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Abstract: We demonstrate a novel approach of utilizing methanol (CH3OH) for both the 

methanolysis of polyethylene terephthalate (PET) to form dimethyl terephthalate (DMT) at near-

quantitative yields (~97%) and catalytic transfer hydrogenolysis (CTH) of DMT to p-xylene (PX, 

~63% at 240 °C and 16 h) on a reducible ZnZrOx supported Cu catalyst (i.e., Cu/ZnZrOx). Pre- 

and post-reaction surface and bulk characterization, along with density functional theory (DFT) 

computations, explicate the role of the metal-support interface of Cu/ZnZrOx in providing active 

sites for the activation of both CH3OH and DMT and facilitating a lower free-energy pathway for 

both CH3OH dehydrogenation and DMT hydrogenolysis, compared to Cu supported on redox-

neutral SiO2 support. DFT calculations further reveal that the rate-determining step for CTH of 

DMT is the cleavage of the C-O linkages in –(C=O)-OR) of DMT. Loading studies and 

thermodynamic calculations showed that, under reaction conditions, CH3OH in the gas phase, 

rather than in the liquid phase, is critical for CTH of DMT. Interestingly, the Cu/ZnZrOx catalyst 

was also effective for the methanolysis and hydrogenolysis of C-C bonds (compared to C-O 

bonds for PET) of waste polycarbonate (PC), largely forming xylenol (~38%) and methyl 

isopropyl anisole (~42%) demonstrating the versatility of this approach toward valorizing a wide 

range of condensation polymers. 
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Introduction 

The ubiquity of plastic waste and their descendent microplastics, from marine ecosystems to 

the human body,1-3 presents a challenge for waste management but also potentially acts as a 

valuable carbon source for producing fuels and chemicals. Polyethylene terephthalate (PET) is 

the most produced polyester annually in the world4 due to its many applications, including 

textiles, engineering resins, and packaging.4 Discarded aromatic polymers such as PET and 

polycarbonates (PC) provide a viable raw material for the production of gasoline and, notably, 

aviation-fuel components, which require a mixture of aromatic and cycloalkane species (30-70 

wt.%) to meet ASME jet-fuel requirements.5-7 However, many aromatic polymers contain 

heteroatoms (e.g., O, N) within their structure, which inhibit their use as a fuel source, as jet fuel 

typically requires less than <0.5% oxygen content.7, 8 Typically, high-pressure H2 (> 20 bar)  is 

required to deoxygenate the polymer products through catalytic hydrogenolysis.9, 10 

In recent years, interest has grown in developing heterogenous catalysts to chemically “upcycle” 

PET at high H2 pressures (> 50 bar) to produce valuable products (Figure 1), including 

aromatics and cycloalkanes.1, 10-17 For example, Hongkailers et al. used a Co catalyst supported 

on titania (TiO2) to convert PET to arenes, namely benzene, toluene, and xylene (BTX), with up 

to 79% yield, at 340 °C and 30 bar H2 pressure (pH2 = 30 bar),18 whereas Jing et al. converted 

various aromatic polymers, including PET and PC, to BTX over Ru/Nb2O5 at up to 83% yield in 

water (H2O) at 200–280 °C and pH2 = 30 bar, where hydrolysis of PET and PC formed their 

monomeric units followed by hydrogenolysis of the monomers to BTX.19 
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Further reports have utilized supported and promoted Cu catalysts to deoxygenate dimethyl 

terephthalate (DMT, the methyl ester of the PET monomer) to arenes and cycloalkanes under 

moderate temperatures (100-240 °C) and high pH2  (< 50 bar) after utilizing water (H2O) or 

alcohols for the chemo(hydro- or alcohol-)lysis of PET to DMT. Recently, Cheng et al. utilized 

Cu supported on monoclinic zirconia (m-ZrO2) for the hydrogenolysis of DMT to p–methyl 

benzoate with 86% selectivity at 160-200 °C and pH2 = 10 bar.20 Tang et al. developed a 

cascading reaction sequence to depolymerize PET to DMT at ~97% yield and 200 °C with 

Figure 1. Routes for catalytically upcycling polyethylene terephthalate (PET) into aromatic and 
cycloalkanes. Route 1: Hydrogenolysis is conducted by supplying H2 externally, either for a 
single-step conversion of PET (i and ii) or by alcoholysis to form dimethyl terephthalate (DMT) 
followed by its hydrogenolysis (methanol is generated in situ from CO2 and H2 via methanol 
synthesis in iii and is externally supplied in iv-v). Route 2: Methanol is used as a liquid organic 
hydrogen carrier (LOHC) for hydrogenolysis to supply H2 internally via methanol 
dehydrogenation: vi. Uses a Cu-silicate catalyst, and our work uses the interface of Cu on 
reducible ZnZrOx at the catalytically active surface). Ref: i. Jing et al.[8], ii. Hongkaillers et al.[7], 
iii. Li et al.[11], iv. Tang et al.[10b], v. Cheng et al.[9], and vi. Gao et al.[14]. 

https://doi.org/10.26434/chemrxiv-2024-fdgq5 ORCID: https://orcid.org/0000-0002-8611-7415 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-fdgq5
https://orcid.org/0000-0002-8611-7415
https://creativecommons.org/licenses/by-nc-nd/4.0/


excess methanol (CH3OH) in the liquid-phase via methanolysis followed by solvent-free 

hydrogenation of the solid DMT over a Pt/C catalyst and concluded with a solvent-free 

hydrodeoxygenation over a Ru-Cu/SiO2 catalyst at 100-140 °C and pH2 = 50 bar to form a 

mixture of deoxygenated C7-C8 aromatics and cycloalkanes in the gasoline and jet-fuel range.21, 

22 Interestingly, Li et al. demonstrated the use of CuFeCr layered double hydroxides (LDH) to 

simultaneously convert carbon dioxide (CO2) and H2 to CH3OH, depolymerize PET to DMT via 

methanolysis, and deoxygenate DMT to p-xylene (PX) through hydrogenolysis at 240 °C at pH2 

and pCO2 of 15 bar each.23  

While the above studies have utilized high-pressure H2, it is expensive and derived from fossil 

sources.9 For example, in 2021, only 1% of H2 was classified as low emissions.9 As such, H2-

free routes are desired to deconstruct plastic wastes effectively and sustainably. H2 is 

challenging to transport and store, opening the door for liquid organic hydrogen carriers 

(LOHCs), such as short-chain alcohols. For example, CH3OH is the alcohol with the lowest 

molecular weight and a high-gravimetric H2 content of 12.6 wt.% H2.24-26 However, effective 

catalysts must be able to simultaneously dehydrogenate the LOHCs and perform 

hydrogenolysis of PET and/or its monomers/oligomers to produce valuable fuels and platform 

chemicals. Recent works have utilized alcohols as H2 sources for the cleavage of ester linkages 

(-(C=O)-OR) of PET and its monomer DMT. For instance, Lu et al. coupled in-situ ethylene 

glycol (EG) production from PET hydrolysis with reforming EG to form H2 and then produced 

BTX over a Ru/Nb2O5 catalyst at 220 °C.27 Gao et al. selectively converted PET to PX in a H2-

free one-pot method over Na-doped copper silicate catalyst in contact with CH3OH in the liquid-

phase at 210 °C.28  

Notably, such studies have utilized excess alcohols in the liquid-phase for solvolysis. 

Interestingly, in a recent work, Bai et al. proposed the formation of a heterogenous Zn-layer at 

~100 parts per million (ppm) to be crucial for the vapor-phase depolymerization of PET to DMT 
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at 160-180 °C for 2 h, at much lower temperatures than a commercial methanolysis process of 

300 °C.29 As such, this raises the question of whether such mild vapor-phase methanolysis of 

PET to DMT can be combined with the use of CH3OH as a H2 source to achieve a H2-free one-

pot upcycling of PET. In fact, Zeng et al. have shown that low amounts of CH3OH in a batch 

reactor (likely leading to vapor-phase CH3OH) as a H2 source can depolymerize polystyrene 

(PS) to alkylbenzenes at 93% yield over Ru/SiO2 catalyst at 280 °C, indicating the promise of 

this route.30 

Evidently, the interfaces between Cu metal and supports have been linked to high activity for 

alcohol (especially CH3OH) dehydrogenation and CH3OH synthesis (from CO2 and H2) 

reactions, especially on Cu catalysts supported on ZnO or ZrO2. The interfacial sites were 

suggested to play an important role in providing active sites for adsorption of CO2 or CH3OH, 

stabilizing key reaction intermediates such as formate species, and tuning reaction pathways 

(formaldehyde or CO/CO2 formation from CH3OH dehydrogenation).31-34 

In the present work, we demonstrate the importance of the metal-support interface between Cu 

metal and a reducible metal oxide support, especially ZnZrOx (Zn/Zr ≈ 1/3.5) toward the dual-

role played by CH3OH for methanolysis and as a H2-source. In a one-pot system, PET was 

converted to PX in a tandem sequence of vapor-phase methanolysis of PET to DMT, catalytic 

CH3OH dehydrogenation to produce H2, and the hydrogenolysis of DMT to PX (Figure 1). 

Furthermore, we demonstrate the crucial role of limiting liquid-phase components to reduce H-

surface coverage due to destabilizing interactions of the condensed-phase environment. We 

perform pre- and post-reaction surface and bulk characterization along with ab initio density 

functional theory (DFT) computations to explicate the role of the metal-support interface for 

effective catalyst performance toward identifying the likely reaction pathways and providing a 

potential catalyst design framework for the upcycling of condensation polymers. We finally 
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extend the dual role played by CH3OH for the alcoholysis and catalytic transfer hydrogenolysis 

(CTH) of waste PC polymers. 

Results and Discussion 

We first investigated the catalytic transfer hydrogenolysis (CTH) of dimethyl terephthalate 

(DMT), utilizing CH3OH as a H2-carrier (Table 1) on copper (Cu) metal (5 wt.%), supported on 

redox-inert silica (SiO2) and reducible metal-oxides indium oxide (In2O3), ceria (CeO2), titania 

(TiO2) and mixed zinc zirconia (ZnZrOx, Zn/Zr ≈ 1/3.5) at 240 °C for 16 h (3.5 g of dioxane was 

the solvent for effective carbon balances). BET surface areas and powder X-ray diffraction 

(PXRD) patterns are shown in Table S1 and Figures S1 and S2, respectively. The catalyst 

screening reactions are summarized in Table S2. Briefly, there was no DMT conversion 

observed on Cu/SiO2. In contrast, among Cu supported on reducible metal-oxide supports, 

Cu/TiO2 showed ~31% DMT conversion, while Cu/In2O3, Cu/CeO2, and Cu/ZnZrOx showed 

complete conversion of DMT. The activity of supports alone (i.e., In2O3, CeO2, ZnZrOx) showed 

low to negligible DMT conversions (< 8%) under identical conditions, suggesting that the 

presence of Cu and its interface with the support was crucial for the catalyst activity. Notably, 

Cu/ZnZrOx showed the highest yields toward the completely deoxygenated product, p-xylene 

(PX, 97%), followed by Cu/CeO2 (87%) and Cu/In2O3 (48%). Overall, these results suggest that 

the synergistic effects of Cu and the reducible metal oxide, plausibly at the metal-oxide interface, 

are crucial for CTH, i.e., the dehydrogenation of CH3OH to form H2 and its coupling with the 

hydrogenolysis (with H2) of C-O bonds of DMT. 

To investigate the underlying reasons for the observed reactivity, we next considered the gas-

phase composition of the batch reactor at the conclusion of the reaction with Cu/SiO2, ZnZrOx, 

and Cu/ZnZrOx catalysts. (Table 2). 
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Table 1. Catalytic transfer hydrogenolysis (CTH) of dimethyl terephthalate (DMT) with methanol 

(CH3OH) as a H2-source in contact with the catalysts (Cu/SiO2, Cu/TiO2, In2O3, CeO2, ZnZrOx, 

Cu/In2O3, Cu/CeO2, Cu/ZnZrOx). Reaction conditions: 0.1 g DMT, 0.1 g catalyst, 3.5 g dioxane. 

2 g methanol, 16 h, 30 bar initial N2, 240 °C. 

Catalyst[a] DMT 

conversion (C-

mol%) 

Product yield (C-mol%) Carbon 

balance[b] 

(mol%) 

p-xylene methyl p-toluate 

Cu/SiO2 0% 0% 0% 106% 

Cu/TiO2 31% 1% 24% 103% 

In2O3 0% 0% 0% 112% 

Cu/In2O3 100% 48% 39% 88% 

CeO2 8% 0% 2% 105% 

Cu/CeO2 100% 87% 1% 96% 

ZnZrOx 1% 0% 1% 108% 

Cu/ZnZrOx 100% 97% 0% 102% 

Interestingly, on Cu/SiO2 and ZnZrOx, the negligible DMT conversion was concomitant with the 

negligible post-reaction formation of H2 (from CH3OH dehydrogenation). In contrast, for 

Cu/ZnZrOx, the gas-phase composition showed that ~21 mol% of the total gas-phase comprised 

of H2. Taken together, our data suggests that the Cu and the ZnZrOx support alone were not 

responsible for CH3OH dehydrogenation to H2. In fact, we can infer that the metal-support 

interface of Cu metal and ZnZrOx support was likely responsible for the CH3OH dehydrogenation 
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and the concomitant DMT hydrogenolysis to PX under our reaction conditions. Notably, we 

confirmed the reproducibility of this highly selective transfer hydrogenolysis of DMT to PX over 

4 separate runs (Table S3). 

To confirm the role of CH3OH in supplying H2, we performed DMT hydrogenolysis with pH2 = 

~10 bar in the absence of CH3OH, corresponding to the final H2 concentration (~21% in the gas-

phase) at the end of the reaction, and determined that the PX yields were similar (91% compared 

to 97% at 16 h, see Table S4). In Table S4, we have summarized the final PX yields and H2 

concentrations from the hydrogenolysis of (1) PET using H2 generated in-situ from CH3OH 

dehydrogenation and (2) DMT using both in-situ generated H2 and external H2. We note that the 

similar trends for final H2 concentrations and PX yields further confirmed that the H2 for 

hydrogenolysis indeed originated from the dehydrogenation of CH3OH (Figure S6). 
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Table 2. Catalytic transfer hydrogenolysis (CTH) of dimethyl terephthalate (DMT) with methanol 

(CH3OH) in contact with catalysts (Cu/SiO2, ZnZrOx, Cu/ZnZrOx). Reaction conditions: 0.1 g 

DMT, 0.1 g catalyst, 3.5 g dioxane. 2 g methanol, 16 h, 30 bar initial N2, 240 °C. 

Catalyst[a] DMT 

conversion 

(C-mol%) 

Product yield (C-

mol%) 

Carbon 

balance[b] 

(mol%) 

Gas 

increase 

(mol%) 

Final H2 gas 

concentration 

(mol%) 

Gas mole 

balance[c] 

(mol%) 
p-

xylene 

methyl 

p-

toluate 

Cu/SiO2 0% 0% 0% 106% 5% 3% 100% 

ZnZrOx 1% 0% 1% 108% 2% 0% 102% 

Cu/ZnZrOx 100% 97% 0% 102% 76% 21% 98% 

[a] Cu loading of 5wt.%.[b] Carbon-balance was made on the aromatic PET content pre- and 

post-reaction.[c] Gas-mole balance is done with respect to total moles of gas moles post-

reaction based on the ideal gas law and GC detected gases.
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We next investigated whether the nature of the interface between the catalyst and the 

reaction medium (between CH3OH, H2, and the catalyst surface) plays a role in DMT 

hydrogenolysis reactivity (Figure 1), i.e., whether the liquid- or vapor-phase CH3OH was 

critical for the reaction. To investigate this, we varied the initial amount of CH3OH in the 

batch reactor. Notably, the PX yield reduced drastically from ~70% to 20% and finally 0% 

as the initial CH3OH amount was increased from 2 g to 4 g and finally 8 g (Figure 2A). 

Interestingly, the final gas-phase H2 concentration was 20-22 mol % irrespective of the 

initial CH3OH amount, implying that differences in CH3OH dehydrogenation rates were 

not the reasons contributing to the decreased PX yields and DMT hydrogenolysis rates. 

The question next arises whether changing the initial CH3OH amount leads to a change 

in the reactor phase-composition or if the increased CH3OH amount leads to competitive 

adsorption between DMT and CH3OH, as the concentration of CH3OH under reaction 

conditions may increase with the increasing initial CH3OH amount. The free-energy of 

adsorption of CH3OH and DMT-analogue (vide infra) at the metal-support interfacial 

active sites at 513 K (i.e., the reaction temperature) was 18 kJ/mol and -25 kJ/mol, 

respectively, (estimated with density functional theory (DFT) computations) suggesting 

that the reduced DMT conversion was likely not due to more favorable adsorption of 

CH3OH at the interfacial active sites. We, therefore, infer that the CH3OH phase is likely 

the reason for the observed inhibition of hydrogenolysis activity. We investigated this by 

estimating the phase composition of the reactor under reaction conditions (using a 

calculated average reactor temperature, see Figure S3) utilizing ASPEN Plus simulations 

(Figure 2B). Under reaction conditions, it is notable that the mass of the liquid-phase 

increased from ~0.2 g to ~0.3 g, and ~2.7 g (for the three different initial CH3OH), 
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comprising ~4%, ~3%, and ~23% of the initial liquid. Notably, ~2% of initial CH3OH (and 

~5% of initial dioxane) remained in the liquid phase with 2 and 4 g of initial CH3OH load, 

while ~20% of initial CH3OH (and ~40% of dioxane) remained in the liquid-phase with a 

~8 g of initial CH3OH amount. As such, the catalyst was likely in contact with the 

condensed phase with the high 8 g initial CH3OH amount.  

 

Figure 2. (a) Effect of initial methanol amount in the batch-reactor on p-xylene and methyl 

p-toluate yields (left y-axis) and H2 concentration in the gas-phase (right y-axis). (b) Liquid 

phase composition in the batch reactor (left y-axis) and DMT conversion (right y-axis). 

Reaction conditions: 0.1 g PET, 0.1 g Cu/ZnZrOx, 3.5 g dioxane. 2-8 g methanol, 16 h, 30 

bar initial N2, 240 °C. 
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While the H2 concentration in the gas-phase was largely invariant with varying initial 

CH3OH amounts, the chemical potential of surface H and, consequently, the H-surface 

coverage on the catalyst was likely substantially reduced due to destabilizing interactions 

of the surface H with the condensed phase. Recent work by Lercher and coworkers has 

shown that condensed-phase CH3OH reduced surface H-coverage on supported-Pd 

catalysts, primarily due to the destabilizing solvation of adsorbed surface H at the catalyst 

solid-liquid interface as compared to the catalyst solid-gas interface in the absence of the 

solvent.35 As such, the catalyst contact with gas-phase H2 was likely critical for high DMT 

hydrogenolysis rates. This was achieved by utilizing vapor-phase CH3OH rather than in 

the condensed-phase (achievable under the low initial CH3OH amount). 

We next investigated the sequential chemolysis of PET to DMT (with CH3OH in the vapor-

phase) and catalytic transfer hydrogenolysis (CTH) of DMT to methyl p-toluate and PX 

(Figure 2) at 240 °C from 0 – 24 h in contact with Cu/ZnZrOx. We note that each data 

point represents an independent experiment. First, we observed a fast conversion of PET 

to DMT (~90% yield) within 2 h, followed by a gradual reduction of PET yield to below 5% 

after 12 h. The hydrogenolysis of PET was ruled out as we did not observe any 

terephthalic acid (TPA), the hydrogenolysis product, at any time during the reaction. DMT 

yields gradually dropped from ~90% to ~75% from 2 – 8 h, concomitant with an increase 

in yields of methyl p-toluate from 0 to 17% in the same time period. After 8 h, DMT yields 

dropped drastically from 75% to less than 5% between 8 – 12 h, concomitant with an 

increase in methyl p-toluate yields from ~17% to 50% and PX yields from 0% to ~35%. 

Between 12 – 24 h, methyl p-toluate yields decreased from ~50% to ~10%, while PX 

yields increased from ~35% to ~70%. In addition to the major products, PX and methyl p-
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toluate, alkylated benzenes were observed as minor products (see Figure S4). 

Interestingly, we did not observe methyl 4-(hydroxymethyl)benzoate and 4-methyl benzyl 

alcohol intermediates, suggesting they were short-lived reaction intermediates due to the 

fast hydrogenolysis of alcohols, consistent with previous work by Gao et al. on copper 

silicate (CuSiO3/SiO2) catalysts.28  

Crucially, the H2 fraction in the gas-phase increased from 0 – 17% from 0 – 12 h (from 

CH3OH dehydrogenation, Figure S5) and then gradually increased from 17 – 22% from 

12 – 24 h. This increase in H2 evolution was consistent with the increased yields of the 

hydrogenolysis products, methyl p-toluate and PX (Figure S6). A control reaction of 

CH3OH dehydrogenation (in the absence of DMT) leads to ~25% H2, compared to ~21% 

in the presence of DMT and ~17% in the presence of PET at 16 h. We tracked the reactor 

pressure over time (2-24 h) for each of these reactions (Figure S7), which revealed that 

the evolution of gas-phase and volatile products followed a similar trend, confirming that 

the hydrogenolysis followed a sequential path (Figure 3B). We hypothesize that the PET 

first undergoes complete methanolysis, forming DMT, followed by the sequential 

hydrogenolysis of its ester groups, first forming mono-methyl terephthalate (MMT), 

followed by methyl-p-toluate, toluic acid, and finally PX. The proposed hydrogenolysis 

reaction pathway is presented in Figure S8. 
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Figure 3. Time evolution of products from polyethylene terephthalate (PET) solvolysis for 

the formation of dimethyl terephthalate (DMT) and catalytic transfer hydrogenation (CTH) 

of DMT to form methyl p-toluate and p-xylene. Reaction conditions: 0.1 g PET, 0.1 g 

Cu/ZnZrOx, 3.5 g dioxane. 2 g methanol, 16 h, 30 bar initial N2, 240 °C. 

After 8 h, DMT yields dropped drastically from 75% to less than 5% between 8 – 12 h, 

concomitant with an increase in methyl p-toluate yields from ~17% to 50% and PX yields 

from 0% to ~35%. Between 12 – 24 h, methyl p-toluate yields decreased from ~50% to 

~10%, while PX yields increased from ~35% to ~70%. In addition to the major products, 

PX and methyl p-toluate, alkylated benzenes were observed as minor products (see 

Figure S4). Interestingly, we did not observe methyl 4-(hydroxymethyl)benzoate and 4-

methyl benzyl alcohol intermediates, suggesting they were short-lived reaction 

intermediates due to the fast hydrogenolysis of alcohols, consistent with previous work 

by Gao et al. on copper silicate (CuSiO3/SiO2) catalysts.28  
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Crucially, the H2 fraction in the gas-phase increased from 0 – 17% from 0 – 12 h (from 

CH3OH dehydrogenation, Figure S5) and then gradually increased from 17 – 22% from 

12 – 24 h. This increase in H2 evolution was consistent with the increased yields of the 

hydrogenolysis products, methyl p-toluate and PX (Figure S6). A control reaction of 

CH3OH dehydrogenation (in the absence of DMT) leads to ~25% H2, compared to ~21% 

in the presence of DMT and ~17% in the presence of PET at 16 h. We tracked the reactor 

pressure over time (2-24 h) for each of these reactions (Figure S7), which revealed that 

the evolution of gas-phase and volatile products followed a similar trend, confirming that 

the hydrogenolysis followed a sequential path (Figure 3B). We hypothesize that the PET 

first undergoes complete methanolysis, forming DMT, followed by the sequential 

hydrogenolysis of its ester groups, first forming mono-methyl terephthalate (MMT), 

followed by methyl-p-toluate, toluic acid, and finally PX. The proposed hydrogenolysis 

reaction pathway is presented in Figure S8. 
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Figure 4. Time evolution of products from polyethylene terephthalate (PET) solvolysis for 

the formation of dimethyl terephthalate (DMT) and catalytic transfer hydrogenation (CTH) 

of DMT to form methyl p-toluate and p-xylene. Reaction conditions: 0.1 g PET, 0.1 g 

Cu/ZnZrOx, 3.5 g dioxane. 2 g methanol, 16 h, 30 bar initial N2, 240 °C. 

To probe the crucial role played by the metal-support interfaces, we investigated the 

reducibility of the Cu/ZnZrOx catalysts in comparison with the ZnZrOx support and 

Cu/SiO2 by hydrogen temperature programmed reduction (H2-TPR) and electron 

paramagnetic resonance (EPR) spectroscopy on reduced catalysts (at 450 °C with 10% 

H2, see Supporting Information, S2, for detailed information). H2-TPR of ZnZrOx (Figure 

4A) showed a broad high-temperature H2 consumption peak (0.15 mmol H2/gcat) with a 

peak temperature of ~580 °C, likely associated with the production of oxygen vacancies.36 

Cu/SiO2 shows a broad H2-consumption peak (1.12 mmol H2/gcat)  with a peak 

temperature of ~250 °C and a H2 consumption corresponding to H2/Cu ≈ 1.4, suggesting 

that the H2 consumption was associated with the reduction of CuO (Cu2+) to Cu (Cu0) 
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metal. In comparison, Cu/ZnZrOx showed two peaks of H2 consumption (peak 

temperatures of 155 °C and 210 °C) and a H2 consumption corresponding to H2/Cu = 2.5, 

suggesting an ease of reduction of Cu species on ZnZrOx support compared to SiO2. In 

addition, the higher H2 consumption suggests the easier reduction of the ZnZrOx support 

on the deposition of Cu on the support. This was further confirmed with EPR spectroscopy 

of the reduced catalysts (Figure 4B). Specifically, the ZnZrOx sample showed a signal at 

a g factor of 2.08, likely attributed to Zr3+, with one unpaired d electron.37 Cu/SiO2 showed 

a signal at a g factor of 2.14, likely associated with paramagnetic Cu2+ moieties.38-40 
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Interestingly, Cu/ZnZrOx showed signals for the presence of both Cu2+ and Zr3+ with a g 

Figure 5. Characterization of Cu/ZnZrOx catalyst and ZnZrOx support. (A) Hydrogen 
temperature-programed reduction (H2-TPR) of ZnZrOx, Cu/SiO2, and Cu/ZnZrOx catalysts. 
(B) Electron paramagnetic resonance (EPR) spectroscopy of reduced ZnZrOx, Cu/SiO2, and 
Cu/ZnZrOx. (C) Powder X-ray diffraction (PXRD) patterns of Cu/ZnZrOx, reduced 
Cu/ZnZrOx, and post-reaction Cu/ZnZrOx catalysts. (E) SEM image and EDS maps (E-H) of 
Cu/ZnZrOx. X-ray photoelectron spectroscopy (XPS) of (I) Cu 2p region and (J) Zn 2p region 
and (K) Zr 3d region.  
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factor of 2.13 and 2.08, respectively, with an additional peak with a g factor of 2.11. We 

infer that this additional peak could be associated with paramagnetic defects and the 

formation of oxygen vacancy sites, Vo, with an unpaired electron. This observation is 

consistent with the findings from H2-TPR. Additionally, the peak area of Cu2+ reduced and 

shifted to a higher magnetic field in Cu/ZnZrOx, which could be caused by the reduction 

of Cu2+ to diamagnetic Cu0, consistent with H2-TPR data showing a more facile reduction 

of Cu/ZnZrOx compared to Cu/SiO2. The bulk and surface properties of the Cu/ZnZrOx 

catalyst were next interrogated with powder X-ray diffraction (PXRD) patterns (Figure 

4C) and X-ray photoelectron spectroscopy (XPS) of pre-reaction, reduced, and post-

reaction samples (Figure 4I-K). PXRD patterns of the catalyst pre-reaction showed the 

ZnZrOx support to be of tetragonal phase and showed no formation of ZnO, suggesting 

the support to be a Zn-Zr solid solution. The peaks at 2Θ of 38.86° correspond to the 

(111) facet of CuO. Scanning electron microscopy (SEM) of fresh Cu/ZnZrOx (Figure 4D-

H) showed distinct locations of Cu and Zr, suggesting the deposition of Cu on the support 

and the absence of any Cu-containing mixed-metal oxide phase. SEM images of the 

support ZnZrOx are shown in Figure S9. In samples post-reduction and post-reaction, the 
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peaks corresponding to the support appeared to be unaffected, with new peaks at 2Θ 

value of 43.26°, corresponding to the (111) facet of Cu metal. 

Figure 4I-K shows the XP spectra of Cu 2p, Zn 2p, and Zr 3d regions for the Cu/ZnZrOx 

catalyst pre-reaction, reduced (450oC for 3 h), and post-reaction (of the reduced 

catalysts). The Cu 2p spectra (Figure 4I) indicates that pre-reduction Cu species exist 

exclusively as Cu(II), as evidenced by the prominent Cu(II) satellite feature at ~942 eV. 

Following reduction and reaction, the Cu species are reduced to Cu(0), as indicated by a 

downward shift in binding energy to 933.1 eV, consistent with PXRD patterns. We note 

that in the absence of a weak satellite feature around 946 eV peak, we excluded the 
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possibility of partially oxidized Cu(I) species. To probe whether the support undergoes a 

similar reduction to the Cu catalyst, the Zn 2p region was analyzed. Interestingly, as 

shown in Figure 4J, Zn does not appear to undergo a reduction as a single peak was 

present at 1022.5 eV, which is assigned to Zn(II) species. Additionally, the Zr 3d region 

(Figure 4K) showed a prominent peak at 183.7 eV for all samples, which was assigned 

to Zr(IV) species, and peaks associated with Zr sub-oxide species (denoted as Zr(δ)), 

which are likely associated with oxygen vacancies or Zr(III) moieties. Interestingly, the 

ratio of the Zr(IV) peak to the Zr(δ) reduced for the samples upon reduction and post-

reaction, indicating an increase in oxygen vacancies upon reduction and post-reaction. 

This is consistent with the increase in oxygen vacancy concentrations suggested by EPR 

on reduced catalysts and H2-TPR (Figure 4A-B). XP spectra of the Zn 2p and Zr 3d 

regions are shown in Figures S10 and 11. 

DFT calculations (details in the Supplementary Information, S5) were carried out on a Cu 

nanorod model on tetragonal ZrO2(101) with some Zr atoms in the first and second row 

of the slab replaced by Zn (as determined from thermochemistry but following a Zn:Zr of 

1:3, which is close to the experimental composition). This is consistent with the 

Figure 6. (A) The top and side views of the catalyst model for Cu/ZnZrOx catalyst with methyl 
benzoate (left) and methanol (right) adsorbed at the metal-support interface. Cu atoms are in 
orange, Zn atoms in blue, Zr in green, O in red, C in grey, and H in white. (B) The reaction 
pathways and associated DFT energetics of methyl benzoate hydrolysis to adsorbed benzoic 
acid (C6H5COOH ) and hydrogenolysis to toluene on Cu/ZnZrOx catalyst interface. (C) The 
energetics of the plausible rate-controlling step for methyl benzoate conversion on Cu/ZnZrOx 

shown in red in (B) and the corresponding energies on Cu(111). (D) The energetics of the 
plausible rate-controlling step for methanol decomposition to CO on Cu/ZnZrOx and the 
corresponding energies on Cu(111). The relative energy of the species and transition states 
(TSs) in (B) are given with respect to methyl benzoate, 3 molecules of H2, and H2O. The 
activation barrier (not shown) for each step in (B) is the difference in the energy of its TS and 
initial state (IS) while the reaction energy is the difference between final state (FS) and IS. Each 
state in (B) has the same number of atoms and co-adsorbed and infinitely separated species 
are demarcated by “+” and “|” respectively. All energies in (B)-(D) are in e . Characterization of 
Cu/ZnZrOx catalyst and ZnZrOx support. 
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nanoparticles of Cu metal detectable via PXRD and Cu deposition on the support 

observed via SEM, allowing the study of the metal-oxide interface and reactions on these 

sites (Figure 5A, Figure S13). Replacing Zr atoms by Zn requires removing oxygen 

atoms to maintain the correct stoichiometry. Further removal of oxygen atoms as water 

(by one H2 molecule) in a stoichiometric slab was thermoneutral. These results confirm 

the experimental observation of higher oxygen vacancy on this surface and a larger H2/Cu 

value in H2-TPR. A Cu(111) model was also simultaneously studied to mimic the Cu/SiO2 

catalyst. 

Methyl benzoate and benzoic acid were used to model the carboxyl (-C(=O)O-) functional 

group of DMT. The acid (-1.43 eV), ester (-1.58 eV), and methanol (-0.86 eV) prefer 

binding at the interface of Cu/ZnZrOx (Figure 5A and Figures S18 and S19); the large 

binding strength of the ester and acid indicates significant dispersion stabilization due to 

the aromatic group. Figure 5B shows the reaction network and energetics of the most 

energetically favored pathway for methyl benzoate conversion to toluene, while Figure 

S14 shows the entire hydrogenolysis network (comprising alternative pathways) using 

benzoic acid as the model compound. The scission of the ester C-O linkage (Figure 5B) 

to form C6H5CO* and OCH3* is the step with the highest transition state (TS) energy 

(having a relative energy of -0.24 eV with respect to gaseous initial states and 

corresponding to an activation barrier of 1.34 eV for the scission step). This plausibly 

indicates that the first C-O scission of the ester is rate controlling.  

Similarly, the dissociation of the C-OH bond of the acid is rate-controlling (Figure S14). 

The resulting carbonyl species (C6H5CO*) then undergoes successive hydrogenation to 

form C6H5CH2OH*; and subsequent C-O scission results in the precursor C6H5CH2* which 
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then gets hydrogenated to toluene. The steps after the first C-O scission are likely fast, 

explaining the absence of partially hydrogenated/hydrogenolyzed intermediates in 

experiments (Figure 3). While the chemistry is similar on Cu(111) (see Figure S15 for 

the energetics of the partial network of methyl benzoate hydrogenolysis), the relative 

energies (and barriers) are significantly higher than at the interface. Specifically, the 

relative energy of the TS of the ester C-O dissociation step is 0.39 eV higher on Cu(111) 

than on Cu/ZnZrOx (Figure 5C), clearly indicating the role of the interface in the latter. 

DFT calculations on Cu/ZnZrOx and Cu(111) of CH3OH decomposition to CO (and 

subsequent water gas shift reaction to produce H2 and CO2) also show more favorable 

energetics (Figure 5D) on the interfacial sites (see Figures S16 and S17 for the 

corresponding potential energy surfaces and Figures S20 and S21 for the structures). 

Indeed, the rate-determining TS of methanol dissociation on Cu/ZnZrOx, viz., C-H 

dissociation of HCO*, is 0.22 eV more stable than the corresponding step on Cu(111). 

This is in line with the observation of a higher H2 yield on Cu/ZnZrOx relative to Cu/SiO2. 

Overall, our DFT calculations show the critical role of the interface in adsorbing CH3OH 

and the PET monomer.  

We finally investigated the broad applicability of the one-pot solvolysis and catalytic 

transfer hydrogenolysis strategy for bisphenol A polycarbonates (BPA-PC), another 

ubiquitous condensation polymer (Figure 6). Specifically, we contacted PC with 

Cu/ZnZrOx under identical reactions (240 °C for 16 h) as PET. Interestingly, while this 

strategy for PET yielded the deoxygenated products (i.e., showed C-O bond 

hydrogenolysis), methyl p-toluate, and PX, PC exhibited full conversion and C-C bond 

hydrogenolysis and methylation of the monomer to yield xylenol and isopropyl methyl 
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anisole as dominant products (at yields 37 C-mol% and 45 C-mol%, respectively, Figure 

6B). We confirmed that the methylation was the primary reason for the formation of 

alkylated phenols and anisoles by performing a 1H-nuclear magnetic resonance (NMR) 

spectroscopy (Figure S12) of the BPA-PC substrate, which showed that there were no 

alkyl groups present on the aromatic rings of the initial polymer (Figure S4 shows the 

chromatogram of the liquid products formed from the BPA-PC substrates and Table S6 

shows the carbon balance of the reaction). Evidently, the Caromatic-O bond cleavage of the 

substituted phenol and anisole was harder, in line with the reported difficulty in C-O bond 

hydrogenolysis of phenolic (-Caromatic-OH) bonds for biomass-derived compounds.41, 42 

Nonetheless, the data shows the promise of the strategy toward depolymerization of 

condensation polymers and the promise of the H2-free strategy to deconstruct 

polycondensation polymers. 

 

Figure 7. (A) One-pot solvolysis and catalytic transfer hydrogenolysis (CTH) of 

polyethylene terephthalate (PET) and polycarbonate (PC) polymers with methanol, and 
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(B) Schematic of PC conversion to isopropyl methyl anisole and xylenol. Reaction 

conditions: 0.1 g DMT, 0.1 g Cu/ZnZrOx, 3.5 g dioxane. 2 g methanol, 16 h, 30 bar initial 

N2, 240 °C. 

Conclusion 

In this work, we have demonstrated a one-pot, H2-free strategy to convert polyethylene 

terephthalate (PET) to p-xylene (PX) using methanol to combine (1) the methanolysis of 

PET to dimethyl terephthalate (DMT) and (2) the catalytic transfer hydrogenolysis (CTH) 

of DMT to PX over a Cu supported on ZnZrOx catalyst with the H2 generated in-situ from 

CH3OH dehydrogenation. We showed the significant role played by vapor-phase CH3OH 

in stabilizing surface H by controlling the phase composition of the reaction environment 

in the batch-reactor through the control of initial CH3OH amounts. Density functional 

theory (DFT) calculations and bulk and surface characterization revealed that the 

interface between Cu and the reducible ZnZrOx support is critical for enabling the catalytic 

transfer hydrogenolysis (CTH) (i.e., coupling of CH3OH dehydrogenation and DMT 

hydrogenolysis), by showing the relatively facile formation of oxygen vacancies on 

Cu/ZnZrOx, interfacial sites for the adsorption of both CH3OH and DMT and a low-energy 

pathway for C-O bond hydrogenolysis, as compared to Cu on a redox-inert SiO2 support. 

DFT calculations showed that the rate-determining step was the cleavage of PET ester 

linkages (-(C=O)-OR). Finally, the one-pot solvolysis and CTH strategy was also effective 

in converting a BPA-polycarbonate (PC) substrate into xylenol and isopropyl methyl 

anisole via C-C bond hydrogenolysis compared to C-O bond hydrogenolysis for PET, 

promising a wider applicability of the one-pot strategy for the conversion of end-of-use 

condensation polymers. The CTH strategy demonstrates a pathway to convert plastic 
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wastes to sustainable fuels effectively and highlights the potential use of liquid organic 

hydrogen carriers (LOHCs) for upcycling of plastics.  
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