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ABSTRACT: Plastic hydrogenolysis is an attractive approach for producing value-
added chemicals due to its mild reaction conditions, but controlling product
distribution is challenging due to the formation of undesired CH4. This work reports
several bimetallic RuM3/CeO2 (M = Fe, Co, Ni) catalysts that shift the product of low-
density polyethylene hydrogenolysis toward longer-chain hydrocarbons. These catalysts
were characterized by using X-ray absorption fine structure spectroscopy, electron
microscopy imaging, and H2 temperature-programmed reduction. The combined
catalytic evaluation and characterization results revealed that the product distribution
was regulated by the formation of bimetallic alloys. A model compound, n-hexadecane,
was selected to further understand the differences in hydrogenolysis over the Ru-based
catalysts. Although a longer reaction time shifted the product toward smaller molecules,
the bimetallic (RuCo3/CeO2) catalyst limited the further conversion of C2−C5 into
CH4. This work highlights the role of bimetallic alloys in tailoring the interaction with
hydrocarbons, thereby controlling the product distribution of polymer hydrogenolysis.
KEYWORDS: Ru-based catalysts, Bimetallic catalysts, LDPE upgrading, n-Hexadecane conversion, Hydrocarbon adsorption

■ INTRODUCTION
Plastic upgrading has received growing attention due to the
rapid increase in global plastic production and its non-
biodegradable properties accompanied by environmental
issues.1−3 Traditional solutions, such as landfill, incineration,
and mechanical recycling, are often limited by the type of
plastic.4−6 Chemical upcycling of plastic has been regarded as a
potentially sustainable approach to achieving both the
reduction of plastic waste and the production of value-added
materials.7−9 Many chemical recycling technologies have been
investigated, such as pyrolysis, solvolysis, hydrocracking, and
hydrogenolysis,10 among which plastic hydrogenolysis has
been widely investigated due to its relatively low reaction
temperature, as well as an assortment of valuable products
including gasoline, jet fuel, diesel, and lubricants.11−14

Up until now, efforts on polymer hydrogenolysis have
primarily focused on utilizing Ru or Pt monometallic catalysts
as both types of catalysts have been shown to be capable of
cleaving C−C bonds.15 Polymer hydrogenolysis over Pt
catalysts typically occurs in the range 250−300 °C.16−18
Product distributions are centered on low molecular weight
liquids, lubricants, and waxes. An acid zeolite support is
typically used for Pt-catalyzed polymer hydrogenolysis and
Brønsted acid density is leveraged to shift the carbon ranges of
the products.19 Besides Pt, Ru has also been used for polymer
hydrogenolysis in recent studies, with Ru/C being the most

widely studied.20−23 Typical reaction conditions require lower
temperatures, 200−250 °C. While Ru is more active in alkane
hydrogenolysis,15 it favors terminal C−C bond cleavage at low
H2 pressures, leading to poor selectivity toward value-added
products.20 There are, however, several factors that can vary
the product distribution including reaction conditions (hydro-
gen pressure, reaction temperature, and reaction time) and
catalyst design (electronic modification of the active species,
support, and promoter impact).12,21,24,25 Wang et al.26

demonstrated that by utilizing a WZrO2 support, they could
suppress the generation of CH4, leading to more diesel- and
liquid fuel-based products. Furthermore, the addition of
effective dopant oxides (W, V, and Mo) could tune the
product distribution for polyethylene hydrogenolysis by
supplying hydrogen to Ru and facilitating the desorption of
alkyl species.27

Bimetallic catalysts have been investigated for the hydro-
genolysis of low-density polyethylene (LDPE) as they can
potentially improve the catalytic activity and selectivity

Received: August 26, 2023
Revised: November 20, 2023
Accepted: November 20, 2023
Published: January 4, 2024

Articlepubs.acs.org/ChemBioEng

© 2024 The Authors. Co-published by
Zhejiang University and American

Chemical Society 67
https://doi.org/10.1021/cbe.3c00007

Chem Bio Eng. 2024, 1, 67−75

ACS Partner Journal

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/page/virtual-collections.html?journal=cbehb5&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenhua+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+K.+Turaczy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sooyeon+Hwang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiahua+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingguang+G.+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/cbe.3c00007&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00007?ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00007?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00007?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00007?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00007?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cbehb5/1/1?ref=pdf
https://pubs.acs.org/toc/cbehb5/1/1?ref=pdf
https://pubs.acs.org/toc/cbehb5/1/1?ref=pdf
https://pubs.acs.org/toc/cbehb5/1/1?ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/cbe.3c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ChemBioEng?ref=pdf
https://pubs.acs.org/ChemBioEng?ref=pdf
https://pubs.acs.org/ACS_partner_journals?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


compared to the corresponding monometallic catalysts.28−30

The synergistic interactions of bimetallic alloys often enhance
the hydrogenolysis of LDPE by selectively promoting the
cleavage of the internal C−C bonds in the polymer backbone
and inhibiting the formation of gas products, such as methane
and ethane.31 However, the optimization of the catalyst
composition and control of product distribution to achieve
maximum yield and selectivity toward desired products are still
active areas of research.13,21,24,32−34 Thus far, Ru is among the
most promising monometallic catalysts because of its high
activity, although comparative studies incorporating different
metals with Ru to form bimetallic catalysts have not been
extensively explored for polymer hydrogenolysis.
In this work, bimetallic RuM3/CeO2 (M = Fe, Co, Ni)

catalysts are shown to adjust the product distribution of LDPE
hydrogenolysis at the expense of catalytic activity. The
structural characterization of the investigated catalysts confirms
the formation of the Ru−M alloy in the bimetallic catalysts,
indicating that the presence of an alloy regulates the product
distribution. Furthermore, using n-hexadecane as a model
compound, the impact of reaction time and H2 pressure was
examined to gain insight into hydrogenolysis over the RuM3/
CeO2 catalysts. Results from this study suggest that alloy
formation weakens hydrocarbon adsorption, leading to a
decrease in the catalytic activity while enhancing the product
selectivity toward hydrocarbons with longer chains.

■ EXPERIMENTAL SECTION
Catalyst Preparation. All catalysts were synthesized via a slurry

impregnation method, and all reagents were used without purification.
For the synthesis of bimetallic catalysts, an appropriate amount of
RuCl3•H2O (Sigma-Aldrich, 99.98% trace metals basis) was dissolved
simultaneously with Fe(NO3)3•9H2O (Sigma-Aldrich, ≥99.999%
trace metals basis), Co(NO3)2•6H2O (Sigma-Aldrich, 99.999% metal
basis), or Ni(NO3)2•6H2O (Alfa-Aesar, 99.9985% metal basis) in 30
mL of DI water to achieve a Ru/M ratio of 1:3. The slurry solution
was subjected to ultrasonication for 10 min before adding the CeO2
support (Sigma-Aldrich, 35−45 m2 g−1, <25 nm particle size (BET))
followed by another ultrasonication for 10 min. All the catalysts were
dried at 80 °C overnight and then calcined at 400 °C for 2 h with a
heating ramp rate of 1 °C/min. Following the same synthesis
procedure, the monometallic catalysts were synthesized with the same
metal loading as the corresponding bimetallic catalysts. The loadings
of Ru and M (Fe, Co, Ni) were fixed to be 1.0% and 1.7%,
respectively, which were confirmed by X-ray fluorescence spectros-
copy (XRF) measurements, as summarized in Table S1. This loading
corresponded to an atomic ratio of 1:3 (Ru:M). The Brunauer−
Emmett−Teller (BET) surface areas of reduced Ru/CeO2, RuFe3/
CeO2, RuCo3/CeO2, and RuNi3/CeO2 were determined to be 35−37
m2/g (Figure S1).
Catalyst Characterization. The H2 temperature-programmed

reduction (H2-TPR) profiles of the as-prepared catalysts were
obtained by using an AMI-300ip (Altamira) instrument. Typically,
∼100 mg of as-prepared catalyst was pretreated under Helium (He)
atmosphere (50 mL/min) at 200 °C for 30 min and then cooled to 40
°C. TPR measurements were subsequently performed in a mixture of
10% H2/Ar (30 mL/min total) with a heating rate of 10 °C/min to
800 °C. Pulse CO chemisorption was performed in an AMI-300ip
(Altamira) instrument.35 The as-prepared catalyst (∼100 mg) was
prereduced at elevated temperatures (Co- and Ni-related samples
were reduced at 400 °C, Fe-related samples were reduced at 600 °C,
and monometallic Ru was reduced at 200 °C) for 60 min under 10%
H2/Ar (30 mL/min total), and cooled down to 40 °C in He (50 mL/
min), before periodically pulsing 10% CO/He (590 μL loop) into the
pretreated catalysts. Elemental analysis was performed by XRF
(Rigaku WDXRF). Ru-based samples were degassed overnight at 250
°C after which the BET surface area was determined using N2

adsorption isotherms (−196 °C) on a Micromeritics 3Flex system.
Electron microscopy characterization of the reduced and spent
catalysts was performed at the Center for Functional Nanomaterials at
Brookhaven National Laboratory. For these measurements, samples
were ultrasonically dispersed in ethanol for 10 min, and then a droplet
of the dispersed sample was placed onto a Lacey carbon film
supported by a copper grid and allowed to dry thoroughly.
Transmission electron microscopy (TEM) images were captured
using a JEOL 1400 instrument and a Thermo-Fisher Talos F200X. To
determine the elemental distribution of the spent Ru-based
monometallic and bimetallic catalysts, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images
and energy dispersive X-ray spectroscopy (EDS) elemental maps were
obtained with a Thermo-Fisher Talos F200X at an accelerating
voltage of 200 kV.
The ex-situ X-ray absorption fine structure (XAFS) spectra of the

Ru K-edge were collected at beamline 7-BM (QAS) of the National
Synchrotron Light Source II (NSLS-II) at Brookhaven National
Laboratory. For each measurement, the spent catalyst was pressed and
sealed with Kapton tape. The XAFS spectra were recorded
simultaneously via transmission and fluorescence modes. Ru foil
was applied as the standard reference to calibrate energy shift as well
as to obtain the passive electron reduction factor (S02) used for
fitting. Data processing was preformed using the IFEFFIT package.36

Hydrogenolysis Reactions and Product Quantification.
LDPE and n-Hexadecane Hydrogenolysis Reactions. Before the
batch reactions, RuM3/CeO2 and M3/CeO2 (M = Fe, Co, Ni)
catalysts were reduced in a tube furnace by a 50 vol % H2/Ar flow at
elevated temperatures for 60 min with a ramp rate of 10 °C/min, with
the reduction temperature being determined via H2-TPR profiles,
similar to those described for CO chemisorption experiments. There
was no prereduction process for Ru/CeO2 since Ru could be fully
reduced below the reaction temperature (250 °C). Afterward, the
reduced sample was cooled down in Ar to room temperature and
passivated by 1 vol % O2/Ar for 15 min before being transferred to
the batch reactor, a 4598 Parr micro stirred reactor. For each
measurement, 10−200 mg of the reduced catalyst was loaded into a
small beaker and mixed with 1 g of reactant (LDPE with Mw ∼ 4000
Da or n-hexadecane) before being added to a 100 mL stainless steel
autoclave. The reactor was tightly sealed and purged with H2 (18 bar)
six times prior to being filled to the target H2 pressure (5 or 18 bar).
The reactor was heated to reaction temperature (200 or 250 °C) in
40 min, maintained at the reaction temperature for a specific time
(30−600 min) under agitation, and then cooled down to room
temperature before collecting gases, liquids, and solid residues for
product analysis.

Product Analysis and Quantification. After the reactor cooled to
room temperature, the gas products were slowly released into a 2 L
jumbo syringe until the mixture reached ambient pressure. Following
gas product collection, 15 mL of acetylene was injected into the
syringe as an internal standard and mixed with the gas products. The
gaseous mixture was pushed into and analyzed by an Agilent 7890B
gas chromatograph (GC) (PLOT Q and MOLESEIVE columns)
equipped with a thermal conductivity detector (TCD) and a flame
ionized detector (FID). To avoid any condensation of high-boiling-
point products, the gas line from the jumbo syringe to the GC inlet
was wrapped in heating tape and maintained at 150 °C.
Dichloromethane (CH2Cl2, Sigma-Aldrich, ≥99.9%) was used to

extract soluble products from LDPE or n-hexadecane conversion,
denoted as liquid products, which consisted of C4−C30 from LDPE
conversion and C4−C15 from n-hexadecane conversion. Following
liquid product collection, 50 μL of n-butylcyclohexane was employed
as an internal standard. The liquid product was analyzed by another
Agilent 7890B GC instrument equipped with an FID and an HP-5
column. For quantification, the FID response factors of all of the
gaseous and liquid products were obtained from calibration with
standards.
The yield and selectivity of the product was calculated on a per-

carbon basis, with i carbons (Ci), using the following equation:
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where i represents the carbon number of alkane products, ni is the
number of carbon atoms of component i, and nreactant is the total
number of carbon atoms of the reactant (LDPE or n-hexadecane).

■ RESULTS AND DISCUSSION
Bimetallic Effects on LDPE Hydrogenolysis. LDPE with

a Mw of ∼4000 Da was selected to investigate the impact of
bimetallic formation on the hydrogenolysis product distribu-

tion. As illustrated in Figure 1, Ru/CeO2 showed near 100%
LDPE conversion, with primarily gaseous products, consisting
of ∼90% CH4 with a small amount of C2H6. This is consistent
with reported results that Ru-based catalysts favor C−C bond
scission of polymers in the presence of H2 leading to the
production of CH4.

13 It is noteworthy that different product
distributions of polymer hydrogenolysis on Ru/CeO2 have also
been reported. Nakaji et al.37 found that Ru/CeO2 (5 wt %
Ru) could achieve 92% yield of liquid fuel and wax at 200 °C
with H2 pressure of 20 bar. However, a more recent study by
Chen et al.13 pointed out that the product distribution for
polymer hydrogenolysis over Ru/CeO2 was dependent on the
Ru loading with a high Ru loading (>0.5 wt %) favoring CH4
formation. Many factors, such as reaction temperature, H2

Figure 1. Effect of different bimetallic RuM3/CeO2 (M = Fe, Co, Ni) catalysts on LDPE hydrogenolysis. (a) Yield of gas and liquid products, (b)
selectivity of light molecules (C1−C4), and (c) carbon distributions of C1−C30 products. Reaction conditions: 100 mg of catalyst, 1 g of LDPE,
250 °C, 18 bar of H2, 600 min.

Figure 2. Product distributions of LDPE hydrogenolysis on Ru/CeO2 and RuCo3/CeO2 catalysts at comparable conversions. (a) Yield of gas and
liquid products, (b) selectivity of light molecules (C1−C4), and (c) distributions of C6−C30 products. Reaction conditions: 1 g of LDPE, 250 °C,
18 bar of H2, 600 min.
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pressure, the ratio of catalyst to reactant, particle size of the
active species, etc., could impact the product distribution for
polymer hydrogenolysis.13,24,26,32 Following the addition of a
second metal (Fe, Co, Ni) to the Ru/CeO2 catalyst, the
reactivity of LDPE conversion decreased compared to that of
Ru/CeO2 (Figure 1a). Both RuCo3/CeO2 and RuNi3/CeO2
delivered ∼80% LDPE conversion, while the conversion for
RuFe3/CeO2 was notably lower. Interestingly, a fraction of
liquid products was obtained over all bimetallic RuM3/CeO2
catalysts, indicating that the addition of a second metal could
tailor the product distribution of LDPE hydrogenolysis. The
CH4 selectivity decreased from ∼90% on Ru/CeO2 to ∼70%
on RuM3/CeO2, while the C2−C4 selectivity remained almost
unchanged (Figure 1b). RuCo3/CeO2 and RuNi3/CeO2
showed appreciable amounts of products between C5−C16
(Figure 1c and Figure S2), which could be potentially used in
gasoline and jet fuels.26

Considering that the product distribution of LDPE hydro-
genolysis should be dependent on the conversion, the products
of Ru/CeO2 and RuCo3/CeO2 were compared at similar
LDPE conversions. As shown in Figure 2a, negligible amounts
of liquid products were observed, even though a lower LDPE
conversion was obtained by decreasing the amount of Ru/
CeO2 used (70 mg). Although the CH4 selectivity decreased
from ∼90% at complete LDPE conversion to ∼77% at 60%
LDPE conversion, lower alkanes, primarily ethane and
propane, made up the remainder of the products (Figure
2b). Therefore, bimetallic RuCo3/CeO2 catalyst could adjust
the product distribution of LDPE hydrogenolysis toward
hydrocarbons with longer chains.

Structural Characterization. High-angle annular dark
field (HAADF) and scanning transmission electron micros-
copy with energy dispersive spectroscopy (STEM-EDS)
images were collected on the spent Ru/CeO2 and RuM3/
CeO2 (M = Fe, Co, Ni) catalysts, as shown in Figure 3. For all
samples (Figure 3a−d), Ru was uniformly distributed on the
CeO2 support. Importantly, Co was also found to be
distributed evenly on the spent RuCo3/CeO2 catalyst (Figure
3c), suggesting possible interactions between Ru and Co, likely
the formation of a RuCo alloy in the RuCo3/CeO2 catalyst.
Unlike Co, Fe and Ni aggregated in RuFe3/CeO2 and RuNi3/
CeO2, respectively (Figure 3b,d), suggesting that the fraction
of Ru−Co alloy formation should be higher than those of the
Ru−Fe and Ru−Ni alloys. Note that Ru nanoparticles could
not be easily discerned from the CeO2 support due to the high
atomic number of Ce. The TEM measurements of the reduced
Ru-based catalysts were also attempted, considering that
potential hydrocarbon species deposition on the spent catalyst
might obscure the distinct visualization of Ru nanoparticles. As
shown in Figure S3, Ru nanoparticles were still not easily
discernible from the CeO2 support, given the diameter of the
support was below 25 nm. Therefore, the average coordination
numbers (CNs) of the total Ru−M bonds (see Table S3)
obtained from the extended X-ray absorption fine structure
(EXAFS) analysis were utilized to estimate the average Ru-
relevant particle size. Assuming a hemispherical shape, the
average CN in the first coordination shell approximated similar
average sizes (3−5 nm) over the Ru/CeO2 and RuM3/CeO2
catalysts, which allowed for meaningful comparisons of
selectivity in the context of alloy formation.

Figure 3. HAADF-STEM image and corresponding STEM-EDS image of the spent (a) Ru/CeO2, (b) RuFe3/CeO2, (c) RuCo3/CeO2, and (d)
RuNi3/CeO2 catalysts.
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To probe the chemical state and local coordination
environment of Ru, the X-ray absorption near edge structure
(XANES) and EXAFS spectra were measured for the CeO2
supported Ru-based monometallic and bimetallic catalysts after
the LDPE conversion as well as for the Ru foils. Both CN and
bond distance (d) were determined from EXAFS fittings. As
shown in Figure 4, the XANES region of the Ru K-edge
indicated a predominantly metallic feature compared to that of
the Ru foil. The RuCo3/CeO2 and RuNi3/CeO2 samples
exhibited a slightly higher edge position and white line
intensity in addition to a broad resonance shape due to the
orbital hybridization between Ru and Co or Ni.38,39 Indeed,
the EXAFS fitting at the Ru K-edge indicated the formation of
a Ru−Co (CNRu−Co = 2.5 ± 0.5, dRu−Co = 2.57 Å) or Ru−Ni
(CNRu−Ni = 1.4 ± 0.5, dRu−Ni = 2.54 Å) bond, in addition to
the Ru−Ru bond (RuCo3/CeO2: CNRu−Ru = 8.1 ± 0.7, dRu−Ru
= 2.65 Å; RuNi3/CeO2: CNRu−Ru = 8.0 ± 0.6, dRu−Ru = 2.66
Å), consistent with the doublet peaks in the FT-EXAFS plots.
Given their higher selectivity of liquid products compared to
Ru/CeO2 at similar LDPE conversions, alloy formation should
be responsible for modifying the selectivity for LDPE
hydrogenolysis. Both the Ru/CeO2 and RuFe3/CeO2 samples
showed a very similar edge position (see the inset in Figure 4a)
and resonance character to those of the Ru foil, consistent with
their similar FT-EXAFS peak feature in the R space (Figure

4b). Accordingly, only the Ru−Ru bond was obtained from the
EXAFS fitting, as indicated by the coordination number and
the bond distance in Table S3 (Ru/CeO2: CNRu−Ru = 10.5 ±
0.3, dRu−Ru = 2.68 Å; RuFe3/CeO2: CNRu−Ru = 10.3 ± 1.1,
dRu−Ru = 2.67 Å). Thus, Ru in the RuFe3/CeO2 catalyst should
reside in a similar chemical state and coordination environ-
ment as that of the Ru/CeO2 catalyst. The RuFe3/CeO2
catalyst, however, was nearly inactive toward LDPE con-
version, much lower than the Ru/CeO2 catalyst. Moreover, the
HAADF and EDS imaging (Figure 3b) showed that the Fe
species generally overlapped with Ru, despite some hetero-
geneity. It is hypothesized that the Ru sites were partially
encapsulated or shielded by FeOx species, which would
prevent the access of LDPE molecules to the Ru sites, thus
leading to low reactivity. This can be further supported by the
negligible amount of CO chemisorption over the RuFe3/CeO2
catalyst (Table S2). Chen et al.30 also found that in the case of
polyethylene conversion over Fe-doped Pt/Al2O3 catalysts, Fe
species covered the Pt sites when Fe/Pt ratios reached 1,
resulting in the deactivation of catalytic activity.
The H2-TPR experiments provided additional information

on the reduction properties of the monometallic and bimetallic
catalysts (Figure 5). Ru/CeO2 showed a low reduction
temperature below 200 °C (Figure 5a). Ni3/CeO2 was
characterized by a broad reduction peak between 200 and

Figure 4. Ex-situ XAFS spectra of Ru K-edge over the spent Ru/CeO2, RuFe3/CeO2, RuCo3/CeO2, and RuNi3/CeO2 catalysts, as well as the Ru
foil. (a) XANES spectra and (b) Fourier transform (FT)-EXAFS spectra in R space. The inset indicates the amplified region around the edge
position.

Figure 5. H2-TPR profiles of (a) monometallic and (b) Ru-based bimetallic catalyst.
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350 °C with the center at 250 °C, representing the reduction
of NiO to metallic Ni.40 Several reduction peaks were observed
on both Fe3/CeO2 and Co3/CeO2 samples, due to the
presence of multiple oxidation states and phases during the
reduction, such as M2O3, M3O4, MO, and M (M = Fe and
Co).41 Between the two samples, Co3/CeO2 showed an easier
reduction than Fe3/CeO2 since the former underwent a
complete reduction below 450 °C, while Fe3/CeO2 was not
fully reduced until 600 °C. Note that H2 consumption at
temperatures above 650 °C was due to the reduction of the
CeO2 support.

32,42 Compared to monometallic M3/CeO2 (M
= Fe, Co, Ni), bimetallic RuM3/CeO2 showed a lower
reduction temperature due to the promoted reduction effect
of Ru (Figure 5b). The reduction temperature was the lowest
for RuCo3/CeO2, followed by those of RuNi3/CeO2 and
RuFe3/CeO2. The prominent decrease in the reduction
temperature was likely related to the close interaction between

Ru and the metal oxides, MOx, leading to an easier reduction
of the MOx. This was consistent with the XAFS results where a
higher fraction of Ru−M alloy was observed in RuCo3/CeO2
than in RuNi3/CeO2 and RuFe3/CeO2.
Overall, the combined structural characterizations indicate

that Ru−M alloys are formed in reduced RuM3/CeO2 catalysts
with RuCo3/CeO2 forming the highest fraction of Ru−M
alloys among the three bimetallic catalysts. Together with the
LDPE hydrogenolysis performance, it can be seen that the
formation of the Ru−M alloy plays an important role in
regulating the product distribution of LDPE hydrogenolysis.
Mechanistic Insights. Considering that many factors

impact the performance of LDPE hydrogenolysis, such as
mass transfer and the ability of large molecules/intermediates
to adsorb on the catalyst surface, n-hexadecane was selected as
a model compound to facilitate the mechanistic understanding
of the effect of utilizing bimetallic catalysts for hydro-

Figure 6. Comparison of monometallic and bimetallic RuM3/CeO2 (M = Fe, Co, Ni) catalysts for n-hexadecane hydrogenolysis under comparable
conversions (3−7%). (a) Yield of all products, (b) Yield of each product, and (c) product selectivity. Reaction conditions: 10−200 mg catalyst, 1 g
of n-hexadecane, 200 °C, 18 bar H2, 30 min.

Figure 7. Impact of reaction time on n-hexadecane hydrogenolysis over Ru/CeO2 and RuCo3/CeO2 catalysts. (a) Yield, (b) selectivity, and (c)
product distribution of n-hexadecane hydrogenolysis on Ru/CeO2 with different reaction times. (d) Yield, (e) selectivity, and (f) product
distribution of n-hexadecane hydrogenolysis on RuCo3/CeO2 with different reaction times. Reaction conditions: 100 mg of catalyst, 1 g of n-
hexadecane, 250 °C, 18 bar H2.
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genolysis.25,27 In a comparison of several monometallic
catalysts (Figure S4a), Ru/CeO2 showed the highest
conversion of n-hexadecane, followed by Co3/CeO2, Fe3/
CeO2, and Ni3/CeO2. Similar to LDPE hydrogenolysis, Ru/
CeO2 favored the formation of CH4 (∼80%) from the terminal
C−C bond break (Figure S4b,c). In contrast, Co3/CeO2 and
Ni3/CeO2 showed ∼40% CH4 selectivity, with ∼40%
selectivity toward C2−C14 products from the internal C−C
bond cleavage of n-hexadecane, indicating a lack of preference
for the terminal and internal C−C bond scission. Interestingly,
Fe3/CeO2 demonstrated a preference for internal C−C bond
cleavage. However, the low hydrogenolysis activity of Fe3/
CeO2 and Ni3/CeO2 makes them less likely to compete with
the more widely investigated Ru-based catalysts.
The n-hexadecane hydrogenolysis on bimetallic RuM3/

CeO2 provided additional insights into the role of the second
metal (Figure S4d−f). Overall, the addition of the second
metal decreased the catalytic activity compared to Ru/CeO2.
RuCo3/CeO2 and RuNi3/CeO2 catalysts showed comparable
n-hexadecane conversion, with both being more active than
RuFe3/CeO2 (Figure S4d). More importantly, the three
bimetallic RuM3/CeO2 catalysts showed a lower CH4 yield
and selectivity (Figure S4e,f). The catalyst loading was
changed in order to compare the product selectivity of n-
hexadecane hydrogenolysis over Ru/CeO2 and RuCo3/CeO2
under comparable conversions (Figure S5), and the results
confirmed that RuCo3/CeO2 showed a lower CH4 selectivity
than Ru/CeO2. Considering that the measured n-hexadecane
conversions (>50%) were relatively high due to the high
reaction temperature (250 °C) and extended reaction time
(600 min), such a prolonged duration could drive the
hydrogenolysis of both the reaction intermediates and the
final products, favoring methane formation. In light of this, the
n-hexadecane hydrogenolysis was measured under comparably
low conversions (3-7%) at a lower reaction temperature (200
°C) and a shorter reaction time (30 min). As illustrated in
Figure 6, at a comparable conversion (3−7%), the RuCo3/
CeO2 and RuNi3/CeO2 catalysts exhibited 10% methane
selectivity. This was significantly lower than that observed for
the Ru/CeO2 and RuFe3/CeO2 catalysts (∼40%). These
catalytic activities and selectivity trends are generally consistent
with the performance of LDPE hydrogenolysis, indicating that
the Ru−M alloy favors internal C−C bond scission, which is
significantly different from that of the Ru monometallic
catalyst.
The impact of reaction time (Figure 7) and H2 pressure

(Figure S6) on the catalytic activity and product distribution of
n-hexadecane hydrogenolysis was also examined over the Ru/
CeO2 and RuCo3/CeO2 catalysts. As expected, the n-
hexadecane conversion increased with the reaction time
(Figure 7a,d). Meanwhile, the CH4 selectivity grew with the
reaction time (Figure 7b,e), likely due to the subsequent
adsorption and hydrogenolysis of the product to form CH4.
This is consistent with the general trends that the products of
alkane hydrogenolysis shift to shorter-chain hydrocarbons with
increasing reaction time.21,26 Interestingly, for Ru/CeO2, at the
initial stage (60 min) (Figure 7c), the product was dominated
by CH4 with a small fraction of C2H6. As the reaction time
progressed to 180 min, more CH4 and C2H6 were produced
without the significant formation of C3−C15. A longer
reaction time led to an increase in CH4 yield and a decrease
in C2H6 yield, suggesting that Ru/CeO2 was active toward
adsorption and C−C bond scission even for small molecules,

such as C2H6 and C3H8. A different trend was observed for the
RuCo3/CeO2 catalyst (Figure 7f). As the reaction time
progressed, the yield of light alkanes (C1−C5) grew
continuously, while the yield of medium alkanes (C6−C8)
increased first in the initial stage and then decreased after a
longer reaction time. The continuous increase of the C1−C5
yield suggested that these molecules did not undergo further
hydrogenolysis once formed. The different product distribu-
tion between Ru/CeO2 and RuCo3/CeO2 is likely from their
intrinsic ability for hydrocarbon adsorption and hydro-
genolysis�Ru species could continuously adsorb alkanes
(CnH2n+2, n ≥ 2) and eventually convert them to CH4, leading
to a high CH4 selectivity, while Ru−Co alloy continuously
catalyzes alkane (CnH2n+2, n ≥ 6) hydrogenolysis, though lower
alkanes were not further converted to CH4.
The influence of H2 pressure on n-hexadecane hydro-

genolysis was investigated by using the RuCo3/CeO2 catalyst.
As shown in Figure S6, at low n-hexadecane and H2
conversions (below 20%), an increase in H2 pressure from 5
to 18 bar resulted in a decrease in the overall yield of all
products. This was likely due to the increased hydrogen
coverage on the catalyst surface, which inhibited the activity.27

Notably, the product distribution remained relatively un-
changed. Consequently, the effect of H2 pressure on the
product distribution was considered negligible on the selected
H2 pressure ranges.

27 Therefore, although the RuCo3/CeO2
catalyst showed a decrease in the hydrogenolysis activity of
both LDPE and n-hexadecane compared to Ru/CeO2, the
alloy protects the subsequent hydrogenolysis of small
molecules and thus decreases the selectivity of CH4. This
observation is consistent with trends identified from previous
experimental and theoretical studies of bimetallic surfaces
containing a Pt-group metal and a 3rd-row transition metal
such as Fe, Co, or Ni;43 in the presence of H2, these bimetallic
surfaces typically bond to hydrocarbon species more weakly
than either of the parent metal surfaces alone.

■ CONCLUSIONS
In summary, the current paper reports the hydrogenolysis of n-
hexadecane and LDPE over monometallic and bimetallic
RuM3/CeO2 (M = Fe, Co, or Ni) catalysts. Unlike the product
distribution of Ru/CeO2, which is dominated by CH4
formation, the addition of a second metal (Fe, Co, Ni) to
Ru/CeO2 modifies the product distribution to produce
hydrocarbons with longer chains. Among the three RuM3/
CeO2 catalysts, Co shows a better promotion effect due to the
greater extent of alloy formation, which plays an important role
in tailoring the product distribution from LDPE hydro-
genolysis. The utilization of n-hexadecane as a model
compound provides a further understanding of the effects of
reaction time and H2 pressure. The results show that longer
reaction time shifts the product distribution toward short-chain
molecules. The lower alkanes (C2−C5) can be further
converted to CH4 on Ru/CeO2, while they are not on
RuCo3/CeO2. This suggests that alloy formation weakens
hydrocarbon adsorption, resulting in a decrease in hydro-
genolysis activity but regulates the product distribution to
hydrocarbons with longer chains. These results highlight the
importance of bimetallic alloys in controlling the activity and
product selectivity for polymer hydrogenolysis.
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