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Polyethylene hydrogenolysis by dilute RuPt
alloy to achieve H2-pressure-independent
low methane selectivity

Qikun Hu 1,2, Shuairen Qian2, Yuqi Wang1,3, Jiayang Zhao 1,2, Meng Jiang 4,
Mingze Sun 1,2, Helai Huang1,2, Tao Gan5, Jun Ma3, Jing Zhang3, Yi Cheng 2 &
Zhiqiang Niu 1,2,6

Chemical recycling of plastic waste could reduce its environmental impact and
create a more sustainable society. Hydrogenolysis is a viable method for
polyolefin valorization but typically requires high hydrogen pressures to
minimize methane production. Here, we circumvent this stringent require-
ment using dilute RuPt alloy to suppress the undesired terminal C–C scission
under hydrogen-lean conditions. Spectroscopic studies reveal that PE
adsorption takes place on both Ru and Pt sites, yet the C–C bond cleavage
proceeds faster on Ru site, which helps avoid successive terminal scission of
the in situ-generated reactive intermediates due to the lack of a neighboring
Ru site. Different fromprevious research, thismethod of suppressingmethane
generation is independent ofH2 pressure, and PE canbe converted to fuels and
waxes/lubricant base oils with only <3.2% methane even under ambient H2

pressure. This advantage would allow the integration of distributed, low-
pressure hydrogen sources into the upstream of PE hydrogenolysis and pro-
vide a feasible solution to decentralized plastic upcycling.

Plastics have been an indispensable part in modern society because of
their versatile properties, long lifespan, and low cost. They are widely
used in various industries, including packaging, healthcare, transpor-
tation, consumer electronics, building, and construction1,2. However,
the growing production and widespread use of plastics have placed
significant stress on the environment, particularly on the aquatic and
terrestrial ecosystems3,4. Polyethylene (PE) is themost extensivelyused
plastic, with an annual consumption of 102.9 million metric tons
globally5. The majority of PE products were ultimately disposed of in
landfills or through incineration6. Recycling and repurposing plastic
wastes can reduce their carbon footprint and enable a circular econ-
omy. It necessitates a comprehensive waste management system and,
more importantly, low-cost technologies for decentralized plastic
processing.

Chemical upcycling is an effective approach to waste valorization
by converting post-consumer plastics into monomers or value-added
molecules. The chemical breakdownof PE can be achieved by a variety
of methods, including hydrogenolysis7–18, hydrocracking19–21,
cracking22,23, pyrolysis24–28, oxidation29,30, and tandem catalysis31–35.
Hydrogenolysis is of particular interest because it produces valuable
fuels and chemicals at relatively low reaction temperatures. Supported
Pt and Ru nanoparticles have been commonly used to catalyze the
hydrogenolysis of polyolefins7,10,13,14. For instance, Pt/SiO2 covered by a
mesoporous silica shell has been demonstrated to control the product
distributions via a processive mechanism36. Compared with Pt, Ru-
based catalysts exhibit higher activity7,8,10, but tend to promote term-
inal C–C scission at low hydrogen pressures, resulting in significant
methane production37. Methane is an undesirable product for its low
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value and high H2 consumption38, which would consume 20 times
more H2 than producing the same weight of n-eicosane (C20). The
concentration of atomic hydrogen (H*) on the catalyst surface has
been identified as one of the key factors influencing themethane yield
in hydrogenolysis. High H* surface coverage, as often provided by
elevated H2 pressures (2–5MPa), is required to minimize the terminal
C–C bond cleavage and suppress methane generation8,14. Vlachos and
co-workers have employed H2 storage material to increase the H*
surface coverage onRu via reverse spillover to increase the production
of liquid fuels9,37. Sub-nanometer Ru clusters10 and isolated Ru sites11

were reported to be more favorable for internal C–C bond cleavage
than large nanoparticles. However, high H2 pressures (>2MPa) have
been inevitably involved in these processes (Supplementary Table 1).

Polyolefin hydrogenolysis at low H2 pressure is more desirable
because it can reduce cost, improve safety, andmake the processmore
energy-efficient. Prior mechanistic studies on short-chain alkane
hydrogenolysis can help us identify potential ways to control the
product distribution at low H2 pressures39–42. The alkane hydro-
genolysis includes a series of elementary steps (Supplementary Note,
equations 1.1–1.8). The 1st C–C bond cleavage results in the formation
of two hydrocarbon fragments, which bond to the catalyst surface
through their terminal C-atoms (Fig. 1, step 1.4). These fragments can
be hydrogenated by H* and desorb to form n-alkanes (Fig. 1, step 1.5).
Thus, increasing the H* surface coverage can expedite this step and
promote the production of long-chainhydrocarbons, as demonstrated
in previous studies9,10,32. Alternatively, these fragments can undergo
consecutive dehydrogenation (Fig. 1, step 1.6) and suffer the 2nd C–C
bond cleavage (Fig. 1, step 1.7), especially on H*-lean surface. This step
is considered to be crucial for the undesired terminal scission. Under
low H2 pressure conditions, the previous method of accelerating step
1.5 via high H* coverage would fall short, requiring the development of
new strategies.

Here, we use dilute Ru9Pt91 alloy to achieve low methane selec-
tivity with H2-pressure independence by suppressing the 2nd C–Cbond
cleavage (Fig. 1, step 1.7). We demonstrate that the cleavage of the C–C
bond proceeds more rapidly on the Ru site than Pt site. Thus, the
dilution of the Ru sites by Pt would not influence the 1st C–C bond
cleavage on the Ru site but retard the successive terminal scission on
the neighboring Pt site. Because surface H* does not directly

participate in the 2nd C–C bond cleavage elementary step (Fig. 1, step
1.7), this dilute alloy is effective even under hydrogen-lean conditions.
Other dilute RuM (M = Pd, Co, Ni) alloy catalysts (e.g., Ru9Pd91,
Ru6Co94, and Ru14Ni86) are also investigated, but they do not workwell
at low hydrogen pressures, highlighting the importance of Pt for PE
adsorption and H2 dissociation. We further showcase that the Ru9Pt91
can convert real-world PE wastes into liquid fuels and waxes/lubricant
base oils with less than 3.2% methane generated under ambient H2

pressure, enabling the seamless integration of decentralized water
electrolysis into the upstream of plastic waste valorization.

Results
Catalyst characterization
The RuPt nanoparticles (NPs) were synthesized by a colloidal method
as described in the Supplementary Material. Transmission electron
microscopic (TEM) analysis reveals that the RuPt NPs are mono-
dispersed with an average diameter of approximately 3.8 ± 0.2 nm
(Fig. 2a). The composition of the NPs is Ru9Pt91 as determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES).
The X-ray diffraction (XRD) patterns of the Ru9Pt91 NPs show the
characteristic diffraction peaks of face-centered cubic (fcc) Pt (Sup-
plementary Fig. 1), which can be assigned to (111), (200), and (220)
reflections (PDF#04-0802). The Ru9Pt91 NPs were then loaded onto a
carbon support (Vulcan XC72) to prevent particle aggregation
(Fig. 2b), denoted as Ru9Pt91/C. The high-angle annular dark-field
scanning transmission electronmicroscopy (HAADF-STEM) image of a
Ru9Pt91 particle is depicted in Fig. 2c. The continuous lattice fringes
suggest that the particle is a single crystal. The distances between the
adjacent lattice fringes are measured to be 0.19 nm and 0.22 nm, in
good agreement with the lattice spacings of Pt (200) and Pt (111)
planes, respectively. The energy-dispersive X-ray spectroscopy (EDS)
elemental mapping demonstrates an even distribution of Pt and Ru
atoms across the particle (Fig. 2d). For comparison, we also synthe-
sized monodispersed Pt NPs, Ru NPs, and RuPt NPs with ICP compo-
sitions of Ru25Pt75 and Ru41Pt59, respectively. The characterizations of
these samples are shown in Supplementary Figs. 2 and 3.

The structure of thediluteRu9Pt91 alloy is further characterizedby
the extended X-ray absorption fine structure (EXAFS). The Fourier
transform of EXAFS at Ru K-edge is shown in Fig. 2e and analyzed in
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Fig. 1 | Schematic illustration of reaction pathways of n-alkane hydrogenolysis
and the strategies to suppress methane generation. The hydrogenolysis con-
sists of a series of elementary steps (step 1.1–step 1.8), including H2 dissociation
(step 1.1), alkane adsorption (step 1.2) and dehydrogenation (step 1.3), the 1st C–C
bond cleavage to form hydrocarbon fragments (step 1.4), the hydrogenation and

desorption of these fragments to form n-alkanes (step 1.5). After step 1.4, an
alternative reaction pathway could occur through the consecutive dehydrogena-
tion of the hydrocarbon fragments (step 1.6), the 2nd C–C bond cleavage (step 1.7),
and the hydrogenation of methyl group (step 1.8).
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k- and R- space (Supplementary Fig. 4). The Ru9Pt91 displays a main
peak at 1.48 Å, which can be assigned to the Ru–O scattering path
(Supplementary Fig. 4 and Supplementary Table 2), while the second
shell Ru–O–Ru scattering in RuO2 at 3.21 Å is absent in Ru9Pt91. This
observation suggests that the surface of Ru9Pt91 is partially oxidized
when exposed to air, which is further confirmed by X-ray absorption
near edge structure (XANES) (Supplementary Fig. 5a) and X-ray pho-
toelectronspectroscopy (XPS) (SupplementaryFig. 5b). Theweakpeak
atR-spaceof 2.17 Å forRu9Pt91 canbe attributed to the scatteringof the
Ru–Pt bond, and the peak at higher R space of 2.72 Å can be attributed
to the scattering of the Ru–O–Pt (Supplementary Fig. 4 and Supple-
mentary Table 2). The peak corresponding to the Ru−Ru scattering
path (2.36 Å) is not observed and cannot be fitted in Ru9Pt91, sug-
gesting that the Ru sites are diluted in the sample. The Fourier trans-
form of EXAFS spectra at the Pt L3-edge is shown in Fig. 2f. The
intensive peak at 2.31 Å for Pt foil corresponds to the Pt–Pt and Pt–Ru
scattering path as observed in the wavelet transform of EXAFS (WT-
EXAFS) (Supplementary Fig. 6c). The fitting results for Ru9Pt91 indicate
the coordination number (CN) for Pt-Ru pair is 0.7, corresponding to
the dilute Ru9Pt91 alloy (Supplementary Fig. 6 and Supplementary
Table 3). Considering PE hydrogenolysis is performed under a redu-
cing atmosphere, quasi in situ XPS was carried out to characterize the
surface properties of the catalyst under reaction-relevant conditions.
The samples were pretreated at 300 °C with H2 flow (10mLmin−1) in a
reaction chamber for an hour and then transferred to an XPS chamber
under vacuum. The XPS spectra of Pt 4f (Fig. 2g) and Ru 3p (Fig. 2h)
reveal that both the Pt species and the Ru species in the samples are in
a metallic state under the reaction-relevant conditions.

PE hydrogenolysis evaluation
PE with an average Mw of 4000gmol−1 (Sigma-Aldrich, 427772, m.p.
107.1 °C) was employed to evaluate the catalytic performance of the
dilute Ru9Pt91 alloy. The reaction was performed at 300 °C at a H2

pressure of 0.5MPa. Figure 3a depicts the time courses of PE hydro-
genolysis over Ru9Pt91/C. In the initial stage of the reaction, the solid
gradually decreased as the reaction progressed. All the solid was
completely converted by 12 h. At this point, long-chain alkanes

(C5~C40) were the main products (yield: 81.2%), with 1.5% C2~C4 and
1.2% CH4. After 12 h, the long-chain alkanes were continuously con-
verted into lighter alkanes, as reflected by the detailed carbon dis-
tributions (Supplementary Fig. 7). Specifically, the carbon distribution
at a 4-h reaction exhibited a narrowprofile, with approximately 70% of
the products being waxes/lubricant base oils (C20~C40, centered
around C27, Supplementary Fig. 7). This distribution pattern remained
largely unchanged during the first 8 h of hydrogenolysis. However,
with prolonged reaction time, a new distribution centered around C15

gradually evolved and became predominant (Supplementary Fig. 7).
Notably, the methane selectivity remained below 2.6% during the
entire course of the hydrogenolysis.

For comparison, the catalytic performance of carbon-supported
Pt and Ru NPs was also examined. The hydrogenolysis of PE over Pt/C
catalyst was quite sluggish, showing a solid conversion of a mere 8.5%
at 8 h and 16.8% at 24 h (Fig. 3b). Notably, 0.45mmol of H2 was con-
sumed in the initial 8 h, and only 0.07mmol was consumed in the next
16 h. Since one C–C bond cleavage would consume one H2 molecule
(SupplementaryNote), the slightH2 consumption after 8 h implies that
the Pt/C catalyst exhibits a slower C–C bond cleavage rate7. Compared
with Ru9Pt91/C and Pt/C, PE hydrogenolysis proceeded faster over the
Ru/C catalyst (Fig. 3c). However, this was accompanied by a sig-
nificantly high yield of CH4 which exceeded 14.6% at 24 h (Supple-
mentary Fig. 8).

The effect of Ru content in RuPt alloy on the methane selectivity
was further investigated. The methane selectivity was determined at a
similar H2 consumption of around 1.75mmol (Supplementary Fig. 9).
As shown in Fig. 3d, methane selectivity was proportional to the Ru
ratio in the catalyst. It increased from 2.6% for Ru9Pt91 to 18.7% for
Ru41Pt59. The result implies that the CH4 generation is related to the Ru
sites in the catalyst, and Ru9Pt91/C provides an ideal balance between
low methane selectivity and high solid conversion rate.

We subsequently assessed the performance of Ru9Pt91/C at dif-
ferentH2 pressures at similarH2 consumption (Supplementary Fig. 10).
As mentioned, previous studies have demonstrated that the methane
selectivity over Ru-based catalysts was very sensitive to H2 pressure

10.
This pressure dependence was confirmed by our Ru/C catalyst. As
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shown in Fig. 3e, Ru/C exhibited amethane selectivity as high as 29.0%
under ambient H2 pressure (Supplementary Fig. 11). The methane
selectivity decreased to 21.5% when the hydrogen pressure increased
to 1.0MPa, which can be explained by the accelerated desorption of
dehydrogenated fragments due to the increased H* coverage on the
catalyst surface (Fig. 1, step 1.5). Instead, Ru9Pt91/C maintained a low
methane selectivity (<3.5%) across the entire hydrogen pressure range
of investigated, in stark contrast to the behavior of Ru/C. This differ-
ence suggests that there might be a different mechanism governing
the methane selectivity over the Ru9Pt91/C.

The surface functional groups in carbon support could act as
Bronsted acid sites and catalyze cracking. This may interfere with the
hydrogenolysis results. To test this possibility, we accessed the cata-
lytic activity of pure carbon support under the same conditions
(300 °C, 0.5MPa H2). It resulted in a 1.3% solid conversion after 24 h.
The low solid conversion suggests that the Vulcan XC72 carbon acts
inertly during the reaction. We also conducted a hot filtration test of
the spent Ru9Pt91/C, which shows negligible metal leaching as deter-
mined by ICP-OES. This indicates the NPs keep a good heterogeneity
on the carbon support during hydrogenolysis.

Mechanistic study on the C–C bond cleavage
To understand why Ru9Pt91/C can keep low methane selectivity under
varying H2 pressures, we first focused on H2 consumption rates over

different catalysts. TheH2 consumption rate is often used to assess the
rate of C–C bond cleavage12. As depicted in Fig. 4a, an increase in Ru
content in the catalyst will lead to a significant increase in the H2

consumption rate or a faster C–C bond cleavage rate (Supplementary
Fig. 12a). In addition, the near-surface composition determined by XPS
and the bulk composition determined by ICP shows a nearly linear
relationship, implying there is no obvious surface segregation in the
NPs (Supplementary Fig. 12b).We, therefore, normalized the hydrogen
consumption rate to each Ru site (defined as Ru-based specific activ-
ity), which surprisingly remains little difference for different alloy
catalysts (Fig. 4a). This implies that the C–C bond cleavage of PE
hydrogenolysis is likely related to the Ru sites in the catalyst.

To gain further insights into the role of the Ru sites in PE hydro-
genolysis, we employed in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) to identify the surface species
involved in the reaction. TheDRIFTS spectrumof free PE exhibits three
characteristic peaks (Supplementary Fig. 13), including the asymmetric
CH2 stretching at 2920 cm−1, symmetric CH2 stretching at 2850 cm−1,
and CH bending at 1462 cm−1. Under reaction conditions (300 °C,
ambient H2 pressure), the peak intensities at 2920 cm−1, 2850 cm−1, and
1462 cm−1 decreased with the reaction time in the presence of Ru9Pt91/
C or Ru41Pt59/C (Fig. 4b), indicating that PE was gradually converted
(the shorter alkanes evaporated and were carried away by the H2 gas
flow). Notably, there was another peak appearing at 1630 cm−1 for
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Ru9Pt91/C. As the stretching vibration of the C=C bond is around
1640 cm−1, the peak at 1630 cm−1 can be ascribed to the dehy-
drogenated intermediates accumulating on the surface of Ru9Pt91

43,44.
In comparison, no obvious infrared peak at 1630 cm−1 was observed
throughout the reactionwhenusingRu41Pt59/C as the catalyst (Fig. 4b),
indicative of very few dehydrogenated species on the catalyst surface.
As Ru41Pt59/C hasmore Ru sites exposed on the surface, the negligible
dehydrogenated species combined with the high H2 consumption rate
(Fig. 4a) suggests that the Ru sites are more effective in catalyzing the
C–C bond cleavage than the Pt sites (Fig. 1, step 1.4).

To elucidate the role of Pt atoms in hydrogenolysis, we first per-
formeddensity functional theory (DFT) calculations to compare theH2

dissociation on different surfaces. The models of RuPt alloy were
constructed by random substitution based on stoichiometric ratio and
the most energetically stable models were selected for subsequent
studies (Supplementary Fig. 14a). The H2 molecule dissociates rapidly
on these surfaces and the related dissociation energy is shown in
Supplementary Fig. 14b. The H2 dissociation energies of Pt (−1.2 eV),
Ru9Pt91 (−1.2 eV), Ru25Pt75 (−1.2 eV), Ru41Pt59 (−1.3 eV), and Ru (−1.5 eV)
indicate that H2 can easily dissociates on thesemetal surface. Although
the H2 dissociation energy on Ru is slightly more negative, the differ-
ence in dissociation ability is not significant considering the high
reaction temperature (573 K).

In addition to H2 dissociation, surface Pt is also the active site for
PE dehydrogenation (Fig. 1, step 1.2, step 1.3). This is evidenced by
in situ DRIFTS spectra of PE hydrogenolysis over Pt/C (Supplementary
Fig. 15). As the reaction proceeded, a characteristic C=C stretch at
1630 cm−1 appeared, which indicates the presence of dehydrogenated
species on the catalyst surface. The interaction between the Pt sites
and PE was further investigated using quasi in situ XPS. Before the
measurement, all the samples were pretreated in H2 atmosphere at
300 °C. As depicted in Fig. 4c, the Pt 4f7/2 peaks had a notable shift
from 71.4 eV to 70.6 eV when the catalysts were pretreated together
with PE. This shift can be explained by PE dehydrogenation and
adsorption on the Pt sites. A similar phenomenon was observed in
propane dehydrogenation, in which Pt 4f7/2 peak shifted to lower
binding energy in reaction atmosphere45. The above results collec-
tively indicate that Pt sites play important roles in H2 dissociation as
well as PE dehydrogenation/adsorption. However, considering the
poor catalytic performance of Pt/C and the accumulation of dehy-
drogenation intermediates on its surface (Supplementary Fig. 15), Pt
appears to be less efficient in cleaving the C–C bonds compared
with Ru.

Putting all the information together, we proposed a mechanism
for PE hydrogenolysis using dilute Ru9Pt91 alloy. As the reaction starts,
H2 molecules easily dissociate into H* on the catalyst surface, and PE
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300 °C, 340mg PE, 20mg catalyst, 8 h. b In situ DRIFTS spectra of PE hydro-
genolysis at 300 °C and ambient pressure catalyzed by Ru9Pt91/C (above) and
Ru41Pt59/C (below). The νas(CH2), νs(CH2), ν(C=C), and δ(C–H) represent the

asymmetric CH2 stretching, symmetric CH2 stretching, C=C stretching, and CH
bending, respectively. c Quasi in situ XPS spectra at Pt 4f of Pt/C, Ru9Pt91/C,
Ru25Pt75/C, and Ru41Pt59/C with and without PE after a pretreatment in H2

(10mLmin−1) at 300 °C for one hour. Schematic illustration of the reaction
mechanismproposed forRu9Pt91/C (d) andRu/C (e),where the grey, black, red, and
white balls represent Pt, C, Ru, and H atoms, respectively.
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adsorbs onto the catalyst surface and dehydrogenates (Fig. 1, step 1.2,
step 1.3). Following that, the C–C bond cleavage is assumed to occur
through an α,β-bound RC*–C*R′⧧ transition state, as commonly pro-
posed in gas-phase alkane hydrogenolysis39–42. This transition state is
illustrated in Fig. 4d. Two distinct sites in the dilute Ru9Pt91 alloy are
involved in the formation of the α,β-bound transition state: one is a Ru
site coordinated with two dehydrogenated carbon atoms, and another
is a neighboring Pt site with a similar coordination. Our mechanistic
investigations suggest that the C–C bondmostly cleaves at the Ru site,
resulting in the formation of two hydrocarbon fragments (Fig. 4d).
These two fragments, bonded onto the surface through terminal car-
bon atoms, may either hydrogenate and desorb to form long-chain
alkanes or undergo further dehydrogenation and the 2nd C–C bond
cleavage. In the latter pathway, the transition state is more likely to
format the adjacent site,which ismore likely to be a Pt site in the dilute
RuPt alloy (Fig. 4d), thus resulting in a much slower cleavage rate and
potentially causing this pathway to stagnate. Consequently, these
fragments aremore likely to combinewithH* and desorb, avoiding the
undesired terminal scission. The picture will be completely different
when Ru sites are not diluted (Fig. 4e), in which case the 2nd C–C bond
cleavage also occurs at a Ru site and rapidly generates methane.

The mechanism described in Fig. 4d highlights the importance of
the diluted Ru sites in Ru9Pt91 alloy in controlling the CH4 selectivity.
One question wewere interested in is whether the diluted Ru sites on a
substrate other than Pt can have the same effect, because the amount
of precious metal would be greatly reduced if Pt can be replaced. To
this end, we prepared other dilute RuM alloys, including Ru14Ni86/C,
Ru6Co94/C, and Ru9Pd91/C. All these dilute alloys showed a very low
activity towards PE hydrogenolysis at both 0.5 and 2.0MPa H2 (Fig. 3f
and Supplementary Fig. 16). This comparison suggests that the Pt sites
in dilute Ru9Pt91 alloy play an indispensable role in PE hydrogenolysis
under low hydrogen pressures.

Although the dilute Ru9Pt91/C can achieve lowmethane selectivity
over a wide range of hydrogen pressure, the reaction temperature is
relatively high (300 °C). We therefore attempted to optimize the
activity by replacing the intert carbon support with metal oxides. To
this end, the colloidal Ru9Pt91 NPs were dispersed onto SiO2 or CeO2 at
a metal loading of about 5wt%. We first compared the catalytic per-
formance of the Ru9Pt91/C, Ru9Pt91/SiO2, and Ru9Pt91/CeO2 at 300 °C
under 0.5Mpa of H2. After two hours of the reaction (Fig. 5a), the solid
conversion followed the order of Ru9Pt91/C < Ru9Pt91/SiO2 < Ru9Pt91/
CeO2. Meanwhile, these catalysts exhibited similar methane selectiv-
ities (<2.3%, Fig. 5a), suggesting that the suppression of terminal scis-
sion on the dilute Ru9Pt91 alloy is universal on different supports.
Because CeO2 shows significant promoting effect on the hydro-
genolysis activity, we then evaluate the Ru9Pt91/CeO2 at a lower reac-
tion temperature of 250 °C. As a result, the Ru9Pt91/CeO2 can fully

convert the PE within 3 h at 2.0MPa or within 8 h at 0.5MPa with
methane selectivities less than 3.7% (Fig. 5b). Characterization on the
used catalysts shows that the size distribution of the Ru9Pt91 NPs
supported on carbon became broader (Supplementary Fig. 17), while
no obvious particle aggregation was observed on CeO2 (Supplemen-
tary Fig. 18).

Integration of low-pressure hydrogen source into PE
hydrogenolysis
Since the dilute Ru9Pt91 alloy breaks the H2-pressure dependence of
CH4 production, we consider to run PE hydrogenolysis under low or
even ambientH2pressures for thebenefits of simplified reactordesign,
increased intrinsic safety, improved energy efficiency, and various low-
pressure H2 sources (e.g., coke oven gas, propane dehydrogenation,
chlor-alkali industry, and water electrolysis). More importantly, single-
use PE consumables are widespread and expensive to transport. Dis-
tributed plastic recycling/upcycling unit requires a cheap reactor that
is compatible with community-scale recycling and can operate under
mild conditions.

As a proof-of-concept demonstration, we integrated a water
electrolyzer into the upstream of a homemade PE hydrogenolysis
reactor. As depicted in Fig. 6a, H2 was produced via water splitting,
dried by solid desiccant, and then introduced into an air-tight glass
reactor containing PE and the Ru9Pt91/C catalyst. A complete conver-
sion of commercial PE powder (Mw ~ 4000,m.p. 107.1 °C) into fuels and
waxes/lubricant base oils was observed after 24 h hydrogenolysis, with
amethane yield of 3.2% (Fig. 6b). This approachworkswell for other PE
feedstocks, including low-density PE bags (m.p. 107.1 °C), high-density
PE caps (m.p. 134.8 °C), and mixed polyolefins (59% PE, 29% poly-
propene, and 12% polystyrene, equals to their market share5). This
indicates that the dilute Ru9Pt91 alloy has a good tolerance to dyes and
additives in the substrates. The product distribution of these different
plastic feedstocks exhibited a similar pattern with a yield of C5~C40 no
less than 77.8% (Fig. 6c andSupplementaryFig. 19). Theseproducts can
be categorized into different fuels and waxes/lubricant base oils
(Fig. 6d, for linear hydrocarbon percentages, see Supplementary
Table 4). For example, the products from the hydrogenolysis of HDPE
cap under ambient H2 pressure are composed of 10.7% gasoline, 19.4%
jet fuel, 38.0% diesel, and 62.5% waxes/lubricant base oils.

Discussion
In summary, we have demonstrated that dilute RuPt alloy can suppress
methane production for PE hydrogenolysis under a wide range of
hydrogen pressure. Different from previous approaches that use high
H* coverage to accelerate the desorption of dehydrogenated inter-
mediates, this work uses dilute Ru9Pt91 alloy to create disparity in the
reaction rate of the 1st and 2nd C–C bond cleavage (Fig. 1). The dilute
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Ru9Pt91 alloy can convert real-world PE feedstocks into value-added
products with a methane selectivity of in the range of 2.0~3.2% under
ambient H2 pressure. This new approach enables the coupling of water
electrolysis and PE hydrogenolysis, providing a promising solution to
decentralized plastic upcycling. The “green H2 + waste plastic → liquid
fuels” scheme is worth a more comprehensive life cycle analysis in the
future. Futureworks should also focus on the reactor design to harness
the potential of this ambient pressure hydrogenolysis.

Methods
Synthesis of Ru9Pt91
The synthesis of dilute Ru9Pt91 alloy nanoparticles follows a previously
reported protocol46. In a typical synthesis, 0.3mmol of Pt(acac)2 and
0.03mmol of Ru(acac)3 weremixedwith 10mLofOAm in a three-neck
round-bottom flask. The mixture was stirred at 50 °C for 20min. After
complete dissolution, the reaction solution was heated up to 100 °C
under a nitrogen atmosphere at a rate of 5 °C min−1. Subsequently,
0.3mmol of BBA was introduced into the mixture. The reaction was
maintained at 100 °C for 30min, and then was further heated up to
300 °C at the same ramp rate. After reacting at 300 °C for 1 h, the
reaction was cooled down to room temperature. The products were
collected and purified by centrifuge. Approximately 20mL of acetone
was added into the reaction solution, and themixture was centrifuged
at 6791 × g for 3min. After discarding the supernatant, the nano-
particles were redispersed in toluene (10mL) and acetone (20mL) and
subjected to centrifuge again. This process was repeated twice. The
final product was redispersed and stored in 10mL of toluene for fur-
ther use.

Synthesis of RuPt alloy nanoparticles
The synthesis of RuPt alloy nanoparticles follows the same procedure
for Ru9Pt91, but with different feeding amounts of Ru(acac)3. Specifi-
cally, 0.3mmol of Pt(acac)2 was mixed with varying amounts of
Ru(acac)3 (0mmol for Pt/C, 0.1mmol for Ru25Pt75, and 0.21mmol for
Ru41Pt59) in the synthesis.

Synthesis of Ru14Ni86, Ru6Co94 and Ru9Pd91

The synthesis of Ru14Ni86, Ru6Co94, and Ru9Pd91 nanoparticles follows
the same procedure for Ru9Pt91, but with the replacement of Pt(acac)2
into Ni(acac)2, Co(acac)2, and Pd(acac)2.

Catalyst loading on support
To prepare carbon-supported catalysts, Vulcan XC72 carbon was first
dispersed in toluene under sonication for 10min. The stock solution
of nanoparticles in toluene was added into the carbon dispersion
dropwise under sonication, and the mixture was further sonicated
for 1 h. The metal loadings were determined to be 22.0 wt% Pt for
Pt/C, 20.0wt% Pt for Ru9Pt91/C, 16.5 wt% Pt for Ru25Pt75/C, 13.0 wt% Pt
for Ru41Pt59/C, 3.6wt% Ni for Ru14Ni86/C, 5.9wt% Co for Ru6Co94/C,
and 10.6wt% Pd for Ru9Pd91/C. The total molar amounts of precious
metals on the support were kept the same for different catalysts. The
resultant suspension was then transferred to a centrifuge tube and
centrifuged at 6791 × g for 3min. The supernatant was discarded, and
the solid residue was washed twice with toluene. The solid powder
was subsequently dried at 65 °C in an oven overnight and calcined in
air at 200 °C in a muffle furnace for 3 h to eliminate the remaining
ligands.

To prepare SiO2 and CeO2-supported catalysts, the procedure is
similar to the catalyst loading on the carbon support. The metal
loading was determined to be 4.7wt% on the basis of Pt.

Synthesis of Ru/C catalyst
The synthesis of Ru/C is based on a previously reported procedure
with slightmodifications47. Typically, 0.06mmol of RuCl3·xH2O, 28mg
of PVP, and 532mgof Vulcant XC72weremixedwith 10mLof ethylene
glycol in a two-neck round-bottom flask. Themixture was heated up to
200 °C in an oil bath and maintained at this temperature for 3 h. After
that, the reaction was cooled down to room temperature. The reaction
mixture was transferred into a centrifuge tube and centrifuged at
10612 × g for 3min. The transparent supernatant was discarded. The
solid at the bottomof the centrifuge tubewas thenwashed three times
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with water and ethanol. The solid powder was subsequently dried at
80 °C in an oven overnight and calcined in air at 200 °C in a muffle
furnace to remove remaining organic ligands.

Catalytic hydrogenolysis of PE
The PE hydrogenolysis was performed in a 25mL batch autoclave. PE
(340mg) and catalyst (20mg) were loaded into a glass-lined autoclave
and stirred with a glass magnetic stirrer. The glass liner was custo-
mized with a glass thermowell of 4mm diameter and welded to the
bottom of the liner. A K-type thermocouple with a diameter of 1.5mm
was bent and soaked to the bottom of the thermowell to measure the
temperature of reactants. The autoclave was sealed, vacuumed,
purged with argon for three times, and then purged with hydrogen for
another three times. After this, the autoclave was pressurized to the
specified pressure. All the pressures reported in this work are gauge
pressure at room temperature. After a designated time, the reactorwas
allowed to cool down to room temperature. The gas was released,
collected using a gas bag, and analyzed by gas chromatography (GC).
The products were dissolved in CHCl3 and analyzed by GC. The poly-
meric residue was calculated by the mass difference of the glass line
before and after the reaction.

Catalytic hydrogenolysis of PE under ambient pressure
The PE hydrogenolysis under ambient pressure was performed in a
homemade reactor (Fig. 6a). PE (340mg), catalyst (40mg), and a glass
magnetic stirrer were loaded into an air-tight glass tube. The reactor
was vacuumed and purged with hydrogen. The reactor was then
heated up to 300 °C and maintained at this temperature for 24 h. The
H2 was supplied from a water electrolyzer and introduced into the
reactor intermittently every 15min by controlling the current (purge
for 1min each time at a flow rate of about 2mLmin−1). All gas was
collected in a gas bag and further quantified in GC. The non-volatile
products were dissolved in CHCl3 and analyzed by GC.

Product analysis
An Agilent Technologies 8890 GC system equipped with a tempera-
ture conductivity detector (TCD) and flame ionization detector (FID)
was used to analyze the gas and liquid products.

For gas products, a certain volume of nitrogen was purged into
the gas bag as a standard. The GC is configured with two separate
channels. One is equippedwith twoHayesepQ (G3591-81020) columns
and a MolSieve 5 A column (G3591-81022) to separate the hydrogen,
nitrogen, methane, ethane, propane, and butane, which are quantified
by a TCD detector. The other channel is equipped with a capillary
column DB-1 (123-1032,0.32mm, 30m, 0.25 µm) to separate pentane,
hexane, and heptane, which are quantified by an FID detector. The
mass of the gas product is calculated using the predictive Redlich-
Kwong-Soave (PSRK) equation.

All the liquid products were dissolved and collected in 50mL
chloroform. Mesitylene was added to the liquid sample as a standard.
The sample was separated in the channel equipped with a capillary
column DB−1 (123-1032,0.32mm, 30m, 0.25 µm) to separate the pro-
duct fromC7H16 to C40H88 whichwas quantified by a FID detector. The
species were calibrated by the retention time of C7~C40 saturated
alkanes standard (Supelco, Lot 49452-U) with 1000μgmL−1. At the
same time, the response factor of alkanes of each carbon number in
FID was also calibrated. The positions of isomers of each carbon
number were established concerning the linear chain.

Hot infiltration test
The hot filtration test was conducted by dispersing 20mg of the used
catalyst into 2mL of n-hexadecane (b.p. 286.9 °C) and themixture was
heated at 100 °C for one hour. The hot mixture was poured through a
filter paper which was pre-heated at 100 °C in an oven. The filtrate was

collected and transferred into a 20mL glass vial. After the evaporation
of the solvent, nitric acid and hydrochloric acid were added into the
vial to digest any metals in the residual under sonication for one hour.
The digestion solution was diluted and analyzed using ICP-OES to
quantify the metal content.

Material characterizations
TEM images were taken on a Hitachi H-7650Bmicroscope operated at
80 kV. The high-angle annular dark-field scanning transmission elec-
tron microscope (HAADF-STEM) and energy-dispersive X-ray spec-
troscopy (EDS) analyses were performed on aberration-corrected TEM
using a FEI-TitanCubedThemisG2 300 and a FEI-Themis Zmicroscope
operated at 300 kV. Powder X-ray diffraction (XRD) patterns were
collected using RigakuMini Flex 600with Cu-Kα radiation. Inductively
coupled plasma optical emission spectroscopy (ICP-OES) was mea-
sured using Thermo Scientific iCAP 6300.

X-ray adsorption spectroscopy
The XAS data were collected at the BL11B and BL14W1 stations at the
Shanghai Synchrotron Radiation Facility (SSRF), and 1W1B, 4B9A sta-
tion at Beijing Synchrotron Radiation Facility (BSRF). The data at Pt L3-
edge was calibrated to a Pt foil, while the Ru K-edge was calibrated to a
Ru foil. All the data analysis was carried out using Artemis and Athena
in the Demeter software suite by FEFF software4 using bulk references.
For EXAFS fitting, the amplitude reduction factor (S0

2) was determined
by fitting the first shell scattering of the reference metal foil. The
obtained S0

2 was then fixed in the samples.

Quasi in situ X-ray photoelectron spectroscopy
Quasi in situ X-ray photoelectron spectroscopy (XPS) experiments
were performed on an Axis Supra (Kratos Analytical Ltd., UK) system
equipped with an Al Kα X-ray source (1486.6 eV) operating at 200W
for survey scans and 300W for core level spectra. The binding energy
was calibrated by the C 1 s line at 284.8 eV. The XPS is equipped with a
reaction chamber connected through a UHV-chamber.

The catalyst sample was tablet-pressed and placed in a glass
holder. The holder was vacuumed and transferred into the reaction
chamber and pretreated at 300 °C for 1 h under a H2 flow at
10mLmin−1. After cooling down to room temperature under H2 flow,
the reaction chamber was vacuumed and the glass holder was trans-
ferred into the XPS chamber for characterization.

The catalyst mixed with PE was treated in the following way.
Initially, 0.1 g of PE was dissolved in 1mL of toluene at 100 °C. The
solution was immediately mixed with 20mg of the catalysts. The
mixture was stirred until dry, and was further dried out in an oven at
65 °C overnight. The solidwas then tablet-pressed andplaced in a glass
holder for further treatment and characterization.

In situ diffuse reflections infrared Fourier transform spectro-
scopy (DRIFTS)
In situ, DRIFTSmeasurements were performed via a Fourier transform
infrared spectrometer (Thermo Nicolet iS50) equipped with a diffuse
reflection accessory (Harrick Inc.). Toprepare the sample, 20mgof the
catalysts was first mixed with KBr (200mg). Then, 10mg of PE was
dissolved in 1mL of toluene at 100 °C. The PE solution (0.1mL) was
added to the catalyst/KBr mixture and stirred until dry. The mixture
was further dried out in an oven at 65 °C overnight. The sample was
loaded in a high-temperature in situ DRIFTS reactor (Harric Inc.). The
sample was pretreated at 150 °C under a H2 flow (5mLmin−1) for
30min and then heated up to 300 °C to start the measurement.

Data availability
All data generated in this study are provided in the Supplementary
Information/SourceData file. Source data are providedwith this paper.
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