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Abstract 

The large-scale production of non-degradable plastic waste calls for effective catalytic 

upcycling processes. In this work, we discovered that an anatase TiO2 synthesized by a sol-gel 

method (TiO2-A-SG) exhibits drastically better activity and selectivity as the support for low-

loading Ru than other oxides in polypropylene (PP) upcycling under H2. Detailed analysis and 

control experiments with Ni and Pt revealed that this is because Ru/TiO2-A-SG also catalyzes 

hydrocracking besides hydrogenolysis. In addition to favoring high-valued liquid products, this  

increases branched alkane fraction from low-density polyethylene (LDPE), and allows efficient 

PP upcycling without noble metals. The unexpected Brønsted acidity of TiO2-A-SG is linked to 

the carboxylate layers TiO2 surfaces adsorb from air. Kinetic studies revealed that under testing 

conditions, the two pathways compete for dehydrogenated intermediates on metal surfaces, with 

low hydrogen pressure (PH2) and high branching level of the substrate favoring hydrocracking. 

Hydrogenolysis is the main pathway at PH2 = 30 bar for all tested substrates less branched than 

PP, in which the cleavage of 2C−2C bonds is strongly favored over that of 3C−xC bonds. This 

work reveals and compares the two co-occurring polyolefin upcycling pathways on a metal-acid 

bifunctional catalyst, offers insights to the complex reaction network, and how it is affected by 

catalysts and conditions. In addition, it uncovers a new type of Brønsted acid sites on TiO2 with 

deep implications in the broader scope of acid catalysis.  
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Introduction 

The soaring, large-scale production of single-use plastics creates huge amount of non-

degradable waste that severely threats the environment.1, 2  The inefficacy of existing approaches 

for plastic waste processing, such as recycling and incineration,3 leads to the demands for chemical 

routes that “upcycle” plastics into valuable chemicals. Besides environmental benefits, upcycling 

plastics also compensates for the oil consumption by their production4 through circular economy. 

Polyolefins, including polypropylene (PP) and polyethylene (PE), are the most common types of 

plastics, making up > 50% of the annual production,3 and also the most difficult to convert because 

they are entirely made of inert C−C single bonds. As a result, the upcycling of polyolefins requires 

either high temperature in pyrolysis,5-7 which causes high energy consumption and low selectivity, 

or effective catalytic processes.  

Two of the most promising routes for catalytic polyolefin upcycling are hydrogenolysis 

and hydrocracking. They require no additional feedstocks as metathesis or alkylation,8, 9 and are 

less susceptible to deactivation than pyrolysis or Haag-Dessau cracking on monofunctional acidic 

catalysts.6, 10, 11 Besides, these two reactions have been crucial parts of the oil refining industry and 

thus extensively studied with small alkane substrates, with established operation infrastructure and 

fundamental understanding partially applicable to polyolefin substrates. Both hydrogenolysis and 

hydrocracking refer to C−C bond cleavage under H2 on supported metal catalysts, but the former 

cleaves C−C bonds on the metal, while the latter cleaves C−C bonds (and isomerizes substrates) 

on Brønsted acid sites after dehydrogenation on the metal, thus requiring metal-acid bifunctional 

catalysts. Despite initial success, the catalyst development for both routes is at a very preliminary 

stage. Meanwhile, polyolefins substrates often behave very differently from small alkanes,12-14 and 

fundamental understanding specific to them is lacking. For hydrogenolysis, most studies used 
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catalysts with high noble metal (Ru or Pt) content,12, 13, 15-25 and the selectivity needs to be steered 

away from low-valued gas alkanes, especially CH4, to high-valued liquid alkanes. We have shown 

that disordered Ru clusters have better activity and selectivity in the reaction than rigid particles,26 

but the structure-function relationship needs further understanding for the rational design of active 

sites. For hydrocracking, most studies used expensive, scarce Pt as the metal,27-34 and zeolites as 

the acidic support,30-35 the microporous structure of which creates difficulty for the diffusion of 

long-chain polymers and thus limits active site accessibility. Also, mechanistic understanding is 

very rare,27 which hinders tuning product distribution rationally. Furthermore, there are no studies 

of the two reactions occurring simultaneously, which is common on bifunctional catalysts with 

small alkanes.10 This type of studies do not only help understand the complex reaction network, 

also offer insights on how to choose between the processes and design catalyst functionality. 

In this work, we investigated the hydrogenolysis and hydrocracking of PP, LDPE, and 

model alkanes that co-occur on a low-loading Ru/TiO2 catalyst. Ni/TiO2 was also studied for 

hydrocracking as a noble-metal-free catalyst. We show that the superior activity and selectivity of 

hydrocracking to hydrogenolysis make the bifunctional Ru/TiO2 more suitable than 

monofunctional Ru catalysts for PP conversion. Lower hydrogen pressure and more branched 

products increase the tendency for the reaction to occur through hydrocracking, which can also be 

effectively catalyzed by Ni/TiO2. The unexpected bifunctionality of Ru/TiO2 was attributed to 

auto-adsorbed carboxylates on TiO2. This work elucidates the co-existence of the two routes on a 

bifunctional catalyst, the relationship and comparisons between them, and how the mechanism of 

polyolefin upcycling is altered by reaction conditions and catalysts. Also, the results on the 

Brønsted acidity of TiO2 opens brand new opportunities in developing novel acid catalysts. 
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Results  

1. Unique performance of an anatase TiO2 support in PP conversion over low-loading Ru 

We previously discovered that decreasing Ru loading on CeO2 to a threshold triggers an 

increase in the disorder in the Ru structure, which coincides with drastic increases in the activity, 

selectivity, and isomerization ability in polyolefin hydrogenolysis.26 This discovery motivated us 

to examine how the support regulates the properties and thus performance of highly dispersed Ru 

species. Therefore, we impregnated low-loading Ru (0.07 Ru/nm2) onto various supposedly non-

acidic supports (see Table S1 for BET surface area), and tested them in the hydrogenolysis of PP 

and LDPE (260 ℃, 30 bar H2). Results are summarized in Figure 1, with the best catalyst studied 

from previous works, Ru/CeO2, as a reference point.26 Surprisingly, an anatase TiO2 synthesized 

by a sol-gel method36 (referred to as “TiO2-A-SG”, XRD see Figure S1a) clearly stands out with 

PP as the substrate (Figure 1a), showing by far the best per-Ru conversion rate (~350 gPP gRu
-1 h-

1, patterned bar, 3 times as high as Ru/CeO2), selectivity (< 5% CH4, green, ~80% liquid 

products, purple), and isomerization ability (> 60% isomers, orange). Nevertheless, its activity 

and selectivity with LDPE as the substrate is mediocre (Figure 1b), except for the high fraction 

of branched products (red). Meanwhile, among other supports, the performance of low-loading 

Ru is highly support-dependent with both PP and LDPE, and particularly, they surprisingly 

exhibit negligible activity on two supports, commercial anatase TiO2, (“TiO2-A-comm”), and 

carbon. This manuscript will only present detailed studies to understand the unique, intriguing 

performance of the TiO2-A-SG support. The strong support-dependence among other catalysts 

was hypothesized to be due to different morphology of highly dispersed Ru species, which we 

will report in a separated manuscript.  
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Figure 1. Performances of low-loading Ru (0.07 Ru/nm2) on various supports in the upcycling of 
a) PP and b) LDPE at 260 ℃ under 30 bar H2. Patterned bars represent the per-Ru conversion 
rate of the polymer solid (left y-axis). For right y-axis, green and purple traingles repersent the 
selectivity towards CH4 and liquid products, respectively. Orange dots in panel a) represent the 
fraction of isomerized products in all C10 products. Red dots in panel b) represent the fraction of 
branched products in C12-22 products. Catalyst with 0.5 mg Ru was used in each reaction. 
Another set of experiments with lower Ru loading shows similar results (Table S2). 

 

2. Bifunctional Ru/TiO2-A-SG catalyzing both hydrocracking and hydrogenolysis 

We noticed that besides the high activity, low CH4 selectivity, and good isomerization 

ability, Ru/TiO2-A-SG also exhibits unique product distribution characteristics in PP upcycling. 

Figure 2b shows the product distribution typical for PP hydrogenolysis over other Ru catalysts, 
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with Ru/CeO2 as the example. It has abundant C2-3 besides CH4, and wide distribution among 

liquid products centered around C22, while both liquid products and solid residue have no color.13 

In contrast, Figure 2c shows that Ru/TiO2-A-SG generates abundant C4-5 with minimal C2-3, the 

liquid products have a much narrower distribution centered around C10, and both liquid products 

and solid residue are light yellow (Figures S2a and S2e).  

 

Figure 2. Panel a) shows the performance of various types of metals on the sol-gel anatase TiO2 
(TiO2-A-SG) support (0.07 M/nm2) in PP upcycling under 30 bar H2. Black, purple, and yellow 
bars represent carbon selectivity, i.e., the fraction of quantifiable C in solid, liquid, and gas 
phases after the reaction (left y-axis). Greend dots represent the CH4 selectivity (left y-axis). 
Cyan dots represent the (C2 + C3) / C4 value, i.e., the ratio between C2-3 yields, and C4 yield 
(right y-axis). Orange dots represent the fraction of isomerized products in all C10 products. 
Panels b) – d) show carbon yields of C1-40 products over Ru/CeO2, Ru/TiO2-A-SG, and Ni/TiO2-
A-SG, repsectively. In panel b), C1 yield was plotted with 1/3 of its value. In panel d), C4-5 yields 
were plotted with half of their values. 
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Since the high isomerization level and the lack of C1-2 products are typical characteristics 

for alkane hydrocracking,10, 27, 29, 37-40 we suspect that Ru/TiO2-A-SG converts PP mainly through 

hydrocracking, instead of hydrogenolysis. In hydrocracking, C−C bonds are cleaved on Brønsted 

acid sites (BAS), and the metal only needs to catalyze dehydrogenation/hydrogenation.10 Thus, 

to test the hypothesis, we impregnated Ni and Pt onto TiO2-A-SG (0.07 M/nm2), both of which 

are inert for C−C bond cleavage, i.e., hydrogenolysis, under these conditions.12, 13, 26 Figure 2a 

shows that both Ni and Pt convert PP on TiO2-A-SG more efficiently than Ru, yielding similar 

product distribution (Figures 2d and S3b): no CH4, much more C4-5 than C2-3, narrow liquid 

distribution around C10, and yellow-colored products (Figure S2f). In addition, the TiO2-A-SG 

support alone, without any metal, can convert ~5% PP (Figure 2a), also with similar product 

distribution (Figure S3c). These results confirm that M/TiO2-A-SG can convert PP through 

hydrocracking, in which C−C bond cleavage occur on TiO2-A-SG, while the metal facilitates 

(de)hydrogenation steps. The presence of the more selective hydrocracking pathway on Ru/TiO2-

A-SG explains its unique performance in PP upcycling in Figure 1a. Since the two pathways on 

M/TiO2-A-SG exhibit very different selectivity between C4-5 and C2-3, we use the ratio between 

C2-3 yields and C4 yield (referred to as “(C2 + C3) / C4”, cyan in Figure 2a, C5 hard to quantify 

due to the high vapor pressure) as a reaction pathway indicator, along with the CH4 selectivity. 

For hydrogenolysis-only reactions on all Ru catalysts we have studied,13, 26 this value is > 2.0 

(Table S3 and Figure S4), which would significantly decrease if hydrocracking also occurs.  

The obvious question here is why TiO2-A-SG can catalyze C−C bond cleavage, as TiO2 

is not expected to have BAS required for it. Therefore, we impregnated Ni onto various oxides 

(0.07 Ni/nm2 if not specified), and tested them in PP upcycling under the same conditions to 

verify that the second pathway is hydrocracking. Table 1 shows that Ni only converts PP and 
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forms yellow solid residues on supports known for having BAS, i.e., Nb2O5 and SSZ-13 zeolite 

(entries 4-6),41-43 while other supports showing relatively good PP upcycling performance with 

Ru in Figure 1a, i.e., CeO2, rutile TiO2, “TiO2-R” and fumed SiO2, do not convert PP with Ni 

(entries 1-3). These results further support that the superior performance of Ru/TiO2-A-SG in 

Figure 1a is due to its unique bifunctionality that enables hydrocracking. Hydrocracking allows 

efficient PP conversion using non-noble metals with good (de)hydrogenation ability, such as Ni, 

another advantage over hydrogenolysis besides the desired selectivity. We note that TiO2-A-SG 

is a particularly effective acidic support for PP hydrocracking, showing higher activity than SSZ-

13 with even 10 times Ni loading (entry 7 compared to 6). This could be due to the absence of 

micropores on TiO2-A-SG (Figure S1b) causing less diffusion limits of the long-chain polymers.  

Table 1. Activity of Ni supported on various oxides in the hydrocracking of PP. 

Entry Support 
(0.07 Ni/nm2) Post-synthesis history PP conversion 

(%) Residual yellow? 

1 TiO2-R RT air 1 day < 1 No 
2 CeO2 

RT air 1~3 days 

< 1 No 
3 SiO2-fumed < 1 No 
4 Nb2O5 5 Yes 
5 SSZ-13 a 23 Yes 
6 SSZ-13-10Ni b 51 Yes 
7 TiO2-A-SG-B1 RT air 2 months 88 Yes 
8 

TiO2-A-SG-B2 c 

RT air 1 day 22 Yes 

9 RT air 3 weeks 46 Yes 

10 RT air 3 weeks, Calcination d < 1 No 

11 Acetic acid exp. e 57 Yes 

12 Acetic acid exp., Calcination  < 1 No 
a Si : Al = 6, synthesized in-house,44 NH4

+ exchanged, calcined before Ni impregnation. 
b Ni surface density on this catalyst is 10 times of other catalysts (0.7 Ni/nm2). 
C This sample uses a second batch of TiO2-A-SG synthesized following the same procedure. 
d Calcination was performed at 500 ℃ for 4 h before the reaction (~5 min air exposure in between).  
e Acetic acid exposure was performed using the procedure described previously after 3 weeks RT air exposure.45 
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Since TiO2 surfaces were known to auto-adsorb ppm-level formic/acetic acids in the air 

to form mixed carboxylate layers,45-47 we suspected that the unexpected BAS on TiO2-A-SG are 

associated with these chemisorbed layers. M/TiO2-A-SG were calcined at 400 ℃ for 4 h in the 

final step of the synthesis. This step would remove the carboxylic layers,45 which re-accumulate 

during the storage (Figure S5 mid showing their presence after long-term storage by C 1s XPS). 

Thus, we controlled the post-synthesis history of Ni/TiO2-A-SG to test the hypothesis. Table 1 

shows that the PP conversion on Ni/TiO2-A-SG increases with longer post-synthesis air exposure 

at room temperature (entries 8-9), and drops to ~0 after calcining the catalyst again before the 

reaction (entry 10). The results indicate that the BAS on TiO2-A-SG are formed by contacting air 

at room temperature, and removed by high-temperature calcination, aligning well with the 

behaviors of the carboxylate layers on TiO2 surfaces.45 We also exposed Ni/TiO2-A-SG to acetic 

acid vapor to saturate TiO2 surfaces with the layers, which increases the PP conversion (entry 11 

compared to entry 9), further supporting the hypothesis. We note that after the acetic acid vapor 

exposure, the catalyst also carries a significant amount of physisorbed acetic acid (reflected by 

the significant mass increase and strong smell). The fact that the PP conversion increase caused 

by it is not significant (46% to 57%) indicates that the chemisorbed carboxylate layers are much 

more active in PP hydrocracking than physisorbed acetic acid. Calcining acetic-acid-saturated 

Ni/TiO2-A-SG still eliminates its hydrocracking activity, i.e., BAS on it, as we expected (entry 

12). Overall, the control experiments strongly imply that the BAS on TiO2-A-SG originate from 

the carboxylates it adsorbs from the air. We will discuss the carboxylate layers and BAS in more 

details in the Discussions section. 
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3. Effects of PH2 and competition between the two pathways 

The fact that Ru/TiO2-A-SG does show slightly higher CH4 selectivity and (C2 + C3) / C4 

value in Figure 2a (3.6% and 0.24) than Ni and Pt (0% and ~0.16) indicates that on Ru/TiO2-A-

SG, hydrogenolysis occurs to a minor extent alongside hydrocracking. Thus, we investigated the 

contribution of the two pathways under different H2 partial pressure (PH2). Figure 3a shows that 

the CH4 selectivity remains < 5% at PH2 ≤ 30 bar, but increases abruptly to > 20% at ≥ 45 bar. A 

similar trend was observed for the (C2 + C3) / C4 value (< 0.3 at ≤ 30 bar, ~1 at 45 bar) as well. 

For hydrogenolysis over monofunctional Ru catalysts, when PH2 increases, the CH4 selectivity 

always decreases because the cleavage of terminal C−C bonds involves more dehydrogenated 

transition states (TS) than that of internal C−C bonds, and the more facile product desorption 

suppresses sequential C−C bond cleavage that favors CH4 formation,
13, 26 while the (C2 + C3) / C4 

value also decreases in all our studies (Figure S4). Therefore, the increase in both values at high 

PH2 cannot be explained by regioselectivity shifts in hydrogenolysis. Instead, it reflects the 

transition from a low-PH2 regime, in which hydrocracking dominates, to a high-PH2 regime, in 

which the contribution from hydrogenolysis is significant. This is consistent with the changes in 

liquid product distribution, from a narrow distribution around C10−12 with yellow color at ≤ 30 

bar (Figures 2b and S3f-g), to a wide double distribution around C10–12 and C18 with no color at ≥ 

45 bar (Figures 2c and S3j). In the high-PH2 regime, the isomerization level remains at ~60%, 

which, along with the double liquid distribution, indicates that both pathways have significant 

contribution to the reaction. The shift in the prevailing pathway with PH2 suggests that the rate of 

hydrocracking is less sensitive to PH2 than that of hydrogenolysis. As a result, the bifunctional 

Ru/TiO2-A-SG converts PP much more effectively at low PH2 than most active monofunctional 

Ru catalysts (223 gPP gRu
-1 h-1 at 5 bar, Figure 3a, compared to ~30 gPP gRu

-1 h-1 on Ru/CeO2
26). 
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Figure 3. Effects of hydrogen partial pressure (PH2) on the performance of Ru/TiO2-A-SG in PP 
upcycling. Panel a) shows variations in the PP conversion (black, left y-axis), CH4 selectivity 
(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. Panels b) and c) show a representative example of product 
carbon distribution in the low- (≤ 30 bar) and high-PH2 (≥ 45 bar) regime, respectively. Product 
carbon distribution from all experiments can be found in Figure S3. 

 

Interestingly, when PH2 increases from 15 to 45 bar, the PP conversion remains constant 

(Figure 3a) while the hydrogenolysis rate increases (reflected by higher C1 – C3 yields, Figures 

S3g-i), indicating that the rate of hydrocracking decreases as PH2 increases. In hydrocracking, 

alkanes are dehydrogenated on the metal, resulted alkenes are transported to BAS, isomerized 

and cracked through C+ intermediates, and then transported back to the metal for hydrogenation 

(Scheme 1).10 Since TiO2-A-SG does not have shape selectivity effect from micropores (Figure 

S1b),37 the high C4-5 yields in Figures 2c-d suggest severe secondary cracking before desorption. 

Also, the formation of C3 from PP indicates appreciable C−C bond cleavage through type-B β-



13 
 

scissions. Both observations suggest that on Ru/TiO2-A-SG, the alkane dehydrogenation step is 

not equilibrated (see the Discussions section for detailed mechanistic explanations),10 which is 

not surprising with the low metal loading. In this situation, the consumption of dehydrogenated 

intermediates on Ru (in the purple box in Scheme 1) through hydrogenolysis, i.e., C−C bond 

cleavage,13, 48, 49 reduces the amount of them desorbing as alkenes. The faster hydrogenolysis at 

higher PH2 thus decreases free alkene concentrations in the system, suppressing hydrocracking. 

The conclusion is further supported by Table S4, which shows that doubling Ru loading on TiO2-

A-SG does not increase the PP conversion but makes the product distribution more resemble 

hydrogenolysis (Figures S3d and S3e compared to Figures S3h and S3f, respectively), i.e., higher 

Ru loading leads to slower hydrocracking. Since the alkane dehydrogenation step over Ru is not 

equilibrated, more Ru would increase hydrocracking rate if hydrogenolysis did not interfere with 

it. Thus, the lower hydrocracking rate reflects that it is suppressed by the faster hydrogenolysis 

on larger Ru particles.50, 51 
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Scheme 1. Mechanistic scheme of the dual-pathway PP upcycling over M/TiO2-A-SG catalysts. 

 

4. Relative importance of the two pathways dependent on the substrate branching level 

We have demonstrated the co-existence of hydrocracking and hydrogenolysis pathways 

in the PP conversion on bifunctional Ru/TiO2-A-SG, which brings the question of whether the 

dual-pathway scheme is applicable to other less branched substrates. Thus, we compared the 

reaction of four substrates with various branching levels (quantified by the fraction of 3C in total 

C, n-C16H34, no 3C; LDPE, ~ 2% 3C,52 squalane, structure see Scheme 2a, 20% 3C, and PP, 33% 
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3C) on Ni/TiO2-A-SG at 30 bar, and on Ru/TiO2-A-SG at 5 and 30 bar. Ni/TiO2-A-SG converts 

all substrates, yielding no C1-2, minimal C3, and high fraction of isomers (Table 2 and Figure S6), 

indicating that hydrocracking is present with all substrates. Since hydrogenolysis is not catalyzed 

by Ni and its rate is more sensitive to PH2 than that of hydrocracking, we used two parameters: 1) 

the ratio between the rate on Ni and Ru at 30 bar, and 2) the ratio between the rate on Ru at 5 bar 

and 30 bar, to gauge the relative importance of the two pathways. Table 2 and Figure S7 show 

that increasing substrate branching level leads to increases in both indicators, i.e., the relative 

importance of hydrocracking to hydrogenolysis. The conclusion is also supported by the lower 

(C2 + C3) / C4 value with more branched substrates under identical conditions on Ru (Table 2 and 

Figure S7). It is expected based on previous studies with small-alkanes, as 1) hydrocracking 

mainly proceeds through 3C+ intermediates (type-A β-scissions), and less branched substrates 

require more extensive isomerization prior to C−C bond cleavage,10 and 2) 3C−xC bonds are less 

reactive than 2C−2C and 2C−1C bonds in hydrogenolysis due to their high steric hindrance 

limiting the ability to access the most stable TS.48, 49 
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Table 2. Results of the reaction of various alkanes over M/TiO2-A-SG catalysts. 

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 

N/A 0 0.1 

Ru 
30 14 

0.18 
23 2.9 

5 2.6 15 2.1 

LDPE 
(~0.02) 

Ni 30 7.0 

0.28 

N/A 0 0 

Ru 
30 25 

0.18 
45 4.7 

5 4.5 30 2.0 

Squalane 
(0.2) 

Ni 30 7.4 

0.65 

N/A 0 0 

Ru 
30 11 

0.48 
8.0 2.6 

5 5.4 3.0 1.0 

PP 
(0.33) 

Ni 30 88 

1.44 

N/A 0 0 

Ru 
30 61 

0.60 
3.6 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. 

 

Reactions of linear substrates, i.e., LDPE and n-C16H34, on Ru/TiO2-A-SG were studied 

over the entire PH2 range to further understand them. Figures 4a-b show that at ≥ 15 bar, both 

reactions follow typical hydrogenolysis behaviors previously reported and attributed to changes 

in *H coverage: as PH2 increases, the rate increases then decreases, while the CH4 selectivity, (C2 

+ C3) / C4, and branched alkane fraction from LDPE decrease motonously.13, 26 Hydrocracking 

characteristics such as low CH4 selectivity and (C2 + C3) / C4, as well as high isomerization level 

(analyzed with n-C16H34, Figure 4b), were observed only at 5 bar, indicating that with the linear 

substrates, hydrocracking is only important at very low PH2 (5 bar). Even at PH2 = 5 bar, both 

CH4 selectivity and (C2 + C3) / C4 are significantly higher than the values in hydrocracking over 
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Ni/TiO2-A-SG in Table 2, suggesting that hydrogenolysis remains significant. In comparison, 

hydrocracking exhibits absolute prevalence with PP at ≤ 30 bar (Figure 3a), further emphasizing 

that hydrocracking is more favored with more branched substrates. The substrate-dependence of 

the two pathways explains why in Figure 1b, the bifunctionality of Ru/TiO2-A-SG does not lead 

to superior performance in LDPE upcycling: the contribution of hydrocracking is minimal with 

LDPE, and Ru/TiO2-A-SG has mediocre activity/selectivity in hydrogenolysis (will be shown in 

detail in a separated manuscript). We note that Ru/TiO2-A-SG yields higher fraction of branched 

alkanes from LDPE than other Ru catalysts with similar CH4 selectivity, but the regioselectivity 

of hydrogenolysis predicts the two parameters to move in sync.13, 26, 53 This is because branched 

alkanes can also be produced on Ru/TiO2-A-SG by isomerization on BAS. 

 

Figure 4. Effects of hydrogen partial pressure (PH2) on the performance of Ru/TiO2-A-SG in the 
reaction of a) LDPE and b) n-C16H34. Black, green, and cyan dots show the substrate conversion 
(left y-axis), CH4 selectivity (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 from n-C16H34, which gauges the isomerization level. 
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The close examination of C10 products from squalane offers further mechanistic insights. 

Table 3 shows that on Ru/TiO2-A-SG at 30 bar, 75% of the C10 products are non-isomers (see 

discussions related to Figure S8 for analysis details), indicating that hydrogenolysis is the main 

pathway under such conditions. Meanwhile, the absolute majority of non-isomerized products 

are dimethyloctanes, which are produced by cleaving only 2C−2C bonds (blue in Scheme 2b), 

rather than methylnonanes, the formation of which requires cleaving at least one 3C−xC bonds 

(red in Scheme 2b). Considering that isomerization is insignificant, the observation indicate that 

in hydrogenolysis, the cleavage of 2C−2C is strongly favored over that of 3C−xC bonds, aligning 

well with the literature of small-alkane hydrogenolysis.48, 49 In comparison, on Ni/TiO2-A-SG or 

at 5 bar, significantly more isomers are produced, supporting that decreasing PH2 or replacing Ru 

with the hydrogenolysis-inactive Ni shift the reaction pathway towards hydrocracking.  

 

Scheme 2. Drawing a) shows the structure of squalane. Drawing b) shows examples of C−C 
bond cleavage required to produce dimethyloctanes and methylnonanes from squalane with no 
isomerization. Blue and red represent the cleavage of 2C−2C and 2C−3C bonds, respectively. 
Other ways to produce these compounds exist, but the type of C−C bonds that need to be cleaved 
is identical with examples shown here (see Figure S8 and related discussions for details).  
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Table 3. Distribution of C10 products from squalane on M/TiO2-A-SG catalysts. 

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. 
 

Discussions 

1. Comparing hydrocracking with hydrogenolysis on M/TiO2-A-SG and mechanisms 

Our results demonstrated the two pathways of polyolefin conversion on the bifunctional 

Ru/TiO2-A-SG: hydrocracking and hydrogenolysis. Compared to hydrogenolysis, hydrocracking 

has several advantages. First, it produces minimal low-valued C1-3 products (Figure 2d). C−C 

cleavage in hydrocracking is mainly achieved through two types of β-scissions: type-A, which 

starts and ends both with a 3C+, and type-B, which starts or ends with one 2C+ (Scheme 3).10, 27, 37-

40 C1-2 are absent because the 1C+ intermediates involved in their formation are too unstable.10 C3 

yield is low because only type-B β-scissions at the chain ends can produce C3 (Scheme 3), which 

are much slower than type-A β-scissions.37-40 Besides, at the chain ends of virgin PP, primary β-

scissions always start with 3C+, and thus there are no type-B1 β-scissions (Scheme 3). In contrast, 

primary C−C bond cleavage in hydrogenolysis does not discriminate against C1-3, and sequential 

C−C cleavage, if the desorption is slow, favors CH4 formation.50, 51, 54 Second, hydrocracking is 

more suitable for low-PH2 operation. When PH2 decreases from 30 to 5 bar, the PP conversion 

drops much less significantly on the bifunctional Ru/TiO2-A-SG (37% drop in Figure 3a) than on 

monofunctional Ru catalysts (70%, 80%, and 75% on 0.125%, 2% Ru/CeO2,26 and 5% Ru/C,13
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respectively), and the former converts PP at least 7-fold faster at 5 bar. Third, hydrocracking is 

accompanied by isomerization, producing more branched alkanes from LDPE (Figure 1b) and 

likely aromatics (implied by the yellow color of products). Fourth, hydrogenolysis requires noble 

metals (Ru, Rh, or Pt with polyolefin substrates),13, 15 while the non-noble metal Ni can catalyze 

hydrocracking even more efficiently than Ru (Figure 2a).  

 

Scheme 3. Different types of β-scissions in hydrocracking and intermediates involved. 

 

Despite the superior efficiency and selectivity with PP, hydrocracking on Ni/TiO2-A-SG 

is not as effective as hydrogenolysis on Ru/TiO2-A-SG with less branched substrates (Table 2), 

as the virgin structure with minimal 3C requires extensive isomerization before β-scissions,10 and 

has less steric hindrance for hydrogenolysis.49 Thus, hydrogenolysis might be more suited for the 

upcycling of PE, particularly HDPE. Another undesired feature of PP hydrocracking on M/TiO2-
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A-SG is the strong tendency to produce C4-6 (Figure 2d, observed at low PP conversion as well, 

Figure S9, C6 yield underestimated due to the fast evaporation). The high C4-6 yields on non-

microporous catalysts are signs of significant secondary cracking, i.e., consecutive β-scissions 

before desorption, which will stop when the substrate does not have 7 C atoms (Scheme 3).10, 37, 

40 This usually occurs because the dehydrogenation ability of the catalyst is too low to establish 

the alkane/alkene equilibrium, leading to low free alkene concentration that cannot displace 

products from BAS.10 Replacing Ni with Pt, which has better dehydrogenation ability, enhances 

the rate (Figure 2a), confirming that on Ni/TiO2-A-SG, dehydrogenation is the slow step. This 

also increases chances for type-B β-scissions and thus C3 formation. Type-A β-scissions require 

three branches in the α, α, γ-configuration (Scheme 3),10, 37-40 which is absent in virgin PP/LDPE. 

Therefore, isomerization is required prior to type-A β-scissions,10, 40 which was known to be 

favored by high free alkene concentration.27 The weak dehydrogenation ability is caused by the 

low metal loading (0.07 M/nm2), and one should be able to alleviate the problem and shift the 

selectivity towards higher-valued heavier products by increasing the metal loading. In Figure S3, 

Pt/TiO2-A-SG yields less C3-6 than Ni/TiO2-A-SG despite higher PP conversion, confirming that 

enhancing the dehydrogenation ability suppresses the formation of these light products. 

As for less branched substrates, hydrocracking on Ni/TiO2-A-SG also generates no C1-2 

products (Figure S6, for the same reason with PP), but less C4-6. This could be explained as these 

substrates have less 3C with high steric hindrance, leading to faster dehydrogenation, higher free 

alkene concentration, and thus less secondary cracking. We note that LDPE and n-C16H34 both 

have 2C at chain ends in the virgin structure, which allows type-B1 β-scissions. C3 yields are still 

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

scission, consistent with the literature.10, 27, 37-40 We also noticed that in the hydrocracking of PP 
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(on Ni/TiO2-A-SG), the hardness of the solid residue does not seem to change with the PP 

conversion. This echoes with previous report that the average MW (GPC-based) of the solid does 

not decrease significantly with hydrocracking reaction time,27 and implies that hydrocracking 

preferentially converts smaller products over large polymers, opposite of hydrogenolysis.13, 26 

This could be due to the secondary cracking, which is enhanced by the mass transfer limitation in 

the viscous environment trapping products around BAS and causing re-adsorption, and/or the 

slower diffusion of large polymers preventing it to reach BAS after dehydrogenation. 

 

2. Origin and implications of the Brønsted acidity of TiO2-A-SG 

Another intriguing result from this work is the unexpected Brønsted acidity of TiO2-A-SG 

associated with the carboxylate layers auto-adsorbed from the air (Table 2). It has long been 

known in surface science studies that hydrocarbon layers are formed under air on TiO2, altering 

its surface properties.46, 55 The chemical identity of the layers was recently elucidated as mixed 

formate/acetate, formed by the strong dissociative adsorption of formic/acetic acids ubiquitously 

present in the air at ppm levels.47, 56 They are removed by UV radiation or H2/air at ≥ 350 ℃,45, 56 

but stable during laboratory storage, and their presence is detected by XPS (Figure S5) and IR as 

shown in our previous work.45 TiO2 is widely used in thermo-catalysis as the catalyst or the 

support, and it is not always treated in-situ at high temperature prior to the reaction. 

Nevertheless, effects of the carboxylate layers in thermo-catalysis have been ignored, until we 

recently reported that they can poison Pt/Al2O3 catalysts in CO2 hydrogenation by blocking 

formate formation sites.45 This work is, to our knowledge, the first demonstration that they can 

add functionality, i.e., Brønsted acidity, to a catalyst.  
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We believe that certain requirements exist for the carboxylate layers on TiO2 to exhibit 

Brønsted acidity. All three types of TiO2 we tested have the carboxylate layers (Figure S5), but 

only TiO2-A-SG shows hydrocracking activity. Rutile, or even anatase from the commercial 

source do not. The observations resonate with our previous report that the layers on TiO2-A-

comm deactivate Pt/Al2O3 in CO2 hydrogenation while those on TiO2-R do not. We propose two 

possible structures of the BAS on TiO2-A-SG: 1) the surface −OH formed along with the 

carboxylates in the dissociative adsorption of acids;47 2) the re-protonation of carboxylates under 

reaction conditions (≥ 5 bar H2, 260 ℃). Because physisorbed acetic acids are much less active 

for PP hydrocracking than the chemisorbed carboxylate layers (Table 2), we suggest that the first 

possibility is more likely. Regardless, the properties of the carboxylate layers should be sensitive 

to the strength and configuration of their chemisorption, which vary with the properties of TiO2. 

This would impact their catalytic behaviors, such as Brønsted acidity or deactivating Pt/Al2O3,45 

leading to the varying results among the three TiO2. We also note that three batches of TiO2-A-

SG were synthesized for this work, which all exhibit hydrocracking activity with Ni, but the rate 

varies to a minor extent (two batches shown in Table 2, the third batch between them). This 

could be due to the subtle structural difference among the batches in surface area, exposed facets, 

and/or defects. This novel discovery invokes complicated questions on the structure and property 

of the carboxylate layers and BAS on TiO2, which are fundamentally intriguing and practically 

appealing as they can serve as a new type of Brønsted-acid catalysts under proper conditions for 

reactions beyond polyolefin hydrocracking. While this work focuses on polyolefin upcycling 

over M/TiO2-A-SG, we will attempt to address these questions with more detailed spectroscopic 

studies and simpler probe reactions in the future.   
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Conclusions 

In this contribution, we report that low-loading Ru on a sol-gel anatase TiO2 (TiO2-A-

SG) can upcycle polyolefin into small hydrocarbons under H2 through hydrocracking, in addition 

to hydrogenolysis that is common on Ru catalysts. Compared to hydrogenolysis, hydrocracking 

shows more desired product selectivity in minimal low-valued C1-3, liquids with narrower carbon 

distribution, more isomers, and can be achieved on Ni with efficiency close to on noble metals. 

Between the two pathways, hydrocracking is more favored at lower hydrogen pressure (PH2) and 

with more branched substrates. It accounts for the majority of polypropylene conversion at PH2 ≤ 

30 bar on Ru/TiO2-A-SG, while is only important at 5 bar with low-density polyethylene and n-

hexadecane. With low dehydrogenation ability, hydrogenolysis suppresses hydrocracking by 

reducing free alkene concentration. The hydrocracking activity of Ni/TiO2-A-SG is higher than a  

Ni/SSZ-13 we tested, and its evolution with air exposure and calcination suggest that the source 

of the Brønsted acidity is the carboxylate layers TiO2 chemisorbs from the air. The investigation 

of the simultaneous polyolefin hydrocracking and hydrogenolysis on a metal-acid bifunctional 

catalyst enhances our understanding of the depolymerization chemistry, and guides decisions in 

process development. The unexpected Brønsted acidity on TiO2-A-SG revealed in this work also 

carries significant potentials in other acid-catalyzed reactions. 
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