that decreasing the total 

ion concentration further may significantly increase the STO NC size. For the precursors that form STO 

NCs, there is a strong correlation between the precursor crystallite (PXRD) and particle (EM) size and the 

final STO NC size (Figure 2.15), which suggests that the NCs form directly from the precursor particles 

with minimal diffusion between particles. That the precursors primarily composed of SrCO3 and 

amorphous titania (from the Slow BTM method) do not form STO NCs under the tested conditions is likely 

because the rates of precursor dissolution, diffusion, and STO formation are overall slower than the rate 

of STO recrystallization for the aggregates of STO crystallites. Based on these data, STO nanocuboid 

formation likely proceeds through separate synthesis-dependent nucleation and growth process. Initial 

STO nucleation at high pH likely occurs in a rapid burst fashion governed by thermodynamic and/or 

colloidal stability, followed by diffusion-limited facet growth during hydrothermal treatment. We believe 

that changing precursor concentrations (and therefore Sr2+, Ti4+, and OH- concentrations) affects the 

minimum stable crystallite size that can form upon creation of the Sr-Ti-OH gel mixture. More specifically, 

lower precursor concentrations likely decrease mixture saturation and increase the minimum stable 

crystallite size required for STO nanoparticles to form without redissolving. 

 

As observed in the Slow BTM synthesis, the formation of large amounts of SrCO3 negatively affects the 

formation of STO NCs. SrCO3 may also form by adventitious dissolution of CO2 in solution or through 

variation in the Sr:Ti ratio.136 These effects and methods to mitigate them have also been explored. In 

samples in which SrCO3 formation is observed through powder x-ray diffraction, the final STO 

nanoparticles have irregular morphologies (Figures 2.16 & 2.17). Sr-Ti-OH mixture time was reduced 

from 50 minutes to 10 minutes, as this appeared to reduce the likelihood of SrCO3 formation. Complete 

elimination of SrCO3 formed from adventitious CO2 dissolution would likely require the use of an air-free 

environment or degassing of the water-ethanol mixture.85  
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Figure 2.16. PXRD Patterns of STO Samples with and without SrCO3. Samples with noticeable SrCO3 

secondary phase (top micrograph and diffraction pattern) correspond to final particles with irregular 

morphologies, indicating that SrCO3 formation can hinder nanocuboid formation. STO NC samples 

(bottom micrograph and diffraction pattern) do not contain a SrCO3 secondary phase. 
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Figure 2.17. Conditions under which SrCO3 Uptake was Observed with Longer Stir Times. The 

results indicate that CO2 uptake is not significant for shorter stir times, but is significant with longer stir 

times (i.e. longer exposure to atmospheric CO2).   

 

Furthermore, we have observed that the global Sr:Ti ratio (defined based on the amounts of 

Sr(OH)2·8H2O and TiCl4 added to the precursor solutions) significantly impacts nanoparticle morphology. 

Samples with a Sr:Ti ratio of 1.05:1 most consistently form STO NCs, while samples with higher (>1.1:1) 

Sr:Ti ratios form non-cubic nanoparticles (Figure 2.18). Previously, samples with both NC and irregular 

morphologies had been observed from STO syntheses using a global Sr:Ti ratio of 1:1. This could be due 

to decomposition of the Sr(OH)2·8H2O precursor from the octahydrate phase to less-hydrated phases, 

which was likely accelerated through grinding of the as-received reagent and storage in a desiccator 

(Figure 2.19). As such, this updated synthetic method calls for using as-received Sr(OH)2·8H2O. 
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Figure 2.18. STO Nanoparticle Products Obtained Through Variation of Global Sr:Ti Ratio. The 

TEM micrographs above correspond to reaction mixtures with global ratios of 1:1, 1.05:1, 1.1 : 1 (top left 

to top right), and 1.2:1, 1.3:1, and 1.4:1 (bottom left to bottom right). The mass of as-received 

Sr(OH)2·8H2O introduced into the reaction mixture was varied from 2.43g to 3.40g, such that the overall 

ratio of Sr to Ti varies from 1.1 to 1.4, respectively. STO nanoparticles synthesized with global ratios of 

1.05 : 1 were cuboids, while STO nanoparticles synthesized with other global ratios were irregularly 

shaped. 

Sr:Ti Ratio 

1.0 : 1 1.05 : 1 1.1 : 1 

Sr:Ti Ratio 

1.2 : 1 1.3 : 1 1.4 : 1 
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Figure 2.19. Degradation of Sr(OH)2·8H2O After Grinding and Desiccation. Desiccation of a ground 

Sr(OH)2·8H2O sample for two days does not cause decomposition of the octahydrate phase. However, 

extended desiccation on the order of one month causes significant desiccation of the octahydrate phase 

to a mixture of the monohydrate phase and (likely) semi-hydrate phases. 
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Preliminary scale-up experiments have been conducted and have demonstrated that STO nanocuboids 

can be synthesized at scales larger than a 125 mL autoclave. A highly-cubic STO sample (m = 22.5 g) 

was synthesized in a 4 L batch reactor at the Materials Engineering Research Facility (MERF) at Argonne 

National Laboratory; this is a 32-fold scale-up from the hydrothermal conditions reported by Rabuffetti et 

al. TEM micrographs of the resultant STO NCs are displayed below in Figure 2.20. These NCs have an 

average size and variance of 58.3 ± 16.2 nm, with an average corner rounding of 10.5 ± 1.7 nm, resulting 

in a d:r of 5.5 : 1. This is beyond the range of d:r ratios seen in the highly-cubic samples synthesized in a 

125 mL autoclave, but within error of the higher d:r values from that group of samples, and therefore not 

indicative of a change in the Wulff shape under hydrothermal conditions. These corner rounding 

measurements are all also comparable to an equivalent measurement obtained for a sample synthesized 

by Rabuffetti et al. with the previous hydrothermal method (Table 2.3, d:r = 5.0 ± 1.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.20.  TEM-BF Micrographs of STO Nanocuboids Synthesized in a 4L Batch Reactor. This 

sample (m = 22.5 g) has an average size of 58.3 ± 16.2 nm. The STO NC morphology of these 

nanoparticles is generally equivalent to those samples synthesized in a 125 mL autoclave. 
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These preliminary results show that scale-up from a 125 mL autoclave reactor to a 4 L autoclave 

reactor can be attained without significantly altering average nanoparticle size and shape, a fact 

supported by the average size d and average ratio of size to corner rounding, d:r. Thus, it is likely 

possible to further scale-up the STO hydrothermal synthesis described herein while retaining highly cubic 

particle morphologies. 

Size-controlled STO supports reported above have been used to construct Pt/STO catalysts through 

strong electrostatic adsorption (SEA), a charge-mediated, aqueous method adapted for depositing Pt 

onto the STO surface. Specifically, a STO nanocuboid sample with an average size of 39.3 ± 6.3 nm was 

used to deposit small Pt nanoparticles ( < 2 nm, Figure 2.21) with an average diameter of 1.7 ± 0.3 nm, 

an average area loading of 1.1 ± 0.3 Pt atoms / nm2
, and a weight loading of 3.6 wt % Pt. The successful 

deposition of Pt onto the STO NC surface suggests that the improvements made to the STO 

hydrothermal synthesis reported herein do not significantly alter the support surfaces, thereby making 

them generally equivalent to samples synthesized via the hydrothermal synthesis reported by Rabuffetti 

et al. Furthermore, these results indicate that the SEA process is: 1) a precise deposition method that 

deposits Pt onto STO NCs in a controlled fashion, and 2) amenable to scale-up due to the comparatively 

simple equipment required to conduct the deposition, as compared to other surface-limited processes like 

ALD. 

The above SEA-Pt/STO sample was tested for the hydrogenolysis of HDPE using the conditions 

described by Hackler et al.56 After 96 hours with 11 mg of 1.7 nm Pt particles, the HDPE was converted 

from Mw = 35 kDa, Ð = 3.11 to a Mw = 2400 Da, Ð = 1.03 product (99% conversion to wax, 1 % gas, 0% 

solid and liquid), compared to similar experiments in a Parr reactor in Celik et al. with 8 mg of 2.0 nm Pt 

particles, which generated a Mw = 2100 Da, Ð = 1.7 product after 68 h without the use of a liner. The 

dispersity of the product of the SEA-Pt/STO catalyst decreased below 1.1, similar to our prior work 

producing upcycled liquid products from polyolefins with Pt/STO.7,56 Notably, the dispersity decreased 

below 1.1 while the Mw was above 2000 Da, which we have not previously observed. This narrow 

dispersity demonstrates that SEA-derived Pt/STO is a selective catalyst for waste plastic hydrogenolysis. 

The conversion to a wax-like product was higher than previously reported; no conversion to liquids or light 

gases occurred, despite being observed for hydrogenolysis with previous Pt/STO catalysts. We postulate 
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that these differences may be due to differences in the amount of Pt atoms per square nanometer 

between samples. Celik et al and Hackler et al. have previously observed negligible changes in the Pt 

particle size and distribution after hydrogenolysis for ALD Pt/STO catalysts by electron microscopy and 

suggested that it is due to the epitaxial stabilization of Pt on the SrTiO3 {100} facets. Based on those 

results, we expect that SEA Pt/STO Pt nanoparticles will be similarly stabilized. The observed low 

dispersity at high molecular weights will be further investigated to determine how the changes in Pt 

nanoparticle dispersion from ALD to SEA affect polymer/catalyst interactions and therefore the upcycled 

liquid products.  

 

 

 

 

 

 

 

 

 

 

Figure 2.21 TEM-HAADF Micrograph of SEA-Derived Pt/STO Catalysts. This sample was synthesized 

via the updated hydrothermal synthesis and SEA deposition process reported herein. This sample has a 

Pt weight loading of 3.6%, an average Pt particle size of 1.7 ± 0.3 nm, and an average Pt area loading of 

1.1 ± 0.2 Pt atoms per square nanometer. 

2.5 CONCLUSION 

Highly cubic, size-controlled STO catalyst supports have been used to generate size-controlled Pt/STO 

hydrogenolysis catalysts and upcycle HDPE into high-quality liquids. Several modifications to an earlier 

STO hydrothermal synthesis have: 1) allowed for the synthesis of STO nanocubes ranging from 25 – 80 

nm in size with narrower size distributions than before; 2) ensured that nanoparticles with highly-cubic 

Relevant Properties 

Pt weight %:              3.6%  

d
Pt

 (nm):               1.7 ± 0.3 

n
Pt

 / nm
2

:              1.1 ± 0.2 
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morphologies are formed by eliminating competing effects of reaction byproducts such as SrCO3, and 3) 

revealed that rapid formation of precursor crystallites in a pH 14 solution is required for nanocuboid 

formation. Analysis of the pre-hydrothermal synthetic steps established that STO NCs rapidly nucleate 

prior to hydrothermal synthesis, suggesting that hydrothermal treatment is primarily responsible for NC 

facet growth. In the future, this STO NC hydrothermal synthesis will be studied in a microwave reactor to 

understand the relationship between heating method and final STO morphology, and the relationship if 

any between these parameters and the pH control of the Sr-Ti-OH gel precursor demonstrated in this 

work.  

We further report that the STO hydrothermal synthesis was conducted on a 4 L batch scale to afford 

22.5 g of highly-cubic nanoparticles. These preliminary results demonstrate that STO can be synthesized 

on larger scales while retaining average particle size and a highly-cubic morphology. These findings will 

be used to guide conversion of the synthesis into a continuous-flow reactor in pursuit of high-throughput 

synthesis of shape-controlled, size-controlled Pt/STO catalysts. The construction of Pt/STO catalysts and 

their upcycling of HDPE into uniform wax products also demonstrate that the physical properties of these 

catalysts can be varied without adversely affecting hydrogenolysis. We will continue to explore the extent 

to which variation of properties such as support surface area impact HDPE hydrogenolysis as we pursue 

a commercially viable synthesis of Pt/STO catalysts for waste plastic upcycling.  
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CHAPTER 3 

Microwave-Assisted Synthesis of SrTiO3 Nanocuboids without TiCl4 

This Chapter was adapted with permission from “I.L. Peczak, R.M. Kennedy, A.M. Simpson, M. 
Delferro, K.R. Poeppelmeier.  ‘Microwave-Assisted Synthesis of SrTiO3 Nanocuboids without TiCl4.’ 

Small Science, 2023, 220107. DOI: 10.1002/smsc.202200107.” 
 

© Wiley Open Access 2023. 
 

3.1 ABSTRACT 

Strontium titanate (STO) nanocuboids have been demonstrated as a novel support for Pt nanoparticle 

catalysts (Pt/STO). The first of many steps in commercializing Pt/STO will be developing a scalable, 

environmentally sustainable, and cost-effective STO nanocuboid synthesis. In this study, Sr-Ti-OH 

mixtures were synthesized from various Sr2+ and Ti4+ reagents and treated hydrothermally with 

convection heating and microwave-assisted heating to obtain STO nanoparticles. These experiments 

clarified how  phase composition of the pre-hydrothermal Sr-Ti-OH mixture and choice of heating method 

affect final nanoparticle morphology. In Sr-Ti-OH mixtures synthesized with TiCl4, STO is the most stable 

phase and precipitates prior to heating, while titania sol-gels are the most stable phase when other Ti4+ 

sources are used. STO crystallites always form when Sr-Ti-OH mixtures are treated by convection 

heating, though nanocuboids are only observed if STO precipitates in the Sr-Ti-OH mixture. If microwave-

assisted heating is used, the rate at which the precursor solution is heated increases, and STO 

nanocuboids can form from a variety of Sr-Ti-OH mixtures regardless of mixture composition. To that 

effect, we report two microwave syntheses of STO nanocuboids, one which used TiCl4 as a Ti4+ source, 

and another that used titanium(IV) bis(ammonium lactato) dihydroxide ([NH4CH3CH(O)CO2]2Ti(OH)2), a 

water stable Ti4+ complex.  
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3.2 INTRODUCTION 

Modern chemical industry is highly dependent on catalysts, with most chemical processes 

requiring their use in one or multiple steps.137 By some accounts, over a third of the world’s gross 

domestic product (GDP) is tied to materials generated by catalysts, ~85 % of which are 

heterogeneous.137,138 

Owing to the proven success of catalysts in industrial processes, many researchers are using 

catalysts at the lab scale to solve unexplored problems.139–141 One such problem is the chemical recycling 

of single-use plastics, as plastic pollution is a pressing global crisis that urgently needs an industrial 

solution.3,8,142,143 Processing single-use plastic waste is uniquely challenging because the stable carbon-

carbon and carbon-hydrogen bonds that make up these materials are difficult to break.144 However, 

catalytic upcycling processes can potentially deconstruct plastics into uniform, value-added products, 

thereby converting waste into economically viable materials that close the loop of a circular economy.31,145 

Thus far, one state-of-the-art technique for waste plastic upcycling is catalytic hydrogenolysis, by which a 

noble metal nanoparticle catalyst (e.g. Pt, Ru) deposited on a metal oxide support (e.g. perovskites, 

titania, silica) selectively converts waste polyolefin samples to liquid and wax-like 

products.7,39,46,56,59,114,146,147 Among such catalysts, platinum nanoparticles (Pt) on SrTiO3 nanocuboid 

supports (STO; Pt/STO) have stood out for their demonstrated ability to selectively convert virgin and 

post-consumer polyethylene and polypropylene into commercially viable base oils for tribological 

applications.7,46,56 Thus, continued study of Pt/STO is desirable.42,54,60,64,79 

The development of a scalable and cost-effective synthesis for STO catalyst supports is one of 

many milestones that must be met if Pt/STO hydrogenolysis catalysts are to upcycle plastic waste on a 

scale sufficient for participation in a circular economy. Regarding STO supports, current lab-scale 

syntheses use reagents not suitable for eventual scale-up.85 Of the literature reports that demonstrate 

hydrothermal synthesis for highly cubic STO samples (defined here and in our previous work as a batch 

of nanoparticles with > 80 % nanocuboids),42 the majority use titanium tetrachloride (TiCl4) as a source for 

Ti4+.79,80,85,87,88,90,148 Chloride ions, as well as other halides, have a demonstrated track record of acting as 

both inhibitors and promoters in a variety of catalytic processes. Specifically, chloride ions can be poisons 
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in the oxidation of CO, methane, ethane, and crotonaldehyde hydrogenation, and generally appear to 

deactivate platinum catalysts.149–151 Interestingly, they also promote selective ethene epoxidation and 

cyclohexene hydrogenation, among other examples.152,153 Compounding these issues, chloride ions have 

been shown to corrode steel-based reactors and significantly shorten equipment lifetime.106,107,154 Thus, 

TiCl4 restricts the application of STO and other materials as catalyst supports for polymer upcycling. 

Finally, the introduction of TiCl4 into an aqueous reaction mixture requires the use of ethanol to stabilize 

the compound. Titanium (IV) chloride is reactive in air, and reagent stocks often decompose to titanium-

containing oxides over time, again restricting its ability to serve as a precursor for STO synthesis. This 

increases the frequency with which reagents must be replaced and drives up the materials cost required 

to make STO. Preliminary estimations also suggest that for a hypothetical STO synthetic process, a 

significant amount of greenhouse gas emissions stem from the use of ethanol.155 Thus, it is highly 

desirable to substitute TiCl4 for an alternate Ti4+ source to avoid potential corrosion, increase precursor 

shelf life, and eliminate the use of ethanol to reduce the carbon footprint of the process. 

Choosing an effective heating method for hydrothermal treatment may also impact the viability of 

a large-scale STO synthesis. Currently, many STO syntheses for nanocuboids use convection heating in 

hydrothermal treatment steps.79,80,85,87,88,90–92,148,156 Convection heating (CH) relies on the diffusion of 

thermal energy through a reactor and into the reaction mixture, which may cause inhomogeneous sample 

heating. This can extend the heating time required to synthesize a highly cubic STO sample, consuming 

large amounts of energy and potentially allowing for more particles with irregular morphologies to form.  

Microwave-assisted hydrothermal (MAH) heating more uniformly distributes energy throughout 

reaction mixtures compared to convection-based heating.93,94,96–100,157–160 For solvents that are microwave 

active, e.g. water, direct delivery of microwave radiation into a reaction mixture via a magnetron-powered 

thermocouple causes molecular rotation. This produces uniform heating throughout the reaction medium, 

thereby cutting down on reaction times and making batch processes more amenable to scale-up.93–98,157 

Accordingly, microwave reactors have been used extensively in organic synthesis to synthesize small-

molecule samples in as little as 30 minutes.94 They have significantly shortened the time required to 

conduct transition-metal-catalyzed carbon-carbon and carbon-heteroatom bond-forming reactions, such 

as Heck, Stille, Negishi, and Suzuki couplings with palladium catalysts, Ullman condensations, and 
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carbonylations, among other processes.98 Moreover, these small molecule heating techniques have been 

adapted to accelerate syntheses in adjacent fields, such as in high-speed polymerase chain reactions 

and enzyme-mediated organic transformations.94,98 However, they have not been widely adopted 

because a limited number of solvents are microwave active, and the cost of microwave reactors is 

significantly higher than that of convection heating equipment.  

Microwave heating is also used to produce inorganic materials, though these syntheses are less 

common than their organic analogs because they often require harsh reaction conditions.93,95 Generally, 

microwave heating has been used to synthesize most classes of functional materials, including but not 

limited to oxides, halides, and sulfides.99,100,158–160 These studies have largely focused on demonstrating 

proof-of-concept syntheses, which do not routinely select for certain physical properties of the product or 

demonstrate output beyond the lab scale. Thus, there is a continued need to investigate how MAH 

techniques can be used both for scale-up and the synthesis of specific nanoparticle morphologies. 

In this work, a variety of Ti4+ and Sr2+ precursors were used to synthesize pre-hydrothermal Sr-Ti-

OH mixtures, which were analyzed by x-ray diffraction to determine how Sr-Ti-OH phase composition 

impacts final STO particle morphology. The results are consistent with a previous report by Peczak et al 

that suggests STO nanocuboids form in a two-step process that requires 1) precipitation of STO and 2) 

{100} facet growth.42 When TiCl4 is not used as a Ti4+ precursor, nanocuboid particles generally do not 

form when a single-step convection heating profile is used. Additionally, STO nanocuboids were 

synthesized in a 1 L stirred microwave reactor to explore both reaction scale-up and the impact of heating 

method on final particle morphology. These syntheses were first conducted using TiCl4 as a Ti4+ source, 

and then conducted by replacing TiCl4 with titanium(IV) bis(ammonium lactato)dihydroxide (TiBALD), a 

water-stable titanium complex. From these reactions, 20 g of highly cubic STO were obtained in less time 

and at lower temperatures than previously required (200 oC, 8 - 16 h). Thus, we demonstrate that to 

synthesize STO nanocuboid samples via convection heating, a Ti4+ precursor must be chosen such that 

STO crystallites precipitate prior to heating. However, through the newly developed microwave-assisted 

synthesis reported herein, STO nanocuboids can now be synthesized from more Ti4+ sources than 

previously possible. 
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3.3 EXPERIMENTAL 

3.3.1 Materials and Instrumentation 

Samples were analyzed by powder x-ray diffraction and electron microscopyas described previously in 

Peczak et al.42 

3.3.1.1 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

Elemental Sr and Ti compositions in STO were measured by a Thermo iCAP 7600 Inductively Coupled 

Plasma Optical Emission Spectroscopy (ICP-OES) system operated through the Quantitative Bio-element 

Imaging Center at Northwestern University.  STO samples (40 mg) were digested in aqua regia (15 mL) 

for 48 hours, after which 0.5 mL of the resulting solution was diluted twenty-fold with a 2 % HNO3 / HCl 

solution in water (10 mL total sample volume) and analyzed. Five stock solutions were made by serial 

dilution from Sr and Ti standards to span a range of 1 – 40 ppm for each metal for calibration. A 

calibration curve was computed internally through the ICP-OES system software. Final concentration data 

were converted to molar amounts and divided to obtain a value of the Sr/Ti ratio. Standard deviation of 

the Sr/Ti ratio was computed through error propagation of the standard deviation associated with the 

measurements of Sr and Ti concentrations in the ICP sample. The details of this calculation are 

presented below in the Statistical Analysis sub-section. 

3.3.2 SrTiO3 Synthesis 

3.3.2.1 Safety Note: Handle with care. Perchlorate salts are a class of potentially explosive chemicals 

when subjected to certain conditions. These chemicals can release a destructive amount of pressure, 

gas, or heat when subjected to certain conditions such as high temperature or source of ignition. These 

compounds also tend to be strong oxidizers. Contact with other materials may cause and/or intensify 

fires. 

All SrTiO3 nanoparticle samples were obtained by first synthesizing a Sr-Ti-OH mixture and then heating 

it (see scheme below). Sr-Ti-OH mixtures were synthesized from various Sr2+ sources (SrCO3, 

Sr(C2H4O2)2, Sr(NO3)2, Sr(OH)2
.8H2O, Sr(C2H4O2)2

.0.5H2O, Sr(ClO4)2
.3H2O, SrCl2.6H2O), and various Ti4+ 

sources (TiCl4, Ti(OCH2CH3)4, Ti(OC3H7)4, Ti(OCH(CH3)2)4, Ti(OC4H9)4, Ti(OC(CH3)3)4, [NH4CH3CH(O-

)CO2]2Ti(OH)2]). Hydrothermal heating was done either by convection heating or microwave heating (see 

below). Both techniques were used to treat Sr-Ti-OH mixtures synthesized on various scales. 



94 
 

 

(Sr-Ti-OH mixture synthesis) + (heating method) = SrTiO3 nanoparticles 

 

3.3.3 Sr-Ti-OH Mixture Creation with Ethanol 

3.3.3.1 Lab Scale 

Solution A: As-received Sr2+ reagents (10.0 mmol, Sigma Aldrich) were added to acetic acid (0.05 mol, 

Sigma Aldrich, 99.5%) in deionized water (50 mL) and stirred for 10 minutes.  

Solution B: As-received Ti4+ reagents (9.1 mmol, Sigma Aldrich) were added to ethanol (20 mL, absolute) 

in a 50 mL beaker via Luer Lock syringe and stirred for 10 minutes. Solution A and Solution B were 

combined to make Solution AB and stirred for 10 minutes to ensure homogeneity. Next, Solution AB 

was added into a NaOH solution (13 mL, 10 M) to synthesize the designated Sr-Ti-OH mixture. In 

situations where a final nanoparticle synthesis was pursued, this Sr-Ti-OH mixture was transferred in its 

entirety to a hydrothermal reactor and heated, as described below. In the case of gel precursor analyses 

without hydrothermal heating, this Sr-Ti-OH mixture was transferred to a 50 mL Falcon tube. It was then 

centrifuged at 4500 rpm for 5 minutes, after which the white gel at the bottom of the centrifuge tube was 

separated from the supernatant, spread thin on a crucible, and analyzed by powder x-ray diffraction or 

electron microscopy. This was done immediately after separation to avoid gel decomposition in air. This 

method is derived from the process published by Peczak et al.42 

 

3.3.3.2 Large Scale 

Sr-Ti-OH mixtures for large scale, convection-based hydrothermal synthesis in a 4 L reactor were 

conducted as described previously in Peczak et al.42 

 

3.3.4 Sr-Ti-OH Mixture Creation without Ethanol 

3.3.4.1 Lab Scale. As-received Sr2+ reagents (9.1 mmol, Sigma Aldrich), were added into a 1 M solution 

of acetic acid (0.05 mol, Sigma Aldrich, 99.5 %) in de-ionized water (50 mL) and stirred for 10 minutes to 

ensure dissolution. Next, an as-received Ti4+ source (9.1 mmol, Sigma Aldrich) was added to the Sr2+ 

solution, and the resulting Sr/Ti bimetallic solution was allowed to stir for 10 minutes. Depending on which 
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Ti4+ source was used, either a white precipitate formed, a polymeric network formed, or no solid formed. 

The Sr/Ti bimetallic solution was next added to a NaOH solution (10 M, 30 mL) and stirred for 10 minutes 

to form the final Sr-Ti-OH mixture. In situations where a final nanoparticle synthesis was pursued, this Sr-

Ti-OH mixture was transferred in its entirety to a hydrothermal reactor and heated, as described below. In 

the case of gel precursor analyses without hydrothermal heating, this Sr-Ti-OH mixture was transferred to 

a 50 mL Falcon tube and isolated for analysis as described above. 

3.3.4.2 Large Scale. Only one Sr-Ti-OH mixture was synthesized without ethanol on a scale larger than 

125 mL. Sr(OH)2
.8H2O (77.8 g, 0.29 mol) was added into a solution of acetic acid (71.7 g, 1.20 mol) and 

double de-ionized water (450 g) in a 1 L beaker and stirred for 10 minutes. [NH4CH3CH(O-)CO2]2Ti(OH)2 

(50% by weight solution in water, Sigma Aldrich, 172.18 g, 0.59 mol) was added into this solution, which 

then turned yellow. The resulting Sr/Ti bimetallic solution was allowed to stir for 10 minutes, after which it 

was added into a separate 1 L beaker containing 10 M NaOH (316 mL, 3.16 mol). The resulting gel was 

stirred for 15 minutes. 

 

 

3.3.5 Hydrothermal Synthesis by Convection Heating 

Convection-based hydrothermal heating at both the 125 mL scale and 4 L scale were conducted as 

described in Peczak et al.42 

 

3.3.6 Hydrothermal Synthesis by Microwave Heating 

Microwave experiments were conducted in a Milestone synthWAVE Single Reaction Chamber 

reactor. A pre-determined Sr-Ti-OH mixture (~800 mL) was transferred to a 1 L Teflon liner, which was 

inserted into the synthWAVE reactor. A heat treatment was applied consisting of: 1) a 30 minute ramp to 

a selected temperature (120 – 240 oC); 2) a hold time of 2 – 16 h with 50% maximum stir speed, and 3) a 

30 min cool step back to ambient temperature. The resulting white precipitate was washed repeatedly 

with deionized water via vacuum filtration until the water in the Buchner funnel was pH 7. The wet powder 

was then removed from the funnel and dried in air in an oven (110oC, overnight).  
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3.3.7 Statistical Analysis 

All data presented in this work was processed as collected without any pre-processing, normalization, 

or removal of outliers. Data corresponding to average particle sizes is presented as the mean and 

standard deviation of values measured. For each measurement of average size, around 200 

nanoparticles were counted. Percentages of nanocuboids per sample were calculated by counting the 

number of particles identified as ‘nanocuboids’, and dividing by the total number of particles observed in 

the corresponding micrograph (see below). For each calculation of the percent nanocuboids in a sample, 

300 nanoparticles were considered and identified as either ‘nanocuboids’ or ‘not nanocuboids’ (Equation 

3.1). Calculations of average particle size and percent nanocuboids were conducted in Microsoft Excel, 

and the relevant data were collected using ImageJ. 

 

(Eq. 3.1):              % Nanocuboids = (# Nanocuboids Observed) / (# Total Particles Observed) 

 

Average crystallite size for powder x-ray diffraction samples was calculated using the Debye Scherrer 

equation within the MDI Jade software package.161 Standard deviation associated with Sr/Ti ratio 

calculations ( r ) was measured by error propagation of the standard deviation associated with the Sr and 

Ti concentrations measured by ICP-OES as demonstrated below (Equations 3.2 – 3.4). Equations 3.2 & 

3.3 were used to calculate the standard deviation associated with mass and molar amounts of both Sr 

and Ti, but are shown below only for Sr for conciseness.   

(Eq. 3.2):     𝜎𝑚𝑎𝑠𝑠 𝑆𝑟 = 𝜎𝑚𝑎𝑠𝑠 𝑆𝑟 ∗ 10−6 ∗ 0.04 𝑔 

(Eq. 3.3):       𝜎𝑚𝑜𝑙 𝑆𝑟 =
𝜎𝑚𝑎𝑠𝑠 𝑆𝑟

𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 𝑆𝑟
 

(Eq. 3.4):         𝜎𝑟 = 𝑟√(
𝜎𝑚𝑜𝑙 𝑆𝑟

𝑚𝑜𝑙 𝑆𝑟
)

2

+ (
𝜎𝑚𝑜𝑙 𝑇𝑖

𝑚𝑜𝑙 𝑇𝑖
)

2
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3.4 RESULTS & DISCUSSION 

3.4.1 Phase Composition of Pre-Hydrothermal Sr-Ti-OH Mixtures 

Previously, Peczak et al demonstrated that to obtain a highly cubic STO sample after a one-step 

convection heat treatment, STO nanocrystals must precipitate prior to hydrothermal synthesis.42 For the 

reported synthesis, which used Sr(OH)2
.8H2O and TiCl4 as starting reagents, this was accomplished by 

specifying an order of operations to ensure that the pre-hydrothermal Sr-Ti-OH reaction mixture (“Sr-Ti-

OH”) rapidly reached pH 14. Under these conditions, STO is the thermodynamically most stable phase 

and therefore precipitates. Subsequent hydrothermal heating is likely responsible for {100} facet growth 

on particles, which affords the final highly cubic product. To explore whether this phenomenon occurs in 

other reaction systems, Sr-Ti-OH reaction mixtures made with varied starting sources of Sr2+ and Ti4+ 

were synthesized without heating and then isolated and analyzed by powder x-ray diffraction. All Sr-Ti-

OH mixtures were created using 10 M NaOH.  

Figure 3.1 presents a graphical depiction of a ‘stoplight’ screening method used to compare new Sr-Ti-

OH mixtures (synthesized from seven Ti4+ sources and seven Sr2+ sources with Sr(OH)2.8H2O and TiCl4 

serving as a control), to that previously reported by Peczak et al. By this method, Sr-Ti-OH reaction 

mixtures from which only crystalline STO precipitated (> 99.9 %, as determined by powder x-ray 

diffraction) were considered satisfactory (i.e., green, Figure 3.2a), as these mixtures can be converted 

into highly cubic products with a one-step convection heat treatment. Sr-Ti-OH reaction mixtures from 

which either amorphous or weakly crystalline materials precipitated (as determined by the final x-ray 

diffraction pattern) were considered less desirable, (i.e., red, Figure 3.2b). 
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Figure 3.1. Synthesis of Sr-Ti-OH Reaction Mixtures for Screening by X-Ray Diffraction. Sr2+ 

solutions were made in 1 M CH3COOH with one of the reagents listed in the “Sr2+ Source” column, and 

Ti4+ solutions were made in ethanol with one of the reagents listed in the “Ti4+ Source” column. These two 

solutions were combined and introduced into a 10 M NaOH solution. After stirring, the resulting Sr-Ti-OH 

mixture was centrifuged, and a gel material was removed for analysis by powder x-ray diffraction. 
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Figure 3.2. Sr-Ti-OH Mixtures for STO Samples in Figure 1 that were Highly Cubic (a) and Irregular 

(b) After Heating.  The Sr-Ti-OH mixture characterized in S2a became a highly cubic STO sample after 

heating, while the Sr-Ti-OH mixture in S2b became an irregular STO sample after heating. The diffraction 

pattern in S2a corresponds to a “100 % STO” pattern that has been shown to make nanocuboids, while 

the diffraction pattern in S2b corresponds to a “weakly crystalline” pattern with a SrCO3 primary phase. 

The “weakly crystalline” designation was assigned because of the low signal-to-noise ratio shown in the 

pattern. 

 

First, Sr(OAc)2, Sr(Oac)2
.0.5H2O, Sr(NO3)2 and SrCO3, Sr(ClO4)2

.3H2O, and SrCl2.6H2O were 

used to synthesize a Sr-Ti-OH reaction mixture, which was then analyzed to determine phase 

composition. Molar amounts of each Sr2+ starting reagent were chosen to meet a global ratio of 1.05 : 1 of 

Sr to Ti, and the average crystallite size for the primary phase of each mixture was measured by a Debye 

Scherrer peak broadening analysis. TiCl4 was used as the Ti4+ source for all samples in these 

experiments. The findings are displayed below in Table 3.1. Several Sr-Ti-OH mixtures derived from 

various Sr2+ sources precipitated STO without any secondary phases. When Sr(OAc)2, Sr(OAc)2
.0.5H2O, 
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and SrCO3 were used as the Sr2+ source, STO crystallites precipitated from solution, while the NO3
-, ClO4

-

, and Cl- anions prevented STO precipitate formation. For all samples that precipitated STO, average 

STO crystallite sizes were between 18 – 24 nm, which is generally equivalent to those measured from Sr-

Ti-OH mixtures synthesized with Sr(OH)2
.8H2O and TiCl4, as previously reported (repeated in Table 3.1). 

 

Table 3.1. Variation of Sr2+ Source and Resulting Crystalline Composition of Final Sr-Ti-OH 

Mixture. All Sr-Ti-OH mixtures were synthesized with the designated Sr2+ reagent in 1M CH3COOH in 

water, with TiCl4 as a Ti4+ source in 20 mL ethanol, and 15 mL of 10 M NaOH as a source of base. 

Average crystallite size was measured in MDI Jade by peak broadening analysis.161 

 

 

Literature reports propose a variety of mechanisms by which STO nanoparticles might form,162 

and two of the most common pathways proposed are the dissolution-precipitation and in situ 

transformation mechanisms.85,162 Though there is ample evidence for each process, both require Sr2+ and 

Sr2+ Source % STO % SrCO3 Average Crystallite Size (nm) 

Sr(OH)2
.8H2O > 99.9 0 20.7 ± 4.6 

Sr(NO3)2 18.9 81.1 23.5 ± 7.0 

Sr(OAc)2 > 99.9 0 24.0 ± 9.1 

Sr(OAc)2
.0.5H2O > 99.9 0 18.3 ± 6.7 

Sr(ClO4)2
.3H2O 12.0 88.0 28.3 ± 6.7 

SrCO3 > 99.9 0 24.4 ± 7.3 

SrCl2.6H2O 0 100 24.8 ± 5.4 
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Ti4+ to combine in solution. Previous reports also note that Sr2+ may incorporate into hydrolyzed, Ti-

containing structures as a prerequisite to precipitation.91  

The precipitation of 100 % crystalline STO from four Sr-Ti-OH reaction mixtures in Table 3.1 

suggests that in these four mixtures, STO is the most thermodynamically stable phase, as has been 

observed previously in analogous systems.42 In the case of the three Sr-Ti-OH reaction mixtures with a 

composition of 100 % SrCO3, the precipitation of this strontium carbonate crystalline phase could be the 

result of a decrease in Sr-Ti-OH reaction mixture pH. Sr-Ti-OH reaction mixtures are highly basic, and so 

a non-negligible amount of CO2 can be uptaken from air and lower solution pH to an intermediate range, 

making SrCO3 the thermodynamically preferred phase instead of STO. Additionally, it is possible that 

SrCO3 precipitation occurs because anions (e.g. NO3
-
, ClO4

-) sterically interfere with the interaction of Sr2+ 

cations and Ti4+ or the hydrolysis of Ti4+. Such cases can allow sufficient time for the local formation of 

SrCO3 crystallites and amorphous titania. These phases would then precipitate and leave no metal ions 

from which to form STO.43 A more thorough investigation of this phenomenon would require time-

resolved, pH-controlled studies that track the evolution of various strontium and titanium species. 

For the mixtures in Table 3.1, it is possible that for Sr-Ti-OH samples in which STO does not 

precipitate, a change in solution pH during mixing, which would no longer make STO the dominant phase 

and drive the formation of other compounds, or steric interference, which would prevent the interaction of 

Sr2+ and Ti4+ ions, occurs. For samples that did not precipitate STO, the counterions for each strontium 

reagent are the conjugate base of a strong acid, meaning that their presence likely does not alter the 

solution pH during mixing. Thus, NO3
-, ClO4

-, and excess Cl- may sterically interfere with the interaction of 

Sr2+ and Ti4+ in solution. A more thorough investigation of this phenomenon requires time-resolved, pH-

controlled studies that track the evolution of various strontium and titanium species, as has been done 

previously for titania sol-gel systems. 

Two of the Sr-Ti-OH mixtures in Table 3.1 were treated hydrothermally for 36 h at 240 oC in a 

125 mL autoclave in a convection oven. The initial Sr-Ti-OH mixtures were characterized by x-ray 

diffraction, and the final products were characterized by both electron microscopy (Figures 3.2, 3.3). 

While both samples had crystalline compositions of > 99.9% STO, only the sample that precipitated STO 

prior to hydrothermal treatment produced a highly cubic final sample. These results support the previous 
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conclusion that STO nanocuboids form in a two-step precipitation and facet growth process and suggest 

that it is independent of reagent identity. The formation of the nanocuboid shape, which changes both the 

chemical (e.g. surface hydroxyl concentration) and physical (e.g. faceting) properties of the nanoparticle 

surface, is critical for use of STO as a catalyst support because it allows for epitaxial stabilization of Pt on 

STO, thereby preventing sintering during catalysis. Given that a beveled nanocuboid is the Wulff shape of 

STO in water, a one-step convection heating profile is likely not sufficient to drive both STO precipitation 

and facet growth, since all STO nanoparticles should rearrange to the Wulff shape under sufficient 

temperature and time. 
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Figure 3.3. Secondary Electron STEM Micrographs of STO Samples After Hydrothermal Treatment 

of Sr-Ti-OH Mixtures that did (left) and did not (right) Precipitate STO Prior to Heating. The sample 

that precipitated STO prior to heating was synthesized using Sr(OAc)2 as a Sr2+ source, while the sample 

that did not precipitate STO prior to heating was made using Sr(NO3)2 as a Sr2+ source. Both samples 

were made using TiCl4 as a Ti4+ source. The results suggest that for unstirred convection heating in one-

step heating profiles, STO nucleation prior to hydrothermal treatment is critical for the formation of highly 

cubic samples. For each sample above, 300 nanoparticles were imaged and analyzed to calculate the 

percentage of nanocuboids per sample, while 200 nanoparticles were imaged and analyzed to determine 

average particle size.  

 

Next, analogous screening experiments were conducted by synthesizing Sr-Ti-OH mixtures with 

various Ti4+ sources. Four strontium reagents (Sr(OAc)2, SrCO3, Sr(NO3)2, and Sr(OH)2
.8H2O) were each 

used to synthesize gel mixtures with sodium hydroxide and one of five titanium sources: titanium ethoxide 

(Ti(OEt)4), titanium propoxide (Ti(OPr)4), titanium butoxide (Ti(OBu)4), titanium tert-butoxide (Ti(OtBu)4), 
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and titanium(IV) bis(ammonium lactato) dihydroxide (TiBALD). Titanium alkoxide sources were used 

because they did not require harsh conditions for dissolution in water or ethanol. The strontium sources 

chosen were those that successfully precipitated STO prior to heating in previous experiments. Sr(NO3)2 

was also tested to determine whether samples that did not precipitate STO when mixed with TiCl4 could 

precipitate STO when mixed with different reagents. Each mixture was separated from its supernatant by 

centrifugation and analyzed by powder x-ray diffraction. These Sr-Ti-OH mixtures were synthesized both 

with and without ethanol, and experiments are grouped as such in the top and bottom halves of Figure 

3.4, respectively. Each strontium or titanium reagent is labeled by the anion to which it corresponds, i.e. a 

sample synthesized with titanium tert-butoxide is listed in the row labeled “OtBu-“, and a sample 

synthesized with strontium carbonate is listed in the column labeled “CO3
2-“.  
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Figure 3.4. Powder X-Ray Diffraction Characterization of Sr-Ti-OH Reaction Mixture Precipitates 

(Varied Sr2+ and Ti4+ Sources, With and Without Ethanol as a Solvent). Six Ti4+ sources were tested 

for comparison against TiCl4, which serves as a control against which to benchmark the results above.42 

None of the combinations tested precipitated STO prior to hydrothermal treatment. All samples were 

either amorphous, weakly crystalline, or crystallized a product other than STO. Boxes that are colored 

white denote a combination that was not tested. Phase determination was conducted using MDI Jade 

software.161 

 

STO crystallites never precipitate from Sr-Ti-OH reaction mixtures that are synthesized with 

titanium sources other than TiCl4. All permutations tested formed samples that were either amorphous, 

weakly crystalline, or a crystalline phase that was not STO. Of the samples that were crystalline, all 

observed phases were either unwanted side products, such as SrCO3, or crystalline byproducts that could 

not be identified, likely sodium-titanium complexes. Figures 3.2a & 3.2b show representative diffraction 

patterns that are 100% STO and weakly crystalline SrCO3, respectively. Additionally, the following 

representative diffraction patterns are provided in the supplementary information with important features 
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noted: an amorphous diffraction pattern (Figure 3.5a), a weakly crystalline diffraction pattern with phases 

other than SrCO3 (Figure 3.5b), and a crystalline diffraction pattern that is likely reformed Sr(OH)2
.8H2O 

(Figure 3.5c). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5a.  Representative Powder X-Ray Diffraction Pattern for Sr-Ti-OH samples labeled 

“Amorphous”. In these cases, no crystalline phase is identified in the sample after synthesizing a Sr-Ti-

OH gel from the designated Sr2+  and Ti4+ sources in 10 M NaOH. All Sr-Ti-OH samples designated 

“amorphous” produced diffraction patterns like this one when characterized. 
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Figure 3.5b. Representative Powder X-Ray Diffraction Pattern for “Weakly Crystalline” Diffraction 

Pattern in Figure 2 with Phases other than SrCO3. In such patterns, characteristic peaks 

corresponding to SrCO3 are observed. However, other peaks are observed in the pattern that are likely 

due to titanium-containing phases, such as sodium-titanium complexes. The low signal to noise ratio also 

suggests that a significant portion of the Sr-Ti-OH mixture is amorphous. 
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Figure 3.5c. Representative powder x-ray diffraction pattern for crystalline diffraction pattern where 

Sr(OH)2
.8H2O is likely the primary phase. In these cases, a crystalline phase is observed upon synthesis 

of the Sr-Ti-OH mixture. However, there is no SrTiO3 in this mixture, and the contribution from SrCO3 

does not explain all peaks in the diffraction pattern.  

 

The use of TiCl4 as a Ti4+ source appears to be crucial to precipitating STO. This is likely because 

generation of hydrochloric acid produces a low pH in the titanium-ethanol solution. The low pH may 

stabilize Ti4+ complexes in solution prior to mixing with NaOH and therefore prevent the creation of a 

solution with intermediate pH, where other phases are more stable.163–168 Specifically, the titanium 

alkoxide compounds used in the experiments reported in Figure 3.4 are known to form amorphous, 

polymeric networks in solution, often sol-gel structures, because the metal-oxygen bond is susceptible to 

nucleophilic attack.169–181 For systems containing Ti4+ at low pH, such as Sr-Ti-OH mixtures made with 

TiCl4, previous reports suggest that Ti4+ adopts a variety of soluble hydrolyzed and semi-hydrolyzed forms 

(e.g. Ti(OH)2
2+, Ti(OH)3

+, and Ti(OH)4), which likely prevents other structures from forming.135,182–184 If 

TiCl4 is used, there are no competing anions to interfere with STO precipitation. The alkoxide ligands 

mentioned previously are conjugate bases to weak acids, and the weak acids likely form in solution upon 

creation of the Sr-Ti-OH mixture through the consumption of protons, which raises the solution pH and 

creates an environment (3 < pH < 9) in which sol-gel structures are more stable than STO.42,134 Moreover, 
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in this pH range, SrCO3 is the most stable strontium-containing phase,134 and trace amounts of it were 

observed in some of the weakly crystalline powder patterns corresponding to the experiments in Figure 

3.4. Sr-Ti-OH mixtures synthesized with the TiBALD solution do not react with water because the 

complexing ligands stabilize Ti4+ against nucleophilic attack.156 However, the corresponding diffraction 

patterns were amorphous because the bidentate ligands coordinated to the Ti metal center likely stayed 

coordinated during mixing, preventing the interaction of Sr2+ and Ti4+ to form STO. 

Based on conclusions drawn from the results in Figure 3.4, lowering the solution pH below 3 in a 

Sr/Ti solution made with titanium alkoxide complexes may drive the precipitation of STO in the final pH 14 

Sr-Ti-OH mixture. Currently, an important source of acidity in the synthesis is acetic acid (pKa = 4.76), 

which is used to dissolve the Sr2+ precursor in water. In place of acetic acid, several moderately strong 

acids with lower pKa values were tested to determine whether STO could precipitate under these 

conditions. First, a 1 M solution in water was created with one of six acids (listed below in Figure 3.6), 

and 9.1 mmol Sr(OH)2
.8H2O was added into this solution and allowed to dissolve. Next, one of four 

titanium alkoxide precursors was added into the acidic strontium-containing solution to create a bimetallic 

Sr/Ti solution in just water. Finally, this bimetallic solution was added to a 10 M NaOH solution to create 

the Sr-Ti-OH mixture. A cartoon schematic of this is presented in Figure 3.6 to aid visualization, and the 

final compositions of each Sr-Ti-OH mixture as analyzed by powder x-ray diffraction are presented in 

Figure 3.6 as well.  
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Figure 3.6.  Sr-Ti-OH Reaction Mixtures Synthesized from a Bimetallic Sr/Ti Solution (no Ethanol, 

Acetic Acid Substituted for a Moderately Strong Acid). In place of a two-solvent bimetallic Sr/Ti 

solution, in which 1M CH3COOH in H2O dissolves an Sr2+ source and TiCl4 is dissolved in ethanol, a Sr/Ti 

solution was created with only water and a moderately strong acid with a pKa value between 1 and 4. 

These Sr-Ti-OH reaction mixtures were synthesized by dissolving the Sr2+ precursor in 50 mL water and 

1M of the chosen acid in H2O, after which the corresponding Ti4+ alkoxide was added. The resulting Sr-Ti-

OH mixture was isolated and analyzed by powder x-ray diffraction. All samples were either amorphous or 

weakly crystalline. Phase compositions were determined using MDI Jade software.161 

 

No Sr-Ti-OH mixture created with a moderately strong acid precipitated SrTiO3 prior to heating, 

and final mixture composition was independent of acid pKa. All Sr-Ti-OH mixtures were amorphous or 

insoluble byproducts, such as strontium oxalate, or Sr(OH)2
.8H2O (Figure 3.5c). These investigations into 
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the phase composition of various Sr-Ti-OH mixtures may clarify why many hydrothermal syntheses for 

STO nanocuboids utilize TiCl4 as a Ti4+ source. Most reported hydrothermal syntheses of STO are 

conducted in unstirred autoclave reactors with convection heating, and under these conditions, it is critical 

that STO precipitate prior to heating because heat treatment alone is not sufficient to drive STO formation 

and {100} facet growth.  

 

3.4.2 STO Synthesis with TiCl4 Using Microwave-Assisted Heating 

STO support samples were synthesized in a 1 L microwave reactor at 200 oC for 8 h using TiCl4 

as a Ti4+ source to afford products with masses of 12.1 g and 21.5 g that contained 80.2 % and 82.9 % 

nanocuboids, respectively, with product yields of 90.3 % and 80.2 %. The output was increased from the 

10 g scale to the 20 g scale by doubling the concentration of reagents used in the Sr-Ti-OH mixture. 

These reaction mixtures were analyzed both prior to and after hydrothermal treatment (Figures 3.7, 3.8) 

by transmission electron microscopy and powder x-ray diffraction. 

The percentage of nanocuboid particles per sample is around 80% for both syntheses, which is 

equivalent to the percentages reported for STO samples made by convection heating. The average 

particle sizes are dependent on starting reagent concentration, and the particle sizes reported in Figure 

3.8 are consistent with starting reagent concentrations reported for equivalent samples synthesized by 

convection heating in a 125 mL reactor in Peczak et al . Figure 3.7 shows powder x-ray diffraction 

patterns and electron micrographs of the pre-hydrothermal Sr-Ti-OH mixtures used for STO synthesis at 

the 1 L scale. These gel mixtures were analyzed and compared to Sr-Ti-OH mixtures synthesized at the 

125 mL scale. Precipitation of SrTiO3 nanocrystals is still observed, and the average size of these 

crystallites is equivalent to that observed at the 125 mL scale. The morphology of the precipitated STO 

particles is irregular as observed in earlier works.  
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Figure 3.7b. X-Ray Diffraction Pattern of Post-Reaction MAH STO Product. This powder pattern 

shows a crystalline sample composed of 100% SrTiO3 and no SrCO3 by-product. 

 

1 L Scale (~ 11 g) 125 mL Scale (~ 1.3 g) 

davg = 46.7 ± 9.8 nm 

 

davg = 58.3 ± 12.0 nm 

 Figure 3.7a. STEM HAADF Micrographs of Sr-Ti-OH Mixtures Prior to Hydrothermal Treatment 

For 125 mL and 1 L Scale Syntheses. Both products are 100% crystalline SrTiO3 according to 

analysis by x-ray diffraction. 

No identifiable 

peaks from SrCO3  
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Figure 3.8. High Angle Annular Dark Field (HAADF) STEM Micrographs of MAH STO Samples 

Synthesized in a 1L Reactor. Two STO samples were synthesized at equivalent concentrations to the 

reaction mixture reported by Peczak et al. and at double this concentration, to afford highly cubic STO 

samples with masses of 12.1 g (90.3 % yield) and 21.5 g (80.2 % yield), respectively. The percentages of 

nanocuboids per sample appear to be generally equivalent for both the “Equiv. Concentration” and “2x 

Concentration”, and the differences are likely due to batch-to-batch variation. Shapes resembling pores in 

the STO material are Kirkendall voids internal to each particle and have been observed in previous works. 

The size decrease across samples is consistent with the previously reported relationship between starting 

reagent concentration and final particle size. 42 
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As previously stated, because a beveled nanocuboid is the Wulff shape of STO in water, under 

sufficiently high temperatures and long reaction times, all SrTiO3 nanoparticles in a water-based reaction 

medium should rearrange to this shape.185–187 To confirm this, irregularly shaped STO nanoparticles were 

introduced into a pH 14 water-ethanol solution and heated hydrothermally (240 oC, 72 h). After washing, 

filtering, and drying, the final product was observed to be highly cubic (Figure 3.9). 

 

 

Figure 3.9. HAADF STEM Micrograph of Re-Treated STO Nanocuboid Supports. 5g of non-cubic 

STO nanoparticles were introduced into a supernatant with 50 mL water, 20 mL ethanol, and 13 mL of 10 

M NaOH, respectively, and treated in a convection-based hydrothermal oven in a 125 mL reactor for 72 h 

at 240 oC (1 oC/min ramp, ambient cooling). After centrifuging and washing the sample to pH 7, the final 

product was analyzed by TEM and shown to be generally equivalent to previous cubic samples. 

 

 However, to further optimize the STO synthesis in pursuit of commercial viability, it is important to 

understand how the amount of nanocuboid particles that form per sample is affected by reaction time, 
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reaction temperature, heating method, and stirring. Specifically, it is important to identify the minimum 

temperature and time required for synthesizing highly cubic samples using both microwave heating 

(MAH) and convection heating (CH). Synthesizing STO materials at this minimum temperature (i.e. 

optimizing the temperature) will facilitate future development of an economically viable STO synthetic 

process.  Thus, STO samples were synthesized over a range of reaction times and at several 

temperatures using stirred microwave heating, unstirred convection heating, and stirred convection 

heating in a 4 L batch reactor. In each case, average particle sizes and percent nanocuboids per sample 

were measured. Average STO particle sizes are tabulated in Table 3.2 and Table 3.3, and a graph of 

percent nanocuboids per sample versus time for each condition is presented below in Figure 3.10. A 

version of Figure 3.10 containing information on average particle size is presented in the supplementary 

information (Figure 3.11). Moreover, to aid visualization of the results conducted in this work, the 

experimental design used in this work is presented in the supplementary information (Table 3.4 a & b). 

Here, the three heating profiles tested on all Sr-Ti-OH reaction mixtures are presented (Table 3.4 a), as 

are lists of all seven Ti4+ sources and seven Sr2+ sources used to synthesize Sr-Ti-OH mixtures (Table 

3.4 b). 
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Table 3.2. Average Particle Sizes for STO Nanoparticles Synthesized at Varied Times and 

Temperatures by Both Microwave Heating (MAH-STO) and Convection Heating (CH-STO). 

MAH-STO  CH-STO 

Temperature Time (h) davg (nm) Temperature Time (h) davg (nm) 

140 °C 2 50.4 ± 12.3 120 °C 2 75 ± 20.3 

 4 48.2 ± 11.3  8 61.7 ± 12.2 

 8 49.6 ± 8.6  16 70.0 ± 14.6 

 16 51.3 ± 13.9  32 54.7 ± 11.8 

      

200 °C 2 47.3 ± 7.8 240 °C 2 54.4 ± 12.1 

 4 47.1 ± 10.0  4 65.4 ± 13.4 

 8 57.4 ± 8.6  8 64.2 ± 14.8 

 16 58.9 ± 10.5  12 54.8 ± 9.8 

    36 65 ± 10 

 

 

Table 3.3. Average Size and % Cubes per Sample for STO Samples Synthesized in a 4 L 

Hydrothermal Reactor. Average STO particle size varied from 42.3 nm to 58.6 nm, while the average 

percent of cubes per sample increased from 5.9 % after 20 minutes, to 83 % cubes after 16 hours.  

 

 

 

 

 

 

 

Time (h) davg (nm) % Nanocuboids 

0.33 42.3 ± 9.1 5.9 

2 49.6 ± 9.9 66.4 

12 58.6 ± 16.2 77 

16 53.4 ± 12.9 83 
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Table 3.4. Summary of Experimental Design for STO Synthesis. Presented below are tabulations of 

the reagents used to make Sr-Ti-OH reaction mixtures (Equation 3.1, Table 3.4a), and the 3 different 

heating profiles (Table 3.4b, Equation 3.2) tested for STO nanoparticle synthesis. Per Equations 3.5 

and 3.6, all nanoparticles were synthesized by choosing one combination of Sr2+ and Ti4+ reagents, and 

one heating method from Tables 3.4a and 3.4b, respectively. 

    Eq. 3.5:   (Sr2+ source) + (Ti4+ source) + (NaOH) = Sr-Ti-OH mixture 

    Eq. 3.6:   (Sr-Ti-OH mixture) + (heating method) = SrTiO3 nanoparticles 

 

 

 

 

 

 

 

 

 

  

3.4a. Sr2+ and Ti4+ Reagents 

Sr2+ Sources Used Ti4+ Sources Used 

Sr(OH)2
.8H2O TiCl4 

Sr(NO3)2 TiBALD 

Sr(OAc)2 Ti(OtBu)4 

Sr(OAc)2
.0.5H2O Ti(OtBu)4 

Sr(ClO4)2
.3H2O Ti(OiPr)4 

SrCO3 Ti(OPr)4 

SrCl2.6H2O Ti(OEt)4 
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Figure 3.10. Percent Nanocuboid Particles for STO Samples Synthesized by Either Microwave 

Heating (MAH-STO) or Convection Heating (CH-STO) with and without Stirring at Various 

Temperatures and Times. The percent nanocuboids per sample appears to evolve similarly independent 

of heating method. Red circular markers were used for CH-STO data at 240 oC, triangular markers were 

used for MAH-STO data, and a black circle was used for CH-STO data collected at 120 oC. For each data 

point, 300 nanoparticles were analyzed to determine the percent nanocuboids per sample. Dotted curves 

have been included to guide the reader. 
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Figure 3.11. Percent Nanocuboid Particles and Average Particle Sizes for STO Samples Synthesized by 

Either Microwave Heating (MAH-STO) or Convection Heating (CH-STO) with and without Stirring at 

Various Temperatures and Times. This figure is equivalent to Figure 3.10. However, data labels (number 

closest to each point) have been added to show the average particle size (in nanometers) of each STO 

sample analyzed. At least 200 nanoparticles were measured to compute a mean value for each data 

point. 
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The final average STO particle size appears slightly smaller for samples synthesized with 

microwave heating and stirred convection heating than for unstirred convection heating (between 50 – 60 

nm for MAH samples and 42-59 nm for stirred CH samples, versus between 55 - 75 nm unstirred CH 

samples). The variance in average size appears generally equivalent across all samples. The smaller 

average size of the pre-hydrothermal STO particle (Figure 3.7) may explain why MAH-STO samples are 

smaller than CH-STO samples, since based on previous reports, facet growth appears to increase 

particle size by around 15 – 30 % of the pre-heating particle size.42 Beyond observations of differences in 

average particle size, we have previously established that varying the concentration of Sr2+, Ti4+, and OH- 

in solution affords control over final nanocuboid average size, which determines the surface area per 

gram support available for deposition. In general, increasing Sr2+, Ti4+, and OH- concentrations drives 

formation of smaller nanocuboids. By applying this methodology to the microwave-assisted heating 

methods developed herein, MAH-STO could be synthesized both on 10 and 20 g scales with average 

sizes between 20 – 80 nm. 42  

To synthesize a highly cubic STO sample, a pre-hydrothermal mixture must be treated for 8 h at 200 oC 

when using microwave-assisted heating, compared to around 18 h at 240 oC when using unstirred 

convection heating. In a 4 L, stirred convection batch reactor at 240 oC, the Sr-Ti-OH reaction mixture 

must be treated for around 12 hours to attain said highly cubic sample. This is less time than is required 

for an unstirred reactor, but these reaction conditions are still harsher than those used for microwave 

heating (8 h at 200 oC). Thus, while both stirring and heating increase energy distribution throughout a 

reaction system, microwave heating seems to have a larger contribution towards speeding up nanocuboid 

formation than does stirring. Moreover, increased energy distribution in microwave heating likely 

facilitates STO crystallite precipitation and {100} facet growth at lower temperatures than is possible in 

convection heating. 

For unstirred samples at lower temperatures (120 oC for CH, 140 oC for MAH), reaction times of up to 36 

h for unstirred convection heating, and 16 h for microwave heating, were insufficient for the formation of 

highly cubic samples. Moreover, unstirred convection heating of a Sr-Ti-OH mixture at 120 oC for 64 

hours was also insufficient to form a highly cubic sample, producing only 10.6 % nanocuboids (Figure 

3.12). 
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Figure 3.12. Electron Micrograph of SrTiO3 Samples Treated Hydrothermally for 64 hours at 120 oC 

Under Previously Reported Lab Scale Conditions with Convection Heating. These samples do not 

meet the threshold for “highly cubic” established by Peczak et al as they have 10.6% cubes per sample. 

The average particle size is 42.7 ± 10.8 nm.   

 

 At higher temperatures (240 oC for CH, 140 oC for MH), the evolution of percent nanocuboids per sample 

versus reaction time is equivalent for both heating methods. Large increases in the percent nanocuboids 

davg                    42.7 +/- 10.8 nm 

% Cubes                                         10.6 % 
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per sample are observed early on, and eventually, additional time causes less pronounced changes in the 

percent nanocuboids per sample, which stops increasing at around 80 – 90 % depending on the batch. 

The differences in sizes between average SrTiO3 crystallites and final nanocuboid size are comparable to 

those observed in previous work.42 This suggests that in both convection heating and microwave-assisted 

heating syntheses, STO nanocrystals precipitate prior to heat treatment, and {100} facets grow directly on 

individual particles during hydrothermal heating, with limited diffusion between particles. As previously 

noted by Peczak et al, the size of these precipitated STO nanocrystals heavily influences final STO 

nanocuboid size.24 Facet growth appears to increase particle size by up to 30 % from that of the 

precipitated crystallite, but not further. As a result, changing heating method, reaction time and 

temperature, may change the progression towards a final nanoparticle size, but not change its value. This 

is not the case with other materials, where higher temperatures and longer reaction durations can 

influence increase particle size.    

Finally, elemental analysis of STO synthesized on 1 g, 10 g, and 20 g scales shows that all reported 

samples contain Sr and Ti in around a 1:1 ratio independent of STO output (Table 3.5). This confirms that 

increasing reaction scale likely does not create any dispersion-related issues that could impact STO 

precipitation and facet growth. Moreover, deficiencies of Sr and Ti in SrTiO3 often leads to the formation 

of extended structures and Ruddlesden-Popper phases, such as Sr2TiO4. Examples of this are well-

documented for SrTiO3.188 These results all suggest that the chemistry and mechanisms governing the 

formation of STO nanocuboids are independent of the heat treatment method used. Thus,  MAH STO 

samples will likely have surface chemistry comparable to that of previously synthesized CH STO samples, 

making them viable candidates for Pt/SrTiO3 catalyst synthesis.  

 

 

 

 

 

 



123 
 

Table 3.5. Elemental ratio of Sr/Ti for STO samples synthesized on 1 g, 10 g, and 20 g scales. Sr/Ti 

ratios were calculated based on Sr and Ti concentrations obtained from measurements by inductively 

coupled plasma optical emission spectrometry (ICP-OES). Standard deviations were calculated by error 

propagation techniques. The details of these calculations are presented in the Statistical Analysis 

subsection of the Experimental section.  

Sample Scale Sr:Ti 

CH-STO 1 g 1.04 ± 0.06 
MAH-STO 10 g 0.96 ± 0.02 

MAH-STO-TiBALD 20 g 0.98 ± 0.01 

 

 

3.4.3 Microwave STO Synthesis without Ethanol with TiBALD as a Ti4+ Source 

Next, a new synthetic route to STO supports was created by replacing TiCl4 and ethanol with an 

equimolar amount of [NH4CH3CH(O-)CO2]2Ti(OH)2] (TiBALD). This new Sr-Ti-OH mixture was treated in 

both a microwave reactor and a convection hydrothermal oven, and the resulting samples were analyzed 

by both electron microscopy and x-ray diffraction (Figures 3.11, 3.14).  
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Figure 3.13. HAADF STEM Micrographs of STO Supports Synthesized by Microwave-Assisted 

Heating and Convection Heating Using TiBALD as a Ti4+ Source. Both samples are > 99.9% STO by 

powder x-ray diffraction. While the STO sample treated by MAH was highly cubic after heating, the 

unstirred CH sample was not highly cubic despite being treated at higher temperatures and longer 

reaction times. For both the MAH-STO and CH-STO samples, 200 nanoparticles were analyzed to 

determine average nanocuboid size, and 300 nanoparticles were analyzed to determine the percent of 

nanocuboids in the sample. 
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Figure 3.14. Powder X-Ray Diffraction Pattern of STO Nanoparticles Synthesized Using TiBALD. 

The final STO sample is 100% crystalline STO with no secondary phases detectable by PXRD.    

 

In both reactions, the final product is > 99.9% crystalline SrTiO3 with no secondary phases (Figure 3.14). 

When using convection heating, treatment at 240 oC for 96 h was insufficient to produce highly cubic 

STO, with the final percent of nanocuboids in the sample reaching 63.6 %. By contrast, microwave 

heating at 200 oC for 16 h afforded a final STO sample with 76.9 % nanocuboids, which is slightly less 

than required for a highly cubic STO sample (80 % nanocuboids). This is likely one of the first reports of 

an STO hydrothermal synthesis that produces a cubic final sample on a 20+ g scale without the use of 

TiCl4 as a Ti4+ source. The pre-Sr-Ti-OH reaction mixture for this sample was amorphous despite having 

a final pH of 14 (Figure 3.15). It is likely that for this reaction system, microwave heating and stirring are 

sufficient to allow both the precipitation of STO and facet growth during heating. This is not the case when 

the sample is treated via convection heating, which is consistent with previous observations about the 

impact of Sr-Ti-OH mixture pH variation and STO precipitation on final particle morphology. 
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Figure 3.15. Powder X-Ray Diffraction Pattern of Sr-Ti-OH Gel Precursor Synthesized with TiBALD 

as a Ti4+ Source. The precursor sample is largely amorphous with traces of weakly crystalline SrCO3.  

 

3.5 CONCLUSION 

The synthesis of SrTiO3 nanocuboid supports was investigated to both understand the composition of the 

Sr-Ti-OH reaction mixture prior to heating and determine the impact of heating on STO particle 

morphology by developing a synthetic route based on microwave heating. Phase stability studies of 

various Sr-Ti-OH mixtures prior to heating demonstrate STO nanocuboid formation proceeds through a 

two-step precipitation and facet growth process. When any Ti4+ source other than TiCl4 is used, STO does 

not precipitate prior to heating because titania sol-gel structures are more thermodynamically stable. This 

is likely because the solution pH increased to an intermediate range (3 < pH < 9). When one-step 

convection heating profiles are used, STO must precipitate prior to heating to obtain a highly cubic 

sample. Next, the impact of heating method chosen on the final STO sample was investigated by testing 

microwave-assisted heating for hydrothermal treatment. Two syntheses were developed that produce 

around 20 g highly cubic STO under milder conditions than previously possible (200 oC, up to 16 h), using 

both TiCl4 and titanium(IV) bis(ammonium lactato)dihydroxide as Ti4+ reagents. The latter is one of the 

first examples of a synthesis for highly cubic STO without the use of titanium tetrachloride and ethanol. 
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Overall, the results demonstrate that rational design of STO catalyst supports for commercial applications 

is possible. The insights gained from investigating how different Ti4+ sources impact STO formation may 

be also applied to other materials such as lithium titanium oxide anodes, whose syntheses also rely on 

similar reagents.189–191 
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CHAPTER 4 
 

Polyolefin Hydrogenolysis by ALD-Derived Pt/STO 

 

This Chapter was adapted with permission from “R.A. Hackler, J.V. Lamb, I.L. Peczak, R.M. Kennedy, U. 
Kanbur, A.M. LaPointe, K.R. Poeppelmeier, A.D. Sadow, M. Delferro. ‘The Effect of the Macro- and 

Microstructure on Catalytic Hydrogenolysis of Polyolefins’ Macromolecules, 2022, 55, 15, 6801–6810” 
 

© American Chemical Society 2022. 

 

4.1 ABSTRACT 

Polyethylenes of varying molecular weight and branch density, as well as polypropylenes of varying 

molecular weight and tacticity were catalytically converted to lower molecular weight liquid products to 

showcase how these various properties in a mixed waste plastic stream could affect the final product. A 

Pt nanoparticle on strontium titanate nanocuboids (Pt/STO) catalyst was used under solvent-free 

conditions in presence of 170 psi of H2 at 300 °C for hydrogenolysis. The initial molecular weight of 

polyethylene was found to have a moderate effect on yield to the final product (ranging from 55 wt% for 

Mn ~ 7,600 Da to 67 wt% for Mn ~ 50,950 Da). The microstructure, defined as the length and density of 

branches in a polymer, of higher molecular weight polymers was the dominant factor in determining yield 

(ranging from 67 wt% for Mn ~ 50,950 Da for linear low-density polyethylene (LLDPE) with C2 branches to 

97 wt% for Mn ~ 38,850 Da for LLDPE with C6 branches). The same products, polydispersity (Mn = C29 – 

C46, Ð = 1.1 – 1.6), and distribution of undesired light gases (C1-C4 ≈ 90 mol%, C5-C8 ≈ 10 mol%) are 

obtained from conversions of PE of varying molecular weight. The tacticity of polypropylene at a given 

molecular weight had a significant effect on the molecular weight of the final product while not strongly 

affecting conversion. Hydrogenolysis of isotactic polypropylene (iPP) produced ≈ C18 with a wider 

polydispersity (Ð ~ 1.4) compared to the narrow ≈ C64 (Ð ~ 1.0) and ≈C54 (Ð ~ 1.0) products from atactic 

(aPP) and syndiotactic (sPP) polypropylene, respectively. The stereochemistry of the methyl groups 

dictates the shape and structure of the polymer in the melt, which in turn affects how the hydrocarbon 

chain interacts with the catalyst surface thereby impacting the number of C–C scissions. These results 

show how various characteristics such as molecular weight and structure of a waste plastic stream could 

affect the final product. 
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4.2 INTRODUCTION 

Plastics have become an increasingly problematic material in recent decades due to the lack of 

effective post-consumer processing.144 Without an effective and economically viable infrastructure to deal 

with plastics and in particular single-use polyolefins, most of these hydrocarbons will simply be 

discarded.8 This has been the case for several decades and continues to be the case today, with global 

plastic production topping 330 million metric tons (Mt) in 2016.143 Current recycling infrastructure satiates 

only 8.8% of post-consumer plastic supply in the U.S.144 One of the most harmful consequences of plastic 

disposal is the generation of microplastics in various ecosystems, the most studied thus far being aquatic 

environments.192,193 While coastal urban areas are thought to contribute a vast majority of ocean plastic 

waste, watersheds, rivers, and streams from inland populations also act as pathways for microplastic 

debris.143 

One of the main wrinkles in the plastics problem is the myriad of plastics circulating in society. 

These plastics vary greatly in molecular weight, in branching, and in overall structure. Modern solutions to 

the global plastic waste crisis will inevitably require a means to combat a mixed and varied polymer waste 

stream to be sufficiently effective. Previous studies on low-temperature (<350 °C) catalytic conversion of 

plastics have primarily focused on at most a few different plastics.7,114,118,194 Catalytic hydrogenolysis 

studies on polyethylene (PE) thus far, for example, have investigated the effect of PE molecular weight on 

conversion and product size while concluding equivalent products can be achieved independent of PE 

characteristics.7 For polypropylene (PP), Rorrer et al. noted the impact of viscosity and size for PP 

feedstock and number of C-C scission events required.43 On the stereochemistry front, Kots et al. recently 

proposed a loss of stereochemical information was a necessary prerequisite for PP hydrogenolysis, and 

that their Ru/TiO2 catalyst had a proclivity towards demethylation along the polymer backbone, leading to 

increased methane production.36 This is in contrast to the work of Jaydev et al. where their Pt/C system 

produces negligible amounts of methane.195 In pyrolysis studies that investigated different plastic types, it 

was found that the structure of the polymer also impacted the molecular weight of the product and 

kinetics of the reaction.196,197 However, it is unclear how mixed polyolefins of varying types, sizes, and 

branching affect the physical properties of the product, the purity, and the economic value in these 

systems. Recent efforts by Chevron Phillips,198 BASF,199 and ExxonMobil200 in scaling up pyrolysis shows 
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that despite these uncertainties, pyrolysis is economically feasible in the market, and that this is in part 

due to conversion to liquid fuel, for example, nearing 80% yield.201 Still, it is necessary to investigate the 

effect of polymer microstructure in chemical recycling processes. Microstructure is defined as the length 

and density of branches along the polymer backbone. The results presented within show certain 

properties, such as stereochemistry in branching, can affect the reaction mechanism and thus the 

molecular weight and microstructure of the final product. Other properties, such as molecular weight, 

appear to have little to no effect on the final product across all polyolefin feedstocks and therefore are 

less of a concern when evaluating catalyst design. 

 

4.3 EXPERIMENTAL  

4.3.1 Catalytic Hydrogenolysis 

In a Parr autoclave reactor (100 mL, Series 4590 Micro Reactor), 300 mg of Pt/STO catalyst (~10 

wt% Pt comprised of ~2 nm Pt nanoparticles) and ~3 g of the corresponding polymer was placed inside a 

glass sleeve inside the reactor. The dimensions of the glass sleeve and the impeller ensured that mixing 

of the molten plastic and the catalyst took place and are highlighted in Scheme 4.1. The gas lines, 

valves, and reactor were flushed with He. The reactor was then heated to 300 °C at roughly 5 – 10 °C/min 

ramp and then allowed to stand until a stable temperature was established for 30 min. Then, the reaction 

mixture was agitated with an impeller at 800 rpm. Comparisons between hydrogenolysis products from 

different stirring rates (800 and 1,700 rpm) show negligible impact on the product distribution, as the 

reaction is still within mass transfer limitations (Table S1). Finally, the reactor was flushed and charged 

with H2 (UHP) to 170 psi for 72 h unless otherwise stated. The polyolefins that underwent hydrogenolysis 

include linear low density polyethylene (1, LLDPE, Sigma Aldrich, 1.0g/10 min. melt index), bubble wrap 

(2, LDPE, Amazon), LLDPE of varying molecular weight provided by Dow Chemical (3, Engage 8100, 4, 

Engage 8200, and 5, Affinity GA 1875, octene mol% 13), atactic (aPP, 6, Scipoly, average Mn ~1,600), 

isotactic (iPP, 7, Sigma Aldrich, average Mn ~ 6,000 Da), and syndiotactic PP (sPP, 8, as synthesized 

previously19), and isotactic PP with random distributions of PE at 12 wt% (9, Vistamaxx 8780, 

ExxonMobil). A physical mixture of 1 and 7 was used to produce 10, as listed in Table 1.  
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Hydrogenolysis was also conducted using D2 (UHP) under the same conditions (170 psi D2 with 

3g iPP, 300 mg Pt/STO catalyst, and 300 °C for 72 h) to determine the extent of dehydrogenation, C – C 

bond cleavage, and skeletal rearrangement mechanisms. 

 

 

 

Figure 4.1: Hydrogenolysis reactor setup with relevant dimensions of the reactor, impeller, and plastic 

melt height. Under reaction conditions, plastic fill line lies above the impeller blades at the beginning of 

the reaction. 

 

4.3.2 Polymer and Liquid Product Characterization 

After the reaction, the reactor was cooled to 150 °C and the headspace was evacuated to a gas 

chromatograph (Agilent 6890N) with a capillary column (Agilent, HP-Plot Al2O3-S, 25 m x 0.320 mm x 8.0 

µm) and a flame ionization detector. After GC analysis, the reactor was cooled to room temperature and 

vented to atmosphere. The liquid product found between the walls of the reactor and the walls of the 

glass sleeve was extracted and washed with n-hexane. The liquid product was then filtered through silica 

Ste
e

l R
e

acto
r: 1

4
 cm

3 cm

G
la

ss
 S

le
e

ve
: 1

1
 c

m

P
lastic Fill Lin

e
0

.6
 c

m
~

 0
.7

5
 cm

Im
p

e
lle

r 
B

la
d

e
 D

e
p

th



132 
 

gel (Davisil Grade 646, Millipore Sigma) to remove any catalyst particles, and any remaining n-hexane 

was evaporated under low vacuum (~100 mbar) at ~55 °C. 

The starting polymers and resulting hydrogenolysis products were analyzed for molecular weight 

(Mn and Mw) and molecular weight distribution (Đ) by matrix-assisted laser desorption/ionization (MALDI) 

mass spectrometry and high-temperature gel permeation chromatography (HT-GPC). MALDI-TOF-MS 

experiments were carried out on a Bruker UltrafleXtreme MALDI-TOF/TOF spectrometer, equipped with a 

Smartbeam-IITM laser (2 kHz repetition rate). The mass spectra were acquired in both linear positive and 

reflector positive ion mode. 1000 laser shots were utilized for each measurement. The MALDI-TOF 

spectra were analyzed, average molecular weights and polydispersity were calculated using the Bruker 

PolyTools software. Stock solutions of products were prepared in tetrahydrofuran at a 0.5 mg/mL 

concentration, and a stock solution of saturated silver nitrate was prepared in acetonitrile. Final sample 

solutions for spotting were prepared by mixing equal volumes (0.2 mL) of stock solutions of alkanes and 

silver nitrate. The 2,5-dihydroxybenzoic acid (DHB) matrix solution was prepared in a 3:2 (v:v) mixture of 

tetrahydrofuran and methanol at a 10 mg/mL concentration. The dried-droplet method of sample 

deposition was employed, where 0.5 µL of the sample solution was deposited on the stainless-steel 

sample plate, followed by 0.5 µL of the matrix solution. The solvents evaporated by air-drying. HT GPC 

experiments were carried out on an Agilent PL220 equipped with RI and viscometer detectors. 

Monodisperse polyethylene standards (ranging from ~300 Da to 120 kDa) were used to build the 

calibration curve. The column set included 3 Agilent PL-Gel Mixed B columns and 1 PL-Gel Mixed B 

guard column. 1,2,4-trichlorobenzene (TCB) containing 0.01 wt% 3,5-di-tert-butyl-4-hydroxytoluene (BHT) 

was chosen as the eluent at a flow rate of 1.0 mL/min at 150 °C. The lubricant samples were prepared in 

TCB at a concentration of ~1.0 – ~4.0 mg/mL and heated at 150 °C for 24 h prior to injection. 

Solution-phase Nuclear Magnetic Resonance (NMR) spectra were collected using a Bruker 

Avance III 500 MHz NMR spectrometer (11.7 T) at 120 °C in 1,1,2,2-tetrachloroethane-d2 and referenced 

internally to residual solvent signals. 1H spectra (500 MHz) were recorded with 32 scans, 13C{1H} spectra 

(125 MHz) with ~9500 scans, and 2H spectra (77 MHz) with 600 scans. Spectra were analyzed using 

MestReNova (v11.0.1, Mestrelab Research S.L.).  
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The branching density of hydrogenolysis products derived from PE were determined using 1H 

NMR via the following formula: # branches per 1000 C = (CH3/3)/((CH + CH2 + CH3)/2) x 1000. CH3, CH2, 

and CH refer to the integrations obtained for methyl, methylene, and methine resonances, 

respectively.202,203 

 
4.4 RESULTS AND DISCUSSION 

The Pt/STO catalyst was synthesized using a hydrothermal synthesis for STO production and an atomic 

layer deposition (ALD) method for the Pt nanoparticles, both described previously.7 Hydrogenolysis of the 

various polyolefins was done using Pt/STO (10 wt% Pt, 2 nm nanoparticles) under identical conditions 

(300 °C, 170 psi H2, 72 h) to accurately compare the effects of molecular weight and polymer structure. 

An extended run time of 72 h was chosen to guarantee all polymer samples reach the molecular weight 

asymptote, as seen previously in Pt/STO hydrogenolysis.7 Larger polyolefins require a longer reaction 

time to ensure they reach this minimum molecular weight. Control experiments were previously 

performed7 and showed bare STO to not contribute catalytically beyond background thermal degradation. 

Performing the reaction with Pt/STO in the absence of H2 resulted in a much smaller and narrower 

product (Mn ~ 1,630 Da, Đ ~ 2.0) compared to thermal degradation, however aromatics formed as 

confirmed via 1H NMR (see Figures S1-S2 in SI). All the reported Mn, Mw, and Ð were measured in-house 

via HT GPC. 

4.4.1 Polyethylene 

Standard (Sigma Aldrich) and commercial (Dow Chemical) polyethylene of varying molecular weight, 

branching, and polydispersity were evaluated for hydrogenolysis with reaction conditions held constant at 

170 psi H2, 300 °C, and 72 h run time (Table 4.1 and Figure 4.2). The % yield is the mass of the 

liquid/waxy product with respect to the initial plastic mass. Conversion is defined as the wt% of starting 

polymer that has undergone an observable amount C – C bond scissions such that the product is distinct 

from the starting material, in which case all polymers studied had > 99% conversion. Based on 1H and 

13C{1H} NMR (see Figures 4.2 – 4.3 in SI), the Sigma LLDPE (1) is likely an ethylene-1-butene 

copolymer. The commercial LLDPE polymers were prepared by using 1-octene as a co-monomer, with 3 

– 5 having the same octene content (13% mol). Despite the differences in starting Mn (7,600 – 50,950 
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Da), their respective liquid hydrogenolysis products were essentially indistinguishable in terms of 

molecular weight (Figure 4.4, Mn ~ 550 Da), polydispersity (Đ ~1.4), and structure (degree of branching 

per 1000 C = DBf = 160 – 180, 1H and 13C{1H} NMR in figures S6 – S18 in SI), with yield to liquid products 

being the main difference. The yield to liquid product vs. light gases, however, is directly related to the 

molecular weight of the starting polymer in LLDPE (Figure 4.5). The affinity between the catalyst surface 

and larger hydrocarbon chains, as established previously,7 shifts the molecular weight in the polymer 

population until the product is sufficiently small. The smaller hydrocarbons become volatile under reaction 

conditions and likely establish an equilibrium between the melt and vapor. 

 

 

 

 
Figure 4.2. 1H NMR spectrum (1,1,2,2-tetrachloroethane-d2, 120 °C, 500 MHz) of LLDPE (1). Nbranches/C = 

0.03.  
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Figure 4.3. 13C{1H} NMR spectrum (1,1,2,2-tetrachloroethane-d2, 120 °C, 500 MHz) of LLDPE (1).  

 

Table 4.1. Polymer samples before and after catalytic hydrogenolysis, with corresponding 

structural properties as determined by gel permeation chromatography (GPC) and 1H NMR. 

Sample 
# 

Polymer 
Mn0 
(Da)[a, b] 

Đ0 [c] 
Mnf 
(Da)[d] 

Đf 
[c] 

DBf 
[e] 

Conversion 
(wt%)[f] 

Yield 
(wt%) 
[g] 

Light 
Gases 
(%) 

1 LLDPE 38,850 2.7 440 1.4 150 > 99 97 < 3 

2 Bubble Wrap/LDPE 13,050 5.1 590 1.0 140 > 99 97 < 3 

3 
Engage 8100 

(LLDPE) 
50,950 2.1 400 1.6 160 > 99 67 < 33 

4 
Engage 8200 

(LLDPE) 
33,950 2.2 650 1.1 180 > 99 62 < 38 

5 Affinity 1875 (LLDPE) 7,600 2.4 350 1.6 170 > 99 55 < 45 

6 aPP 1,600 4.2 900 1.0 - > 99 76 < 24 

7 iPP 6,000 2.2 250 1.4 - > 99 77 < 23 

8 sPP 4,250 1.7 750 1.0 - > 99 75 < 25 

9 12 wt% PE/iPP 26,550 2.5 360 1.2 - > 99 74 < 26 

10 LLDPE + iPP Mixture Mixture 800 1.2 - > 99 99 < 1 

[a] Mn = number-average molecular weight (g/mol). [b] 0 = initial property value prior to hydrogenolysis. [c] 
Đ = polydispersity. [d] f = final property value after hydrogenolysis. [e] DB = # branches per 1000 C.6 [f] 
conversion is defined as the wt% of starting polymer that has undergone an observable amount of 
hydrogenolysis [g] wt% yield of liquid/wax product with respect to initial plastic mass. 
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phase with the remaining hydrocarbon chains until they reach < 900 Da (< C60s), vapor pressure builds 

according (> 0.67 Torr at 300 °C for a C64 and below) to the Antoine equation and trends for n-alkanes,204 

and C-C scission events cease. If the volatile product condenses away from the catalyst while the 

reaction is still underway, then the size and structure of the product would dictate volatility, and therefore 

may explain the termination of hydrogenolysis in PE samples. PE with short branches and/or fewer 

branches may be a unique case where the number of potential structures after hydrogenolysis is limited 

by virtue of the small number of unique cleavage sites (Scheme 4.2, Scenario 3 most common), as in the 

case with (1). As hydrogenolysis progresses, fewer and fewer internal branches can undergo C – C 

scission to light gases. Polyolefins that yield high gas production may indicate a preference towards 

scission across the branching points (Scheme 4.2, Scenarios 1 and 2). This is evident in the case of 

using butene (1) vs. octene (3 – 5) as a co-reactant in LLDPE synthesis; an abundance of accessible 

methylene groups in C6 branches leads to different hydrogenolysis scenarios when compared to only C2 

branches. 

 

 

Scheme 4.2. Potential and unique C – C bond cleavage sites along the PE backbone. 
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Figure 4.4. (a) Molecular weight distribution plots for starting (solid) and hydrogenolyzed (dashed) 

polyethylene of varying molecular weight and branching, as determined by GPC. Hydrogenolysis was 

done at 300 °C for 72 h under 170 psi H2. Horizontal scale is logarithmic. (b) 13C{1H} NMR spectrum of 

Affinity polyolefin prior to hydrogenolysis. (c) 13C{1H} NMR spectrum of Affinity polyolefin after 

hydrogenolysis. 
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Figure 4.5. Gas formation wt% (with respect to initial mass) as a function of starting polyolefin molecular 

weight. Polyolefins are differentiated in color by their overall structure; LLDPE (magenta), LLDPE Dow 

(orange), PP (green), and bubble wrap/LDPE (blue). Inset: Representative distribution of light gases after 

hydrogenolysis of LDPE as determined by GC. C1 – C4 make up the bulk of the hydrocarbons in the 

headspace. All hydrogenolysis experiments follow a similar distribution of light gases after 72 h. 

 
1H and 13C{1H} NMR analysis of the PE commercial samples before and after hydrogenolysis show very 

few changes to the microstructure (Figure 4.4b-c), with few scissions under Scenario 2 of Scheme 4.2. 

An increase in the degree of branching between the starting polymer and final product can be attributed 

to the higher number of terminal methyl groups relative to methylene units after C – C bond scission on 

the polymer backbone. Only a small increase in additional signals in the 13C NMR are observed due to C 

– C bond scission at the β-carbon of the minor branch.36 
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4.4.2 Polypropylene 

Although the atactic (6, aPP), isotactic (7, iPP), and syndiotactic (8, sPP) polypropylenes had similar 

molecular weights and polydispersity (Ð), their liquid hydrogenolysis products were strikingly different 

(Table 4.1 and Figure 4.6). 

 
Figure 4.6. Molecular weight distribution plots for isotactic (black, iPP, product Mn ~ 6,000 Da), 

syndiotactic (red, sPP, product Mn ~. 4,250 Da), and atactic (blue, aPP, product Mn ~ 1,600 Da) 

polypropylenes for the starting polymers (solid) and resulting products (dashed) after hydrogenolysis, as 

determined by GPC. Hydrogenolysis was done at 300 °C for 72 h under 170 psi H2 to produce smaller 

polypropylene fragments with epimerized stereocenters. Horizontal scale is logarithmic.  

 

Namely, the aPP and sPP liquid products (6 and 8) were roughly equal in size (Mn ~ 800 Da) and in 

polydispersity (Ð ~ 1.1), whereas the iPP product (7) was significantly smaller (Mn ~ 250 Da) and broader 

(Ð ~ 1.4) under the same reaction conditions. The iPP chains may develop helical conformations due to 

the stereochemistry of the methyl branches,205 although it is unclear if this structure persists in the melt 

and how it influences the interaction with the catalyst surface under reaction conditions. The sPP and 

aPP polymers do not have the same tertiary structure, and so their interaction with the surface during C-C 

scission events likely leads to larger hydrocarbon fragments. This is interesting considering the 

epimerization of stereocenters in the final product as the reaction progresses, which is discussed later. In 

addition, the rate of diffusion of a pure iPP melt (3.42E-3 nm2/Monte Carlo step) is also greater than that 
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of pure an aPP (2.35E-3 nm2/Monte Carlo step) or sPP melt (2.98E-5 nm2/Monte Carlo step),206 which 

may also shift the product distribution to smaller hydrocarbons due to enhanced mobility of shorter 

species. This also suggests mixing rates may affect product distribution as well. Despite this trend to 

smaller products for iPP the yield to liquid products is similar for all microstructures (75 – 77 wt% with 

respect to starting polymer weight as shown in Figure 4.7a), and comparable to pyrolysis yields to liquid 

fuels.201 Consistent rates for liquid production are likely the result of similar branching structures (i.e. 

mostly methyl branches, no long-chain branches) and reaction conditions,7 in contrast to the molecular 

weight dependence in PE. The polydispersity of the product is also unaffected by the starting 

polydispersity across all polyolefins, as all polyolefins convert towards a smaller polydispersity. 
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Figure 4.7. (a) Liquid/wax yield for various polyolefins as a function of molecular weight. (b, c, d, e) 

distribution of light gases (C1 – C8) for LLDPE (1) at 6 h, LLDPE (1) at 24 h, PP at 6h, and PP at 24 h, 

respectively. Shorter reaction times were utilized for GC evaluation, as all noticeable changes in the 

distribution of light gases were within 24 h. 
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It is worthwhile to note the population of smaller hydrocarbons in the virgin aPP polymer that is not 

present in the hydrogenolysis product, as shown in the GPC and MALDI (Figures 4.8 and 4.9). This 

hydrocarbon population either undergoes a chain lengthening side reaction to occupy the larger 

hydrocarbon species or undergoes enough C-C scissions to occupy the volatiles fraction not 

characterized by GPC. In any case, the fate of these smaller hydrocarbon species does not greatly alter 

the yield of gaseous hydrocarbons when compared to sPP gas yields.  

 

 

Figure 4.8. Mass spectrometry plots for various polymers (iPP, aPP, VM8780, bubble wrap/LDPE, and 

LLDPE) after catalytic hydrogenolysis as determined by matrix-assisted laser desorption/ionization 

(MALDI) mass spectrometry. 
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Figure 4.9. Molecular weight distribution plot for catalytic hydrogenolysis products from various 

polyolefins, as determined by GPC. 

 

For all PP microstructures, racemization of the stereocenters is observed, as evidenced by the methyl 

region of the 13C{1H} NMR spectrum (Figure 4.10e, ~ 20 ppm), which is like that of aPP. It is likely that 

this occurs via dehydrogenation or formation of vinylidene followed by non-stereoselective 

rehydrogenation (overall scheme in Figure 4.10a, D2 NMR experiment in Figure 4.10f).36 Re-

hydrogenation would lead to the reintroduction of a stereocenter of either configuration, leading to a 

proliferation of methyl peaks in the 13C{1H} NMR spectrum around ~ 20 ppm where nearly uniform methyl 

signals from virgin iPP and sPP split and resemble aPP signals. Furthermore, an abundance of additional 

signals 35 – 40 ppm suggests skeletal rearrangement is also in play beyond the simple demethylation 

that other catalytic systems have observed.36 The contribution of methane relative to other light gases 
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from headspace GC analysis does increase from 6 to 24 h (54 to 70 mol%, Figure 4.7d-e), whereas 

methane’s contribution decreases over time in PE hydrogenolysis (47 to 20 mol%, Figure 4.7b-c), and 

suggests C – C bond scission at tertiary carbons does occur. However, the removal of methyl groups on 

the PP backbone is insufficient to explain the additional 13C signals. This also suggests demethylation, 

beyond what occurs in PE, appears to take place in the later stages of hydrogenolysis. Skeletal 

rearrangement is likely to occur during the first 6 hours, as an abundance of tertiary carbons would lead 

to a higher likelihood of carbocation formation. The active site for skeletal rearrangement is unclear, 

however, as the TiO2-terminated STO surface is not known for harboring Brønsted acid sites207 that can 

initiate extensive isomerization.208 

Hydrogenolysis with D2 was performed on iPP to help elucidate the hydrogenolysis pathways. Reaction 

conditions were unchanged, and the resulting product was similar in structure (as evidenced by 13C{1H} 

NMR in the SI) and molecular weight (Mn ~ 300, Ð ~ 1.3, yield = 69 wt%) to the H2 experiment. Relative 

integrations from 1H and 2H NMR reveal increases in CH, CD, and CX3 signal (X being any combination 

of H and D) relative to H2 hydrogenolysis of iPP (Table 4.2).  

 

Table 4.2. NMR analysis of the products produced from iPP in the presence of H2 or D2. Total integration 

set equal to 1 for each spectrum.  

 

Sample 

Relative integrations 

CX CX2 CX3 

2H NMR 
iPP + D2 

0.14 0.16 0.7 

1H NMR 
iPP + D2 

0.14 0.26 0.6 

1H NMR 
iPP + H2

 0.06 0.41 0.53 
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An increase in these signals can occur when deuterium is incorporated during either hydrogenolysis 

and/or re-hydrogenation. The 2H NMR signal from CD and CX2 being roughly equal and significantly 

smaller than the CX3 signal suggests hydrogenolysis occurring across methylene units in the reaction 

mixture (yellow to blue in Figure 5) to produce chains with either deuterated methyl groups, or deuterated 

methylene groups that can go on to either produce light gases or undergo skeletal rearrangement. A 

corresponding decrease in signal from methylene units in 1H NMR when all other signals increase 

suggests re-distribution of hydrogen at CH2 to methane and methine units. An inverse isotope effect may 

account for this re-distribution, as an deuterium on the Pt surface is known to increase the rate of 

hydrogenolysis and isomerization vs. hydrogen,209 and hydrogenolysis rates are fastest for methylene-

associated C – C bonds.210 It should also be noted, however, that other characteristics such as local 

chain configurations and steric hindrance may play a role in the role and extent of hydrogenolysis within a 

given run time. These phenomena will also depend on catalyst used, as Ertem et al.194 observed only 

partial hydrogenolysis for Pt/SiO2 compared to PtRe/SiO2 at 170 °C and 500 psi D2. While the products 

described herein from H2- and D2-hydrogenolysis of iPP look relatively equal within 72 h, this does not 

capture kinetic differences from using D2 and may not hold true for other polymer systems. 
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Figure 4.10. (a) Sequential pathways for C – C bond cleavage of iPP (b, orange, 13C{1H} NMR) via 

hydrogenolysis to liquid (c, blue, 1H NMR) and gas (d, green, GC) products. Skeletal rearrangement (e, 

red, 13C{1H} NMR) of the starting iPP prior to dehydrogenation and re-hydrogenation (e, purple, 1H and 2D 

NMR) is also shown, showcasing the proliferation of C signals and spread of D2 incorporation. 
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4.4.3. Polyethylene-Isotactic Polypropylene Copolymer 

A randomly distributed iPP-co-PE co-polymer (Vistamaxx, ExxonMobil, 12 wt% ethylene, Mn ~ 26,550 Da, 

Ð ~ 2.5) was also evaluated to determine if co-polymers differed compared to mixed polymer streams 

(Figure 4.11). This copolymer is used in thermoplastic compounding and injection molding applications 

due to its high elasticity.211 In contrast to the iPP, the hydrogenolysis product of the co-polymer had a 

molecular weight in between iPP and the sPP/aPP products (Mn ~ 360 Da), while being narrower in 

distribution (Ð ~ 1.2) than the iPP product (7). A break in the rigid iPP structure by segments of flexible 

PE205 may allow for more uniform surface structures to develop onto the catalyst surface if the helical 

structures as described previously persist in the melt. Despite the copolymer having a significantly higher 

molecular weight than the iPP, its hydrogenolysis product is also closer to the PE products in Mn. 

Conversion (> 99 wt%) and yield to liquid products (74 wt%) is also nearly equivalent to iPP experiments. 

A significant increase in CH2 signal (1.4 ppm) from 1H NMR after hydrogenolysis is concurrent with all PP 

experiments and suggests a similar skeletal rearrangement with minimal demethylation. These results 

suggest that the copolymers do not undergo significantly different hydrogenolysis mechanisms, but that 

polymer dynamics on a larger scale may affect yield and gas production. 
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Figure 4.11 Molecular weight distribution plots for 12 wt% polyethylene in VistaMaxx iPP-co-PE and 

isotactic polypropylene for comparison, as determined by GPC. Starting polymers (solid) and 

hydrogenolysis products (dashed) show the impact structure can have on the final product. Horizontal 

scale is logarithmic.  

 

4.4.4 Physical Mixture of LLDPE and iPP.  

Finally, a physical mixture of LLDPE (Sigma) and iPP (10) was used in a 1:1 mass ratio to evaluate the 

extreme ends of a mixed polymer feedstock in both molecular weight and structure (Figure 4.12). The 

resulting product was uniform in size (Mn ~ 800 Da) and distribution (Ð ~ 1.2) with no discernible 

characteristics of either starting polyolefin according to GPC. While the polydispersity is lower than that of 

the individual polyolefins after hydrogenolysis, the final molecular weight is markedly higher. It is likely 

that the polymer dynamics and viscosity in a mixed system slowed the collective rate of hydrogenolysis 

such that the reaction time or hydrogen pressure were insufficient to bring the hydrocarbon species to the 

lower molecular weight range. It is possible competitive adsorption between different polymer identities 

could also play a role in the dynamics and molecular weight of the final product, although one may expect 

such a bias to persist towards the later stages of hydrogenolysis and result in a broader or even bi-modal 
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distribution in the GPC. Conversion (> 99 wt%) and yield (99 wt%) at these reaction conditions, however, 

were higher than the individual polyolefins and thus suggest additional characterization of the polymer 

dynamics is needed to optimize this system given a wide and varied feedstock stream.  

 

Figure 4.12. Molecular weight distribution plots for virgin LLDPE (black), virgin iPP (blue), a physical 

mixture of the virgin polyolefins (red) and the corresponding hydrogenolysis product (green), as 

determined by GPC. Horizontal scale is logarithmic.  

 

4.5 CONCLUSIONS 

The survey of polyolefins conducted within show various properties of the polymer source must be 

accounted for when performing hydrogenolysis. While properties such as the degree of branching and 

molecular weight can have an impact on how the final product performs for certain applications,56 these 

properties do not affect hydrogenolysis in polyethylene samples. That is not the case in polypropylene 

samples, however, and so pre- or post-catalytic sorting may be needed if a pure product is desired. The 

copolymer results also suggest structural motifs installed during polymer synthesis could be used to 

deconstruct post-consumer plastics more effectively. Mixed polyolefin feedstocks will also require 

additional testing to optimize reaction conditions to bring the molecular weight down to lubricant base oil 

ranges. These results will direct future efforts in catalyst design principles in attempts to effectively 

convert post-consumer plastic waste into higher value commodity goods. Evaluations on molecular 

dynamics, reaction mechanisms, polymer-surface interactions through solid-state NMR, and variations on 

PP/PE mixtures will help facilitate this design effort. 
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CHAPTER 5 
 

Solution-Phase Platinum Deposition by SOMC and Related Upcycling 

This Chapter was adapted with permission from “K. E. McCullough, I.L. Peczak, R.M. Kennedy, Y-Y. 
Wang, J. Lin, A.L. Paterson, F.A. Perras, J. Hall, A.J. Krpof, R.A. Hackler, Y. Shin, J. Niklas, O.G. 
Poluektov, J. Wen, W. Huang, A.D. Sadow, K.R. Poeppelmeier, M. Delferro, M.S. Ferrandon. ‘Synthesis 
Of Platinum Nanoparticles On Strontium Titanate Nanocuboids Via Surface Organometallic Grafting For 
The Catalytic Hydrogenolysis Of Plastic Waste’ J. Mater. Chem. A, 2023, 11, 1216-1231.”  

 
© Royal Society of Chemistry 2023. 

 

5.1 ABSTRACT 

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. 

5.2 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 tons of plastics are 

produced globally each year to meet consumer needs in textiles, medical and construction equipment, 
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and food and beverage products, among other uses.3,5,8,142–144 Modern society lacks the infrastructure to 

process post-consumer plastics efficiently and economically, meaning that up to 80% of these products 

are discarded to landfills. A minority of plastic waste is downcycled, via traditional mechanical recycling, 

which prevents recovery of their inherent chemical value.8,144 While several chemical recycling 

approaches have been proposed, there are barriers to their broad implementation at scale. For example, 

pyrolysis, a high-temperature (∼500 °C) decomposition process in an oxygen-free environment, 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.13,145,212,213 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 upcycling techniques 

should simultaneously recoup the inherent 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 

polyolefins are selectively converted into liquid and wax-like products using metal nanoparticle catalysts 

deposited on a metal oxide support.7,31,39,42,43,45,114,146,147 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.7,42,46,56 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 profitably generate lubricant materials while reducing process emissions relative to current 

industrial methods.59 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.7,42,54,60,64,80 
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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 synthesized in a 4 L batch reactor without significant changes 

to support physical properties nor impact on products of hydrogenolysis when used in a final Pt/STO 

catalyst.42 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.7,60 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 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.67,214 

Solution atomic layer deposition (sALD) is one attempt to develop such a process. Starting from dissolved 

metal precursors, 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 often prohibitively expensive.215–217 Several sALD 

systems have been reported for the deposition of inorganic and organic thin films on common metal oxide 

supports (e.g. titania, silica), among other exploratory examples.215–219 

Another promising synthetic method analogous to ALD is surface organometallic chemistry (SOMC), in 

which organometallic precursors are chemisorbed onto catalyst support surfaces.220 Straddling 

homogeneous and heterogeneous catalysis, this technique generates supported catalysts with single, 

well-defined active sites without uncontrolled deposition and molecular degradation.220–223 These active 

sites also lend themselves well to spectroscopic and kinetic characterization, facilitating the optimization 

of activity and selectivity.220 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.220–
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225 These works largely focus on grafting 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 catalyst surfaces.220  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 CO2via interaction with Zr(iv) Lewis acid sites in close 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.220 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.66 Together, these 

results show that SOMC can produce small, supported nanoparticles for catalysis, with the potential to 

synthesize a broad range of bimetallic systems.220 

In this work, we report the synthesis of a supported platinum nanoparticle catalyst via SOMC grafting onto 

STO nanocuboids ( Fig. 5.1, 5.2 ). We have studied surface treatment via calcination, ozonolysis, and 

steaming of the STO nanocuboids to influence 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 influences reaction selectivity.139,226–230 Then, the SOMC 

grafting 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. 
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Fig. 5.1 Stepwise SOMC synthesis of Pt/STO catalysts. Pt (green) is deposited onto a STO nanocuboid 

(surface termination shown) in toluene under heating via trimethyl(methylcyclopentadienyl)platinum(IV) 

(MeCpPtMe3). MeCpPtMe3 bonds to hydroxyl groups on the STO surface, at which point the sample is 

placed in a reducing environment (“H2”) to afford a sample with 1 – 2 nm Pt nanoparticles on the STO 

nanocuboid support (right). 

 

 

Fig. 5.2 Stepwise SOMC Synthesis of Pt/STO Catalysts. Pt (green) is deposited onto a STO nanocuboid 

(surface termination shown) in toluene under heating via platinum(II)acetylacetonate (Pt(acac)2). 

Pt(acac)2 bonds to hydroxyl groups on the STO surface, at which point the sample is placed in a reducing 

environment (“H2”) to afford a sample with 1 - 2 nm Pt nanoparticles on the STO nanocuboid support 

(right). 

 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f1_hi-res.gif
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5.2 EXPERIMENTAL SECTION 

5.2.1 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. 

5.2.2 Synthesis of SrTiO3 Nanocuboids 

The procedure for the synthesis of large-scale STO nanocuboids was reported by Peczak et al.42 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 10 min. The two solutions A and B were mixed and stirred for 

10 min in a 2000 mL Erlenmeyer flask; 276.85 g of 10 M NaOH solution was injected into the AB solution 

for 28 min at a flow 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. After mixing and 

stirring, 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 Hastelloy C-276 reactor with 

an internal impeller and a heating 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. After 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 after the hydrothermal reaction. Initially, the liquid was a light-yellow color but changed to dark 

orange with time. The precipitate was washed with vacuum filtration and dried in air overnight (12 h, 110 

°C). 

5.2.3 Treatments of SrTiO3 Nanocuboids 
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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 fixed bed flow reactor and treated with a flow (400 sccm) of 

ozone in oxygen (8% O3) using an ozonolyzer (Pacific 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. 

5.2.4 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)acetylacetonate (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-filled glovebox, washed and filtered three times 

with toluene and once with pentane to remove physisorbed 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 nanoparticles 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. Afterward, 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. 

5.2.5 Characterization 

5.2.5.1 Nuclear magnetic resonance (NMR) titration 

 STO samples were introduced into a solution with an excess of MgBn2(THF)2 (synthesized by Shrock231) 

and a cyclohexane internal standard (C6H6, Sigma-Aldrich-Millipore, 99%, A.C.S. reagent) allowed to 

react in a J-Young tube while being processed on a 500 MHz Bruker NMR spectrometer with multinuclear 

broadband observe probes (2.5, 5, or 10 mm tube diameter). OH− site density was calculated through the 
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integration of toluene peaks relative to the cyclohexane standard. Calculation of the absolute amount of 

toluene in each sample 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. 

5.2.5.2 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 

first 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),232 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,233,234 (2) a 17O{1H} D-RINEPT-SR41
2(tt) 

experiment excites both hydroxyls and oxide 17O centers that are near 1H nuclei,235 and (3) a 17O direct 

DNP experiment that reveals all surface 17O centers,236 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 

experiments 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.237 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 
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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.238  672 scans were acquired for 

each of the 16 t1 increments of 130.672 μs 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 Agilent DD2 400 MHz spectrometer equipped with a Samoson 1.7 mm fast-MAS 

probe.239 Samples were packed into 1.7 mm rotors in an inert atmosphere and spun to 40 kHz using 

pressurized nitrogen. Hard 1H pulses utilized a 100 kHz RF field while the sideband-selective, 50 μs, 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 first 

stepped in 10 kHz increments around −2000 ppm to find a spinning sideband and was then stepped in 40 

kHz increments to measure the intensities of the neighboring spinning sidebands. 

5.2.5.3 Density Functional Theory 

Density-functional theory (DFT) calculations of 17O magnetic shielding and electric field gradient tensors 

were carried out using CASTEP (version 2018).240 The default “on-the-fly” ultrasoft pseudopotentials were 

used together with the exchange-correlation functional of Perdew, Burke, and Ernzerhof 

(PBE).241,242 Structures were first 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 calculations used kinetic energy cutoffs of 489.8 eV, a k-point grid density of 0.08 Å−1, and 

the Grimme D2 dispersion scheme.243 Shielding calculations used the gauge-including projector 

augmented-wave (GIPAW) method as implemented within CASTEP.244,245 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 converted to chemical shifts using a reference shielding of 187.065 

ppm calculated using SrO and TiO2. 
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5.2.5.4 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 software.128 The face-to-face distance between opposing 

[100] faces of STO nanocuboids was used as a measure of particle width. 

 

5.2.5.5 Brunauer–Emmet–Teller (BET) Surface Area Measurements 

The catalyst surface area was determined by nitrogen adsorption 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. 

 

5.2.5.6 X-ray Absorption Fine 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 fluorescence mode using Soller slits and a Zn filter with a fluorescence ionization 

chamber. Simultaneous measurement of the Pt foil 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.246 
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Spectra were measured under He flow (200 mL min−1) at room temperature before and after 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 

fitting) was performed using the Demeter/Athena/Artemis suite of XAFS analysis software.247 

 

5.2.5.7 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 spectrometer (Bruker Biospin, Billerica, MA), equipped with a TE102 rectangular EPR resonator 

(Bruker ER 4102ST). Field modulation at 100 kHz in combination with lock-in detection leads to first 

derivative-type CW EPR spectra. Measurements were performed at 15 K. A helium gas-flow 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. 

5.2.5.8 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. 

5.2.5.9 Powder Diffraction (PXRD) 

The crystalline phase compositions of the samples were determined by PXRD using a Bruker 

Diffractometer D8 Advance operating with the following parameters: Cu Kα radiation of 40 mA, 40 

kV, Kλ = 0.15418 nm, 2θ 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. 

5.2.5.10 Inductive Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

 Metal analysis was performed at the Northwestern University Quantitative Bio-element Imaging Center. 

Quantification of Pt, Sr, and Ti was accomplished using ICP-OES of acid-digested samples. 
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5.2.5.11 Catalytic Hydrogenolysis of i-PP Using Pt/STO 

Hydrogenolysis experiments were performed in 100 mL Parr autoclaves 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 

refilled 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). After 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 location 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 filtered through silica 

gel, and the solvent was removed using a rotary evaporator. Both OL- and IL-products were analyzed by 

ultra-high pressure liquid chromatography (UHPLC), NMR, and thermogravimetric analyzer-differential 

scanning calorimetry (TGA-DSC). In the manuscript, the total amount of liquid is the sum of OL and IL. 

5.2.5.12 Liquid Species Analysis 

A Waters Corporation UHPLC system equipped with the ACQUITY AQT XT45 (1.7 μm, 4.6 mm, 150 mm) 

analytical column was used to characterize the Mn 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. 5.3). OL- and IL-products were dissolved in n-hexane (1 mL, 50 mg mL−1) and 

injected for analysis. 
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Fig. 5.3 i-PP-Derived Liquid Sample Analysis. The calibration curve used to benchmark polymer 

upcycling products in liquid sample analysis is presented on the left of this figure, and a sample high-

pressure liquid chromatography output is presented on the right. A more extensive description of this 

analytical technique is presented in the Experimental section of the main manuscript under the same title.  

 

5.2.5.13 Quantification of Gas Species 

The volatile products were sampled by connecting the autoclave to a GC sampling loop and analyzed 

simultaneously using a GC-flame 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 after an experiment. An Agilent GS-Gaspro (15 m × 0.32 mm × 0.00 μm) capillary column 

was used to separate and quantify the C1–C9 hydrocarbon species by GC-FID. Quantification of volatile 

hydrocarbons was conducted by using a calibrated 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. 

5.4). 
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Fig. 5.4 Gas Species Quantification and H2 Consumption Analysis.  The calibration curve used to quantify 

gaseous species and hydrogen consumption in this work is presented above. A more extensive 

description of this analytical technique is presented in The Experimental section of the main manuscript 

under the same title.  

 

5.2.5.14 TGA-DSC Analysis 

 i-PP derived samples were analyzed simultaneously by TGA and DSC configuration, installed on a 

Netzsch (STA 449F1) equipped with Al2O3 crucible (volume 85 μL) 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 Software (Ver 

8.0.2) from Netzsch. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Preparation of STO nanocuboids Prior to Surface Modification 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.42,123 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 demonstrated that 

hydrothermally synthesized STO nanocuboids predominantly have a Ti rich,  by , 33.3° 

rotated TiO2 double layer reconstruction on the surface of the {100} facets,42,76,78,81–83,123,186,187,248 and that 

upon annealing at elevated temperatures, the rounded corners between these {100} facets reform into 

{110} facets.78 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.54,60,122  Previously, 

platinum nanoparticles with narrow size distribution and a range of sizes were synthesized on STO 

nanocuboids by atomic layer deposition (ALD).7,54,54,60,249 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. 5.5), though some carbonate 

desorption was observed at high temperatures (Fig. 5.6). 

 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-t1_hi-res.gif
https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-t2_hi-res.gif
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Fig. 5.5 Diffraction patterns of SrTiO3 after Various Treatments. Patterns were collected by power x-ray 

diffraction, and all correspond to crystalline strontium titanate.  

 
Fig. 5.6 Thermogravimetric analysis (TGA) of as-prepared STO supports. The data show 0.5 % by mass 

of carbonate desorption above 800 oC, which would indicate a minority surface species (e.g. SrCO3) 

present after synthesis that does not significantly affect the STO surface. This is consistent with previous 

observations about SrCO3 formation in Peczak et al.42 
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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.42 Carbonates, for example, can form during 

the STO synthesis 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 thermodynamically 

stable than strontium titanate. 42,132–134 The concentration of the adsorbed ions from the reaction mixture 

can be significantly 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 grafting 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. 

5.3.2. Surface Modification 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. 5.7 and Table 5.1).  
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Fig. 5.7 TEM images of as-prepared STO (a) and STO after calcination at 350 °C (b), 450 °C (c), and 550 

°C (d). All samples, regardless of calcination conditions or lack thereof, appear to have average sizes of 

around 45.0 ± 10.0 nm and contain between 70 – 75 % nanocuboid particles per sample. Measurements 

of these two parameters corresponding to each sample are presented in the supplementary information. 

 

 

 

 

Table 5.1. Average size of STO nanocuboids and average amount of nanocuboid particles per sample 

analyzed for an as-synthesized support sample, and samples that had been calcined at 350 oC, 450 oC, 

and 550 oC. 

Calcination Temperature (oC) Average STO Particle Size (nm) % Cubes 

As-prepared (no calcination) 45.9 ± 9.7 74.2 

350 45.7 ± 11.1 71.4 

450 42.1 ± 9.9 72.1 

550 42.6 ± 9.1 73.5 
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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. 5.8). 

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 

nanocuboids (Table 5.2). To avoid this and ensure that the STO support surface area was sufficiently 

high for catalyst deposition, calcination treatments were not carried out at temperatures higher than 550 

°C. 

 

Table 5.2. BET Surface Area of STO supports After Calcination at Various Temperatures. Catalyst 

surface area was determined by N2 adsorption. Prior to surface area measurements, each sample was 

degassed by heating under vacuum at 150°C. Five data points were collected to ensure accuracy.  

 

Calcination Temperature (oC) BET Surface Area (m2 / g) 

As-prepared (no calcination) 26.5 

350 22.9 

450 17.0 

550 16.7 
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Fig. 5.8 TGA (a), 1st derivative (b), water signal (c) and CO2 signal (d) of STO as prepared and after 

calcination at 350 °C, 450 °C and 550 °C. 

5.3.2 Effect of Calcination on MeCpPtMe3 Grafting 

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. 

5.9). Uneven deposition on otherwise equivalent samples is likely due to remaining surface species that 

interfere with Pt grafting, making calcination at 550 °C the preferred temperature. However, the weight 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f2_hi-res.gif
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loading of Pt is still low relative to previously reported ALD deposition and can likely be increased through 

additional pre-deposition surface treatments. 

 

Fig. 5.9 1cPt/STO using STO pre-calcined at 350 °C (a) and at 550 °C (b). Metalation of MeCpPtMe3 at 

25 °C. Pt particle size distributions for the samples presented in (a) and (b) are provided in the adjacent 

histograms in (c) and (d), respectively. 

 

 

 

 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f3_hi-res.gif
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5.3.3 Surface Modification 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 beneficial 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,7 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 after 

calcination prior to catalyst deposition. Pt deposition was conducted via SOMC of MeCpPtMe3 at 65 °C on 

STO supports treated by both calcination and a combination of calcination and ozonolysis. Ozone 

treatment did not significantly affect final Pt particle size, as final particle sizes for both samples were 1.3 

nm (Fig. 5.10), and Pt weight loadings were similar (0.13 wt% without ozone and 0.12 wt% with ozone). 

 

Fig. 5.10 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. 

 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f4_hi-res.gif
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5.3.4. Effect of Steam Treatment 

Any combination of calcination and ozonolysis likely leads to significant dehydroxylation, meaning that 

hydroxyls must be replenished prior to SOMC grafting. Steam treatment at elevated temperatures can be 

used to re-introduce controlled concentrations of surface hydroxyls.250 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. 5.11).  

 
 

Fig. 5.11 NMR titration of surface hydroxyls per nm2 on STO with Bn2Mg(THF)2 in C6D6 and cyclohexane. 

The STO was calcined at 550 °C followed by steam for 2 h ranging from 100 °C to 500 °C (green dots). 

The STO was calcined at 550 °C followed O3 treatment at 200 °C for 2 h and by steam for 2 h ranging 

from 100 °C to 400 °C (red square). 

 

0

5

10

15

20

0 100 200 300 400 500 600

O
H

 S
it

e
 D

e
n

s
it

y
 (

#
O

H
/n

m
2
)

Steam Temperature (oC)

O3

w/o O3



173 
 

The presence of O3 did not significantly 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, shifting the 

equilibrium toward low hydroxyl concentrations.251,252 Steam treatment at 200 °C was selected to use as a 

post-treatment of ozonolysis. TGA confirms a higher loss of water when ozone is used in between the 

calcination at 550 °C and the steam treatment at 200 °C (Fig. 4.12). 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 

reaction with water to form hydroxyls. 

 

 
Fig. 5.12 TGA curve (a) and H2O signals (b) of STO at various treatments. 
 

 

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 environments resonating near 500 and 100 ppm at 9.4 T, the latter of which could be assigned to 

hydroxyls using the PRESTO measurement (Fig. 5.13). Plane-wave DFT calculations were carried out on 
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the c(4 × 4)253 and  terminations of STO,254 in addition to three hydrated variants of 

the (2 × 1) termination,255,256 to predict the 17O chemical shifts and quadrupolar 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 grafting 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 recoupling time in protonated TCE (i.e. no correlations to solvent were 

observed, Fig. 5.13). This indicates that hydroxyls are found homogeneously on all STO facets and that 

significant defects are present in the usually hydrophobic  surfaces, in agreement 

with the high average hydroxyl density. 
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Fig. 5.13 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. 

 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f5_hi-res.gif
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5.3.5. Effect on Pt Precursor and Solution Temperature on Grafting 

The amount of Pt loading via SOMC can be increased by changing the starting Pt complex that is grafted 

to the STO surface. Pt(acac)2 and MeCpPtMe3 are two common platinum precursors used in catalyst 

synthesis.255–258 In addition to traditional methods such as wet impregnation, incipient wetness, and co-

precipitation, these precursors have been used for ALD of Pt nanoparticles on oxide surfaces,63 with 

MeCpPtMe3 specifically used to grow Pt nanoparticles of a range of sizes through cyclic growth on STO 

nanocuboids.7,54,60,63,80 On STO calcined at 550 °C, ozone and steam treated at 200 °C, grafting at 50 °C 

of Pt(acac)2 was more efficient (0.50 wt% Pt) than the grafting 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 experiments (Fig 5.14) were performed on a sample 

of MeCpPtMe3 grafted onto STO. Correlations were observed in the sideband-selective experiment 

corresponding to a uniform Pt environment characterized by an isotropic 195Pt chemical shift 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,259 suggesting that it adopts a similar bipodal 

coordination environment. This is consistent with the observation that after grafting of MeCpPtMe3 onto 

STO supports, the final Pt loading (0.5 wt%) was lower than that obtained with Pt(acac)2 (2 wt%), as a 

bipodal mode of grafting consumes surface hydroxyls that would otherwise be available for additional Pt 

deposition. No evidence of monopodal or tripodal Pt species was detected. 
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Fig. 5.14 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. 

 

EPR spectroscopy confirmed the presence of Ti(iii) on STO both as synthesized and after calcination 

(Fig. 5.15). The observation of Ti(iii) in these samples is consistent with previous reports that show Ti(iii) 

evolution in STO after treatment 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.260 Overall, Ti(iv) 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f6_hi-res.gif
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appears to be the dominant Ti species, though paramagnetic effects from Ti(iii) overwhelm the NMR 

signals for 1H and 195Pt. 
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Fig. 5.15 Continuous wave (CW) X-band EPR Spectra of Calcined STO, Pt(acac)2 on STO after grafting, 

Pt(acac)2 on STO after reduction, and as prepared STO (black, red, green, and blue respectively) at 

cryogenic temperatures (T = 15 K). The intense broad EPR signal centered around 220 mT is due to 

ferromagnetically coupled electron spins, which we assign to Ti(III) ions in the STO support. 

 

5.3.6. Metalation Temperature for Pt(acac)2 Deposition 

After STO nanocuboids were calcined at 550 °C and treated by ozonolysis and steaming (both at 200 °C), 

Pt(acac)2 was grafted 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 5.16). 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. 5.17). A metalation temperature of 
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120 °C led to larger particles, however, which are thought to be less active for polyolefin 

hydrogenolysis.7 Thus, metalation at 80 °C was selected for further experiments. 

Fig. 5.16 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)). 

 

 

 
 
Fig. 5.17  STEM HAADF micrographs of SOMC 1c-Pt/STO calcined at 550 °C, followed by O3 and steam 

treatment at 200 °C, made at 90 °C (1.5 ± 0.4 nm). 

 

 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f7_hi-res.gif
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5.3.7. 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 grown by repeating the growth cycle a specific number of times.60,249 SOMC is also a 

self-limiting deposition process, and it should be possible to perform additional cycles of grafting 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 after one cycle to 1.66 Pt atoms per 

nm2 after 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 after the 1, 2, and 3 cycles (Table 5.3). 

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.63,249 
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Table 5.3 Average Pt particle size, measured from STEM-HAADF images, and loadings measured by 

ICP. Pt particle size ranges estimated from EXAFS fit results from Table 5.6 (see below). STO calcined at 

550 °C followed by O3 and H2O at 200 °C. Metalation of Pt(acac)2 at 80 °C. 

 

Average diameter ± SD 

(nm) 

Particle 

rangea (nm) 

Pt loading 

(wt%) Pt/Ti 

1cPt_red/STO 1.3 ± 0.30 
 

0.562 0.0224 

2cPt_red/STO 1.2 ± 0.39 1.3–1.8 1.082 0.0446 

3cPt_red/STO 1.5 ± 0.35 
 

1.636 0.0365 

2cPt_red/STO_spent 1.8 ± 0.89 1.3–1.9 1.204 0.0443 

2cPt_calc/STO 0.8 ± 0.22 
 

0.884 0.0374 

2cPt_cal + red/STO 1.0 ± 0.20 1.1–1.9 0.936 0.0374 

2cPt_cal + red/STO_spent 1.3 ± 0.49 1.0–1.3 0.960 0.0214 

a The number of atoms per particle was calculated using estimations described by Jentys261 and 

assuming a spherical particle shape. 

 

After the Pt precursor is grafted to the STO nanocuboid surface (two cycles), the excess precursor is 

washed off with toluene and the pre-catalyst is dried before forming Pt nanoparticles. Like ALD,63 Pt 

nanoparticles can be formed via oxidation or reduction of the grafted 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/Pt0 core–shell particles form, while a metallic Pt0 particle forms under reducing 

https://pubs.rsc.org/en/content/articlelanding/2023/TA/D2TA08133D#tab1fna
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conditions.63,249 The mobility of the Pt species can be modified by adjusting the partial pressure of the 

oxidant or reductant.258 Here, the grafted 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. 5.18).  

 
Fig. 5.18 TGA of 2cPt/STO with the second deposition of (Pt(acac)2 is only dried. 
 

The average particle sizes and distributions for all three conditions are summarized in Fig. 

4.19 and Table 4.3 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 after 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. 5.19 and Table 5.3). A layer of PtOx in contact with the support would favor 

stronger binding compared to Pt0.249,262  

98

98.5

99

99.5

100

0 100 200 300 400 500 600

M
S 

in
te

n
si

ty

W
ei

gh
t 

lo
ss

 (
%

)

Temperature (oC)

TGA

CO2



183 
 

 

Fig. 5.19 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. 

 

Both Pt/STO catalysts mentioned in Fig. 5.19 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. 5.20. 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. 5.20 represents a minor portion of all Pt/STO catalyst–support interactions. This epitaxial 

stabilization is likely responsible for the high stability of deposited Pt nanoparticles against sintering. 

Although previous reports of Pt/STO synthesized by ALD show a larger relative amount of cube-on-cube 

epitaxy in comparable samples,54,62,80 these results are generally consistent with observations that smaller 

average sizes for deposited nanoparticles lead to distortions in epitaxial stabilization.62,263 Such distortions 

include but are not limited to planar epitaxy, as is the case here, or existences as twinned particles, as 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f8_hi-res.gif
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was observed in some images corresponding to the experiment in Fig. 5.20. An example of such epitaxy 

is presented in the ESI (Fig. 5.21). 

 

 

 

 

 

 

 

 

 

Fig. 5.20 (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. 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f9_hi-res.gif
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Fig. 5.21 (a) Aberration corrected HAADF of platinum nanoparticles grafted onto STO with two different 

exposed orientations. Fourier transform of the (b) leftmost platinum nanoparticle and (c) STO indicating 

the orientation of the nanoparticle on STO. 

 

5.3.8. 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 Pt loading and average Pt particle diameter most closely match Pt/STO catalysts 

synthesized by one cycle of ALD,7,60 allowing comparison of hydrogenolysis results between physically 

similar samples. The yield of liquid products was 96.3%. The Mn of the product was ∼270 Da with a 

dispersity (Đ) of 1.1 (Fig. 5.22). 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 five catalytic runs, and full 

conversion of i-PP was obtained for all runs (no solid product remained). The Mn of the product was 

obtained from the used 2cPt_red/STO catalyst was identical to the first experiment with fresh catalyst. 
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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 first run and approximately 4 mmol for subsequent runs, with less than 10% of the i-PP converted 

(Fig. 5.23). There was a small decrease in the quantity of methane formed after the first two runs, which 

may be related to changes in the available active sites. After the first 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.46 

 

Fig. 5.22 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. 

After the 5 consecutive catalytic runs, Pt particle size increased slightly from 1.2 nm to 1.8 nm (Fig. 5.24) 

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. 

https://pubs.rsc.org/en/content/articlelanding/2023/TA/D2TA08133D#fn1
https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f10_hi-res.gif
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 Gas (%) H2 Consumption (%) 

1st Run 0.149 g (4.9%) 4.1 mmol (12.2%) 

1st Recycle 0.128 g (4.2%) 5.6 mmol (16.9%) 

2nd Recycle 0.255 g (8.5%) 5.9 mmol (17.9%) 

3rd Recycle 0.185 g (6.2%) 5.6 mmol (16.9%) 

4th Recycle 0.129 g (4.2%) 5.9 mmol (17.8%) 

 
Fig. 5.23 Characterization of Gas Products Formed Via iPP Hydrogenolysis of 2cPt/STO_red.  
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Fig. 5.24 (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 5.3). (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 5.3). 

 

 

The 2cPt_cal+red/STO catalyst, containing smaller nanoparticles, 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 first 4 runs and 218 Da after the 4th run (Fig. 5.25). More light gases, in 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f11_hi-res.gif
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particular methane, and liquid alkanes (C5H12 and C6H14) were formed after initial runs, although the 

amounts of gases and liquids formed decreased with successive reactions (Fig. 5.26). 

 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 definition of “smaller” particles.7 Pictures of the initial polymer and final 

products are presented in Fig. 5.27. 

 In general, the SOMC-derived Pt/STO catalyst reported herein hydrogenolyzes polyolefins to upcycled 

products with similar yields and average molecular weights to those made by comparable catalysts, such 

as those reported by Hackler.46,56 A table of comparable catalysts is presented in  Table 5.4. After the 5 

consecutive catalytic runs, Pt particle size increased slightly from 1.0 nm to 1.3 nm (Fig. 5.24 c 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. 
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Fig. 5.25. 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 Fig. 5.26. No solid 

products were observed. Đ = 1.1 for all. 

 

 

 

Table 5.4. Upcycling Data for Supported Pt Upcycling Catalysts Comparable to SOMC-derived Catalysts 

Reported in This Work. 

 

Sample Starting Sample Mn,i (Da) Time (h) Mn,f (Da) Ð Yield (%) 

ALD Pt/STO46 iPP 6000 24 250 1.4 83 

1c-ALD Pt/STO7 HDPE 8150 24 1250 4.7 91 

Pt/Al2O3
7 HDPE 8150 18 1850 5.8 - 

 

 

https://pubs.rsc.org/image/article/2023/ta/d2ta08133d/d2ta08133d-f12_hi-res.gif
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Fig. 5.26  Characterization of Gas Products Formed Via iPP Hydrogenolysis of 2cPt/STO_cal+red 
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 Gas (%) H2 Consumption (%) 

1st Run 0.374 g (12.3%) 8.0 mmol (23.9%) 

1st Recycle 0.248 g (8.2%) 6.2 mmol (18.6%) 

2nd Recycle 0.212 g (7.0%) 5.2 mmol (15.6%) 

3rd Recycle 0.224 g (7.4%) 7.3 mmol (22.0%) 

4th Recycle 0.207 g (6.9%) 6.8 mmol (20.3%) 
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Fig. 5.27 Images of the initial polymer and after the 5 successive hydrogenolyses using 

2cPt/STO_cal+red. 

 

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. 5.28) by qualitative comparison of the spectra with Pt metal and PtO2. Linear 

combination fitting (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 5.5), consistent with smaller average particle 

sizes observed for the former (Table 5.3). Spent 2cPt_red and 2cPt_cal+red/STO closely resemble 

metallic Pt even after air exposure (Fig. 5.28), suggesting surface species deposited from the 

hydrogenolysis experiments may have prevented re-oxidation of surface Pt unlike the fresh materials. 

After an in situ reduction in 3.5% H2/He at 250 °C for 10 min, all samples were reduced (Fig. 5.29). For 

both samples, there was no significant change in the Pt–Pt coordination number (Table 5.6) after 

reaction, although larger Pt–Pt bond lengths and smaller Debye–Waller factors fit 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 first 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 

5.7). 

 

iPP 1st Run 1st Recycle 2nd Recycle      3rd Recycle 4th Recycle
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Fig. 5.28 XANES region for 2cPt_red and 2cPt_cal+red before and after reaction. All materials were 

measured without treatment at room temperature under inert flow.  
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Fig. 5.29 XANES region for 2cPt_red and 2cPt_cal+red before and after reaction. All materials were 

reduced in-situ at 250 °C, 3.5% H2 prior to measurement at room temperature under inert flow. 
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Table 5.6 Pt L3 edge EXAFS fit results for 2cPt/STO samples before and after 5 reactions (k = 3.0–15 

Å−1, Δk = 0.5, kNN = 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, σ2 – Debye–Waller factor, ΔE0 – 

energy correction 

Sample N R (Å) σ2 (×10−3 Å2) ΔE0 (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 

 
 
 
Table 5.7. Linear combination fitting results for the as-received Pt-STO samples using PtO2 and Pt as 

references. Fit in XANES from 11553 to 11603 eV. 

 
 

Sample Condition PtO2 Pt 

2cPt_red/STO Fresh 0.212 ± 0.009 0.788 ± 0.009 

2cPt_cal+red/STO Fresh 0.299 ± 0.009 0.701 ± 0.009 
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5.4 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 grafted 

onto STO in toluene, and Pt(acac)2 was found to afford a significantly 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 after 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% after 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 

after 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 final 

upcycling products (all >95% yield) with molecular weights around 300 and 200 Da, respectively. This 

suggests that smaller supported Pt nanoparticles are generally more active for polyolefin hydrogenolysis, 

which is consistent with previous reports of plastic upcycling with the Pt/STO system. 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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Chapter 6 

Solution-Phase Platinum Deposition by SEA and Related Upcycling 

 

This Chapter was adapted with permission from “ M. Meirow, I.L. Peczak, R.M. Kennedy, M. Delferro, K. 

Poeppelmeier, E. Luijten. 2023, In Preparation.” 

 

6.1 ABSTRACT 

Pt/SrTiO3  (Pt/STO) selectively hydrogenolyzes plastics into liquid products that have 30 – 200 carbon 

atom backbones and is therefore an attractive catalyst for use in commercialized plastic upcycling 

processes. Commercial use of Pt/STO will require, among other things, developing a Pt deposition 

method that can output larger quantities of catalyst than currently achievable, while still retaining control 

over the decoration of Pt on the STO support surface. In this work, strong electrostatic adsorption (SEA), 

a charge-meidated solution-phase deposition technique, was used to synthesize Pt/STO catalysts on 0.3 

g and 1 g scales. At the 0.3 g scale, multiple cycles of Pt deposition and reduction in H2 were employed to 

increase the amount of Pt nanoparticles on the STO surface in a controlled fashion. The effect of such 

sequential deposition and reduction on the physical properties (e.g. particle size) of deposited Pt was 

investigated. The one- (1c) and three-cycle (3c) catalysts were tested for polyethylene hydrogenolysis to 

determine the effects of properties such as average Pt particle size on final product distribution. 

 

 

 

6.2 INTRODUCTION 

Catalytic hydrogenolysis is a promising method for the upcycling of single-use plastics into value-added 

materials.31 These processes employ catalysts such as platinum nanoparticles (Pt) on SrTiO3 nanocuboid 

supports (STO; Pt/STO), which have been investigated for their high selectivity in upcycling pristine and 

spent polyethylene and polypropylene into uniform hydrocarbon oils.7,41,42,46,56,59 Several features of 

Pt/STO, such as epitaxial stabilization of Pt on the support surface and the well-defined faceting of the 

STO nanocuboids, make this material both a state-of-the-art catalyst and a useful model system via which 
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to study the mechanism of polyolefin hydrogenolysis. These reasons incentivize continued study of 

Pt/STO synthesis and hydrogenolysis.42,54,64,70 

Owing to its ability to deposition nanoparticles in a precise fashion, most reported syntheses for Pt/STO 

catalysts have utilized atomic layer deposition (ALD) to decorate the STO surface with Pt.7,60,63,64 ALD, 

however, is not an ideal technique for scale-up because it requires specialized instrumentation and 

expensive precursors, resulting in a significant capital investment. On the other hand, readily scalable 

techniques that are widely used in industry, such as incipient wetness impregnation, do not afford the 

same control over catalyst dispersion on the support surface as does a technique such as ALD. 

Overall, it is desirable to substitute ALD for a solution-phase that can deposit Pt in a controlled fashion 

without requiring expensive instrumentation. Recently, a solution-phase Pt/STO synthesis using surface 

organometallic chemistry (SOMC) was reported to upcycle isotatic polypropylene into hydrocarbon 

products with 20 – 30 carbon atom backbones, demonstrating that Pt/STO upcycling catalysts can be 

synthesized by solution-phase deposition techniques.41 However, SOMC relies on the chemisorption of 

an organometallic Pt precursor (MePtCpMe3 or Pt(acac)2) with hydroxyls or existing Pt particles on the 

STO surface, as is observed by ALD.63 It remains to be seen whether techniques that do not utilize 

covalent bonding between catalyst precursors and the STO support surface can deposit Pt in a 

comparable manner.  

Strong electrostatic adsorption (SEA) is a solution-phase deposition method that takes advantage of the 

charge-dependent nature of a metal oxide support surface.264 In an SEA process, an ionic catalyst 

precursor, e.g. Pt(NH3)4
2+, electrostatically binds to surface hydroxyls, which are either protonated or 

deprotonated through manipulation of solution pH. This ligated catalyst precursor is then introduced in an 

oxidizing or reducing environment, ultimately affording bare nanoparticles on the support surface.264,265 

This phenomenon has long been understood and has been exploited to synthesize various support 

catalysts for a suite of industrial applications.266–274 An SEA-derived synthesis of Pt/STO has also been 

reported,42 though the effect of multiple cycles of deposition and reduction on final catalyst properties for 

this material has not been explored. 

 In this work, a scalable synthesis for a SEA-derived Pt/STO upcycling catalyst is reported. A series of 

sequential Pt depositions and reductions (up to 3 cycles), termed a “multi-cycle” approach, was employed 
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to increase the amount of Pt catalyst loaded onto the STO surface in a controlled fashion. The one-cycle 

and three-cycle (1c & 3c, respectively) Pt/STO catalysts were tested for high-density polyethylene 

(HDPE) hydrogenolysis and were found to afford liquid products comparable to those obtained in 

previous studies using Pt/STO. 

6.3 EXPERIMENTAL 

6.3.1 Materials and Instrumentation 

Electron Microscopy. Nanoparticles were imaged using a Hitachi HD2300 scanning transmission 

electron microscope operated at 200kV. This instrument was used in coordination with the NU Atomic 

and Nanoscale Characterization Experimental Center at Northwestern University. In preparation for 

analysis, solid samples (~20mg) were sonicated in ethanol (10mL) for 30 minutes, at which point the 

resulting suspension was dropcast onto a lacey carbon TEM grid (Ted Pella, Inc., UC-A on Lacey 400 

mesh Cu) and dried for 30 minutes prior to imaging. Pt particle sizes were measured using Fiji-enhanced 

ImageJ software by circumscribing a circle around each Pt particle so that the diameter of said circle 

matches the widest width of the particle. [cite] This technique was used to calculate individual Pt particle 

diameters, and these values were averaged across all Pt particles in each sample. 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). Elemental Pt, Sr, and Ti 

compositions in Pt/STO were measured by a Thermo iCAP 7600 Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES) system operated through the Quantitative Bio-element Imaging 

Center at Northwestern University.  Pt/STO samples (15 mg) were digested in aqua regia (15 mL) for 

48 hours, after which 0.5 mL of the resulting solution was diluted twenty-fold with a 2 % HNO3 / HCl 

solution in water (10 mL total sample volume) and analyzed. Five stock solutions were made by serial 

dilution from Pt, Sr, and Ti standards to span a range of 1 – 40 ppm for each metal for calibration. A 

calibration curve was computed internally through the ICP-OES system software. Final concentration data 

were used to calculate the weight percent of Pt metal relative to total catalyst mass.  

6.3.2 Pt Deposition 

Pt(NH3)4(NO3)2 (PTA, Sigma-Aldrich, 60 mg) was added to a beaker (100 mL) containing a stir bar and 

STO nanocuboids (0.4 g, ~60 nm average size). Next, an aqueous NaOH solution (3mL, pH 11) was 

added to the beaker and the resulting mixture was stirred for 2h. The solid in the mixture was separated 



200 
 

by vacuum filtration, and dried overnight, after which it was reduced in a tube furnace (5% H2/N2, 450oC, 

12h) to afford the final Pt/STO catalyst. 

A multi-cycle (i.e., multiple cycles of deposition and reduction) procedure was employed to increase Pt 

loading on the STO surface. After one cycle (1c) of deposition and reduction, the resulting Pt/STO 

catalyst was re-introduced into a new aqueous, pH 11 solution with 60 mg PTA. Afterward, the solid was 

removed from solution and reduced to afford bare metal Pt nanoparticles on the STO surface. This was 

defined as a two-cycle (2c) Pt/STO sample. To produce a three-cycle (3c) Pt/STO catalyst, the resulting 

2c-Pt/STO catalyst was subjected to another cycle of Pt deposition and treatment in a reducing 

environment as described above. 

 

6.4 RESULTS & DISCUSSION 

Investigations into the SEA-derived synthesis of Pt/STO began with scale-up of the synthesis to a 1 g 

scale (Figure 6.1).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. SEA-Derived Synthesis of Pt/STO on a 1 g scale. Average Pt particle size was 1.3 ± 0.2 

nm, which is consistent with particle sizes observed for samples synthesized on a 300 mg scale. Relevant 

deposition parameters are presented in Table 6.1. 
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A previously reported procedure was modified to extend stir times from 2 h to 24 h.42 The mass of STO 

support, PTA precursor, and water volume were increased proportionally, and solution pH was held 

constant at 11. The results in Figure 6.1 demonstrate that SEA techniques can be used to synthesize 1g 

Pt/STO samples with Pt properties generally equivalent to those seen for samples synthesized on a 300 

mg scale. 

 

Table 6.1. Synthetic parameters used for Pt deposition onto STO supports on a 300 mg and 1 g scale. In 

both cases, the STO support had an average size of around 60 nm, corresponding to a surface area of 

roughly 20 m2 g-1. 

 

 

 

 

 

 

 

 

 

 

Next, multiple cycles of deposition and reduction were used in sequence to synthesize Pt/STO catalysts 

to determine whether such a method can increase overall Pt loading on the STO surface, and how 

introducing additional Pt metal affects the physical properties of already deposited nanoparticles. After 

Parameters 300 mg Scale 1 g Scale 

Stir time (h) 2 2 

mSTO (g) 0.4  1.3 

mPTA (mg) 60 190 

Solution pH 11 11 

Vwater (mL) 3 10 

Final Mass 

 (% Recovered) 

~0.3  

 (75 %) 

1.1  

(85 %) 
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one cycle of deposition and reduction, the resulting Pt/STO sample was re-introduced into a fresh solution 

of Pt(NH3)4
2+ at pH 11 and stirred for 24 hours. After separation from the supernatant, the ligated one-

cycle (1c-Pt/STO) sample was placed into a reducing environment (5 % H2,  450 oC, 12 h) to afford a “two-

cycle” Pt/STO catalyst, designated as “2c-Pt/STO”. This process was again repeated with “2c-Pt/STO” 

sample to obtain a final “3c-Pt/STO” sample. These materials were then analyzed by ICP and electron 

microscopy to determine the weight loading of Pt and average particle size of each sample (Figure 6.2).  

 

Figure 6.2. Multi-Cycle Synthesis of Pt/STO with Varied Pt Loadings.  Samples were analyzed by 

transmission electron microscopy and ICP-OES. The 1c-Pt/STO sample contained 0.27 % Pt by weight 

with an average Pt particle size of 1.5 ± 0.3 nm. The 2c-Pt/STO sample contained 0.51 % Pt by weight 
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and had Pt particles with an average size of 1.9 ± 0.4 nm. 3c-Pt/STO contained 0.65 % Pt by weight and 

had Pt particles with an average size of 2.8 ± 0.8 nm. 

The increase in catalyst loading by mass (weight percent) after additional cycles of deposition and 

reduction demonstrates that multi-cycle treatments are successful in installing more Pt on the STO 

surface. There is also a simultaneous increase in average Pt particle size, from 1.5 ± 0.3 nm to 1.9 ± 0.4 

nm and 2.8 ± 0.8 nm after one, two, and three cycles of deposition and reduction, respectively. The 

increase in size variance size with successive deposition and reduction suggests that changes in particle 

size are less pronounced than would be suggested by changes to the average size alone. Owing to the 

presence of a limited amount of relatively smaller nanoparticles (< 1.5 nm) in both the 2c- and 3c-Pt/STO 

samples (Figure 6.2) it appears that a multi-cycle deposition treatment favors the growth of already 

deposited Pt nanoparticles. Further investigation is required to fully understand SEA-derived nucleation 

and growth and compare it to analogous processes for SOMC- and ALD-based syntheses of Pt/STO.  

 

  

 

 

 

 

 

 

 

 

Figure 6.3. HDPE Hydrogenolysis with SEA-Derived Pt/STO. 1c-Pt/STO upcycles HDPE to a final 

hydrocarbon product with an average mass of 2500 g mol-1 (~200 carbon atom backbone), while 3c-

Pt/STO upcycles HDPE to a hydrocarbon product with an average mass of ~750 g mol-1 (~ 50 – 60 

carbon atom backbone). In each case, around 300 mg Pt/STO and 3g HDPE (1:10 catalyst to polymer 

ratio) was loaded into the reactor. 
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Separate 1c and 3c Pt/STO samples were tested for the hydrogenolysis of HDPE (Mn ≈ 35,000 Da) to 

determine how variation in both overall Pt loading and particle size affect the distribution of the final 

upcycling product (Figure 6.3). Average Pt particle size and Pt loading by weight for these samples 

(green shading) and comparable ALD-derived Pt/STO samples (blue shading), along with final and initial 

number-averaged polymer molecular weights are presented below in Table 6.2. The results demonstrate 

that HDPE upcycling with the 1c-Pt/STO sample, which has a Pt loading of 0.6 wt % and average particle 

size of 1.5 ± 0.3 nm, upcycles HDPE to a final product with an average mass of ~2500 g mol-1 and ~200 

carbon atom backbone. By contrast, 3c-Pt/STO, which has an area loading of 3.8 Pt atoms per nm2 and 

an average particle size of 2.0 ± 0.4 nm, upcycles HDPE to a final product with an average mass of ~700 

g mol-1 and a 50 - 60 carbon atom backbone. 

 

Table 6.2. Relevant Data for Comparison of SEA-Derived and ALD-Derived Pt/STO Upcycling of 

Polyethylene Samples. ALD Samples are colored in Blue, and SEA samples are colored in Green.  

davg (nm) Pt wt % 

SA 

(m2/g) Reaction Time (h) Mn,i Mn,f 

1.2 1.7 ~20 2.7 24 8,150 

2.0 7.3 ~20 12.2 24  8,150 

2 10 ~20 17.1 24 38,850 

1.5 0.6 ~20 96 35,000 2500 

2.0 1.6 ~20 96 35,000 700 

 

In general, the average size of the final polymer product obtained from HDPE upcycling by SEA-derived 

Pt/STO catalysts appears consistent with that obtained using ALD-derived Pt/STO. Because the amount 

of catalyst in the reactor was normalized by mass, it is unclear how average Pt particle size and areal 
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loading affect upcycling product distribution. It has previously been postulated that smaller average Pt 

particle sizes result in smaller average molecular weights of the upcycled polymer because of a larger 

number of active sites on the Pt particle surface. Future investigations to definitively confirm or refute this 

observation will focus on using chemisorption to quantify the dispersion on the 1c, 2c, and 3c SEA-

derived Pt/STO samples presented in Figure 6.2. This will be used to determine available Pt surface area 

on each catalyst, and the 1c, 2c, and 3c SEA-derived Pt/STO samples presented in Figure 6.2 will be 

tested for HDPE hydrogenolysis while normalizing for this variable. Future synthetic efforts will focus on 

variation of global deposition parameters to determine the extent to which interparticle spacing and 

particle size can be controlled in a multi-cycle deposition and reduction regime. 

 

6.5 CONCLUSION 

SEA techniques were used to synthesize Pt/STO catalysts on a 1 g scale. It was determined that Pt 

deposition on the 1 g scale affords a final catalyst with comparable Pt particle sizes and weight loadings 

to catalysts synthesized on a 300 mg scale. Three sequential cycles of Pt deposition and reduction in H2 

were next used to increase overall catalyst loading on the STO support surface in a controlled fashion. 

The average amount of Pt by weight increased from 0.27 % to 0.51 % and 0.65 % after one, two, and 

three cycles, respectively. Average Pt particle size increased from 1.5 +/- 0.3 nm after one cycle of 

deposition and reduction, to 1.9 ± 0.4 nm and 2.8 ± 0.8 nm after two and three cycles of deposition and 

reduction, respectively. These results suggest that Pt loading on the STO surface increases with multiple 

cycles of deposition and reduction. Average particle size appears to increase, though the increase in size 

variance suggests that this increase may be less pronounced than it appears. Based on these preliminary 

data, successive deposition and reduction by SEA appears to drive the growth of existing Pt particles on 

the STO surface. The results of HDPE hydrogenolysis by SEA-derived Pt/STO is generally consistent 

with upcycling results obtained using catalysts made by ALD. 
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CHAPTER 7 

Future Work and Conclusions 

This Chapter was adapted with permission from “I.L. Peczak, R. M. Kennedy, R. A. Hackler, B. Lee, M. 
Meirow, E. Luijten, M. Delferro, K. R. Poeppelmeier. ‘Treasuring Trash: Pt/SrTiO3 Catalysts Process 

Plastic Waste into High-Value Materials’ Matter, 2023, Submitted.” 
 

© Elsevier 2023. 
 

7.1 FUTURE WORK 

7.1.1 Scale-Up of Catalyst Synthesis and Hydrogenolysis to Pilot Scale 

For commercial applications, both catalyst synthesis and hydrogenolysis processes will need to be 

reconfigured to a pilot-plant flow system to produce lubricant materials on scales sufficient address the 

plastic waste pollution problem. Process design will require considerations of parameters that may not 

meaningfully impact catalyst synthesis and testing at the batch scale. For example, new determinations in 

catalyst stability may affect the catalyst regeneration process, while switching from powder catalysts to 

extrudates may affect parameters such as yield and process retention time. Moreover, switching from a 

powder catalyst to an extrudate will invite engineering challenges associated with extrudate formation and 

its separation in a flow system. First, parameters that influence extrudate composition, such as binder 

identity and ratio, will need to be evaluated to ensure that there is sufficient contact between the catalyst 

material and reactant feedstock. Additionally, it will be necessary to evaluate parameters that will affect 

the interaction of the feedstock and extrudate, such as contact time, flow rate, and feedstock composition. 

Separation of the extrudate from the reaction process will need to be studied to ensure that the catalyst 

material can readily be regenerated for successive cycles of conversion. Feedstock optimization will also 

need to be assessed to properly account for electricity usage. 
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7.1.2 Feedstocks Containing Mixed Plastics, Additives, and Contaminants 

Many products currently sold to consumers comprise mixtures of plastics or contain additives that 

complicate their recycling. Moreover, a significant fraction of plastics that enter the recycling stream is 

contaminated because of limited ability to effectively clean these materials prior to processing. This 

complicates catalytic hydrogenolysis processes, since many catalysts only have a demonstrated ability to 

convert pure feedstocks into uniform, value-added products. Hydrogenolysis catalysts that can effectively 

process plastic waste as part of a circular economy will need to be able to selectively convert wide ranges 

of complex plastic feedstocks with varying degrees of contamination. This applies to both post-consumer 

waste, e.g., food matter, and non-plastic materials often found in commercial products, such as additives 

and dyes. Though several attempts have been made to process uncontaminated mixed plastic samples,46 

a more complete treatment of this problem will require an understanding of how variation in contaminant 

degree and identity impact hydrogenolysis product distributions and how hydrogenolysis processes can 

be optimized to select for different final products in spite of contaminated feedstocks. 

 

7.1.3 Mechanism and Kinetics Governing Hydrogenolysis 

The mechanism behind polyolefin hydrogenolysis is currently not well understood and there is a dearth of 

thorough investigations into these reactions. Some preliminary insights can be gained from analogous 

studies of alkane hydrogenolysis, as n-alkanes are structurally similar to polyolefins. The kinetics and 

mechanism governing C2–C10 alkane hydrogenolysis over Pt, Ir, Ru, and Rh nanoparticle catalysts were 

studied via transition-state theory and statistical-mechanical descriptions of the chemisorbed chains.32–34 

This approach proposed a series of elementary steps to explain observed variations of catalytic 

performance with temperature, H2 pressure, degree of polymerization, and branching. These elementary 

steps involve a sequence of quasi-equilibrated dehydrogenation at a particular carbon–carbon bond, 

followed by cleavage and hydrogenation of the resulting alkane fragments. Notably, owing to the greater 

conformational degrees of freedom of a longer chain that yield larger transition state entropies, longer 

alkanes are predicted to exhibit faster hydrogenolysis turnover rates than shorter alkanes and a 
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preference for non-terminal C–C bond cleavage. First-principles (i.e., DFT-based) calculations in 

conjunction with microkinetic modeling are another important tool for predicting reaction pathways and 

revealing preferential hydrogenolysis products of short alkanes.33,275,276  

While methods like DFT and transition-state theory provide detailed mechanistic insight, they are 

limited to descriptions of short, isolated alkanes. In contrast, typical polyolefin hydrogenolysis reactions 

deconstruct chains comprising 102–104 CH2 units and occur in melt conditions. Product distribution trends 

that depend on reaction conditions or molecule type provide some insight into the polyolefin 

hydrogenolysis mechanism.46,277 However, given a large experimental parameter space, computational 

models that reveal the underlying basis for such trends are an important tool. Recently, a coarse-grained 

molecular dynamics simulation model of polyethylene hydrogenolysis in a porous core–shell 

mSiO2/Pt/SiO2 structure was developed to understand how the diameter of the pores controls the 

cleavage products.278 These simulations qualitatively explained the diameter dependence of the product 

distributions from the dependence of chain conformations and dynamics of exchange between the pore 

and bulk polymer melt on pore geometry. 

For non-porous catalytic systems like Pt/STO, understanding the interfacial structure of an 

entangled polymer melt interacting with a catalytic metal nanoparticle is a key step toward the rational 

design of future catalysts. Particle-based molecular dynamics simulations are particularly instructive for 

this purpose since they resolve ensemble-averaged conformations and dynamics near the interface with 

atomistic detail. A question particularly relevant for polyolefin hydrogenolysis is whether longer reactant 

chains or shorter reaction products are preferred near the catalyst surface. Existing polymer theory and 

population balance modeling indicate that the adsorption preference depends on the chemical details of 

the polymer–surface interaction as well as entropic effects.279 For Pt/STO, preliminary simulation work 

employing a united-atom representation of polyethylene suggests that long chains are preferentially 

adsorbed, corroborating computational results for polyethylene on a flat platinum facet as well as 

experimental observations.7,280 The continued study of such models will be facilitated through continued 

advancements in supercomputing, such as Aurora at Argonne National Laboratory and the Exascale 

Computing Project at Oak Ridge National Laboratory,281 which will enable simulation of larger systems 
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over the long time periods required to accurately determine conformational characteristics and chain 

dynamics.282  

 

7.1.4 Targeting Epitaxial Stabilization in Rational Catalyst Design 

To be effective at waste plastic upcycling and have commercial potential, a catalyst must be (i) active 

enough to produce products of a target molecular weight; (ii) selective enough to produce uniform final 

product mixtures that meet target specifications for commercial viability; and (iii) stable enough to be able 

to process plastics for the extended lifetimes required in a pilot plant or at a larger scale. As mentioned, 

cube-on-cube epitaxy between Pt and STO is likely largely responsible for the stability of Pt/STO against 

sintering during hydrogenolysis. To develop other viable upcycling catalysts, it may be useful to target 

materials where there is lattice match between the support and catalyst particles. Specifically, one can 

pair nanoparticle catalysts with prospective supports based on crystallographic information to select 

catalyst–support combinations with desirable lattice matching. Some preliminary examples of this already 

exist. For example, rare-earth scandates, such as LaScO3, are a series of ternary metal oxides with well-

defined crystalline structures and pseudo-cubic morphologies. Importantly, variation of the rare-earth 

metal cation changes the lattice parameter of the support, suggesting that an array of catalysts can be 

synthesized to lattice match various noble metal uni- and bimetallic catalyst combinations. Synthetic 

techniques have been developed to produce rare-earth scandate materials with well-defined 

morphologies for Au deposition and use in CO oxidation.283–285 These catalysts and analogous materials 

could likely be utilized for hydrogenolysis of various polymer feedstocks into value-added products. 

Advances in the development of these new catalysts may benefit from the implementation of self-driving 

labs, which will allow for more unified integration of catalyst synthesis, characterization, and testing.286 
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Figure 7.1. Variation in Pt and STO Lattice Parameters As a Result of Reductions in Particle Size. 

Lattice parameters for cuboidal STO nanoparticles (red circles) are compared with those of irregularly 

shaped STO nanoparticles in the literature (blue squares287 and black stars288). The measured lattice 

parameter of ALD Pt on a cubic STO has been compared to those of bulk Pt 60 and 3 nm Pt on a carbon 

support.289 

 

Moreover, it will be important to consider how deposition of a catalyst on a support may impact the lattice 

parameters of each material. The lattice constant of bulk polycrystalline STO has been shown to expand 

for nanoparticles below 40 nm in average size,287,288 while the Pt lattice constant begins to decrease at 5 

nm and decreases to ~3.903 Å at 3 nm (Figure 7.1).289 However, wide-angle x-ray scattering data 

collected at the Advanced Photon Source of Argonne National Laboratory showed that for Pt/STO, the 

STO lattice constant is 3.9049 ± 0.0001 Å, and the Pt lattice constant is 3.914 ± 0.005 Å. Changes to 

STO lattice parameters based on variation in particle size are marginal for the nanocuboid particles 
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(Figure 7.1, red circles), and the value of the Pt lattice parameter when deposited on STO is smaller than 

that of bulk Pt but larger than that of Pt nanoparticles of the same size supported on carbon. This 

suggests that changes to average Pt particle size cause less pronounced changes to Pt nanoparticle 

lattice parameters on STO than on carbon. Nevertheless, changes in lattice constants may impact 

epitaxial matching. For Pt/STO in particular, it will be important to understand how these changes for both 

Pt and STO impact the degree of epitaxial matching and whether this in turn impacts catalyst stability 

against sintering. In general, future work in the development of supported catalysts could focus on 

understanding how catalyst deposition on a support creates stress or strain in a catalyst sample, which in 

turn may affect the lattice constant and the degree of epitaxial matching. 

 

7.2 CONCLUSION 

Single-use plastics are generated at alarming rates, and our current economic system offers limited 

opportunities through which to recycle them. Most plastics end up in landfills, and current state-of-the-art 

recycling methods (mechanical recycling and pyrolysis) are  not yet able to convert polyolefin materials 

into value-added products, as would be needed to meaningfully address the plastic waste pollution 

problem. Catalytic hydrogenolysis is a promising technique for converting polyolefin materials into 

products with potential commercial use, and several supported Pt and Ru catalysts have demonstrated 

conversion of various polyethylene and polypropylene into liquid products with yields between 65 % and 

99 %.  Hydrothermal syntheses have been developed for 20 – 80 nm STO using both microwave heating 

and convection heating, both with and without titanium (IV) chloride as a Ti4+ source. Previous issues with 

batch-to-batch variability have been resolved, and the underlying causes for this variation have been 

explained through observations about how mixture pH and phase stability of various Sr- and Ti-containing 

compounds affect the composition of the STO hydrothermal reaction mixture prior ot heating. The general 

process by which STO nanocuboids form during heating of an Sr-Ti-OH mixture has also now been 

described and understood (Chapter 3). The rapid formation of a pH 14 solution is important for the 

precipitation of STO crystallites in the precursor solution. If solution pH does not rapidly reach pH 14, 
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other phases, such as SrCO3 and titanium-containing sol-gels, will form, slowly the formation of 

nanocuboids. The formation of this rapid pH 14 solution can be ensured by selecting an order of 

operations for the Sr-Ti-OH reaction mixture in which Sr and Ti are added into a basic NaOH solution. 

Importantly, if a Ti4+ source other than TiCl4 is used, STO does not precipitate in any Sr-Ti-OH mixture, 

and more heating is required to eventually form STO nanocuboids. This is readily achieved with 

microwave heating but not so with convection heating, explaining why most reported syntheses use TiCl4 

as a Ti4+ source.  

Surface organometallic chemistry and strong electrostatic adsorption were both used to develop solution-

phase deposition procedures for introducing Pt nanoparticles (1.3 nm < davg < 2.1 nm) onto the surface of 

STO nanocuboids. In both cases, multiple cycles of deposition and reduction were employed to increase 

Pt loading on the STO surface in a controlled fashion. When this method was employed for SOMC-

derived Pt/STO, successive cycles of deposition and reduction appear to favor the formation of new 

nanoparticles rather than the growth of existing nanoparticles. By contrast, for SEA-derived Pt/STO, 

additional deposition appears to drive both the formation of new nanoparticles and the growth of existing 

nanoparticles.  

Both SOMC- and SEA-derived Pt/STO can upcycle polyethylene and polypropylene samples to final 

liquid products with narrow size distributions. The upcycling results confirm previous postulations that 

smaller Pt particles (e.g., davg < 1.5 nm) are likely more active for hydrogenolysis than relatively larger Pt 

nanoparticles but also suggests that the number of Pt particles on the support surface plays an important 

role in determining the final average molecular weight of the upcycled products.  
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