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Abstract 

The huge scale of plastic waste generation and its environmental consequences drive the 

demands for catalytic plastic upcycling processes. Here, we report efficient polypropylene (PP) 

hydro-conversion over Ru and Ni supported on a sol-gel anatase TiO2 (TiO2-A-SG). A small 

number of Brønsted acid sites on TiO2-A-SG enables hydrocracking, improving efficiency, 

steering the selectivity towards high-valued C4-20, and allowing more isomerization, compared to 

Ru-based monofunctional hydrogenolysis catalysts. The relative contribution of hydrocracking 

increases with lower hydrogen partial pressure, more branched substrates, and lower Ru loading. 

Ni/TiO2-A-SG exhibits superior hydrocracking activity and selectivity to Ni on conventional 

Brønsted-acidic supports, particularly zeolites. Mechanistic studies shows fast isomerization and 

sequential β-scissions caused by strong polymer-catalyst interaction and fast cracking with 

abundant 3C. This favors C4-12 formation and prevents secondary reactions. This work 

demonstrated a novel, highly efficient noble-metal-free catalyst for plastic waste upcycling, while 

advancing the mechanistic understanding of polyolefin hydro-conversion. 
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1. Introduction 

Single-use plastics have been produced on the large scale of ~380 Mt/yr, creating huge 

amount of non-degradable waste causing severe pollution of our environment [1].  The inefficacy 

of current approaches for plastic waste processing, such as recycling and incineration [2], lead to 

the surging pursuit for chemical routes that “upcycle” it into chemicals, closing the carbon cycle 

and achieving “circular economy” [3]. Among plastics, polyolefins (POs), including 

polypropylene (PP) and polyethylene (PE), make up > 50% of the total production [2], and are the 

most challenging to convert because of the chemical inertness of C−C single bonds. Therefore, the 

upcycling of POs requires either intensive energy input [4-6], or effective catalytic processes.  

Recent works from multiple groups demonstrated PO upcycling to small alkanes on metal 

catalysts under H2 at ≤ 300 ℃, without additional carbon source [7-20]. These reactions require 

lower temperature and are less susceptible to coking than pyrolysis or acid-catalyzed Haag-Dessau 

cracking [5, 21, 22]. Also, similar reactions of small hydrocarbons have been staples of the oil 

refining industry, and hence both operation infrastructure and fundamental knowledge partially 

transferrable to PO substrates exist. Depending on the mechanism of C−C bond cleavage, these 

reactions follow two distinct pathways [17, 23]: hydrogenolysis, in which C−C bonds are cleaved 

on the metal [24-27], through dehydrogenated transition states, and hydrocracking, in which C−C 

bonds are cleaved on Brønsted acid sites (BAS) [28-30], through β-scissions of carbenium ions. 

Nonetheless, such distinction is not always made clearly, which can lead to the misunderstanding 

of the mechanism and the misuse of the terms [17, 31]. The situation is particularly complicated 

when the catalyst has BAS on the support and a hydrogenolysis-active metal, on which the two 

pathways could occur simultaneously [17, 21, 28, 32]. The correct identification of the mechanism 

and the understanding of PO hydro-conversion under such conditions are crucial but lacking. 
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Meanwhile, the development and understanding of PO hydro-conversion remain at a 

preliminary stage. Hydrogenolysis catalysts often have high content of expensive, unsustainable 

noble metals (Ru or Pt) [7-10, 12, 13, 15, 18, 25, 26, 33-35], and tend to excessively produce low-

valued CH4. As for hydrocracking, most works also used noble metals, particularly Pt, for the 

(de)hydrogenation ability of the catalyst [14, 29, 30, 36-40]. The BAS for C−C bond cleavage 

were often provided by zeolite supports [36-41], but the microporous structure of them could limit 

the accessibility of the BAS to the bulky polymers, and skews product distribution towards lower-

valued gases [42]. Furthermore, compared to small alkanes, POs possess unique interactions with 

catalyst surfaces and diffusion properties, which could significantly affect their behaviors in the 

hydro-conversion [9, 25, 43]. Therefore, mechanistic understanding obtained from small-alkane 

studies is not entirely applicable to PO substrates, and fundamental studies specific to the 

hydrocracking of POs, especially PP, are very rare [29].  

In this work, we investigated the hydro-conversion of POs over metals supported on a sol-

gel anatase TiO2 (TiO2-A-SG). We show that the BAS of low population on TiO2-A-SG allow 

simultaneous hydrocracking and hydrogenolysis on Ru/TiO2-A-SG, leading to its superior activity 

and selectivity in PP hydro-conversion to monofunctional Ru catalysts. Lower hydrogen partial 

pressure (PH2), more branches in the substrate, and lower Ru content on the catalyst favor 

hydrocracking over hydrogenolysis. We also show the advantages of TiO2-A-SG over silica-

alumina-based supports in PP hydrocracking. Although, similarities exist between PP and small-

alkane substrates, the strong PP-catalyst interaction has significant implications on the mechanism 

and product distribution. This work elucidates the two distinct pathways for PO hydro-conversion 

on novel bifunctional catalysts, and general rules on how the reaction pathway is determined. It 

also offers rare mechanistic understanding on PP hydrocracking over a highly efficient catalyst. 
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2. Experimental Section 

2.1 Chemicals, materials, and catalyst synthesis  

Polypropylene (PP, isotactic, Mw ~250000 g/mol, Mn ~67000), low-density polyethylene 

(LDPE, Mw ~4000 g/mol, Mn ~1300), squalane (96%), n-C16H34 (≥ 99%), Ru(NO)(NO3)x(OH)y (x 

+ y = 3, 1.5 wt% in dilute nitric acid), Pt(NH3)4(NO3)2 (99.995% trace metals basis), and ethyl 

acetate (EtOAc, HPLC grade, ≥ 99.8%) were purchased from Sigma-Aldrich. Ni(NO3)2 ∙ 6H2O 

(98%) was purchased from Alfa Aesar. Rutile TiO2 and commercial anatase TiO2 were purchased 

from US Nano (US 3520, 99.9+%, 30 nm, and US 3838, 99.5%, 5 nm, respectively). Al2O3 

(Puralox, SBA-200) and Nb2O5 (99.95%) were purchased from Condea and Thermo Scientific, 

respectively. Amorphous SiO2-Al2O3 (Si : Al = 15) was acquired from Sigma-Aldrich (grade 135). 

Beta zeolite (Si : Al = 25)  was obtained from Zeolyst in NH4
+ form and calcined at 500 ℃ for 4 

h to acquire H+ form. SSZ-13 zeolite (Si : Al = 6) was synthesized in-house for a previous work 

[44].  Sol-gel anatase TiO2 was synthesized by following the procedure described in detail in 

references [45, 46]. The metal-loaded catalysts were synthesized by wet impregnation of metal 

precursors in 15 mL H2O. The catalysts were dried under 400 rpm stirring at 130 ℃, and then 

calcined at 400 °C for 4 h (5 °C/min ramp rate). No further pre-treatment was performed before 

the reaction. The hydro-thermal treatment of calcined Ni/TiO2-A-SG was performed following the 

same procedure with the catalyst synthesis, but with no metal cursor added and in a Teflon liner. 

2.2 Polyolefin hydro-conversion reactions  

Detailed procedures on the catalytic measurements and definitions of the terms can be 

found in references [9, 24]. In short, the catalyst and polyolefin were mixed in a glass vial then 

placed into a Parr autoclave reactor of 125 mL. The reactor was purged with H2 7 times, 
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pressurized with H2, and then heated to the desired temperature for the reaction. After quenching 

in an ice bath, the gas was collected at room temperature and analyzed by GC-TCD (Inficon Micro 

GC Fusion Gas Analyzer with four modules: Rt-Molsieve 5A, Rt-U-Bond, Rt Alumina, and Rxi-

1ms). The detector was calibrated with a calibration gas mixture (Gas and Supply) of N2, H2, CO, 

CO2, methane, ethane, ethylene, propane, propylene, isobutane, n-butane, n-butene, isopentane, 

and n-pentane. The liquids were collected, and the solid was extracted with EtOAc. The combined 

solution was analyzed by GC-FID (Agilent 7890A GC, DB-5 column, Agilent 7693 autosampler). 

Solid residue was weighed after drying. 

2.3 Catalyst characterization 

Ru/TiO2-A-SG was reduced by 30 bar H2 at 260 ℃ for 3 h prior to all characterizations 

except for N2 physisorption. Detailed procedures for N2 physisorption, powder X-ray diffraction 

(XRD), scanning transmission electron microscopy (STEM), and X-ray photoemission 

spectroscopy (XPS) can be found in reference [46]. The pore distribution was acquired from the 

BET isotherm of N2 physisorption. For STEM, the sample was reduced and transferred into the 

vacuum chamber immediately, with air exposure of ~5 min. For XPS, the sample was reduced in 

an in-situ side chamber attached to the XPS instrument by 1 atm H2 again for 10 h before the 

measurement, and then transferred into the analysis chamber without air exposure. Peak fitting 

was performed with CasaXPS software. Binding energy (BE) was calibrated with the Ti 2p2/3 peaks 

at 458.7 eV. XP spectrum in the C 1s + Ru 3d region was fit with one symmetric “adventitious” C 

1s peak, a pair of symmetric C 1s peaks with identical FWHM and area with the BE of ~288.8 eV 

and ~285.7 eV for adsorbed carboxylates, and a pair of Ru 3d5/2 and 3d3/2 peaks with the peak 

shape of LF (0.8, 3, 500, 80), identical FWHM, fixed area ratio, and fixed BE shift.  
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X-ray absorption spectra (XAS) were collected at beamline 4-1 at the Stanford Synchrotron 

Radiation Lightsource (SSRL). Ru K-edge XAS spectra of the samples were collected in 

fluorescence geometry using a 100-element Ge monolith (Canberra/Mirion). A Ru foil was 

scanned simultaneously in transmission geometry as an internal energy standard. The beamline 

was calibrated to the maximum of the first derivative for the Ru foil. The in-situ XAS sample was 

prepared by pressing and sieving the as-prepared catalyst to particle sizes of 125 to 177 μm (80-

120 mesh size). Approximately 50 mg of the sieved catalyst was loaded into a 3 mm OD x 2.6 mm 

ID quartz capillary (Hilgenberg) forming a packed bed approximately 1 cm long suspended 

between pieces of quartz wool. The capillary was installed in a custom-built in-situ flow cell, 

described elsewhere [47], that allowed for the gas atmosphere and temperature to be changed as 

necessary. The measurements were performed at 260 ℃ under 20 bar H2 (Airgas grade 5.0, heating 

under H2). EXAFS analysis was performed with Athena and Artemis in the Demeter software 

package. Scattering paths used in the EXAFS fitting were calculated with FEFF based on the 

structure of Ru. So
2 was determined by fitting the EXAFS of Ru foil in the same experiment.  

CO-IR experiments were performed in a vacuum chamber with a Bruker Vertex 80 IR 

spectrometer. The sample pellet was supported on a tungsten grid. The system was baked overnight, 

and then the sample was annealed in 1 Torr O2 at 400 °C for 30 min. The sample was then cooled 

down to liquid-N2 temperature, exposed to 0.13 Torr CO after background collection, and CO was 

then evacuated with continuous spectrum collection. The same sample was treated by 1 Torr O2 at 

500 °C for 4 h before another set of measurements was performed.  
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3. Results and discussion 

3.1 Efficient and selective dual-pathway PP hydro-conversion over Ru/TiO2-A-SG  

Prompted by the excellent performance of low-coverage (< 0.25 nm-2) Ru on CeO2 in PO 

hydrogenolysis [24], we tested 0.07 nm-2 Ru on various supports for the reaction (T = 260 ℃, PH2 

= 30 bar, all catalysts herein noted by Ru coverage in nm-2). An anatase TiO2 synthesized by a sol-

gel method (“TiO2-A-SG”) [45] surprisingly stands out. Table 1 shows that compared to Ru/CeO2, 

the most active and selective catalyst among others (to be reported in a separated manuscript), 

Ru/TiO2-A-SG (Ru coverage corresponding to 0.09 wt% Ru) converts PP with much higher per-

Ru efficiency (344 gPP ∙ gRu
-1 ∙ h

-1, compared to 108 gPP ∙ gRu
-1 ∙ h

-1), significantly lower selectivity 

towards undesired CH4 (SCH4 = 3.2%, compared to 21%), higher selectivity towards desired liquid 

(C6-40) products (Sliquid = 78%, compared to 72%), and better isomerization ability (62% isomerized 

products in C10 [24], compared to 40%). Nevertheless, with LDPE as the substrate, Ru/TiO2-A-

SG does not exhibit superior performances to Ru/CeO2: the per-Ru efficiency is comparable, but 

the selectivity is much worse (SCH4 = 46%, Sliquid = 39%, compared to 15% and 77%, respectively), 

with the only advantage being yielding more branched products (50% in C12-22, compared to 33%).   
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Table 1. Comparing performances of Ru/TiO2-A-SG and Ru/CeO2 in PO hydro-conversion. 

Substrate Catalyst 
Per-Ru rate 

(gPO ∙ gRu
-1 ∙ h-1) 

SCH4 

(%) 

Sliquid 

(%) 

Sisomer (PP) or Sbranched (LDPE)  

(%) 

PP 
Ru/TiO2-A-SG 344 3.2 78 62 

Ru/CeO2 108 21 72 40 

LDPE 
Ru/TiO2-A-SG 429 46 39 50 

Ru/CeO2 478 15 77 33 

Reaction condition: 260 ℃, 30 bar H2, 1 g PO, 18 h (PP) or 3 h (LDPE), 0.07 Ru/nm2 on the catalyst, PO conversion 

between 20% and 60%. Isomer selectivity was analyzed with C10, and branched selectivity was analyzed with C12-22. 

 

 Intrigued by the excellent performance of Ru/TiO2-A-SG in PP hydro-conversion and the 

discrepancy between results with PP and LDPE, we characterized the sample in detail, after 

reduction with 30 bar H2 at 260 ℃. TiO2-A-SG has the surface area of 77 m2/g (Table S1) and no 

micropores of d < 1 nm (Figure 1a). XRD (Figure 1b) shows only diffraction peaks from anatase, 

verifying the phase purity of TiO2 and indicating the absence of large, crystalline Ru particles. The 

average diameter of Ru particles was estimated as 1.2 ± 0.3 nm from STEM (Figure 1c), and 1.5 

nm from the best fitting model of the Ru K-edge EXAFS (Figure 1d) [48]. Previously we showed 

that the disordered, flat morphology of Ru on < 0.25 Ru/CeO2 leads to high activity and selectivity 

in PO hydrogenolysis [24]. Nevertheless, by carefully analyzing the EXAFS of Ru/TiO2-A-SG 

(Table S2 and related discussions), we concluded that Ru was present as well-defined, three-

dimensional particles, and thus the excellent performance in PP hydro-conversion is not due to the 

morphology of Ru. Meanwhile, in the XANES region (Figure 1e), both the white-line intensity 

and the line shape of Ru/TiO2-A-SG (red) are close to those of Ru foil (brown) rather than RuO2 

(cyan), suggesting close-to-metallic Ru sites, in agreement with the Ru 3d5/2 binding energy of 

279.3 eV in XPS (Figure 1f).  
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Figure 1. Characterization of 0.07 Ru/TiO2-A-SG reduced at 260 ℃ under 30 bar H2. a) Pore size 

distribution from the BET isotherm. b) XRD pattern, which only has anatase-TiO2 peaks. c) A 

representative STEM image. d) R-space magnitude of k2-weighted Ru K-edge EXAFS, with the 

best fitting models for data between 1 and 4.8 Å shown as the dashed curves (see Table S2 for 

fitting parameters). e) Normalized XANES spectra, with the spectra of Ru foil and RuO2 shown in 

brown and cyan, respectively. XAS was collected in-situ at 260 ℃ under 20 bar H2. f) XP spectra 

in the Ru 3d + C 1s region with fitting, in which red components represent Ru 3d peaks, and yellow, 

blue, and green components represent various forms of C adsorbed from atmosphere. XPS was 

collected after re-reducing the sample at 260 ℃ without air exposure.  

Detailed analysis of PP hydro-conversion products revealed several distinct characteristics 

of Ru/TiO2-A-SG, besides the low SCH4, high Sliquid, and high isomerization level. Compared to 

Ru/CeO2 (Figure 2a), which is representative of other Ru catalysts, Ru/TiO2-A-SG (Figure 2b) 

yields minimal C2-3, abundant C4-5, and a narrow liquid product distribution around C10 rather than 

a wide distribution around C22. Also, both the liquid and the solid residue are of light yellow color 
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(Figures S1a-b), rather than colorless products formed on Ru/CeO2 [24], implying the presence of 

low-concentration of unsaturated hydrocarbons. Since the simultaneously occurring isomerization 

and the lack of C1-2 are characteristic of β-scissions through carbenium ions (C+)  [21, 29, 30, 42, 

49-51], we tested 0.07 Ni and Pt/TiO2-A-SG (coverage corresponding with 0.055 wt% Ni and 0.18 

wt% Pt), which are inactive for hydrogenolysis under identical conditions [9, 24, 25]. Figure 2d 

shows that both Ni and Pt/TiO2-A-SG convert PP faster than Ru/TiO2-A-SG, with similar product 

distribution characteristics (Figures 2c and S2a): trace C1-2, minimal C3, abundant C4-5, high 

selectivity towards liquid products with a narrow distribution around ~C10 and high isomerization 

level. Since neither Ni nor Pt catalyzes C−C bond cleavage under the testing conditions applied 

here, the results indicate that the C−C bond cleavage occurs on TiO2-A-SG support . This aligns 

with the commonly accepted hydrocracking mechanism (red in Scheme 1) [21], in which C−C 

bonds are cleaved on BAS, typically on the support, while the metal only catalyzes the 

dehydrogenation of the alkane substrate and the re-hydrogenation of the products. In fact, PP can 

also be converted slowly on TiO2-A-SG without any metals (Figure 2d), which is significantly 

facilitated by physically mixing in a (de)hydrogenation catalyst (5% Ni/Al2O3), and yields similar 

product distribution with Ni and Pt/TiO2-A-SG (Figures S2b-c). These results suggest that 

Ru/TiO2-A-SG also converts PP through hydrocracking, which explains its superior performance 

to and drastically different behaviors from Ru/CeO2. We note that when the metal component on 

TiO2-A-SG is not Ru, C1-2 yields are always minimal, suggesting that the C−C bond cleavage 

follows β-scissions rather than protolytic (Haag-Dessau) cracking mechanism, which usually 

operates at higher temperature [21, 52-54]. Since β-scissions of branched substrates (PP) strongly 

favors i-C4 over C2-3 [21], we will use the ratio between C2-3 yields and i-C4 yield ( “(C2 + C3) / 

C4”, cyan dots in Figures 2d and below) as a reaction pathway indicator, along with SCH4 (green 
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dots in Figures 2d and below). PO hydrogenolysis on our monofunctional Ru catalysts without 

hydrocracking always yields (C2 + C3) / C4 > 2.0 (Figure S3) and SCH4 > 10% [9, 24].  

 

Figure 2. a) – c) Carbon yields of C1-40 products from PP hydro-conversion over 0.07 Ru/CeO2, 

0.07 Ru/TiO2-A-SG, and 0.07 Ni/TiO2-A-SG, repsectively. In a), C1 yield is plotted with 1/3 of its 

original value. In c), C4-5 yields are plotted with half of their original values. Reaction conditions 

can be found in [24] and panel d), with PP conversion between 50% and 80%. d) The performance 

of 0.07 nm-2 Ru, Pt, or Ni on TiO2-A-SG in PP hydro-conversion under 30 bar H2. Black, purple, 

and yellow bars represent carbon selectivity  in solid, liquid, and gas phases after the reaction (left 

y-axis). Green dots represent SCH4 (left y-axis). Cyan dots represent the (C2 + C3) / C4 value, i.e., 

the ratio between C2-3 yields, and i-C4 yield (right y-axis). Orange dots represent the fraction of 

isomerized products in all C10 products. Reactions on Ni and Pt/TiO2-A-SG at lower conversions 

(see Figures 7 and S7a below) show similar selectivity with the high-conversion reactions reported 

in this figure.  
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Scheme 1. Schematic of the two PP hydro-conversion pathways that occur simultaneously on 

Ru/TiO2-A-SG at 260 ℃. In hydrogenolysis, C−C bonds are cleaved on Ru sites, while in 

hydrocracking, C−C bonds are cleaved on the Brønsted acid sites on TiO2-A-SG.  

 

3.2 Brønsted-acid hydrocracking active sites on TiO2-A-SG revealed by IR spectra of 

adsorbed CO 

The ability of M/TiO2-A-SG to catalyze PP hydrocracking was a surprise, as XPS shows 

no contamination on the surface of TiO2-A-SG (Figure S4), and pure anatase TiO2 is not usually 
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known as active in BAS-catalyzed reactions such as alkane hydrocracking [55-57]. Thus, we used 

IR experiments with probe molecules to examine the surface acidity of Ni/TiO2-A-SG. The red 

curves in Figures 3a-b show the IR difference spectra after adsorbing CO onto fresh Ni/TiO2-A-

SG at liquid-N2 temperature followed by evacuation, in the ν(O−H) and ν(C=O) regions, 

respectively. The adsorption of CO leads to a set of negative ν(O−H) bands at 3637, 3667, 3685, 

3718, and 3745 cm-1, along with a wide positive ν(O−H) band between 3400 and 3600 cm-1, 

corresponding with the interaction between surface ─OH and CO to form H-bonds [58-60]. The 

H-bonded CO species (COH-bond) produces ν(C=O) bands at 2153 and 2165 cm-1, in addition to the 

intense bands at 2210 and 2180 cm-1 from CO adsorbed on α- and β-types of Ti4+ Lewis-acid sites 

(LAS, COα-Ti and COβ-Ti), respectively. The weak bands at ~2135 cm-1 was assigned to physisorbed 

CO (COphy) [58-60]. During subsequent evacuation, the intensities of ν(O−H) and ν(C=O) bands 

associated with COH-bond decrease simultaneously (Figures S5a-b), confirming that they are from 

the same species, and suggesting that the formation of H-bonds between surface ─OH and CO is 

partially reversible. The fact that the intensities of these bands are partially retained after prolonged 

evacuation indicates that some of the surface OH groups possess high enough Bronsted acidity to 

hold onto CO molecules even under high vacuum.  Meanwhile, the adsorption of pyridine onto 

fresh Ni/TiO2-A-SG at 150 ℃ leads to bands at 1643 and 1543 cm-1, assigned to the 8a and 19b 

vibration modes of pyridine ions protonated on BAS (“B-py”, Figure S5c), respectively [61, 62]. 

The ability of the surface ─OH on Ni/TiO2-A-SG to form H-bonds with CO and protonate pyridine 

indicates their Brønsted acidity. 
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Figure 3. CO-IR experiments showing the Brønsted acidity of Ni/TiO2-A-SG and its correlation 

with hydrocracking activity. a) – b) Differential spectra after exposing the sample to 0.13 Torr CO 

at liquid-N2 temperature followed by complete evacuation, in the ν(O−H) and ν(C=O) regions, 

respectively. Red, black, and blue curves show data on the sample in its fresh form (“fresh”), after 

calcination at 500 ℃ for 4 h in static air (“C500”), and after C500 then hydro-thermal treatment 

at 130 ℃ in a Teflon liner (“C500-HT”). Spectra during CO evacuation on the fresh sample can 

be found as Figures S5a-b. c) PP conversion on the sample after various treatments under identical 

conditions. The experiments were performed with 1.3 nm-2 Ni. 

 

In Figure 3b, the intensity of the COH-bond bands is much lower than that of COα-Ti and COβ-

Ti bands, and in Figure S5c, the intensity of B-py bands is much lower than that of bands at 1611 

and 1449 cm-1, which are associated with the 8a and 19b vibration modes of pyridine adsorbed on 

LAS (“L-py”), respectively [61, 62]. These observations suggest that the population of BAS on 

Ni/TiO2-A-SG is significantly lower than that of LAS, as agreed in the literature on anatase [55-

57]. Therefore, we questioned whether PP hydrocracking is actually catalyzed by the BAS. We 

noticed that calcining Ni/TiO2-A-SG at 500 ℃ (“C500” in Figure 3c) eliminates its activity in PP 

hydrocracking. Since TiO2-A-SG was calcined at 500 ℃ prior to Ni impregnation, the stirring of 

TiO2-A-SG in water at 130 ℃ had to generate the active site for hydrocracking. Indeed, Figure 3c 
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shows that the hydrocracking activity of C500 Ni/TiO2-A-SG can be recovered by a hydro-thermal 

treatment at 130 ℃ (“C500-HT”), but not by water adsorption at room temperature (“C500-H2O”, 

see reference [63] for the procedure). Meanwhile, Figures 3a-b show that C500 Ni/TiO2-A-SG 

does not have surface ─OH that can form H-bonds with CO (black, differential spectra before and 

after the 500 ℃ calcination in Figure S5d showing the loss of ─OH), which are replenished after 

the hydro-thermal treatment (blue). In contrast, the 500 ℃ calcination does not alter the overall 

intensity of CO-on-LAS bands significantly, only converting some β-Ti sites into α-Ti sites. The 

elimination and recovery of hydrocracking activity by the 500 ℃ calcination and the subsequent 

hydro-thermal treatment coincide with the removal and replenishment of Brønsted-acidic −OH 

groups, strongly indicating that the BAS are indeed the active sites for PP hydrocracking, despite 

their low population. To our knowledge, the catalytic activity of BAS on anatase TiO2 has seldom 

been recognized, and hence these results could have significant general implications in acid-

catalysis beyond PP hydrocracking. 

3.3 Effects of PH2, substrate, and Ru loading on the pathway of PO hydro-conversion  

In Figure 2d, SCH4 and (C2 + C3) / C4 are both slightly higher on Ru/TiO2-A-SG  (3.2% and 

0.24) than on Ni and Pt/TiO2-A-SG (0% and ~0.16), indicating that hydrogenolysis also occurs on 

Ru, to a minor extent. The dual-pathway PP conversion on Ru/TiO2-A-SG was examined under 

various PH2. Figure 4a shows that at PH2 ≤ 30 bar, SCH4 remains < 5%, and (C2 + C3) / C4 remains 

< 0.3. Both values increase abruptly at PH2 = 45 bar, to 20% and 1.0, respectively. In PO 

hydrogenolysis, high PH2 reduces SCH4 by 1) favoring internal over external C−C bonds in the first 

C−C bond cleavage [9, 24], and 2) facilitating the hydrogenative desorption of *CxHy after the first 

C−C bond cleavage, thus suppressing sequential cleavages that tend to produce CH4 [64]. (C2 + 

C3) / C4 also always decreases with increasing PH2 (Figure S3). Thus, the increase in both values 
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at PH2 ≥ 45 bar cannot be explained by selectivity shifts in hydrogenolysis. Meanwhile, the liquid 

products shift from a narrow distribution around ~C12 with yellow color at PH2 ≤ 30 bar (Figures 

S2f-h, S1a, and S1c), to a wide double distribution around ~C12 and ~C18 with no color at PH2 ≥ 

45 bar (Figures S2i-j and S1d-e). These observations suggest that at low PH2 (≤ 30 bar), 

hydrocracking is the prevailing pathway, while hydrogenolysis becomes significant at PH2 ≥ 45 

bar. We note that in the high-PH2 regime, the isomerization level remains high (~63%), which, 

along with the double distribution of liquid products, indicates non-negligible contribution from 

hydrocracking. The higher relative contribution of hydrogenolysis at higher PH2 suggests that its 

rate is more dependent on PH2 than that of hydrocracking, which can be rationalized as that H2 

directly assists the C−C bond cleavage in hydrogenolysis but not hydrocracking.  

 

Figure 4. Effects of PH2 on PP hydro-conversion over Ru/TiO2-A-SG. a) Variations in the PP 

conversion (black, left y-axis), SCH4 (green, left y-axis), (C2 + C3) / C4 (cyan, right y-axis), and the 

fraction of isomerized products in C10 (orange, right y-axis) with PH2. b) – c) Representative 

examples of product distribution in the low- (≤ 30 bar) and high-PH2 (≥ 45 bar) regime, respectively 

(see Figures S2f-j for complete data). [HC: hydrocracking; HG: hydrogenolysis] 
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We also tested the reaction of some other alkanes with varying branching levels ( n-C16H34, 

no 3C; LDPE, ~ 2% 3C in total C [65], squalane, structure see Scheme S1a, 20% 3C, and PP, 33% 

3C) on Ru/TiO2-A-SG, at PH2 = 5 and 30 bar. Each substrate was also tested on Ni/TiO2-A-SG at 

PH2 = 30 bar. Since hydrogenolysis does not occur on Ni, and its rate is more sensitive to PH2 than 

that of hydrocracking, we calculated the ratio between the conversion rates 1) on Ni and Ru at PH2 

= 30 bar, and 2) at PH2 = 5 and 30 bar on Ru, to gauge the relative importance of the two pathways. 

Table 2 shows that as substrate branching level increases, both ratios increase, i.e., the relative 

contribution of hydrocracking to the overall reaction increases. The conclusion is further supported 

by that on Ru/TiO2-A-SG, highly branched squalane and PP always yield lower (C2 + C3) / C4 than 

sparsely branched LDPE and n-C16H34 under identical conditions (Table 2). It can be explained by 

the understanding of small-alkane hydro-conversion in the literature, that 1) in hydrocracking, the 

rate of β-scissions increases drastically as the branching level of C+ intermediates increases [21], 

and 2) in hydrogenolysis, the cleavage of 3C−xC bonds is slower than that of 2C−2C and 2C−1C 

bonds due to the high steric hindrance [66, 67].  
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Table 2. The hydro-conversion of alkanes of various branching levels over M/TiO2-A-SG. 

Substrate 

(3C frac.) 
Metal 

PH2 

(bar) 

Conv. 

(%) 

r(Ni) : r(Ru) 

at 30 bar 

r(5 bar) : r(30 bar) 

on Ru 

SCH4 

(%) 
(C2 + C3) / C4 

n-C16H34 

(0) 

Ni 30 0.7 

0.05 0.18 

0 0.1 

Ru 
30 14 23 2.9 

5 2.6 15 2.1 

LDPE 

(~0.02) 

Ni 30 7.0 

0.28 0.18 

0 0 

Ru 
30 25 45 4.7 

5 4.5 30 2.0 

Squalane 

(0.2) 

Ni 30 7.4 

0.65 0.48 

0 0 

Ru 
30 11 8.0 2.6 

5 5.4 3.0 1.0 

PP 

(0.33) 

Ni 30 88 

1.44 0.60 

0 0 

Ru 
30 59 3.2 0.24 

5 37 0.3 0.15 

Reaction condition: 260 ℃, 1 g substrate, m(catalyst) and reaction time as following: n-C16H34 – 8 mg, 3 h; LDPE – 

50 mg, 3 h; squalane – 8 mg, 3 h; PP – 100 mg, 18 h. 

 

The reactions of sparsely branched LDPE and n-C16H34 on Ru/TiO2-A-SG were performed 

over the entire PH2 range for further understanding. Figures 5a-b show that with both substrates, at 

PH2 ≥ 15 bar, as PH2 increases, the conversion (black dots, left y-axis) increases first then decreases, 

while both SCH4 and branched alkane fraction from LDPE (red dots, right y-axis in Figure 5a) 

decrease monotonously. These behaviors are typical for alkane hydrogenolysis, as results of the 

increasing *H coverage on Ru with increasing PH2 [9, 24]. In addition, (C2 + C3) / C4 decreases 

monotonously with increasing PH2, also matching previous observations in PO hydrogenolysis 

(Figure S3) [9, 24]. In contrast, at PH2 = 5 bar, characteristics associated with hydrocracking, i.e., 

low SCH4, low (C2 + C3) / C4, and high isomerization level (gauged by the fraction of branched 

products from n-C16H34, Figure 5b), emerge. These results suggest that with the sparsely branched 

alkane substrates, hydrogenolysis is the prevailing pathway at PH2 ≥ 15 bar, and hydrocracking 
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only becomes important at the low PH2 of 5 bar. Even at PH2 = 5 bar, both SCH4 and (C2 + C3) / C4 

on Ru/TiO2-A-SG are much higher than those on Ni/TiO2-A-SG in Table 2, suggesting that the 

contribution from hydrogenolysis is not negligible. This is in sharp contrast to the highly branched 

PP, which mainly goes through hydrocracking at PH2 ≤ 30 bar (Figure 4). The results explain why 

in Table 1, the bifunctional Ru/TiO2-A-SG exhibits worse performance than the monofunctional 

Ru/CeO2 in LDPE hydro-conversion – the contribution of hydrocracking is minimal, while the 

well-defined, three-dimensional Ru particles on TiO2-A-SG is less selective in hydrogenolysis 

than the disordered, flat Ru rafts on CeO2 [24].  

 

Figure 5. Effects of PH2 on the hydro-conversion of sparsely branched alkanes, a) LDPE and b) 

n-C16H34, over Ru/TiO2-A-SG. Black, green, and cyan dots show the substrate conversion (left y-

axis), SCH4 (left y-axis), and (C2 + C3) / C4 (right y-axis), respectively. Red dots in panel a) represent 

the fraction of branched products from LDPE, while orange dots in panel b) represent the fraction 

of branched alkanes, i.e., isomers, from n-C16H34. [HC: hydrocracking; HG: hydrogenolysis] 
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The C10 products from squalane were analyzed in detail for further mechanistic insights. 

Table 3 shows that on Ru/TiO2-A-SG at PH2 = 30 bar, 75% of the C10 products are not isomerized 

(see Figure S6 and related discussions for details of the analysis), indicating that hydrogenolysis 

is the main reaction pathway. Meanwhile, under such conditions, the absolute majority of non-

isomerized products are dimethyloctanes, which are produced from squalane by cleaving 

exclusively 2C−2C bonds (blue in Scheme S1b), rather than methylnonanes, the formation of which 

requires cleaving at least one 3C−xC bond (red in Scheme S1b). The dominance of dimethyloctane 

without significant isomerization indicates that in hydrogenolysis, the cleavage of 2C−2C bonds is 

strongly favored over that of 3C−xC bonds, aligning well with the literature of small-alkane 

hydrogenolysis [66, 67]. In comparison, at PH2 = 5 bar or on Ni/TiO2-A-SG, C10 products are much 

more isomerized, further supporting that decreasing PH2 or replacing Ru with the hydrogenolysis-

inactive Ni steers the reaction pathway from hydrogenolysis to hydrocracking.   

Table 3. Distribution of C10 products from squalane hydro-conversion over M/TiO2-A-SG. 

Metal, PH2 
a Non-isomer fraction b Dimethyloctanes : Methylnonanes 

Ru, 30 bar 75% 49 

Ru, 5 bar 34% 25 

Ni, 30 bar 10% N/A 

a Reaction conditions are identical with Table 2. 
b “Non-isomers” include dimethyloctanes and methylnonanes. 

 

Finally, we evaluated the effects of Ru loading in Ru/TiO2-A-SG on the pathway of PP 

hydro-conversion. Table 4 shows that at PH2 = 30 bar, compared to 0.07 Ru/TiO2-A-SG, 0.14 

Ru/TiO2-A-SG exhibits significantly higher SCH4 (54.5% compared to 3.2%), (C2 + C3) / C4 (3.4 

compared to 0.24), and lower isomerization level (25% in C10 compared to 62%), indicating much 

higher relative contribution of hydrogenolysis. The hydrocracking characteristics become 
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prominent as PH2 decreases to 5 bar, but both SCH4 and (C2 + C3) / C4 are still higher than those on 

0.07 Ru/TiO2-A-SG under the same conditions (7.5% and 0.30, compared to 0.3% and 0.18, 

respectively). Under both conditions, liquid products on 0.14 Ru/TiO2-A-SG clearly exhibit the 

C11 – C20 double distribution (Figures S2d-e) characteristic of simultaneous hydrocracking and 

hydrogenolysis, in contrast to the narrow single distribution around C11 on 0.07 Ru/TiO2-A-SG 

(Figures S2f and S2h). These results indicate that increasing Ru loading increases the tendency of 

the reaction to occur through hydrogenolysis. This is expected with the increased ratio between 

Ru, the active sites for C−C bond cleavage in hydrogenolysis, and the BAS, the active sites for 

C−C bond cleavage in hydrocracking, as well as the well-established positive dependence of 

hydrogenolysis TOF on Ru particle size [68, 69].  

Table 4. Effects of Ru loadings on the PP hydro-conversion over Ru/TiO2-A-SG. 

PH2 
Ru coverage 

(nm-2) 

PP conversion 

(%) 

SCH4 

(%) 
(C2 + C3) / C4 

Isomer fraction 

(%) 

30 
0.14 39 54.5 3.4 25 

0.07 59 3.2 0.24 62 

5 
0.14  36 7.5 0.30 60 

0.07  37 0.3 0.18 65 

Reaction conditions: 260 ℃, 18 h, 1 g PP, 100 mg catalyst. 

 

3.4 Superior PP hydrocracking performance of TiO2-A-SG to other Brønsted-acidic supports  

Results above show that the noble-metal-free 0.07 Ni/TiO2-A-SG efficiently converts PP 

through hydrocracking. We compared its performance with 0.07 nm-2 Ni (calculated based on total 

surface area, corresponding Ni wt% shown in Table 1) on several conventional Brønsted-acidic 

supports. Figure 6 shows that amorphous SiO2-Al2O3 (Si : Al = 15), Beta zeolites (Si : Al = 25), 

SSZ-13 zeolites (Si : Al = 6), and Nb2O5 [11, 70, 71] all convert PP at slower rates (red dots, right 
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y-axis) than TiO2-A-SG under identical conditions. Among silica-alumina-based supports, the 

small-pore SSZ-13 (d ≈ 0.37 nm), despite its lower Si : Al ratio, exhibits lower PP conversion than 

the larger-pore Beta (d ≈ 0.65 nm) and amorphous SiO2-Al2O3 (30% compared to 51% and 55%). 

This is likely due to the small pores limiting the accessibility of BAS to the bulky polymers, and 

the diffusion of polymeric alkenes between Ni and BAS (Scheme 1). Even with 10 times Ni 

coverage and surface area (Table S1), SSZ-13 is still less effective than TiO2-A-SG (54% PP 

conversion on “0.7 SSZ-13”, compared to 90%), highlighting the advantages of the non-

microporous structure of TiO2-A-SG. We also tested a commercial anatase TiO2 (“TiO2-A-C”), 

which shows much lower rate than TiO2-A-SG. The superior activity of TiO2-A-SG to the non-

microporous SiO2-Al2O3, TiO2-A-C, and Nb2O5 is currently under further investigation, and 

hypothesized to be related to the location and accessibility of the BAS. 

 

Figure 6. Comparing the performance of various Brønsted-acidic supports loaded with 0.07 nm-2 

Ni in PP hydrocracking. Red dots represent the PP conversion (right y-axis), while stacked green, 

cyan, yellow, blue, red, and brown bars represent the carbon selectivity towrads C1-2, C3, C4-5, C6-

12, C13-20, and C21-40 products. “TiO2-A-C” is a commercial anatase, and “SiO2-Al2O3” is an 

amorphous SiO2-Al2O3. The “0.7 SSZ-13” sample have 0.7 nm-2 Ni instead of 0.07 nm-2 on it. 

SiO2-Al2O3, Beta and SSZ-13 zeolites have the Si : Al ratio of 15, 25 and 6, repsectively. Reaction 

conditions: 260 ℃, 30 bar H2, 18 h, 1 g PP, 100 mg catalyst.  
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Meanwhile, Figures 6 and 2c show that PP hydrocracking on 0.07 Ni/TiO2-A-SG strongly 

favors light C4-12 products in the gasoline range, particularly C4-5 (~20% selectivity, yellow bars). 

In hydrocracking, the high selectivity towards C4-6 (C6 underestimated due to volatility) reflects 

extensive sequential β-scissions dominated by type-A β-scissions (ones involving two 3C+ 

intermediates, Scheme 2). This scenario means that after one β-scission, the cracked C+ fragment 

left on the BAS cannot be timely displaced by free alkenes before the next β-scission occurs 

(illustrated in Scheme 2), so that it continues to crack unless being too small for β-scissions (< C7) 

[21, 29, 51]. We note that, as we will show in section 3.5, the selectivity of hydrocracking is 

insensitive to PP conversion at < 100%, and hence can be fairly compared among the samples 

despite different PP conversions. Figure 6 shows that all silica-alumina-based supports exhibit 

even higher tendency to excessively form C4-5, which are relatively undesired compared to larger 

hydrocarbons, than TiO2-A-SG (36%, 48%, and ~45% on amorphous SiO2-Al2O3, Beta, and SSZ-

13, respectively), and SSZ-13 also exhibits high selectivity towards undesired C3 (~30%). For 

zeolites, the enhanced tendency to form C3-5 compared to TiO2-A-SG can be rationalized by the 

shape-selective effects of their microporous structures [39, 42]. The large-pore Beta favors C4-5, 

and small-pore SSZ-13 also favors C3 by increasing the probability for type-B β-scissions (ones 

involving one 2C+ and one 3C+, Scheme 2) that have less bulky intermediates than type-A β-

scissions [21]. The more prominent sequential β-scissions on amorphous SiO2-Al2O3 than on TiO2-

A-SG could be due to stronger polymer adhesion, which will be discussed in detail in the section 

3.5. Overall, Figure 6 highlights the superior activity and selectivity of TiO2-A-SG in PP 

hydrocracking over conventional Brønsted-acidic supports, which is partially attributed to its non-

microporous structure.  
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Scheme 2. Schematic drawing of possible reaction steps of a carbenium cation (C+) on a BAS in 

alkane hydrocracking. The blue chains are for labelling molecules other than the adsorbed one. 

Different types of β-scissions are shown in the red dashed box. 

 

3.5 Mechanistic insights on PP hydrocracking over Ni/TiO2-A-SG 

Ni/TiO2-A-SG also offers the opportunity to investigate PP hydrocracking separated from 

hydrogenolysis. We first varied the Ni loading (coverage). Figure 7a shows that as Ni loading 

increases, PP conversion increases first at < 0.33 nm-2, reaches a plateau between 0.33 and 13 nm-

2, and then decreases to a negligible level at 27 nm-2. The trend indicates that at low Ni loading, 

the dehydrogenation/hydrogenation steps on Ni are slower than the cracking steps on the BAS, 

and thus increasing Ni loading facilitates the overall reaction. As Ni loading reaches a certain level, 
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(de)hydrogenation becomes faster than cracking, resulting in the rate plateau. In addition, 2.6 

Pt/TiO2-A-SG also shows the plateau-level rate (17% PP conversion, Figure S7a) despite the 

significantly better (de)hydrogenation ability of Pt than Ni, further confirming the faster 

(de)hydrogenation than cracking in the rate-plateau regime. The decrease in activity at very high 

Ni loading is likely due to the covering of BAS on TiO2-A-SG by Ni, as suggested by the lack of 

H-bond formation between surface −OH and CO on the sample (Figure S5e).  

 

Figure 7. a) Effects of Ni coverage on PP hydrocracking over Ni/TiO2-A-SG. Red dots/curves 

represent the PP conversion (right y-axis), while stacked cyan, yellow, blue, red, and brown bars 

represent the carbon selectivity towrads C1-3, C4-5, C6-12, C13-20, and C21-40 products. From low- to 

high-coverage, the corresponding Ni wt% on each catalyst is 0.04, 0.25, 0.5, 1, 2, 5, 10, and 20. b) 

– d) The carbon distribution among C1-20 products from the hydrocracking of PP (17% conversion), 

squalane (50% conversion), and LDPE (9% conversion) respectively, on 2.6 Ni/TiO2-A-SG. 

Reaction conditions: 260 ℃, 30 bar H2, 1 g PP/squalane/LDPE, 30 mg catalyst and 3 h for PP and 

LDPE, 8 mg and 2 h for squalane.  



27 
 

In terms of product distribution, Figure 7a shows that through the entire Ni loading range, 

the formation of C1-3 is minimal, as expected from β-scissions, but the high selectivity towards C4-

5 (> 20%, bar graphs of two representative examples shown in Figures 7b and S7b, respectively) 

that reflects extensive sequential β-scissions also persists. In small-alkane hydrocracking, 

sequential β-scissions are common on catalysts with weak (de)hydrogenation ability, which causes 

slow alkane dehydrogenation relative to β-scissions, and thus low concentration of free alkenes 

that cannot displace cracked C+ fragments from the BAS effectively [21, 42, 50, 51]. Thus, the 

high C4-5 selectivity is expected on the low-loading 0.07 Ni/TiO2-A-SG. Nonetheless, at higher Ni 

loading and with 2.6 nm-2 Pt (Figure S7a), dehydrogenation is faster than cracking, as the plateaued 

rate suggests, and thus alkene-alkane equilibrium is reached (referred to as “ideal cracking”). In 

small-alkane hydrocracking, the equilibrated free-alkene concentration under typical reaction 

conditions (T = 240 – 300 ℃, PH2 = 20 – 50 bar) is high enough to avoid extensive sequential β-

scissions [21]. Therefore, the extensive sequential β-scissions on these catalysts are intriguing. We 

also tested 6.6 Ni/TiO2-A-SG under lower PH2 (5 and 2 bar), to increase the free-alkene 

concentration at equilibrium, but the high selectivity towards C4-5 persisted (Figures S7c-d).  

We noticed that compared to PP, both squalane and LDPE show significantly less tendency 

for C4-5 formation (Figures 7c-d compared to Figure 7b, Figures S7e-f compared to Figure S7b at 

similar conversions). Based on these observations, we propose that the strong tendency of PP to 

go through sequential β-scissions is due to the combination of strong polymer adhesion to catalyst 

surfaces, and fast β-scissions with abundant 3C. The strong adhesion of the polymer can involve 

multi-point adsorption, with both C=C bonds formed in situ and C−C bonds that can adsorb on Ni 

dehydrogenatively, as well as the strong van der Waals interactions between the long chains and 

catalyst surfaces. When one polymer molecule adheres to the catalyst, it “shields” the BAS and 
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prevents free C=C bonds in other molecules to access them, leading to its untimely displacement 

and thus sequential β-scissions. We note that the adhered polymer molecule itself could have 

multiple free C=C bonds, but even if these free C=C can effectively displace cracked C+, the next 

β-scissions still occur to the same molecule. Compared to PP, the much smaller squalane molecule 

has much weaker “shielding effect” on the BAS. On the other hand, due to the strong dependence 

of the rate of β-scissions on the branching level of C+ intermediates, the much less branched LDPE 

allows significantly more time for the displacement of C+ to occur between two β-scissions. 

Besides, the lower starting MW (~4,000 compared to ~250,000) of LDPE used in this work could 

also reduce the “shielding effect”. The proposed explanation resonates with the previous study 

invoking the strong adhesion of LDPE on Pt/WZr catalysts to rationalize the sequential 

isomerization at the initial stage [29]. As a side note, in squalane hydrocracking, the conversion is 

significantly higher on 2.6 than on 0.33 Ni/TiO2-A-SG (50% in Figure 7c, compared to 16% in 

Figure S7e), indicating that on the latter, (de)hydrogenation is slower than cracking. This is in 

contrast to the observation in PP hydrocracking, that (de)hydrogenation is faster than cracking 

between 0.33 and 2.6 nm-2 Ni (Figure 7a). The contrast emphasizes that the unique properties of 

long-chain POs compared to smaller alkanes have significant implications on hydrocracking. 

The reaction time was varied on 1.3 Ni/TiO2-A-SG to track the reaction progress. Figure 

8a shows that PP conversion is linearly proportional to the reaction time below 100%. The reaction 

starts in the neat condition, but smaller hydrocarbons produced continuously act as “solvents” for 

PP. Thus, the independent PP conversion rate with its concentration, resembling “zero-order 

kinetics” in small-molecule reactions, suggests that even in the presence of smaller hydrocarbons, 

the catalyst surface is saturated by polymers, as a result of their strong adhesion. Meanwhile, 

Figure 8b shows that all C31-40 products appear at 3% and accumulate until ~70% PP conversion 
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with constant selectivity (Figure S8), indicating that they are all primary products with limited 

secondary reactions. After 100% PP conversion, the > C20 products (purple and brown) are cracked 

into smaller fragments. The lack of secondary reactions at < 100% PP conversion is also explained 

by the strong polymer adhesion, which prevents the re-adsorption of products. The preferred 

adsorption of polymers over small alkanes observed here resonates with previous reports on LDPE 

hydrocracking [29] and PO hydrogenolysis [9]. We note that PP is converted and products are 

formed in the first 0.5 h (Figure S8a). This is in contrast to the induction period observed in LDPE 

hydrocracking [29], and can be attributed to the abundance of 3C in the virgin PP structure allowing 

type-B β-scissions to occur without significant preceding isomerization.  

 

Figure 8. Time-dependence of PP hydrocracking over 1.3 Ni/TiO2-A-SG. a) Variations in the PP 

conversion with reaction time. b) Variations of the yield of C1-3, C4-5, C6-12, C13-20, and C21-40 

products (cyan, yellow, blue, red, and brown dots/curves, respectively) with PP conversion. The 

two series of data points at 100% PP conversion were measured with 13 and 20 h reaction time, 

resepctively, and the colored arrows next to them represent the moving direction from 13 to 20 h. 

Reaction conditions: 260 ℃, 30 bar H2, 1 g PP, 30 mg catalyst. 
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One distinct character of hydrocracking from hydrogenolysis and Haag-Dessau cracking is 

the fast isomerization of carbenium ions through alkyl/hydride shifts or protonated cyclopropanes 

[41, 50, 51]. In fact, even at 3% PP conversion, the C10 products are highly isomerized (> 60%), 

indicating that although the isomerization is not required before β-scissions, it is fast enough on 

Ni/TiO2-A-SG, so that when PP is cracked into the C10 range, it has been highly isomerized. This 

is expected because the virgin PP structure has no α, α, γ-configurations (Scheme 2) to allow the 

fastest type-A β-scissions without isomerization [21, 42, 49-51], while studies on small alkanes 

agreed that the rate of type-B β-scissions is much slower than that of type-A isomerization (ones 

not changing branching level) and comparable with that of type-B isomerization (ones increasing 

or decreasing branching level) [21, 42, 49-51]. The faster isomerization than type-B β-scissions is 

further supported by the large amount of isomerized, non-cracked products observed in squalane 

hydrocracking at low conversion (Figure S9). Furthermore, since C3 are exclusively produced by 

type-B β-scissions (Scheme 2), the much lower C3 yield than C4 (Figures 6, S7, and S8) suggests 

that the type-B isomerization – type-A β-scission sequence is preferred over type-B β-scission, in 

agreement with the observations in small-alkane hydrocracking [21, 29, 42, 49-51]. 

3.6 Practical considerations of PP hydrocracking over Ni/TiO2-A-SG 

In this section we briefly address several aspects associated with using Ni/TiO2-A-SG for 

PP hydrocracking in practical operations. First, in Figure 8a, the dependence of PP conversion on 

reaction time closely follows “zero-order kinetics” predicted by the strong PP adhesion. This, 

along with the fact that in Figure 8b, > C20 products are further converted into smaller ones, 

indicates that Ni/TiO2-A-SG does not deactivate significantly during the reaction. This is expected 

considering we applied high PH2 (30 bar) and a metal with strong hydrogenation ability (Ni) in the 

experiments to prevent coke formation by the fast hydrogenation of unsaturated products. We note 
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that for reactions performed in polymer melts in a batch reactor, reliable catalyst recyclability test 

is challenging to conduct. Used catalyst can only be recovered when all polymers are converted, 

but performing reactions to 100% conversion automatically invalidates the test. On the other hand, 

we characterized used 0.66 Ni/TiO2-A-SG catalyst with STEM and EDX mapping, which show 

relatively uniform Ni nanoparticles of d = 12 ± 3 nm (Figure S10b). Interestingly, the same sample 

reduced by 30 bar H2 at 260 ℃ mostly has highly dispersed Ni, with only sparse nanoparticles 

identified (Figure S10a). The contrast suggests that the presence of adhered polymer on catalyst 

surface could affect the reduction and aggregation behaviors of metal species. 

Next, since Cl is a common catalyst poison, we evaluated the effect of low-concentration 

PVC on PP hydrocracking over Ni/TiO2-A-SG. Table S3 shows that for both 0.66 and 6.6 Ni/TiO2-

A-SG, 1% PVC mixed in the feedstock deactivates the catalyst by ~60%, without significantly 

altering the selectivity. The level of the PVC poisoning effect is similar with hydrogenolysis on 

Ru/CeO2 [24], and much less severe than hydrogenolysis on Ru/C [9]. Interestingly, Table S3 also 

shows that 1% PVC allows PP hydrocracking to occur on 0.07 Ni/rutile-TiO2 (TiO2-R), which is 

inactive for the reaction with pure PP feedstock under the testing conditions. Therefore, PVC might 

also modify the acidity of TiO2 surfaces and thus enhance their reactivity. Finally, we tested the 

hydrocracking of two PP-plastic products, a surgical mask, and a laboratory-use vial, on 0.66 

Ni/TiO2-A-SG. Table S4 shows that the mask cannot be converted, possibly due to the additives 

in it poisoning the catalyst, while the vial can be effectively converted with similar selectivity. 

3.7 Comparisons between the two PO hydro-conversion pathways  

Here we briefly discuss the relative advantages of hydrocracking and hydrogenolysis 

reactions in PO upcycling. Due to the relative stability of C+ , hydrocracking produces trace C1-2 
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and minimal C3 (Scheme 2) [42, 49-51]. In contrast, in hydrogenolysis, the first C−C bond 

cleavage does not discriminate against C1-3, and if the desorption is slow, the sequential C−C 

cleavage with a terminal C adsorbed strongly favors C1 [68, 69, 72]. In hydrocracking, H2 is only 

needed for the hydrogenation of cracked unsaturated hydrocarbons, without directly participating 

in the C−C bond cleavage. As a result, it demands lower PH2 than hydrogenolysis. In fact, at PH2 

= 5 bar, the bifunctional Ru/TiO2-A-SG converts PP much more effectively (223 gPP gRu
-1 h-1, 

Figure 4a) than the most active monofunctional catalyst, Ru/CeO2 (~30 gPP gRu
-1 h-1 [24]). 

Furthermore, in hydrocracking, the metal only catalyzes (de)hydrogenation, and hence non-noble 

metals active for hydrogenation, such as Ni, can be used, while only Ru/Rh effectively catalyze 

PO hydrogenolysis at < 300 ℃ [7, 9]. Finally, the isomerization in hydrocracking leads to higher 

degree of branching of products from PE than hydrogenolysis. On the other hand, hydrogenolysis 

might be more effective in converting sparsely branched POs, such as PE, as Table 2 and Figure 5 

suggest. In addition, we note that on 0.07 Ru/TiO2-A-SG, when PH2 increases from 15 to 45 bar, 

the overall rate remains similar while the hydrogenolysis rate increases, indicating decreasing 

hydrocracking rate (Figure 4a). As discussed, at such low Ru loading, the alkane-alkene 

equilibrium is not established. Under these conditions, hydrogenolysis on Ru consumes the 

dehydrogenated surface intermediates, reducing the amount of desorbed alkenes (Scheme 1). 

Therefore, the two pathways compete with each other, and the faster hydrogenolysis at higher PH2 

leads to lower free-alkene concentration, and hence slower hydrocracking.  

 

4. Conclusions 

Ru and Ni supported on TiO2-A-SG are efficient catalysts for the hydro-conversion of POs 

into small alkanes. The BAS on TiO2-A-SG allows hydrocracking, leading to higher catalytic 
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efficiency, less undesired C1-3 products, more high-valued liquid products with narrower 

distribution and more isomers, than monofunctional Ru hydrogenolysis catalysts, particularly with 

PP as the substrate. Between the two reaction pathways on Ru/TiO2-A-SG, hydrocracking is more 

prominent at lower PH2, with lower Ru loading, and with more branched substrate, since the 

abundance of 3C allows fast β-scissions and hinders hydrogenolysis. Non-noble-metal Ni 

supported on TiO2-A-SG can also catalyze PP hydrocracking, showing better activity and 

selectivity than conventional Brønsted-acidic supports, particularly zeolites, partially due to its 

non-microporous structure. Mechanistic studies on Ni/TiO2-A-SG provided evidence for fast 

isomerization and strong polymer adhesion. The latter hinders the accessibility of active sites to 

other molecules, which prevents secondary reactions and enhances the tendency for sequential β-

scissions, in turn promoting the production of C4-12, particularly C4-5. Low-concentration of PVC 

partially poisons Ni/TiO2-A-SG, but could also modify the acidity of TiO2 and hence enable 

hydrocracking on rutile. This work presented novel type of metal-BAS bifunctional catalysts that 

carry significant potentials in PO hydro-conversion, elucidated the contribution of the two distinct 

reaction pathways, and advanced the mechanistic understanding of PO hydrocracking.  
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