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Abstract 21 

Converting plastic waste into sustainable toluene addresses plastic pollution and 22 

reduces the carbon footprint of conventional naphtha-derived aromatics. However, 23 

process viability remains limited due to the challenge of precise reaction control in 24 

complex multiphase systems and catalyst inefficiencies. Such limitations lead to low 25 

yields (<12 wt%) and poor selectivity (<13%), even under high pressures (4 MPa) and 26 

prolonged reaction times (16 h). Here, we report a vapor-phase hydrogenolysis 27 

strategy catalyzed by Ru single atoms on Co3O4 (RuSA/Co3O4), decoupling 28 

depolymerization from hydrogenolysis to overcome the yield–selectivity trade-off. In 29 

a pressurized dual-stage fixed-bed reactor, polystyrene waste undergoes 30 

hydropyrolysis at 475 °C followed by vapor-phase hydrogenolysis at 275 °C under 31 
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0.4 MPa H2 (residence time: 2.4 s), yielding toluene with 99% selectivity, 83.5 wt% 32 

yield, and a formation rate of 1320  mmol gcat.⁻ ¹ h⁻ ¹. The RuSA/Co3O4 catalyst 33 

demonstrates excellent stability, maintaining >99% conversion and selectivity during 34 

100 h continuous operation with model intermediates (TON: 24,747), and effectively 35 

processes diverse real-world polystyrene wastes. Life cycle assessment indicates a 53% 36 

carbon footprint reduction over fossil-based methods, while techno-economic analysis 37 

estimates a competitive minimum selling price of $0.61/kg, well below the current 38 

industry benchmark of $1/kg. This selective and scalable technology provides a viable 39 

pathway for plastic waste valorization, promoting circular economy practices and 40 

supporting global sustainability goals. 41 

Introduction 42 

Aromatic hydrocarbons, such as benzene, toluene, and xylenes (BTX), are essential 43 

building blocks in the synthesis of chemicals, plastics, and fuels 
1-4

. Currently, around 44 

70% of BTX is produced from petrochemicals via catalytic naphtha reforming, 45 

contributing to 7% of global greenhouse gas emissions (Fig. 1a) 
5, 6

. The rising 46 

demand for plastics exacerbates these environmental issues, with production projected 47 

to surpass 1,100 million tons by 2050 
7-10

. Despite recycling efforts, only 9% of 48 

plastic waste is recycled 
11-15

. While mechanical recycling is common for polyesters, 49 

it faces challenges with polyolefins 
16-19

. Converting plastic waste into aromatics 50 

supports circular economy goals by reducing both climate impact and dependence on 51 

fossil-derived feedstocks 
20-22

. 52 

Recent studies have demonstrated various catalytic pathways for transforming 53 

polystyrene waste into functionalized aromatics, such as benzaldehyde, benzoic acid, 54 

and diphenylmethane via oxidative or photochemical strategies, as well as into bulk 55 

BTX compounds through hydrogenolysis or catalytic pyrolysis 
23-26

. Among these 56 

products, toluene is of particular interest because of its central role in the 57 

petrochemical industry, with global demand exceeding 37 million tons per year and 58 

projected to reach 77 million tons by 2035 
27

. However, BTX-directed methods often 59 

result in broad product distributions and limited ability to tune selectivity, with 60 

toluene yields typically below 12 wt% and selectivity under 13% (Fig. 1b) 
28-30

. A 61 

central challenge lies in controlling catalytic processes, particularly in multiphase 62 

(gas–solid–liquid) systems where the thermodynamic requirements of 63 

depolymerization and hydrogenation are inherently mismatched 
31-33

. For instance, 64 

hydrogenolysis, typically conducted in a single high-pressure autoclave, presents two 65 
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critical issues. First, the thermodynamic mismatch between endothermic 66 

depolymerization and exothermic hydrogenation complicates process control. Second, 67 

as depolymerized products accumulate and raise system pressure, managing the 68 

interplay between pressure and temperature becomes increasingly difficult. 69 

Deconstruction is highly sensitive to temperature, whereas hydrotreating requires tight 70 

pressure control. Elevated pressure affects temperature stability, leading to a feedback 71 

loop that hinders process optimization. Furthermore, zeolite catalysts (e.g., ZSM-5) 72 

are commonly employed in the catalytic pyrolysis of plastic waste to produce 73 

aromatic hydrocarbons 
34-38

. However, these catalysts typically yield a mixture of C6–74 

C13 aromatics, including both monocyclic and polycyclic compounds (Fig. 1b) 
39-41

. 75 

Hence, advancements in catalytic strategies and process optimization are vital to 76 

achieving efficient and selective chemical transformation of plastic waste. 77 

In this study, we report a tandem catalytic strategy that integrates hydropyrolysis 78 

with vapor-phase hydrogenolysis for the selective production of toluene from 79 

polystyrene waste. In this process, hydropyrolysis thermally depolymerizes 80 

polystyrene, while subsequent gas-phase hydrogenolysis cleaves the resulting 81 

intermediates over a solid catalyst. By transitioning from a conventional three-phase 82 

gas–liquid–solid system to a streamlined gas–solid flow, we decoupled 83 

depolymerization from hydrogenolysis, thereby enhancing reaction controllability, 84 

scalability, and overall efficiency (Fig. 1b). To further enhance toluene selectivity 85 

within this gas–solid system, we developed a ruthenium single-atom catalyst 86 

supported on cobalt oxide (RuSA/Co3O4). Owing to their maximized atomic utilization 87 

and tunable electronic structure, single-atom catalysts enable high activity and 88 

selectivity 
42-48

. In particular, RuSA/Co3O4 was designed to selectively cleave C–C 89 

bonds in key intermediates, steering the reaction toward the formation of toluene. 90 

Under reaction conditions of 0.4 MPa and 275 °C in the second-stage hydrogenolysis 91 

reactor, the RuSA/Co3O4 demonstrated a toluene selectivity of 99%, with a yield of 92 

83.5 wt% and a formation rate of 1320  mmol gcat.
-1 

h
-1

. Furthermore, the catalyst 93 

exhibited remarkable stability, maintaining consistent performance over 100 cycles 94 

without noticeable deactivation. By efficiently converting plastic waste into high-95 

value toluene, this method simplifies downstream separation and reduces energy input, 96 

offering a sustainable and cost-effective route for plastic waste management. 97 
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Fig. 1│Pathways for toluene production from crude oil and polystyrene waste. a, 100 

Petrochemical route for mixed aromatic hydrocarbon production. Conventional 101 

catalytic reforming process for toluene production from crude oil, operating at 450–102 

500 °C and 1.5–3.5 MPa, yielding a mixture of aromatic compounds followed by 103 

extraction to obtain toluene. b, Selective vapor-phase catalytic upgrading of plastic 104 

waste into high-purity toluene. Comparison between prior approaches yielding diverse 105 

aromatic products and the selective hydrogenolysis strategy in this work. 106 

Catalyst Characterization 107 

The cobalt basic carbonate precursor was initially synthesized using a hydrothermal 108 

method, followed by impregnation and air calcination to produce the RuSA/Co3O4 109 

catalyst 
10, 49-51

. Energy dispersive spectroscopy (EDS, Fig. 2a) confirmed the uniform 110 

distribution of many small Co3O4 nanoparticles, approximately 20 nm in size. 111 

Scanning electron microscopy (SEM) images showed that the synthesized Co3O4 112 

exhibited a nanosheet morphology with sizes ranging from 500 to 1000 nm 113 

(Supplementary Fig. 1a). Transmission electron microscopy (TEM) images 114 

(Supplementary Fig. 1b, d) further revealed a lattice spacing of 0.467 nm, 115 

corresponding to the (111) plane of Co3O4. Additionally, a weak peak at 284.2 eV in 116 

the electron energy loss spectrum (EELS) was ascribed to the M4 edge of Ru 117 
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(Supplementary Fig. 2), while a second peak at 543.5 eV corresponded to the O K 118 

edge. These findings confirm the successful incorporation of Ru atoms into the Co3O4 119 

structure and suggest a strong interaction between Ru and oxygen species within the 120 

catalyst. We also prepared Ru nanoparticles on cobalt oxide (RuNP/Co3O4) for 121 

comparison with the single-atom Ru catalyst. This catalyst exhibited a similar 122 

structure and uniform Ru dispersion to the single-atom catalyst (Supplementary Fig. 123 

3).  124 

Phase analysis of the catalysts via X-ray diffraction (XRD) revealed that the Co3O4 125 

structure (PDF#43-1003) remained unchanged, regardless of whether Ru single atoms 126 

(RuSAs) or Ru nanoparticles (RuNPs) were present as active sites (Supplementary Figs. 127 

4-5 and Supplementary Tables 1-2). High-resolution transmission electron microscopy 128 

(HRTEM) was employed to further examine the microstructure. Aberration-corrected 129 

HAADF-STEM imaging (Fig. 2b) visualized the Ru single atoms, and slight rotation 130 

of the (111) plane during imaging enhanced the clarity of the Ru atom distribution. 131 

High-contrast spots, highlighted by blue circles in the magnified image (Fig. 2c), 132 

represent the single Ru atoms dispersed on the Co3O4 nanosheets. No evidence of Ru 133 

atom aggregation was observed, confirming successful dispersion. 134 

We characterized the electronic structure of the RuSA/Co3O4 catalyst using X-ray 135 

photoelectron spectroscopy (XPS) to explore the interaction between RuSAs and the 136 

Co3O4 support. In the high-resolution Co 2p spectrum (Supplementary Fig. 6), an 137 

increase in binding energy for both the 2p3/2 and 2p1/2 peaks indicated charge transfer 138 

between Ru and Co, with Ru oxidizing some Co sites and increasing the Co
3⁺  139 

component (Supplementary Table 3) 
52, 53

. However, no significant differences in the 140 

electronic state of Co were observed between RuSAs and RuNPs. The high-resolution 141 

O 1s spectrum revealed that the single-atom Ru catalyst has a lower defect oxygen 142 

content compared to the support, resulting from its coordination with oxygen 143 

vacancies in Co3O4. In contrast, RuNPs increased surface oxygen defects, because their 144 

larger size alters interactions with the support. The Ru 3p spectrum revealed that the 145 

3p1/2 peak for RuSAs appeared at 463.8 eV, higher than the typical 461 eV for Ru (0), 146 

confirming the oxidized state of Ru within the Co3O4 substrate. 147 

We used X-ray absorption spectroscopy (XAS) to examine the oxidation state of Ru, 148 

based on the absorption edge position (Fig. 2d). In the RuSAs catalyst, Ru exhibits a +3 149 

oxidation state, while in RuNPs, it remains in a zero-oxidation state. The XANES 150 

spectra reveal that the white line peak and near-edge absorption reflect multiple 151 

scattering effects around the central Ru atoms. Comparable to Ru foil, the RuNPs 152 
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exhibit a near-edge adsorption peak shape but with diminished intensity, a 153 

consequence of their smaller particle size and unsaturated coordination structure. In 154 

contrast, the RuSAs display a near-edge peak distinct from both Ru foil and RuO2, 155 

indicating a unique Ru coordination environment. To validate the structural and 156 

electronic insights from XANES, we performed FEFF9 simulations based on a single-157 

atom Ru model, which accurately reproduced the experimental near-edge features 158 

(Supplementary Fig. 7a). Partial density of states (PDOS) analysis attributes the 159 

higher-energy spectral feature to Ru–Co electronic interactions, underscoring the role 160 

of Ru–O–Co coordination in shaping the XANES response (Supplementary Fig. 7b). 161 

A detailed analysis of the single-scattering signal in the EXAFS (Extended X-ray 162 

Absorption Fine Structure) region, processed with K
2
-weighting, reveals coordination 163 

differences between RuSAs and the reference sample (Supplementary Fig. 8). In the 164 

high-K region (K > 8 Å⁻ ¹), reduced peak intensity indicates long-range disorder in 165 

the Ru atomic arrangement, particularly in the third coordination shell, confirming the 166 

absence of Ru-based compound formation and aligning with the design of single-167 

dispersed Ru sites. R-space transformation of the RuSAs spectrum shows two 168 

prominent peaks at approximately 1.5 Å and 2.4 Å (Fig. 2e). The first peak 169 

corresponds to Ru-O coordination, while the second is attributed to long-range Ru-Co 170 

interactions, with the Ru-Co distance exceeding that of typical Ru-Ru bonding. Based 171 

on R-space curve analysis and morphology characterization, we proposed a Ru/Co3O4 172 

(111) model (Fig. 2f). Fitting this model to the R-space curves using IFEFFIT 173 

revealed a coordination number of approximately 5-fold for Ru-O and 9-fold for the 174 

Ru-Co second coordination shell, suggesting the presence of Co vacancies in the 175 

support (Supplementary Table 4). Wavelet transform analysis (Supplementary Fig. 9), 176 

integrating both K-space and R-space data, further supports the proposed structure 177 

and curve interpretation. 178 
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 179 

Fig. 2│Structural and electronic characterization. a, EDS mapping images of 180 

RuSA/Co3O4 (green represent Co element, red represent O, and yellow represent Ru 181 

element. b, Atomic-scale structure of RuSA/Co3O4. HAADF-STEM image of 182 

RuSA/Co3O4 with a scale bar of 5 nm. c, Enlarged region in 2b with blue circles 183 

marking the locations of Ru atoms, the scale bar of 2 nm. d, Normalized XANES 184 

spectra of the Ru K-edge. e, R-space EXAFS spectra of RuSA/Co3O4 and reference 185 

materials. f, EXAFS fitting results for RuSA/Co3O4. Inset depicting the model used for 186 

fitting with two coordination shells. 187 

Catalytic Activity 188 

We investigated the selective vapor-phase hydrogenolysis of styrene, the monomer 189 

of polystyrene, to produce toluene using various catalysts. The experiments were 190 

conducted in a pressurized dual-stage fixed-bed reactor, where styrene was vaporized 191 

in the first stage and subjected to hydrogenolysis in the second stage at 275 °C and 192 

0.4 MPa (Supplementary Figs. 10–12). Among all catalysts investigated, Co3O4 193 

achieved a 66.4% conversion of styrene, with ethylbenzene as the major product (92.5% 194 

selectivity) and only 7.5% toluene (Fig. 3a). This result indicates that Co3O4 can 195 

promote the hydrogenation of the vinyl group (–CH=CH2) in styrene to form 196 

ethylbenzene, but has poor activity to cleave the Csp3-Csp3 bond in ethylbenzene to 197 

produce toluene. 198 

Introducing Ru nanoparticles on Co3O4 (RuNP/Co3O4) significantly enhanced the 199 

catalytic performance, increasing styrene conversion to 87.9%. The main products 200 

were benzene (60.3% selectivity) and ethylbenzene (38.9%), suggesting that 201 
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RuNP/Co3O4 promote the cleavage of the Csp2-Csp3 bond between the benzene ring and 202 

the ethyl group in ethylbenzene. Remarkably, dispersing ruthenium as single atoms on 203 

Co3O4 (RuSA/Co3O4) led to complete conversion of styrene and a significant shift in 204 

selectivity. It gave an exceptional selectivity of toluene (>99%) among the aromatic 205 

hydrocarbons, demonstrating its high efficiency in transforming the vinyl group of 206 

styrene into a methyl group. Chromatograms in Fig. 3b show only a single toluene 207 

peak with RuSA/Co3O4, indicating that no other aromatic byproducts were detected. 208 

This contrasts with other catalysts, which produce multiple peaks corresponding to 209 

diverse products such as benzene and ethylbenzene. For comparison, a commercial 210 

5 wt% Ru/Al2O3 catalyst also achieved complete styrene conversion but 211 

predominantly hydrogenated the benzene ring, yielding 40.3% ethylcyclohexane, 54.8% 212 

ethylbenzene, and only 1.7% toluene (Fig. 3a). 213 

The selective hydrogenolysis of RuSA/Co3O4 was further evaluated using additional 214 

common products from polystyrene depolymerization, including ethylbenzene, 215 

methylstyrene, and C15/C16 dimers, besides styrene. As shown in Fig. 3c, complete 216 

conversion of each substrate was achieved, with toluene as the primary product (over 217 

92% selectivity) and ethylbenzene as the only minor aromatic byproduct. These 218 

results underscore the efficiency of RuSA/Co3O4 in facilitating selective Csp3–Csp3 219 

bond cleavage between the benzyl group and the alkyl side chains, highlighting its 220 

potential for converting polystyrene into toluene. 221 

 222 

Fig. 3│Catalytic vapor-phase hydrogenolysis of model compounds representative 223 

of polystyrene depolymerization intermediates. a, Conversion and selectivity 224 
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profiles for styrene hydrogenolysis over different catalysts. b, Total ion 225 

chromatograms of products obtained from hydrogenolysis of styrene over different 226 

catalysts. c, Vapor-phase hydrogenolysis performance on additional polystyrene-227 

derived substrates over RuSA/Co3O4 catalyst. Selectivity values represent the 228 

distribution of aromatic hydrocarbon products and exclude gaseous byproducts such 229 

as methane. The vapor-phase hydrogenolysis was conducted at 275 °C and 0.4 MPa. 230 

Catalyst loading was 30 mg, with a catalyst-to-feedstock mass ratio of 10:1. Error 231 

bars represent standard deviation (SD, n = 3). Error bars smaller than the symbols or 232 

bars indicate minimal variation and excellent reproducibility. 233 

We further examined the tandem conversion of polystyrene (PS, Mw = 192 kDa; 234 

Supplementary Figs. 13-15, Supplementary Table 5) to toluene in the same reactor. In 235 

the first stage, PS underwent hydropyrolysis, yielding unstable aromatic intermediates 236 

such as styrene and its dimers. To prevent polymerization and stabilize these 237 

intermediates, the second stage employed online vapor-phase hydrogenolysis, 238 

selectively converting them into toluene. This integrated process significantly 239 

enhances energy efficiency by eliminating the need for condensation and reheating 240 

steps, which are typically required in conventional pyrolysis followed by liquid-phase 241 

hydrogenation (Supplementary Fig. 16a). By avoiding these energy-intensive stages, 242 

our method reduces overall energy consumption, thereby contributing to a significant 243 

reduction in carbon emissions. Furthermore, gas-solid hydrogenolysis improves mass 244 

transfer and facilitates precise reaction control, allowing for better adjustment of 245 

product selectivity. In contrast to the multiphase systems (i.e., gas-solid-liquid) of 246 

traditional methods (Supplementary Fig. 16b), this approach enhances scalability and 247 

the ability to fine-tune product outcomes. 248 

Our optimization studies using the RuSA/Co3O4 catalyst identified key parameters 249 

influencing toluene yield and selectivity. Increasing the hydropyrolysis temperature in 250 

the first-stage reactor from 425 °C to 475 °C enhanced the toluene yield from 56.3 wt% 251 

to a peak of 83.5 wt% (Supplementary Fig. 17). However, temperatures above 475 °C 252 

did not yield further improvements. Temperature control in the second-stage vapor-253 

phase hydrogenolysis reactor was equally crucial. At 200 °C, the toluene yield was 254 

limited to 40.5 wt%, accompanied by notable byproducts such as ethylbenzene and 255 

ethylcyclohexane (Supplementary Figs. 18-19). Raising the temperature to 275 °C 256 

increased the yield to its peak value, favoring toluene formation. Conversely, 257 

increasing the temperature to 350  °C resulted in excessive cracking, with methane 258 

becoming the predominant product (97.3 wt% yield, Supplementary Figs. 20-21). 259 

Higher reaction pressures (1.0 MPa) during vapor-phase hydrogenolysis suppressed 260 
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toluene formation, favoring cycloalkanes like methylcyclohexane (MCH), which 261 

achieved 90.1% selectivity (Supplementary Figs. 22-24). Notably, MCH serves as 262 

both a liquid hydrogen carrier and a high-density aviation fuel, highlighting the 263 

versatility of this integrated waste-to-value approach. 264 

Mass balance analysis at a hydropyrolysis temperature of 475 °C, a vapor-phase 265 

hydrogenolysis temperature of 275 °C, and a reaction pressure of 0.4 MPa showed 266 

that the products of PS hydropyrolysis were distributed across gas, liquid, and solid 267 

phases (Fig. 4a). The liquid products dominated the yield, accounting for 94 wt% of 268 

the total. Without a catalyst, styrene was the major component with a high selectivity 269 

of 89.7%, along with minor contributions from toluene (2.7%), ethylbenzene, 270 

methylstyrene, and heavier aromatic compounds such as C15 and C16 dimers (Fig. 4b, 271 

Supplementary Fig. 25). The introduction of catalysts significantly influenced product 272 

distribution. Co3O4 primarily converted PS to ethylbenzene through direct 273 

hydrogenation of the vinyl group in styrene, achieving a selectivity of 60.3%. In 274 

contrast, RuNP/Co3O4 favored benzene (62.3%) and ethylbenzene (31.4%) production. 275 

Remarkably, RuSA/Co3O4 achieved near-complete selectivity for toluene with a 276 

substantial yield of 83.5 wt%. A comparable yield of 82.9 wt% was also obtained 277 

under scale-up conditions with liquid-phase product collection, confirming the 278 

robustness of the catalytic performance (Supplementary Figs. 26-27). This high 279 

specificity arises from the ability of the catalyst to precisely cleave the Csp3-Csp3 bonds 280 

within the vinyl group while preserving the Csp2-Csp3 bond, thereby minimizing the 281 

formation of byproducts. 282 

The performance of RuSA/Co3O4 was compared to that of ZSM-5, a widely used 283 

catalyst in the catalytic pyrolysis of plastics for producing aromatic hydrocarbons 
19, 54

. 284 

ZSM-5 yielded aromatic compounds with carbon chain lengths ranging from C6 to C12; 285 

however, it generated only 1.4% toluene while producing 12.2% polycyclic aromatic 286 

hydrocarbons (Supplementary Fig. 28), which pose significant environmental risks 287 

because of their toxicity and persistence 
55

. The wide product distribution underscores 288 

the challenges of conventional aromatization pathways in directing selectivity towards 289 

toluene. We also evaluated our results against previous studies on PS hydrogenolysis. 290 

Under RuSA/Co3O4 catalysis at 0.4 MPa, with a calculated reaction time of 2.4 s, our 291 

process achieved an 8.4-fold increase in yield (83.5 vs. 11.9 wt%) and a 7.8-fold 292 

improvement in selectivity (99.9 vs. 12.8%) compared to the best-reported values 293 

obtained under more stringent conditions (1 MPa for 6 h, Supplementary Tables 6-8) 294 

56
. 295 
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We demonstrated the scalability of RuSA/Co3O4 by testing it on nine different post-296 

consumer single-use PS wastes (Fig. 4c, Supplementary Figs. 29-30). The catalyst 297 

consistently produced approximately 81 wt% toluene across all tested materials, with 298 

toluene selectivity exceeding 99% and a formation rate of 1320 mmol·gcat.
-1

·h
-1

. The 299 

instant noodle container (INC) sample exhibited comparable toluene yield and 300 

selectivity despite containing red dye, suggesting negligible dye interference that may 301 

be attributed to thermal decomposition during hydropyrolysis (475 °C) and 302 

hydrogenolysis (275 °C). Furthermore, for nitrogen-containing plastic wastes such as 303 

acrylonitrile styrene (AS), RuSA/Co3O4 significantly enhanced hydrodenitrogenation 304 

and selective hydrogenolysis, achieving a toluene selectivity of 92.7% while 305 

effectively eliminating harmful byproducts including acrylonitrile, commonly 306 

observed in non-catalytic processes (Supplementary Figs. 31-32). In addition, the 307 

system exhibited strong compatibility with halogen-containing PS waste from 308 

construction insulation materials, including post-consumer expanded (EPS), extruded 309 

(XPS), and their mixtures. In all cases, high liquid yields (~80 wt%) and toluene 310 

selectivity above 97% were maintained (Supplementary Fig. 33). This excellent 311 

feedstock flexibility is also applicable to real-world mixed PS waste, maintaining a 312 

toluene selectivity above 99% (Supplementary Fig. 34). 313 

To assess the durability and scalability of RuSA/Co3O4 under continuous-flow 314 

conditions (Supplementary Fig. 35), we performed a 100-hour vapor-phase 315 

hydrogenolysis using ethylbenzene as a model compound representative of 316 

intermediates formed during PS degradation. Ethylbenzene was selected over styrene 317 

due to the latter’s tendency to polymerize under reaction conditions. The reaction was 318 

conducted in a fixed-bed reactor at 275 °C and 0.4 MPa with a weight hourly space 319 

velocity (WHSV) of 2.6 h⁻ ¹. RuSA/Co3O4 maintained excellent performance 320 

throughout the test, with >99.9% conversion and >99% selectivity toward toluene 321 

(Supplementary Fig. 36). The high turnover number (TON) of 24,747 reflects the 322 

robustness of the catalyst and its potential for industrial-scale application. 323 

However, the low melting points of plastics hinder continuous feeding. In fixed-bed 324 

pyrolysis systems, radiant heating often causes premature softening of the feed, 325 

leading to screw feeder blockages and unstable operation. Most studies therefore 326 

assess catalyst stability using regeneration cycles rather than continuous feeding 327 

(Supplementary Table 9) 
27, 57

. To address this challenge and simulate continuous 328 

industrial operation with actual polymer feedstocks, we adopted an intermittent 329 

feeding strategy, introducing polystyrene into a first-stage reactor periodically, while 330 
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the RuSA/Co3O4 catalyst remained stationary in the second-stage fixed-bed reactor for 331 

vapor-phase hydrogenolysis. Under these conditions, the catalyst consistently 332 

achieved 83 wt% yield of toluene with >99% selectivity across 100 repeated feed 333 

cycles (Fig. 4d), confirming its long-term operational stability and compatibility with 334 

realistic plastic waste streams. Post-reaction Raman and thermogravimetric analysis 335 

(TGA) indicated negligible coke formation, and further characterizations confirmed 336 

that the Ru single-atom structure remained unchanged (Supplementary Figs. 37–39). 337 

 338 

 339 

Fig. 4│Tandem Valorization of polystyrene (PS) into toluene. a, Mass distribution 340 

across gas, liquid, and solid phases in non-catalytic and catalytic processes at a 341 

hydropyrolysis temperature of 475 °C, hydrogenolysis temperature of 275 °C, and 342 

reaction pressure of 0.4 MPa. Each reaction used 30 mg of catalyst with a catalyst-to-343 

PS mass ratio of 10:1. The H2 flow rate was set at 100 mL/min, corresponding to a 344 

reaction time of 2.4 s under standard conditions. b, Product distribution from PS 345 

depolymerization. Selectivity toward benzene (B), toluene (T), styrene (ST), 346 

ethylbenzene (EB), and C9+ products across different catalysts. c, Scalability testing 347 
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with post-consumer single-use PS wastes, including an instant noodle container (INC), 348 

disposable food box (DFB), drink lid (DL), foam takeout container (FTC), toy waste 349 

(TW), disposable cup (DC), cake box (CB), weighing boat (WB), and sample bottle 350 

(SB). d, Stability of RuSA/Co3O4 under simulated continuous PS feed. 351 

Reaction Mechanism and Sustainability Evaluation 352 

To examine the mechanisms driving high styrene conversion and toluene selectivity 353 

in RuSA/Co3O4 catalysts, we conducted density functional theory (DFT) calculations. 354 

The electronic structures of Ru single atoms and nanoparticles on Co3O4 directly 355 

influence the intermediates formed during the hydrogenolysis of styrene. Using d-356 

band center theory, which correlates electronic properties with catalytic activity, we 357 

determined that the Co3O4 support in Ru single atoms shifts the 3d Fermi level of Ru 358 

to –1.3 eV, whereas it is –1.9 eV in Ru nanoparticles (Supplementary Figs. 40-42). 359 

Hybridization among Ru 4d, Co 3d, and O 2p orbitals in RuSA/Co3O4 suggests that 360 

coordination influences the electronic environment around active Ru sites, resulting in 361 

distinct adsorption behaviors compared to RuNP/Co3O4. The electron density 362 

difference revealed positive formal charges between Ru and its coordinated Co atoms, 363 

indicating a tendency for electron transfer from Ru to Co. This electron migration 364 

enhances the activity by facilitating the adsorption and activation of reactants on the 365 

active sites. 366 

We evaluated the Gibbs free energies for four transition states involved in styrene 367 

hydrogenolysis. RuSA/Co3O4 exhibits a lower energy barrier of 2.38 eV in the 368 

hydrogenation of the vinyl group in styrene (ph-C2H4* + H*, TS2, Fig. 5a), compared 369 

to 2.78 eV for RuNP/Co3O4. This indicates that RuSA/Co3O4 has a lower energy barrier 370 

in the rate-determining step of vinyl group reduction. Following the hydrogenation of 371 

styrene to ethylbenzene, the adsorbed ph-C2H5* species at the catalyst interface 372 

undergoes C–C cleavage via hydrogenolysis to form toluene (Supplementary Fig. 42). 373 

The Co3O4 support exhibited a high energy barrier of 2.37 eV for ethylbenzene 374 

hydrogenolysis (ph-C2H5* + H* → ph-CH3* + CH3*, TS3). This barrier was reduced 375 

to 1.18 eV by RuNP/Co3O4 and further decreased to 0.59 eV with RuSA/Co3O4, 376 

highlighting the superior activity of single-atom Ru sites for this transformation 377 

(Supplementary Tables 10-12). 378 

To elucidate the superior toluene selectivity of single-atom Ru compared to Ru 379 

nanoparticles, we calculated the adsorption energies of toluene intermediates and their 380 

subsequent reactions with H* (Supplementary Fig. 43). The toluene intermediate 381 

exhibited stronger adsorption on Ru nanoparticles (−0.80 eV) than on single-atom Ru 382 
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(−0.51 eV), suggesting that toluene adsorption is less favorable on the single-atom 383 

sites. Additionally, we conducted a transition state energy barrier analysis for the 384 

hydrogenolysis of toluene to benzene. The energy barrier for the key transition state 385 

(ph-CH3* + H* → ph* + CH3*, TS4) was markedly lower on Ru nanoparticles (1.32 386 

eV) than on single-atom Ru (3.32 eV), indicating that hydrogenolysis of toluene to 387 

benzene is less favorable on single-atom Ru compared to nanoparticles. Overall, Ru 388 

nanoparticles exhibit a lower energy barrier for toluene hydrogenolysis and a higher 389 

barrier for ethylbenzene hydrogenolysis, leading to the formation of a broader range 390 

of products during PS depolymerization and thus reducing toluene selectivity. 391 

The life cycle assessment (LCA) of the waste-to-toluene production evaluates the 392 

environmental footprint and sustainability of this circular transformation by 393 

quantifying cradle-to-gate emissions (Supplementary Fig. 44, Supplementary Tables 394 

13–16). This LCA focuses on the global warming potential (GWP) across a 100-year 395 

horizon, yielding a value of 0.58 kg CO2 equivalence (CO2-eq) per kg of toluene 396 

produced, a 53% reduction compared to the petroleum-based toluene benchmark of 397 

1.23 kg CO2-eq/kg (Fig. 5b). Emission contributions from key process elements, 398 

including utilities, feedstock logistics, and transportation, were analyzed, identifying 399 

utilities as the largest contributor to GWP. This finding underscores the opportunity 400 

for carbon emission mitigation within utility operations, such as integrating renewable 401 

energy sources, to enhance overall environmental performance. 402 

In tandem with the LCA, a techno-economic analysis (TEA) was conducted to 403 

assess the economic viability of establishing a dedicated facility in Shanghai, China, 404 

capable of processing the entire accessible feedstock. This analysis applied a 405 

discounted cash flow (DCF) framework to determine the minimum viable selling 406 

price required to sustain the integrated plastic-waste valorization process 407 

(Supplementary Tables 17–19). The capital expenditure (CAPEX) analysis 408 

highlighted significant investments in pyrolysis and hydrotreating units, marking 409 

these as primary cost drivers (Fig. 5c). Additional indirect costs, such as engineering 410 

and contingencies, further influenced CAPEX. The operating cost (OPEX) analysis 411 

revealed that hydrogen consumption was the primary cost driver when priced at the 412 

green hydrogen rate, while catalyst and utility expenses dominated when calculated 413 

with the grey hydrogen rate (Fig. 5d). This distinction emphasizes the energy-414 

intensive and catalyst-dependent nature of the process across different hydrogen 415 

pricing assumptions. Feedstock, labor, and maintenance are also key cost elements, 416 

each contributing significantly to operational expenses. 417 
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An evaluation of the minimum selling price (MSP) of plastic-derived toluene 418 

showed a sensitivity to hydrogen pricing: the MSP increases to $1.22/kg with green 419 

hydrogen and decreases to $0.61/kg with grey hydrogen, both remaining competitive 420 

compared to the commercial toluene price of $1/kg (Fig. 5e, Supplementary Fig. 45, 421 

Supplementary Tables 20-22). These scenarios highlight the economic advantage of 422 

plastic-derived toluene over fossil-based alternatives, reinforcing the economic 423 

feasibility of this sustainable pathway. To further enhance economic and 424 

environmental sustainability, future developments should consider optimizing 425 

hydrogen sourcing and energy integration strategies, thus supporting scalable waste-426 

to-toluene processes that can transition the chemical industry towards greener, circular 427 

economy frameworks. 428 

Taken together, the demonstrated catalyst stability, gas-phase reaction configuration, 429 

and favorable TEA/LCA results highlight the practical potential of this strategy for 430 

industrial plastic waste valorization. The fully vapor-phase system simplifies product 431 

separation and process integration, while the selective production of toluene enables 432 

compatibility with existing petrochemical supply chains. These features make the 433 

approach not only scientifically robust, but also operationally scalable under real-434 

world conditions. 435 

436 
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 437 

Fig. 5│DFT mechanistic study, life cycle assessment (LCA), and techno-economic 438 

analysis (TEA) of sustainable toluene production from polystyrene waste. a, Free 439 

energy profiles of reaction pathways for key reaction steps on Co3O4, RuSA/Co3O4, 440 

and RuNP/Co3O4 catalysts. b, Life-cycle emissions for toluene production. Greenhouse 441 

gas emissions per kg of toluene produced, showing reductions achieved in this work 442 

compared to fossil-based methods. c, Capital cost distribution. Breakdown of capital 443 

investment for toluene production from PS, including contributions from working 444 

capital, equipment purchase, installation, indirect costs, and other direct costs. d, 445 

Operating cost comparison. Annual operating costs for toluene production using green 446 

hydrogen (4.86 $/kg) and grey hydrogen (1 $/kg), detailing costs for utilities, 447 

hydrogen, waste plastic, catalyst, and maintenance. e, Minimum selling price of 448 

toluene. Comparison of the minimum selling price of toluene produced with green 449 

hydrogen, grey hydrogen, and fossil-based processes, considering costs and byproduct 450 

credits. 451 

Conclusions 452 

This study presents a highly efficient strategy for the selective valorization of 453 

polystyrene waste into toluene using a Ru single-atom catalyst supported on Co3O4, 454 

offering significant advantages in catalytic activity and selectivity compared to 455 

traditional Ru-based methods. The developed vapor-phase hydrogenolysis process, 456 

operated at 0.4 MPa and 275 °C in the hydrogenolysis stage, achieves exceptional 457 
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toluene selectivity and yield by decoupling depolymerization from hydrogenolysis 458 

and simplifying the reaction system. Mechanistic studies reveal that the atomic 459 

dispersion of Ru plays a critical role in promoting selective C–C bond cleavage with 460 

significantly reduced energy barriers, outperforming conventional Ru nanoparticles. 461 

In addition, the catalyst sustained over 99% conversion and selectivity during 100 462 

hours of continuous vapor-phase operation, achieving a turnover number of 24,747, 463 

which demonstrates its robustness and potential for scale-up. Furthermore, life cycle 464 

and techno-economic assessments highlight the sustainability and economic 465 

feasibility of this approach, demonstrating a 53% reduction in carbon footprint 466 

compared to petroleum-based processes and significant cost benefits, including a 467 

reduction in the minimum selling price of toluene to $0.61/kg when using grey 468 

hydrogen. These results establish this method as a promising solution for plastic waste 469 

management and aromatic production. 470 
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