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Catalytic hydrogenolysis of end-of-life polyolefins can produce value-added liquid fuels and therefore holds 
great promises in plastic waste reuse and environmental remediation. The major challenge limiting the 
recycling economic benefit is the severe methanation (usually >20%) induced by terminal C–C cleavage 
and fragmentation in polyolefin chains. Here, we overcome this challenge by demonstrating that Ru single-
atom catalyst can effectively suppress methanation by inhibiting terminal C–C cleavage and preventing 
chain fragmentation that typically occurs on multi-Ru sites. The Ru single-atom catalyst supported on 
CeO2 shows an ultralow CH4 yield of 2.2% and a liquid fuel yield of over 94.5% with a production rate of 
314.93 gfuels gRu

−1 h−1 at 250 °C for 6 h. Such remarkable catalytic activity and selectivity of Ru single-atom 
catalyst in polyolefin hydrogenolysis offer immense opportunities for plastic upcycling.

Introduction

�e ever-growing plastic demands of modern society cause the 
production of massive solid waste, threatening the environment 
on which we depend [1–4]. Polyole�ns, used mainly in con-
tainers, tubes, and packaging �lms, account for 57% of the total 
plastic commodity market [5–7]. However, over 85% of waste 
polyole�ns are dumped in land�lls or disposed of in environ-
mentally harmful ways (e.g., incineration), contradicting the 
global sustainability e�orts since polyole�n is another form of 
fossil energy [8–10]. �e catalytic hydrogenolysis reaction has 
been developed to convert polyole�ns into value-added liquid 
fuels under mild conditions e�ciently [11–16]. �e H2-rich 
system promotes the hydrogenation of cracked intermediate 
to form alkanes and suppresses the coke deposition [17]. Up 
to now, ruthenium (Ru) catalysts manifest the highest catalytic 
activity for polyole�n hydrogenolysis because they can simul-
taneously activate all reaction steps, including (a) C−H dehy-
drogenation, (b) C–C cleavage, and (c) hydrogenation [18–22]. 
Nevertheless, severe methanation of polyole�ns (usually >20%) 
on multisite Ru has remained a significant challenge to the 

industrialization of the recycling technology, as it limits the 
production of higher-value liquid fuels [11,12,23]. While low-
ering the reaction temperature and increasing H2 pressure can 
kinetically alleviate methanation, it is impractical because of 
the much longer reaction time and higher equipment require-
ments [24,25].

Recently, geometric control of active metal has been reported 
to signi�cantly tune the catalytic performance, including activ-
ity, selectivity, and stability [26,27]. Smaller metal size and 
higher disordered properties can boost the production of liquid 
fuels and suppress the methanation [14,28]. In general, meth-
anation is mainly caused by the dissociation of the terminal 
Csecondary–Cprimary bond and the fragmentation of the chain on 
conventional multisite Ru catalysts [25,29–31]. First, the con-
tinuous cleavage of terminal carbon from the polymer chain 
generates methane [14]. Although the limited chain ends in 
the initial stage do not produce much methane, as the reaction 
proceeds, a surge in the number of chain ends leads to substan-
tial methane production. Second, simultaneous cracking of 2 
adjacent C–C bonds can be catalyzed by clustered Ru atoms. 
�is process is unavoidable on the multisite Ru catalyst surface. 
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�erefore, eliminating the adsorption of polyole�n chains on 
multisite Ru catalysts or decreasing the energy barrier of internal 
chain cleavage is expected to suppress the methanation reaction 
in polyole�n hydrogenolysis.

We show here that the rational design of Ru single-atom 
catalyst (Ru SAC) provides a solution to the challenge because 
of its isolated Ru structure and site-selective cleavage mode. 
Mechanism studies reveal that the internal C–C cleavage is 
more energy favorable on Ru SAC, thus suppressing the termi-
nal cracking to produce methane; the Ru single-atom cannot 
provide enough coordination space, thus preventing the con-
tinuous breaking of adjacent C–C bonds and inhibiting the 
production of methane. As a result, the Ru SAC exhibited an 
ultralow CH4 yield of 2.2% and the liquid fuel yield of 94.5%. 
On the basis of this structure–performance relationship, the 
single-atom system is also universal for e�cient upcycling of 
commercial polyole�ns to liquid fuels, o�ering a promising 
prospect for plastic upcycling.

Results
Synthesis and morphological characterizations of 
Ru catalysts
Ru/CeO2 catalysts with di�erent Ru loadings (0.2, 0.5, 2, and 
5 wt%, named as 0.2Ru/CeO2, 0.5Ru/CeO2, 2Ru/CeO2, and 
5Ru/CeO2, respectively) were synthesized by wet-impregnation 
method. �e RuCl3 aqueous solution was dropped onto the 
commercial CeO2 nanoparticles with an average diameter of 
~30 nm, followed by dry, calcination, and reduction steps. Ru 
contents were determined by inductively coupled plasma opti-
cal emission spectrometry with similar values to feed ratios 
(Table S1). �e morphological information of 0.2Ru/CeO2 was 
�rst collected by aberration-corrected high-angle annular dark-
�eld scanning transmission electron microscopy (Fig. 1A). While 
subtle di�erences in contrast between Ru and CeO2 make the 
observation di�cult, no identi�able Ru cluster and nanoparticle 
indicate its high dispersity, which is consistent with the results 
of energy-dispersive x-ray spectroscopy (Fig. S1). Interestingly, 
the other 3 catalysts with much higher Ru ratios share a sim-
ilar phenomenon: Ru species distribute uniformly on the CeO2 
supports (Fig. S2). �e strong metal–support interaction (SMSI) 
between Ru and CeO2 should contribute to dispersing Ru atoms 
[32,33], and such an SMSI e�ect would also enhance the cata-
lytic stability (see detailed discussion in catalysis part).

�e crystal structure of support was also visualized by high- 
resolution transmission electron microscopy (Fig. 1B). �e clear 
lattice fringe with a distance of 0.31 nm is indexed to the (111) 
facet of CeO2. To quantify strain �elds in crystalline lattices at 
a nanoscale resolution, we employed geometric phase analysis 
(see part 1.3 in the Supplementary Materials). �e strain distri-
butions on the single nanoparticle indicate no defect on support 
a�er calcination and reduction processes, thus ruling out the 
substrate e�ect on the catalytic performance. �e high crystal-
linity of support is also con�rmed by the sharp and strong peaks 
of CeO2 in the x-ray di�raction (XRD) patterns (PDF no. 
34-0394; Fig. S3). �e high-resolution XRD pattern of 5Ru/CeO2 
in the range of 36° to 46° (Fig. 1C) also has several weak peaks 
located at 38.4°, 42.2°, and 44.0°, corresponding to the (100), 
(002), and (101) facets of hexagonal close packed (hcp) Ru nano-
crystals (PDF no. 06-0663). It is worth noting that the signal-
to-noise ratio of these di�raction peaks decreases sharply with 
decreased Ru loading, which suggests that the dispersibility of 

Ru atoms on the CeO2 surface increases. In particular, the 0.2Ru/
CeO2 catalyst does not even have an identi�able di�raction sig-
nal; thus, it is expected to have a highly dispersed structure.

Electronic structures of Ru catalysts
�e electronic property of Ru species plays a signi�cant e�ect 
on adsorption/activation/desorption behaviors of each reaction 
process [34,35]; it could also act as persuasive evidence to identify 
the single-atom structure [36,37]. �erefore, x-ray photoelectron 
spectroscopy was performed at Ru 3p orbitals (Fig. S4A), since 
the Ru 3d orbitals are partially overlapped with C 1s orbital. �e 
�ne electronic structure of Ru 3p orbitals shows that the species 
abundance of Ru4+ (463.4 eV, oxidative state) and Ru0 (461.8 eV, 
metallic state) is related to the loading amount [38]. �e propor-
tion of Ru4+ increases signi�cantly with decreasing loading, while 
the trend of Ru0 species is in reverse. �e decrease in the loading 
causes a smaller cluster size, and the aggregated Ru ensembles 
are broken and isolated, thus promoting the formation of the 
Ru–O coordination structure. In contrast, the 0.2Ru/CeO2 cat-
alyst exhibits only an oxidation state (Ru4+) located at 463.4 eV 
a�er high-temperature reduction treatment, suggesting its iso-
lated Ru atom structure combined with O from CeO2 or a sub-
nanometer cluster structure. On the other hand, all Ru/CeO2
catalysts exhibit almost the same Ce 3d orbitals (Fig. S4B), and 
the CeO2 support cannot be reduced before ~350 °C measured 
by H2-temperature program reduction (Fig. S5), which suggests 
that there are no oxygen vacancies formation during the reduc-
tion treatment (300 °C) and hydrogenolysis process (250 °C). 
�e above results exclude the in�uence of support variation on 
the catalytic performance.

To further study the precise local electronic structures, we col-
lected x-ray absorption �ne structure spectra, including x-ray 
absorption near-edge structure (XANES) and extended x-ray 
absorption �ne structure (EXAFS), at Ru K-edge. Ru foil and RuO2
were used as references. As shown in Fig. 1D, with decreasing the 
Ru loading, the threshold energy (1s → 5p state transition) shi�s 
to the higher energy accompanied by enhanced whiteline intensity, 
indicating a continuous species evolution from a metallic state to 
an oxidation state toward RuO2. �e broadened post-edge feature 
around 22,160 eV suggests a shrinkage in the cluster size for the 
samples with lower Ru loading. When the Ru loading is reduced 
to 0.2 wt%, the blurred spectral feature compared to that of RuO2
implies its distinct local structure and smaller ensemble size.

Fourier transform (phase uncorrected) is performed on the 
EXAFS to investigate the local coordination environment of Ru 
species (Fig. 1E). Remarkably, only the Ru–O scattering path is 
observed in the 0.2Ru/CeO2 catalyst, providing solid evidence 
for the formation of Ru SAC [39,40]. By contrast, the Ru nano-
cluster catalysts show obvious Ru–Ru scattering paths at ~ 2.4 Å 
and weak Ru–O scattering paths at ~1.4 Å, con�rming their 
clustered states. Wavelet transform, a parallel mathematical 
transformation to Fourier transform but with an extra dimension 
(i.e., energy), is performed upon the EXAFS spectra to precisely 
identify scattering paths (Fig. 1F) [41]. 0.2Ru/CeO2 shares the 
same intensity maximum located at k = 5 Å−1 and R = 1.4 Å with 
that of RuO2, which should be assigned to Ru–O scattering path. 
However, no features are observed at k = 8.8 Å−1 and R = 2.4 Å, 
excluding the existence of Ru–Ru scattering path and evidencing 
its single-atom feature again, whereas other samples with higher 
Ru loading show similar intensity maxima with that of Ru foil, 
further demonstrating their cluster intrinsicality. A quantitative 
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analysis was carried out by �tting the EXAFS spectra in the R 
space (Table S2). In the case of 0.2Ru/CeO2 catalyst, Ru is only 
coordinated to O with an average coordination number of 4.59, 
and no other scattering path can be observed. For all nanocluster 
catalysts, the Ru coordination numbers are in the range of 6 to 
8, which is much lower than that of the fully occupied Ru foil 
[coordination number (CN) = 12]. Meanwhile, its decreasing 
trend when reducing Ru content con�rms that the Ru cluster 
size becomes smaller. �e Ru–Ru bond distance (2.67 Å) is the 

same as that of Ru foil. �e O coordination numbers are all lower 
than 2, which should be assigned to the trace amount of oxygen 
species sitting on the cluster surface.

Hydrogenolysis of polyethylene on Ru catalysts
We �rst applied n-hexadecane as a model reactant and inves-
tigated its hydrogenolysis performance over both Ru SAC and 
2Ru/CeO2 catalyst in a batch stainless steel autoclave (Fig. S6). 
�e 87% of methane yield and nearly 100% of gas yield indicate 

Fig. 1. Structural characterizations of various Ru catalysts. (A) Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy image of 0.2Ru/
CeO2 catalyst and (B) high-resolution transmission electron microscopy image of CeO2 in 0.2Ru/CeO2 catalyst and corresponding strain distributions of the shear component 
(εxy) determined by a geometric phase analysis. (C) High-resolution XRD patterns of Ru catalysts ranged from 36° to 46°. (D) XANES spectra, (E) EXAFS spectra, and 
(F) wavelet transform contour plots of various Ru catalysts and references of Ru foil and RuO2.
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that 2Ru/CeO2 tends to cleave the terminal carbons of n- 
hexadecane (Fig. 2A). Under the same reaction conditions, the Ru 
SAC provides products with a normal distribution centered on 
C8, dominated by the internal cracking model. �en, the cat-
alytic hydrogenolysis of low-density polyethylene (LDPE; melt-
ing index = 20 to 30 g 10 min–1) over various Ru catalysts was 
systematically tested. �e feedstock ratios of Ru to LDPE in all 
cases were kept at 1:2,000 mg, and the reaction temperature 
and the H2 pressure were set to 250 °C and 2 MPa. As shown 
in Fig. 2B, the Ru SAC exhibits the highest LDPE solid conver-
sion and liquid yield of 97.5% and 94.5%, respectively, as well 
as the lowest gas yield of 3.05%. Continuous dropped activities 
and increased overhydrogenolysis tendency are observed with 
increasing Ru loading. In particular, the solid conversion and 
liquid product yield of the 5Ru/CeO2 catalyst drop to only 
67.0% and 4.5%, while more than 62.5% of the products are 
gases. �e changing trend of catalytic performance is consistent 
with the structural evolution from the single-atom structure to 
clustered Ru aggregates, which con�rms that Ru SAC achieves 
site-selective cleavage of PE chains.

The product distributions of collected gases and liquids 
on Ru SAC and 2Ru/CeO2 catalyst with high activities were 

analyzed by gas chromatography. As seen by visual inspection 
and statistical analysis of the product distributions (Fig. 2C), 
the Ru SAC provided a C16-centered distribution of liquid 
products and the lowest methane yield of 2.2%, whereas a broad 
C18-centered liquid distribution and 21.1% of methane were 
received from 2Ru/CeO2. �e relatively narrow product distri-
bution and lower methane yield obtained from Ru SAC indicate 
the internal C–C cleavage model on the Ru single-atom site, 
leading to the rapid shrink of chain distribution.

We further compare the catalytic performance of our Ru 
catalysts with that of the reported ones. �e production rate of 
liquid fuels (in grams of fuels per gram of Ru per hour) is 
de�ned to evaluate various Ru catalysts (Fig. 2D and Table S3). 
Speci�cally, the Ru SAC has the lowest gas yield of 3.05% and 
the highest liquid fuel production rate of 314.93 gfuels gRu

−1 h−1, 
which is far superior to other reported Ru catalysts. �e 2Ru/
CeO2 catalyst has a similar gas yield of 23.1% to the reference 
nanocluster catalysts, con�rming that our results are reasonable. 
Further increasing the Ru loading (5Ru/CeO2) leads to a drop-
ping in solid conversion and more tendency to methanation 
(gas yield of 62.5%). It is mainly due to less exposed active sites 
and the formation of more Ru–Ru sites to crack the terminal 

Fig.  2.  Catalytic performances of Ru catalysts for LDPE hydrogenolysis. (A) Catalytic performance of Ru SAC and 2Ru/CeO2 on n-hexadecane hydrogenolysis. Reaction 
conditions: T = 240 °C, t = 8 h, PH2 = 2 MPa, stirring rate = 400 rpm, m(Ru) = 1 mg, and n(n-hexadecane) = 10 mmol. (B) Catalytic performance of various Ru catalysts on 
LDPE hydrogenolysis. (C) Products yields of Ru SAC and 2Ru/CeO2 on LDPE hydrogenolysis. Reaction conditions: T = 250 °C, t = 6 h, PH2 = 2 MPa, stirring rate = 400 rpm, 
and m(Ru)/m(LDPE) = 1 mg/2,000 mg. (D) Comparison of gas yield and production rate {m(PE or PP) × liquid yield / [m(catalyst) × t]} of liquid fuels on Ru catalysts for 
polyolefin hydrogenolysis.
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C–C bonds. �erefore, bene�ting from the maximum atom uti-
lization and selective cracking model, the activity and selectivity 
of Ru SAC are signi�cantly improved compared to those of nano-
cluster catalysts.

Hydrogenolysis mechanism of PE on Ru SAC
�e in-depth mechanism investigation of the reaction pathways 
on Ru SAC and 2Ru/CeO2 is further explored by time-dependent 
experiments. In the initial hydrogenolysis process (less than 2 h), 

Ru SAC converts waste PE to products with �at and broad 
carbon distribution (Fig. 3A), indicating the random cleavage 
of the internal C–C bonds on the Ru single-atom structure. In 
contrast, the 2Ru/CeO2 nanocluster catalyst exhibits an uneven 
carbon distribution with both high contents of alkanes of C28 
to C35 and CH4 (5.5%; Fig. 3B). Importantly, in the next 2 h, 
with a dramatic increase in solid conversion, the product dis-
tribution on the Ru SAC is shi�ed to the lower carbon chain 
with a carbon distribution center at C14, whereas the 2Ru/CeO2

Fig. 3. Mechanism study of Ru SAC for PE hydrogenolysis. (A and B) Distributions of nonsolid products on LDPE hydrogenolysis from 2 to 6 h over (A) Ru SAC and (B) 2Ru/
CeO2 catalyst. Reaction conditions: T = 250 °C, PH2 = 2 MPa, stirring rate = 400 rpm, and m(Ru)/m(LDPE) = 1 mg/2,000 mg. (C) CH4 yields in hydrogenolysis of alkanes with 
different chain lengths on Ru SAC and 2Ru/CeO2. Reaction conditions: T = 250 °C, PH2 = 2 MPa, t = 3 h, stirring rate = 400 rpm, and m(Ru)/m(alkane) = 1 mg/2,000 mg. 
(D) Summarized cleavage modes of polyolefin on conventional SAC and nanocluster catalyst.
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catalyst still continuously produces C28 to C35 and CH4. Further 
extending the reaction time makes the product distribution on 
Ru SAC concentrate more on C14, while those C28 to C35 are 
digested to generate CH4 on 2Ru/CeO2 surface dramatically. �e 
above results again con�rm that the Ru SAC prefers to cleave 
internal C–C bonds and the terminal cleavage model on multisite 
Ru catalysts is dominated.

In addition, we perform the hydrogenolysis behavior on dif-
ferent light alkanes to further probe the mechanism. When all 
reaction conditions are kept the same, the CH4 yields in di�er-
ent cleavage models are sensitive to the number of terminal sites 
(determined by molecular weight) in the reaction system. As 
displayed in Fig. 3C, the CH4 yield on the 2Ru/CeO2 catalysts 
shows a more obvious sensitivity to the carbon-chain length 
that the CH4 yield dramatically increases from 8.9% in n-decane 
hydrogenolysis to 12.4% in n-hexadecane hydrogenolysis, which 
veri�es its terminal cracking model again. Remarkably, the Ru 
SAC maintains stable CH4 yields of 0.4% to 1% during the hydrog-
enolysis of alkanes with di�erent carbon numbers, con�rming its 
inertness to terminal C–C dissociation.

To deeply explore the relationship between Ru structure and 
CH4 selectivity in the hydrogenolysis process, we performed 
density functional theory (DFT) calculations to understand the 
cleavage models of terminal/inner carbons from the polymer 
chain. Here, we have constructed single-atom (one Ru atom is 
boned with 3 surface O atoms and one O atom) and multi-Ru 
(Ru trimer; each Ru atom is bonded with one surface O atom) 
sites anchored on the CeO2 (111) surface to simulate the Ru 
SAC and Ru nanocluster catalyst. �e n-hexane is employed to 
simulate the long-chain alkane for simplicity. Considering the 
C–H bond in n-hexane is easy to break on Ru atom with the 
calculated barriers of 0.45 eV for the terminal C1 and 0.54 eV 
for the inner C3 (Fig. S7), respectively. �us, hexene is chosen 
as the reactants to study the cleavage mode on Ru SAC and 
Ru3/CeO2.

For the Ru single-atom model, when one carbon atom in 
hexene is bonded with a single Ru atom, Ru SAC prefers to cleave 
the inner C3–C4 bond with the barrier of 1.20 eV, remarkably 
lower than the barrier of 1.72 eV to break the terminal C1–C2 
bond in hexane (Fig. S8A). A similar result is founded when Ru 
atom is bonded with 2 contiguous carbon atoms (Fig. S8B). 
�erefore, on Ru SAC, the n-hexane tends to dehydrogenate into 
3-hexyl intermediate and cleaves the inner C–C bond in hexane, 
which e�ciently suppresses the CH4 formation and facilitates 
the liquid fuel production. Conversely, as shown in Fig. S9A, 
Ru3/CeO2 prefers to cleave the terminal C1–C2 bond with the 
barrier of 1.54 eV rather than the inner C3–C4 bond of 1.75 eV. 
�e *CH2 intermediate is formed a�er the C1–C2 bond break-
age, implying the possible production of CH4. �e similar results 
are also obtained in the cleavage of hexyne as alkyne interme-
diates (Fig. S9B), indicating a favorable terminal C–C cleavage 
mode on multi-Ru site. Combined with our experimental results, 
in the initial stage of alkane/polyole�n hydrogenolysis, the ter-
minal cracking is limited by the minimal sites, and the hydrog-
enolysis process may undergo the random inner cracking. 
However, as the reaction proceeds, rapidly enhanced terminal 
Csecondary–Cprimary sites would cause serious energy-favorable 
methanation. �e theoretical results have demonstrated that the 
catalytic mechanism of n-hexane on single-atom Ru1/CeO2 and 
Ru3/CeO2 surfaces is di�erent and the single metal Ru site could 
inhibit the fragmentation reaction, promoting the liquid fuel 
production (Fig. 3D).

In addition, the whole reaction paths of n-hexane dissoci-
ated on the Ru SAC surface are shown in Fig. S10, and n-hexane 
�rst adsorbs on the Ru SAC, where the C3 atom locates on the 
top of the Ru atom. Under the activation of single-atom Ru, the 
inner C–H bond in n-hexane is �rst cleaved by overcoming a 
low barrier of 0.54 eV (S0 to S1), and then breaking the C3–C4 
bond needs to overcome a barrier of 1.41 eV (S1 to S2) with 
the formation of *CH3CH2CH2 and *CHCH2CH3 intermedi-
ates. A�er that, the hydrogenation of *CH2CH2CH3 generates 
desorbed propane (S2 to S3) with a low barrier of only 0.48 eV, 
suggesting that the subsequent hydrogenation and desorption 
processes are facile once the C–C bond is activated. Our theo-
retical results further con�rm that the internal C–C bond cleav-
age in n-hexane on Ru SAC is energetically preferred, which 
could successfully suppress the CH4 production and boost the 
production of liquid fuels with high selectivity.

Controlling carbon distribution of products
�e pursuit of high recycling bene�ts from waste plastics and 
controlling product distribution are conducive to technology 
industrialization. Time-dependent experiments on LDPE hydrog-
enolysis were evaluated over Ru SAC and 2Ru/CeO2. A�er 2 h 
of reaction, 55% of PE has been converted to liquid alkanes 
(Fig. 4A). �ese liquid products are good solvents for PE and 
reduce the system viscosity, thereby enhancing mass transfer 
e�ciency and leading to a dramatic increase in subsequent cat-
alytic activity (during 2 to 3 h) [42,43]. �e residual solids are 
further converted to lower alkanes in the subsequent reaction 
with nearly 100% of solid conversion a�er 6 h. Although further 
prolonging the reaction time increases the gas yield slightly but 
it remains below 10%, the large change in the carbon distri-
bution of liquid fuel allows precise product control and value 
optimization. In our case, the liquid fuels ranging from C5 to 
C35 are divided into C5 to C12 (gasoline), C13 to C22 (diesel), 
and C23 to C35 (liquid wax). In general, gasoline possesses a 

Fig. 4. Reaction parameter optimization and products economy analysis. (A and B) 
Time-dependent analysis of product yields over Ru SAC on LDPE hydrogenolysis for 
2 to 24 h. Reaction conditions: T = 250 °C, PH2 = 2 MPa, stirring rate = 400 rpm, and 
m(Ru)/m(LDPE) = 1 mg/2,000 mg. (C) Corresponding economic analysis based on 
the time-dependent experiments.
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higher value than diesel and liquid wax; thus, the hydrogenol-
ysis process should be deepened while maintaining a low gas-
eous yield. As the reaction progresses to 24 h, the half-peak 
width of the �tted distributions becomes more concentrated, 
and �nally, the carbon-chain center gradually shi�s to C11 (Fig. 
4B and Fig. S11), receiving 63% of gasoline yield (Fig. S12). 
Notably, while prolonging the reaction time of the 2Ru/CeO2 
catalyst can also modulate the carbon distribution of liquid 
products, it leads to severe methanation, which is not conducive 
to the economic bene�ts (Fig. S13).

Corresponding economic analysis (see details in part 1.4 in 
the Supplementary Materials) of the products is evaluated to 
�gure out the recycling bene�ts during the hydrogenolysis pro-
cess. As shown in Fig. 4C, with above 90% of solid conversion 
of LDPE (reaction time > 4 h), the value of the overall products 
shows a sharp increase from 4 to 8 h, mainly due to the sub-
stantial conversion of liquid wax to the higher-value diesel and 
gasoline. A�er 8 h of reaction, the conversion of diesel to gas-
oline dominates the reaction. Although the values of the 2 oils 
are relatively close, the economic bene�ts only display a slow 
increase when prolonging the reaction time to 20 h. Noted that 
the subsequent overhydrogenolysis of gasoline would lead to 
the formation of undesired gaseous products (Fig. 4A), result-
ing in a decrease in product value.

While reasonable optimizations of reaction parameters are 
usually used to maximize the economic bene�t of a speci�c 
reaction, it also a�ects the total energy consumption. Here, the 
industrial hydrogenolysis process of PE is simulated by treating 
60,000 tons of PE per year (Fig. S14; see detailed �ow diagram 
and parameters in Fig. S15 and Table S4). In a typical process, 
the waste PE, catalyst, and H2 are pumped into the reactor with 
100% of solid conversion to produce the C1 to C35 hydrocar-
bons, followed by the separation of gases including H2 and C1 
to C12 and the nongaseous mixture of catalyst and C13 to C35 
hydrocarbons. Subsequently, the gas components pass through 
2 consecutive separators to receive the H2, natural gas (C1 to 
C4), and gasoline (C5 to C12). A solid–liquid �lter is used in 
another products line to separate the solid catalyst and the liq-
uid C13 to C35 hydrocarbons. In addition, the liquids are trans-
ported to a rectifying tower to vaporize the diesel product (C13 
to C22) with a purity of 99% and retain the liquid wax (97%). 
�e energy consumption of each equipment and total process 
are calculated on the basis of the PE hydrogenolysis perfor-
mance of Ru SAC for 6 h. Compared to the 3 separators and the 
rectifying tower, the reactor consumes the most energy which 
is 9.25 × 103 GJ, accounting for 90.25% of the whole process 
(Fig. S14 and Table S5). The calculations also show that the 
energy consumptions for converting PE into di�erent products 
(C5 to C12, C13 to C22, or C23 to C35) are dramatically dif-
ferent (Table S6). Although more gasoline can be obtained by 
prolonging the reaction time, it also leads to more energy con-
sumption without substantially increasing the product’s value 
(Fig. S12). �erefore, simply prolonging the reaction time to 
increase gasoline yield is not conducive to increasing pro�ts 
but will consume a lot of energy. �e development of e�cient 
selective catalysts can fundamentally yield the target product.

Catalyst stability and recoverability are also important cri-
teria for industrial polyole�n hydrogenolysis. �e catalytic sta-
bility of the Ru SAC was also tested. In detail, the spent Ru SAC 
(named Ru SAC-S) were centrifugally collected and thoroughly 
washed 5 times with hot toluene. �e Ru SAC-S with ~10% of 
weight loss was then mixed with fresh quantitative catalysts for 

the next round of hydrogenolysis test. Over 5 hydrogenolysis 
cycles, Ru SAC-S exhibits almost constant catalytic perfor-
mance with ~97% of solid conversion of LDPE, ~94% of liquid 
yield, and ~3% of gaseous yield, indicating its excellent stability 
(Fig. 5A). �e chemical structures of the Ru SAC-S a�er 5 cycles 
were further characterized by XANES and EXAFS (Fig. S16). 
�e spent catalyst shows only Ru–O coordination feature and 
a similar whiteline intensity with these of the fresh Ru SAC, 
indicating the stable single-atom structures. �e SMSI between 
Ru and CeO2 can e�ectively suppress the metal sintering and 
leaching during the high-temperature reaction, resulting in an 
ultrastable hydrogenolysis performance of Ru SAC.

Upcycling of commercial polyolefins
�e feasibility and universality of Ru SAC on catalytic hydrog-
enolysis are investigated by degradation of high-density poly-
ethylene (HDPE), polypropylene (PP), and commercial polyole�n 
waste (Fig. 5B and C). In terms of topological structure, the 
HDPE has a linear chain structure, while more short branches 
are derived in the LDPE. Under the same reaction condition, 
the solid conversion of HDPE reaches 100%, and the gas yield 
is 7.5%, exhibiting a slight overhydrogenolysis phenomenon, 
which indicates that catalytic hydrogenolysis of HDPE has a 
higher activity than that of LDPE. �e low activity of LDPE may 
be caused by the steric hindrance of branches, which does not 
favor the chain adsorption on catalysts [19,30]. In addition, the 
methyl side groups make the breakage of backbone C–C bonds 

Fig.  5.  Stability and universality. (A) Stability performance of Ru SAC for LDPE 
hydrogenolysis. Reaction conditions: T = 250 °C, PH2 = 2 MPa, t = 6 h, stirring rate = 
400 rpm, and m(Ru)/m(LDPE) = 1 mg/2,000 mg. (B) Catalytic performance and 
(C) schematic diagram of hydrogenolysis of various polyolefins on Ru SAC. Reaction 
conditions: T = 250 °C, PH2 = 2 MPa, stirring rate = 400 rpm, m(Ru)/m(polyolefin) = 
1 mg/2,000 mg, and reaction times for HDPE, LDPE bag, HDPE bottle, PP, and PP 
bottle are 6, 8, 8, 18, and 18 h, respectively.

https://doi.org/10.34133/research.0032


Chu et al. 2023 | https://doi.org/10.34133/research.0032 8

more di�cult [19,44], thus requiring a longer catalytic reaction 
time (18 h) to achieve high solid conversion. Interestingly, the 
gas yield is almost zero compared to the common ~30% [12,45]. 
According to previous works, the PP contains many pendant 
methyl groups [46,47], and the removal of these groups would 
yield more methane than that in PE hydrogenolysis. Combined 
with the unique cleavage mechanism of Ru SAC proposed in 
the PE hydrogenolysis, we speculate that the hydrogenolysis of 
PP may also follow the internal C–C breakage model (right 
panel in Fig. S17).

Notably, since the polyole�n wastes are more complex than 
raw materials and always contain various additives and impuri-
ties, the hydrogenolysis of commercial plastics, including LDPE 
bags and HDPE and PP bottles, on Ru SAC was also demon-
strated. �e commercial materials were cut into squares shapes 
with dimensions of 5 × 5 mm for subsequent use. Overall, the 
Ru SAC shows high solid conversions and liquid yields over 80% 
and gas yields below 10% in the degradation of various com-
mercial polyole�n wastes. Combined with the high selectivity, 
good stability/recyclability, and high atomic usage, the polyole�n 
hydrogenolysis system assisted by Ru SACs holds a great promise 
for promoting sustainable plastic upcycling.

Discussion
Summarily, we have synthesized and con�rmed that Ru SAC 
can selectively cleave internal C–C bonds in PE hydrogenolysis, 
whereas the terminal C–C cracking and fragmentation tend to 
occur at multi-Ru sites. As a result, the Ru SAC shows a produc-
tion rate of 314.93 gfuels gRu

−1 h−1 with an ultralow gaseous yield 
of 3.05% and a liquid fuel yield of 94.5%, which all are much 
better than those of other reported Ru catalysts. We have further 
demonstrated that the single-atom system is also universal and 
e�cient for upcycling commercial polyole�n commodities, giv-
ing an enormous potential for industrialization. �is work also 
o�ers an in-depth understanding of the structure–performance 
relationship between active sites and polyole�n hydrogenolysis. 
Our investigation of the structure–performance relationship 
only distinguishes the catalytic mechanism of SAC and multisite 
Ru catalyst, while a crucial goal for sustainable polyole�n upcy-
cling is to develop an e�cient catalyst, which corresponds to 
our discussion on reaction engineering parameters. In general, 
the catalytic performance of SAC can be modulated by tuning 
its electronic structure, coordination environment, and inter-
action with support. �erefore, rational design and study of SAC 
with further improved performance toward polyole�n upcycling 
are worth more attention.

Materials and Methods

Chemicals
Ruthenium(III) chloride trihydrate (RuCl3·3H2O, 99.9%), n- 
decane (n-C10H22, 99.9%), n-tetradecane (n-C14H30, 99.9%), 
and n-hexadecane (n-C16H34, 99.9%) were purchased from 
Alfa. Commercial nano cerium oxide (CeO2, 99.9%, ~30 nm) 
was provided from Aladdin. LDPE (melting index = 20 to 
30 g/10min, size = 1,000 mesh), HDPE (melting index = 6 
to 9 g/10min, size = 200 mesh), and PP (Mn = 4,000 ± 500) 
were purchased from Macklin. The commercial LDPE bags 
and HDPE bottles were brought from Alibaba Group and 
cut into about 0.5 × 0.5-cm flakes in prior to hydrogenolysis 
experiments.

Synthesis of Ru/CeO2 catalysts
All Ru/CeO2 catalysts were prepared by a well-established wet -
impregnation method. �e mass fractions of Ru were kept at 0.2, 
0.5, 2, and 5 wt%. In a typical synthetic process, certain amounts 
of RuCl3 aqueous solutions were dropped onto the CeO2 powder 
in a 20-ml bottle, which was put on a hotplate at 80 °C under 
magnetic stirring of 400 rpm until the slurry formation, followed 
by the dry and age in an oven at 80 °C for 12 h. A�erward, the 
obtained samples expected 0.2Ru/CeO2 were calcinated in a 
mu�e furnace at 500 °C for 2 h. Prior to catalytic hydrogenolysis, 
all samples were reduced in a 5%H2/Ar (100 ml min−1) gas �ow 
at 300 °C for 2 h.

Catalytic evaluation and product determination
�e hydrogenolysis experiments were performed in a 100-ml 
batch stainless steel autoclave with magnetic stirring equipment. 
�e polymers/alkanes and catalysts were physically mixed and 
put into the reactor. Before catalytic tests, the reactor was pre-
�ushed with H2 under 2 MPa for 5 cycles, followed by the H2
pressurization at a total pressure of 2 MPa, and then sealed the 
reactor. �e stirring rate during the reaction was kept at 400 rpm. 
A�er the reaction and temperature cooling down to room tem-
perature, the gaseous products were collected by a gas sampling 
bag. �e liquid products and solid residuals were respectively 
dissolved and dispersed in 30 ml of toluene and stored in the 
refrigerator, making the liquid of high molecular weight (carbon 
number > 35) is precipitated. A�erward, the solid residue and 
liquid product are then separated by a refrigerated centrifuge. 
�e solid residuals were washed with n-hexane for 3 times and 
further dried in the oven at 80 °C for 12 h. For the product 
distribution, the gaseous (C1 to C4) and liquid (C5 to C35) prod-
ucts were quantitatively analyzed by 2 gas chromatographs with 
�ame ionization detector using TM-Al2O3/S and HP-1 capillary 
columns, respectively. �e catalytic performance was gravimet-
rically calculated by the following equations, the product yields 
are calculated on a carbon basis:

Reusability test
�e solid residuals were dispersed in a hot toluene solution in a 
20-ml bottle on a hotplate to dissolve the hydrocarbons. �e spent 
catalyst was separated by centrifugation. Repeat the process 5 times 
to obtain the clean spent catalyst. In general, the loss of the catalyst 
each time was ~10%. For the new hydrogenolysis test, the catalyst 
was composed of all spent catalyst and partial fresh catalyst.
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