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A B S T R A C T   

Polyethylene (PE) is one of the most environment-threatening plastic waste. Its Ru-catalyzed hydrogenolysis is 
rapid but produces too much methane. Here, low-density PE hydrogenolysis is performed at mild conditions and 
short times over Ru-doped zirconia catalysts (Ru-XZr, X = Ti, Nb, Ce, W, V, Mo, Fe) to determine low-methane 
catalysts. Methane is produced via direct terminal C-C scission and surface cascade of consecutive C-C scissions, 
with the latter sensitive to hydrogen availability and dominant in hydrogen-lean conditions. Reactivity studies, 
characterization and theory reveal that the most effective dopant oxides (W, V, and Mo) are intermediately 
reducible, as they store and supply extra hydrogen to Ru via reverse hydrogen spillover. This hydrogen readily 
hydrogenates and desorbs long alkyl surface intermediates that would otherwise produce cascade methane. Our 
proposed mechanism reconciles the low methane production achieved by increasing the hydrogen pressure or 
reducing the particle size and exposes the key selectivity descriptors.   

1. Introduction 

The accumulation of primary plastic waste (PW) will double in about 
15 years if the current use, discard, and recycle patterns persist. [1] 
Polyolefin (PO) plastics, e.g., polyethylene (PE) and polypropylene (PP), 
accounted for 63% of global plastic demand in 2019. [2] Their low 
recycling rate (below 5%) exacerbates the environmental threat. [1, 
3–5] Mechanical recycling and incineration degrade the properties and 
emit significant greenhouse gas (GHG), respectively. [6–9] Catalytic 
deconstruction can mitigate these challenges toward a circular society. 
[10–13]. 

Hydrogenolysis is a promising catalytic technology for upcycling of 
PO.[14] Recent contributions over Pt [15–18] and Ru catalysts [19–25] 
demonstrated the feasibility of producing high-value fuels, waxes, and 
lubricants, at milder conditions (below 250 ◦C) than pyrolysis 
(360–550 ◦C). [26,27] Pt-based catalysts selectively produce fuels (C12 
+) but are 1–2 orders of magnitude slower than Ru. [15–24] Ru raptures 
C-C bonds rapidly but produces methane of low value. For example, near 
stoichiometric conversion to methane was reported on a Ru/C catalyst at 
long space-time and/or high temperatures; [20,25] others reported <

10% yield. [21–23] Mechanistically, Nakaji et al. [22] attributed the 
high liquid yield (82%) in low-density PE (LDPE) to small Ru nano
particles (<1.5 nm) on CeO2, supported by their earlier work on squa
lane (C30H62) hydrogenolysis [28,29]. Chen et al. [30] observed reduced 
methane selectivity in PO hydrogenolysis on an ultra-low loading 
(<0.25%) Ru/CeO2 due to higher coverage of adsorbed hydrogen on the 
sub-nm, cationic Ru. Jia et al. [24] found a significant reduction in 
gaseous products in high-density PE (HDPE) at elevated H2 partial 
pressures over Ru/C catalysts due to prevalent internal C-C dissociation. 
Our previous work [21] on LDPE hydrogenolysis on Ru on tungstated 
zirconia (Ru-WZr) corroborates this dependence on hydrogen. More 
importantly, we demonstrated that highly dispersed sub-nm (WOx)n 
clusters could store and supply extra hydrogen to Ru via a reverse 
hydrogen spillover, which alleviates the hydrogen deficiency and sup
presses methane formation. The ability of the oxide to increase the 
hydrogen storage and reduce the hydrogen pressure has significant 
ramifications on compressors’ costs. Discovering catalysts with similar 
or improved performance is crucial. 

In the present work, LDPE hydrogenolysis is examined under mild 
conditions. We synthesize and test a series of Ru on doped zirconia 
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catalysts (Ru-XZr, X = Ti, Nb, Ce, W, V, Mo, Fe; hereafter, the element 
refers to the corresponding oxide) to reveal principles for methane 
suppression. We use comprehensive characterization, theory, and sur
rogate molecules and discover an inverse volcano correlation between 
methane suppression and the reducibility of the dopant oxide and reveal 
two pathways producing methane whose relative importance depends 
on the hydrogen availability on the catalyst. Catalysts with intermediate 
reducible dopant oxides, such as W, V, and Mo, store and supply the 
most hydrogen via reverse spillover and are the most effective in 
methane suppression under H2-lean conditions. 

2. Methods 

2.1. Catalyst preparation 

The doped zirconia (XZr, X = W, V, Mo, Nb, Ce, Ti, and Fe) supports 
were synthesized by impregnating dopant precursors (Table S1) into 
zirconium oxyhydroxide (ZrOx(OH)4–2x), which was prepared by hy
drolyzing a zirconyl chloride octahydrate (ZrOCl2 ⋅ 8 H2O, Aldrich, 98%) 
solution using ammonium hydroxide (NH4OH, Aldrich, 28–30 wt% in 
H2O). Both solutions were added dropwise via peristaltic pumps into 
stirred water at a pH of 10. The resulting suspension was aged under 
vigorous stirring for 12 hr, followed by filtration and rinsing (aqueous 
NH4OH solution at pH of 10) until Cl- ions were absent. ZrOx(OH)4–2x 
was dried at 110 ◦C in static air for 12 hr and was impregnated by the 
dopant precursors. The mixtures were dried at 110 ◦C for 12 hr and 
calcinated in static air for 3 hr (2 ◦C/min ramp) at 800 ◦C (WZr, MoZr, 
CeZr, and TiZr) or 650 ◦C (VZr, NbZr, and FeZr) to yield comparable 
surface areas. Nominal dopant loadings and other basic characteristics 
are tabulated in Table S3. 

The doped-zirconia-supported ruthenium catalysts (Ru-XZr) were 
prepared using the successive incipient wetness impregnation method. 
Ruthenium (III) nitrosyl nitrate solution (Ru(NO)(NO3)x(OH)3−x, 
Aldrich, 1.5 wt% Ru) was impregnated on the XZr supports to achieve 5 
wt% nominal metal loading. They were dried at 110 ◦C for 12 hr and 
reduced at 250 ◦C for 2 hr in a tubular reactor using a 100-sccm, 10% H2 
in He flow. The reference catalysts, Ru supported on bare and W/Mo 
doped titania and silica (Ru-Ti, Ru-Si, Ru-WTi, Ru-WSi, Ru-MoTi, and 
Ru-MoSi), were prepared by similar procedures. TiOx(OH)4–2x was 
synthesized by precipitation using titanium(IV) isopropoxide (Ti[OCH 
(CH3)2]4, Aldrich, 97%); titania was prepared by calcining TiOx(OH)4–2x 
at 450 ◦C; doped titania was prepared by impregnation and calcined at 
650 ◦C; W/Mo doped silicas were prepared using amorphous fumed 
silica (175–225 m2/g) and were calcined at 800 ◦C. The nominal load
ings of Ru and dopants are omitted for clarity. 

2.2. Catalyst characterization 

The BET surface area and porosity were measured using N2 as the 
adsorbent at 77 K with a Micromeritics ASAP 2020 instrument. X-ray 
diffraction (XRD) patterns of powdered materials were measured using a 
Brucker D8 diffractometer equipped with a Cu Kα source. Raman spectra 
were acquired at ambient conditions using a Raman Spectrometer 
(HORIBA) equipped with a green line solid-state laser (532 nm). Air-free 
X-ray photoelectron spectroscopy (XPS) analysis spectra were collected 
using a Thermo Fisher K-Alpha Instrument equipped with an Al(K) X-ray 
source. The samples were pretreated in a tubular flow reactor in a 10% 
H2 in He flow at 250 ◦C for 1 hr, cooled, and transferred in an XPS 
vacuum stage in a glove box (PO2 < 1000 ppm). Bright-field trans
mission electron microscopy (BF-TEM) images were acquired with a 
Field Emission Gun Transmission Electron Microscope (JEOL, JEM- 
2010 F), operated at 200 kV. Dark-field scanning transmission electron 
microscopy (DF-STEM) was performed with a JEOL NEOARM operating 
at 200 kV with detailed methodology published elsewhere. [21]. 

The apparent Ru dispersions were measured on a Micromeritics 
AutoChem II instrument using a H2 titration method reported by Iglesia 

and coworkers. [31] Neither the reduction history of Ru nor the SMSI 
effect of the doping oxides influences the titration stoichiometry. Each 
sample was pretreated in-situ under 10% H2 in Ar flow at 250 ◦C for 1 hr, 
purged in Ar flow for 1 hr at 250 ◦C, cooled, and kept at − 73 ◦C ( ±
10 ◦C) using a liquid N2-ethanol bath. The sample was then treated in a 
1% O2 in He mixture at − 73 ◦C for 15 min, purged in Ar flow at − 73 ◦C 
for 15 min, and then heated in Ar flow and stabilized at 100 ◦C for 1 hr. 
Ru dispersions were measured using H2 pulsing titration of the surface 
ruthenium oxides at 100 ◦C. 

Temperature Programmed Reduction (TPR) and Temperature Pro
grammed Desorption of adsorbed hydrogen (H2-TPD) were performed in 
a continuous flow reactor with online analysis using Mass Spectroscopy 
(MS) (Pfeiffer Vacuum Ominstar GSD 301 C quadrupole mass spec
trometer). In a TPR experiment, the sample was purged in He at 250 ◦C 
for 1 hr and cooled down to room temperature. The gas was switched to 
a 60-sccm, 5% H2 in He flow and was stabilized for at least 1 hr. TPR was 
then performed at a ramping rate of 10 ◦C/min from 27◦ to 1000◦C. In a 
H2-TPD experiment, the sample was reduced at 250 ◦C in a 60-sccm, 5% 
H2 in He flow for 1 hr and cooled down to room temperature. The gas 
was switched to a 60-sccm pure He, purging the sample for 1 hr. The H2- 
TPD was then performed at a ramping rate of 10 ◦C/min from 27◦ to 
1000◦C. All MS signals were normalized to He as an internal reference. 
Calibration was done using a MicroGC (990 MicroGC, Agilent) equipped 
with an MS5A column. 

Diffuse reflectance IR spectra (DRIFTS) were acquired on a Nicolet 
8700 spectrometer (Thermo Scientific) equipped with a liquid-nitrogen- 
cooled MCT detector. Powder samples were loaded in a heating holder 
located at the center of an environmentally controlled high-temperature 
cell (Harrick). The moisture in the feed was removed by a liquid nitrogen 
trap. To eliminate the interferences from water formation after H2 
exposure, all samples were pre-reduced in-situ at 350 ◦C for 1 hr in a 60- 
sccm, 10% H2 in He flow, followed by a purge in 60-sccm He at 350 ◦C 
for 1 hr. Difference spectra were obtained at 250 ◦C by subtracting the 
reference spectrum collected in He from the steady-state spectrum taken 
in 10% H2 in He flow at the same temperature. 

2.3. Activity tests 

2.3.1. Reactivity LDPE hydrogenolysis studies 
Prior to reactions, all catalysts were reduced ex-situ in a 100-sccm, 

10% H2 in He flow at 250 ◦C for 1 hr (10 ◦C/min ramping rate). 2 g of 
low-density polyethylene (LDPE, Mw ~76 kDa) was mixed with 25–50 
mg catalyst and added into a 50 mL stainless-steel Parr reactor with a 
700 µL stir bar. The reactor was sealed, purged with H2 five times, and 
charged to 30 bar H2 (standard temperature and pressure, STP). The 
reactor was heated up to 250 ◦C for 20 min, maintained at 250 ◦C for 2 hr 
under stirring, and quenched in a water/ice bath to below 10 ◦C before 
collecting gases, liquids, and solid residues. 

2.3.2. n-hexane hydrogenolysis at 1 bar H2 
n-hexane (Aldrich, ≥99%) hydrogenolysis was performed at 1 bar 

and 250 ◦C in a continuous flow reactor. It consisted of an 18-inch long, 
¼-inch ID quartz tube placed vertically in a cylindrical furnace. The 
catalyst bed (typically 30 mg) was diluted 100 times using inert ZrO2 
and held in place by quartz-wool plugs and coarse quartz pellets loaded 
on both ends of the catalyst bed. The thermocouple was protected by a 
quartz sleeve inserted at the catalyst center, which was heated in the 
isothermal region of the furnace. Before rate measurements, the catalyst 
was pre-reduced in-situ at 250 ◦C for 1 hr in a 36-sccm, 10% H2 in He 
flow. n-Hexane (0.025 bar) was introduced into the flow using a syringe 
pump (New Era Pump System) and mixed thoroughly with the flow 
before entering the reactor. 

2.3.3. n-dodecane hydrogenolysis at high H2 pressures 
n-dodecane (Aldrich, ≥99%) hydrogenolysis was performed in a 

continuous flow reactor at 20–60 bar H2 and 250 ◦C. The reactor was a 
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stainless steel HPLC tube, 150-mm in length and 4.6-mm in inner 
diameter. It was placed horizontally in a heating jacket. The catalyst bed 
was held in place by quartz-wool plugs and coarse quartz pellets loaded 
on both ends, and inert rods were inserted to eliminate the free volume. 
The thermocouple measures the reactor wall temperature at the catalyst 
location. Before the rate measurements, the catalyst was pre-reduced in- 
situ at 250 ◦C in a 30-sccm pure H2 flow at 1 bar. The temperature was 
maintained at 250 ◦C, and the reactor was charged to 20–60 bar, 
regulated by a back-pressure regulator (Equilibar, U3L series). After the 
pressure was established, the liquid feed, a 0.05 mL/min n-dodecane, 
was introduced into the flow using an HPLC pump (Teledyne SSI, LS- 
class), mixed fully with the gas flow and sent into the reactor. The gas 
and liquid products were cooled to 10 ◦C before separation in a micro- 
condenser (1 mL). 

2.4. Product collection and analysis 

Products from the gas-phase n-hexane hydrogenolysis reaction were 
analyzed online using FID gas chromatography (GC) equipped with an 
Agilent HP-Plot GC column. For n-dodecane and the LDPE hydro
genolysis reactions, gaseous products, typically C1-C6, were collected at 
10 ◦C using a Tedlar bag and analyzed by the said GC-FID. Quantifica
tion was done using standard calibration mixtures. Soluble products from 
LDPE, typically C4 – C35, were extracted using a 20 mL dichloro
methane (CH2Cl2, Fisher Scientific, ACS grade) with 20 mg n-octacosane 
external standard (n-C28, TCI chemicals, >98%). The soluble products 
were analyzed using GC-MS (Agilent, DB-1 column) for identification 
and GC-FID (Agilent, HP-1 column) for quantification. The liquid 
streams from n-dodecane hydrogenolysis, consisting of C4 – C11 al
kanes, were dissolved into a calculated volume of the n-C28/CH2Cl2 
solution and were analyzed using GC-FID (Agilent HP-1 column). 
Representative raw GC traces from the LDPE decomposition products 
are shown elsewhere. [21]. 

The yield of product alkanes with i carbons (Ci) was calculated using 
the following equation: 

Yi = ni
ninitial

where ni is the moles of carbon in Ci, and ninitial is the same in 
the initial LDPE feedstock. The mole-carbon selectivity (mol-C%) of 
product alkanes with i carbons (Ci) is evaluated from: 

SmolC
i = Yi

∑non−solid
Yi 

Here 
∑non−solid

Yi corresponds to the yield of non-solid products, 
namely, the combined yield of all gaseous and soluble liquid products. 

In the high-pressure n-dodecane hydrogenolysis reaction, the mole- 
product selectivity (mol-P%) was adopted to analyze C-C scission pat
terns. The mole-product selectivity of product alkanes with i carbons (Ci) 
is calculated from: 

SmolP
i = i−1×ni

∑i=1−11
(i−1×ni)

In the gas-phase n-hexane hydrogenolysis reaction, the initial turn
over frequency (TOF) was obtained by extrapolating the time-on-stream 
TOF values to t = 0. The TOF of hexane is calculated from: 

TOF = rC6
mcat×dRu

where rC6 is the n-hexane consumption rate in mol/s, 
mcatis the mass of catalyst in grams, and dRu is the Ru site density in mol/ 
gram measured by low-temperature H2/O2 titration (Table S3). 

2.5. Modelling 

We performed density functional theory (DFT) calculations using the 
plane-wave-based Vienna ab initio simulation package (VASP), version 
5.4.4. [32–34] The electron−electron exchange and correlation energies 
were computed using the Perdew, Burke, and Ernzerhof (PBE) func
tional with D3 dispersion corrections. [35,36] Core electrons were 
treated with the projector augmented-wave (PAW) pseudopotentials. 
[37,38] The metal oxides were simulated using the structures of the 
primitive cells. Initial structures along with GGA+U [39] values are 

referenced to the Materials Project. [40] The formation enthalpy was 
calculated by subtracting the electronic energy of metal oxides from 
their elemental electronic energy contributions. The Brillouin zone was 
integrated using a 8 × 8 × 8 k-mesh based on the Monkhorst−Pack 
method [41] with a Gaussian smearing factor of 0.1 eV. For the 
plane-wave set, a cutoff energy of 520 eV was used. Electronic structure 
calculations were performed iteratively, and electronic structures were 
converged when the difference in energy between subsequent steps fell 
below 10−6 eV. Geometries were optimized until the maximum of all 
forces fell below 0.02 eV/Å. Table S2 presents the unit cells and calcu
lated formation enthalpies on a per-atom basis. 

3. Results and discussion 

We perform extensive characterization and correlate the results with 
catalyst performance to assess various hypotheses and expose the 
dominant mechanism of the promotion of dopants. We supplement the 
LDPE work with surrogate experiments. 

3.1. LDPE hydrogenolysis on doped zirconia-supported ruthenium (Ru- 
XZr) catalysts 

LDPE deconstruction was conducted over doped zirconia-supported 
ruthenium catalysts (Ru-XZr, X = W, V, Mo, Nb, Ce, Ti, and Fe). Cata
lysts loadings were adjusted to achieve similar non-solid yields 
(~70–80%) and compare product distributions. The Mo and V catalysts 
achieve (Fig. 1a-b) promotional deconstruction similar to W. Compared 
to the Ru-Zr catalyst (16% methane, 49% liquid [C4-C35]), [21] the W-, 
V-, and Mo-doped catalysts reduce the methane yields to 8.6%, 10%, and 
9.2%, respectively (Fig. 1b) and improve liquid (C4-C35) yield (Fig. 1a) 
to 63%, 68%, and 65%, respectively, with heavier liquid distributions 
centered at C15 (Figure S1a). The Ti-, Nb-, and Ce-doped catalysts show 
minimal improvement compared to the Ru-Zr catalyst. They are prone to 
heavier methane production (Fig. 1d, 20%, 15%, and 15%, respec
tively). The liquid fractions decompose more aggressively to shorter 
alkanes (Figure S1b, centered at C11), although more or comparable 
solid residues remain (Fig. 1c, 21%, 26%, and 28%, respectively). W, V, 
and Mo yield more valuable fuels compared to Ti, Nb, and Ce (Fig. 1e, 
shaded boxes for average values): gasoline from 18% to 23%, jet fuel 
from 25% to 30%, diesel fuel from 35% to 43%, and wax/lubricant 
base-oil from 15% to 20%. The performance of the Ru-FeZr catalyst 
resides between the two groups, shown separately in Figure S2 for 
clarity. Next, we evaluate the possible origins of the promotional effect. 

3.2. Effect of ruthenium particle size and catalyst reduction on 
hydrogenolysis 

The Ru particle size can influence rates and selectivities in the 
hydrogenolysis of small alkanes and polymers [30, 42–45] when it 
changes over a broad range, e.g., 3 – 17 nm [42,43], 0.8 – 9 nm [44] or 
2.5 × 10−4 – 0.72 in H/Ru dispersion [45]. Chen et al. recently reported 
high PO decomposition rates and low methane over sub-nm range Ru 
(0.8 ± 0.2 nm). [30] The particle size effect above 0.5 wt% Ru loading 
(>1.3 nm) was slight. The current work utilizes high (5 wt%) Ru 
loading. The Ru particle sizes on select (Mo, Nb, and Fe) catalysts are 
similar, 2–3 nm on average (Fig. 2). The small sizes corroborate the Ru 
dispersions measured by low-temperature O2/H2 titration (Table S3) 
and the absence of Ru XRD pattern (Figure S3). 

We selected the Ru-MoZr catalyst for further studies. High magnifi
cation TEM (Fig. 2a-b), high-angle annular dark-field (HAADF) STEM, 
and energy dispersive spectroscopy (EDS) elemental mapping 
(Figure S4) of the catalyst pre-reduced at 250 ◦C show ~1 − 4 nm Ru 
nanoparticles with an average size of 2.0 nm (Figure S5d). Similar to Ru- 
WZr, [21] the strong metal-support interaction (SMSI) of Ru with the Mo 
oxide reduces the exposed Ru site density (60 µmol/g, Table S3) 
compared to Ru-Zr [21] and other Ru-XZr catalysts. Pre-reduction at 
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400 ◦C further lowers the Ru site density to 9 µmol/g (Table S4) due to a 
slight increase in Ru particle size from 2.0 to 2.5 nm (Figure S5d-e) and a 
higher SMSI coverage commonly seen at higher reduction temperatures. 
[46,47] Despite these changes, the LDPE hydrogenolysis on the 
pre-reduced (at 250 ◦C and 400 ◦C) catalysts shows no observable dif
ference in product distribution at a similar plastic conversion 
(Figure S5a-c). The longer space time (6x, defined as reaction time / 
LDPE-to-catalyst mass ratio, Table S4) required on the 400 ◦C 
pre-reduced catalyst to reach a similar conversion (~40%) correlates 
with the 6x decrease in the Ru site density (Table S4), suggesting that the 
turnover frequency (TOF) is similar. These results indicate that neither 
the Ru particle/domain size nor any possible changes in the electronic 
and geometric structure of Ru induced by the MoOx/Ru SMSI encapsu
lation describes the promotional effect of the dopant. Furthermore, the 
overall rate of the bifunctional catalyst in converting the LDPE is 
controlled by the metal chemistry. 

3.3. Effect of textural properties of ZrO2 and support 

The crystal structure of the zirconia support varies with the dopant, 
as shown in the XRD patterns and Raman spectra (Figure S6). While TiZr 
and VZr are predominantly monoclinic, the rest are primarily tetragonal 
(Figure S6). However, the crystal phase does not appear to correlate 
with the catalytic performance of the catalysts. The Brønsted acidity on 
some XZr supports, such as WZr, can promote C-C cracking and isom
erization of plastics. [48,49] However, we have shown previously that 
the degree of product branching on Ru-WZr and Ru-Zr catalysts is 
invariant, [50] indicating the absence of acid-catalyzed reactions. The 
key difference of Ru-WZr from the hydrocracking-hydroisomerization 
Pt-WZr catalyst we reported previously [48,49] is that Ru tends to un
dergo deep dehydrogenation/rapid C-C scission rather than form 
olefinic intermediates critical to the acid-catalyzed pathways. 

N2-BET analysis indicates that W, Mo, and V catalysts possess higher 

surface area and smaller pore size than the rest (Table S3). However, the 
poor selectivities (Figure S7a-c) of high-surface-area Ru-WSi and Ru- 
MoSi catalysts (~150 m2/g) suggest that high surface areas alone do 
not give good performance. The promotional effect of W and Mo on ZrO2 
does not translate to SiO2. The performance of the SiO2-supported cat
alysts (Figure S7a-c) hints at the importance of the support and the 
dopant surface species because Mo and W oxides tend to aggregate to 
large crystalline domains on SiO2, [51,52] potentially weakening the 
promotional effect. On the other hand, the promotional effect extends 
beyond zirconia to other supports, such as TiO2, as discussed below 
(Figure S7d-f). 

3.4. Effect of dopant oxides 

Next, we explore possible correlations between dopant structures 
and catalytic performance. Ce and Ti dopants interact weakly with the 
ZrO2 support: the dopant and the support aggregate, resulting in low 
surface area materials but high averaged dopant surface densities 
(#dopant/nm2

ZrO2) (Table S3). XRD and Raman spectra of TiZr show 
anatase TiO2 features, suggesting separation from the monoclinic ZrO2 
support (Figure S6a, c). It is difficult to distinguish cubic CeO2 (or CeZrO 
mixed oxides) from tetragonal ZrO2 by XRD due to the overlapping 
patterns. Raman bands at 144, 265, 315, 463, and 642 cm−1 are 
consistent with tetragonal ZrO2. The extra shoulder at 473 cm−1 is 
assigned to CeO2 or CeZrO mixed oxides surface species in fluoride cubic 
structure (Figure S6a, c). [53]. 

The promotional dopants show unique structural characteristics. 
TEM, HAADF-STEM images, and EDS mapping of the Ru-MoZr catalyst 
(Fig. 2a-b and Figure S4) exhibit highly dispersed sub-nm (MoOx)n 
clusters on ZrO2 that closely resemble (WOx)n clusters.[21] The Raman 
spectra on W-, Mo-, and V-doped ZrO2 show characteristic bands at 
~700 – 900 cm−1 (ν(M-O-M), broad feature) and ~950 – 1000 cm−1 

(ν(M=O), sharp feature) (Figure S6b), suggesting highly dispersed and 

Fig. 1. . Effect of doping oxide in doped zirconia supported ruthenium catalysts (Ru-XZr) on LDPE hydrogenolysis. (a, c) Carbon balance (grey dots), yields of 
soluble (solid bars), and gaseous (faded bars) products; (b, d) Detailed carbon distributions of C1–3 products; e, Yields by fuel range, Gasoline: C5-C12, Jet Fuel: C8- 
C16, Diesel: C9-C22, and Waxes/Lubricant base-oils: C20-C35. Data error bars shown for selected catalysts are indicative of this work. Reactions performed at 250 ◦C, 
50 bar H2, 2 hr, 2 g LDPE; 50 mg of Ru-WZr and Ru-MoZr catalysts, and 25 mg loading for the rest. 
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distorted dopant oxides, consistent with the absence of XRD patterns 
(Figure S6a). The dopants form near-monolayer [54–56] nominal cov
erages at a surface density of ~7, 5, and 5 nm−2, respectively (Table S3), 
due to strongly wetting the ZrO2 support.[57] TiO2 is also known to well 
disperse MoOx and WOx. [58–61] Ru-MoTi and Ru-WTi catalysts pro
duce much lower methane than Ru-Ti (Figure S7d-f), confirming the 
strong correlation between low methane formation and high dopant 
dispersions. Excitingly, in comparison to polypropylene deconstruction 
over Ru/TiO2, [23] specific dopants provide an excellent means of 
reducing methane. 

However, high dopant dispersions are not sufficient for promotion, 
as exemplified by the non-promotional Nb and Fe catalysts. TEM images 
of Ru-NbZr show highly dispersed (NbOx)n species on the ZrO2 support 
(Fig. 2e-f), similar to the (MoOx)n (Fig. 2a-b) and (WOx)n clusters [21]; 
Ru-FeZr forms small FeOx nanoparticles similar to Ru (Fig. 2c-d, 
distinguished by lattice spacing). XRD of NbZr and FeZr show the 
absence of bulk NbOx or FeOx; ZrO2 is in the metastable tetragonal phase 
(Figure S6a). The broad Raman band at ~800 cm−1 (Figure S6c) was 
previously assigned to mixed ν(Nb-O-Nb) modes of distorted, 
corner-sharing, and dispersed species. [62] The 670 cm−1 band on FeZr 
is consistent with Fe3O4 nanoparticles. [63]. 

3.5. Role of hydrogen 

Results discussed next demonstrate that promotional catalysts can 
uptake, store, and supply additional amounts of hydrogen at reaction- 
relevant conditions, which we correlate with methane suppression. 
TPR-MS on select Ru-XZr catalysts (X = Nb, Mo, and Fe) (Fig. 3) 

referenced to XZr (Ru-free) catalyst demonstrate hydrogen spillover. 
NbZr shows a slight reduction (0.4 mmol H2/g) at temperatures 
exceeding 650 ◦C (Fig. 3a), suggesting low reducibility of NbOx. This 
feature is lowered by 200 ◦C on Ru-NbZr, but is still high to interfere 
with the low-temperature LDPE hydrogenolysis. The Ru-NbZr consumes 
~0.5 mmol H2/g below 250 ◦C (Fig. 3a), primarily due to the reduction 
of RuOx, consistent with the Ru-Zr data (~0.6 mmol H2/g) [21]. Air-free 
XPS results corroborate the lack of reduction of NbOx and the substantial 
reduction of RuOx at reaction conditions (Figure S9a-c). 

TPR-MS of MoZr shows features at 450 ◦C and 720 ◦C (Fig. 3b), 
assigned to the reduction of Mo6+ to Mo4+ and Mo4+ to Mo0, respec
tively, [64] suggesting higher reducibility than NbZr. These features 
decrease substantially on Ru-MoZr with less H2 uptake above 300 ◦C. 
However, the low-temperature, sharp feature is substantially larger, 
~1.3 mmol H2/g (Fig. 3b), > 2x higher than Ru-Zr or Ru-NbZr. The 
extra hydrogen uptake occurs through spillover from Ru to MoOx, 
similar to Ru-WZr as the oxide does not dissociate H2. [21] A significant 
fraction of additional hydrogen likely remains on the catalyst up to 
250 ◦C because the formation of H2O is similar on Ru-MoZr and Ru-NbZr 
(Figure S8a-b). Air-free XPS of the reduced Ru-MoZr indicates a reduc
tion of the Mo6+ centers, evidenced by the additional Mo3d doublet at 
231.5 and 234.8 eV. The degree of Mo6+-to-Mo5+ reduction is more 
significant than WOx, [21] consistent with the reduction ranking indi
cated by the calculated oxide formation enthalpy (Table S3). 

TPR-MS of FeZr lights off at 190 ◦C, roughly 160 ◦C below MoZr 
(Fig. 3c), suggesting higher reducibility. The two features at ~380 ◦C 
and 730 ◦C correspond to reductions of Fe3+ to Fe2+ and Fe2+ to Fe0, 
respectively. [65] The presence of Ru substantially decreases the 

Fig. 2. . Bright-field TEM (BF-TEM) images of select Ru-XZr catalysts. a-b, Ru-MoZr with Ru nanoparticles mostly between 1 and 4 nm and high magnification of 
a ~3 nm Ru hemispherical nanoparticle (green arrow), and a rough surface layer consisting of sub-nm (MoOx)n clusters (orange arrow); c-d, Ru-FeZr with a ZrO2 
grain with one side (blue arrow) loaded with Ru and/or FeOx nanoparticles and another smooth and clean side (red arrow) and high magnification of two ~2–3 nm 
particles (orange and green arrows) with distinct color contrast and lattice features; e-f, Ru-NbZr catalysts with Ru nanoparticles mostly of 1–4 nm and high 
magnification of a ~3 nm Ru hemispherical nanoparticle (green arrow), and a rough surface layer consisting of sub-nm (NbOx)n clusters (orange arrow). 
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reduction temperature of FeOx, indicating hydrogen spillover and sub
sequent oxide reduction, as found by density functional theory and 
microkinetic simulations. [66] The low-temperature H2 uptake feature is 
broad, indicating bulk reduction for Ru and Fe oxides. The 

high-temperature feature disappears completely, suggesting a 
near-complete reduction to metallic Fe at LDPE reaction temperatures. 

H2-TPD-MS measurements highlight the potential of the Ru-XZr 
catalysts to serve as reservoirs of hydrogen. The data (Fig. 3d-e) 

Fig. 3. . Doping oxide reducibility and hydrogen spillover on Ru-XZr catalysts. a-c, TPR-MS (positive features, m/z = 2) measurements on Ru-loaded (solid 
curve) and Ru-free (faded curve) over NbZr (orange), MoZr (purple), and FeZr (brown) catalysts; d-e, H2-TPD-MS (m/z = 2, normalized by N2 carrier at m/z = 28) 
measurements on Ru-XZr catalysts (X = W, V, Mo, Nb, Ce, and Fe); f-g, Difference DRIFTS spectra of Ru-XZr catalysts (X = W, Mo, and Nb) collected at 250 ◦C upon 
exposed to steady-state 10% H2 flow carried by 60-sccm He; bending (f) and stretching (g) vibration regimes of O-H groups. Difference spectra were obtained by 
subtracting the absorbance spectra collected prior to H2 exposure from the spectra post-H2 exposure at 250 ◦C. 
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indicates broader desorption profiles than Ru-Zr [21] (dashed line) due 
to hydrogen spilling over on reducible oxides and being released at high 
temperatures. [67] Although greater in amount (Table S5), hydrogen 
desorbed at > 250 ◦C should not interact with the LDPE reaction. 
Conversely, the amount of low-temperature hydrogen desorption below 
250 ◦C (Table S5), which is directly relevant to the reactions, correlates 
well with methane suppression. We further elaborate on the implica
tions of this correlation in the next section. Since we have examined and 
precluded other possible factors, such as Ru particle size, SMSI effect, 
acidity, and the support’s textural properties, the TPR and H2-TPD 
measurements together led us to a likely explanation for the observed 
methane suppression: Promotional catalysts store and desorb more H2 
than Ru-Zr and non-promotional Ru-XZr catalysts (Fig. 3d-e). This 
hydrogen is mobile and reactive under reaction conditions and facili
tates the hydrogenation of alkyls on the Ru surface, followed by the 
desorption of alkanes. This prevents over-dehydrogenation and 
sequential C-C bond scission leading to methane. We note that the 
amounts of H2 desorption do not necessarily match the Ru site density 
measured by low-temperature H2/O2 titration due to spillover. For 
example, the Ru site densities of the W and Mo catalysts (76 and 
60 µmol/g, respectively, Table S3) are only half of that of the Ru-Zr and 
Ru-Ce catalysts (123 and 118 µmol/g, respectively), [21] the extra H2 
desorbed at low temperatures is attributed to the hydrogen storage. 

In-situ DRIFTS measurements were performed on select Ru-XZr cat
alysts (X = W, Mo, and Nb) to identify surface hydrogens on the dopant 
oxides. Difference absorbance spectra were obtained by subtracting the 
spectra collected before and after H2 exposure at 250 ◦C. The samples 
were pre-reduced in H2 and purged in He at 400 ◦C to eliminate the 
interference of adsorbed hydrogen or water (details reported elsewhere 
[21]). Upon H2 exposure at 250 ◦C, the difference absorbance associated 
with the Ru-WZr catalyst shows three distinctive bands at ~1600, 1418, 
and 1220 cm−1 in the δ(OH) regime (Fig. 3f), consistent with trans
mission FTIR data. [21] The 1600 cm−1 feature was assigned to 
water-like surface species that release molecular H2 upon heating or 
evacuation; [68] the latter two were assigned to δ(OH) modes of W-OH 
interacting with adjacent O atoms. The corresponding ν(OH) modes 
exhibit broad features around ~3000 cm−1 due to H-bonding (Fig. 3g). 
The Ru-MoZr catalyst exhibits similar δ(OH) and ν(OH) modes. The less 
stable [21] δ(OH) band at 1418 cm−1 is absent at 250 ◦C due to the 
higher reducibility of MoOx than WOx. Conversely, the Ru-NbZr catalyst 
shows a negligible difference feature associated with δ(OH) or ν(OH) 

modes when exposed to H2 at 250 ◦C. No additional hydrogen can be 
supplied to Ru from NbOx, leading to no promotional effect. 

3.6. Mechanistic insights using surrogates 

We have previously shown that the LDPE hydrogenolysis over Ru- 
WZr catalyst runs at H2-lean conditions, evidenced by a positive reac
tion order of H2, [21] consistent with the literature. [30] Additional 
hydrogen stored on Ru-WZr can suppress methane because it enhances 
hydrogenation of surface alkyls and reduces secondary, 
methane-forming C-C scissions. 

The processing times (0.025–0.05 hr⋅gcat gLDPE
−1 ) on various Ru-XZr 

catalysts for similar LDPE conversions (Fig. 1) correlate inversely with 
the corresponding Ru site density (Table S3), suggesting that the rate of 
deconstruction is independent of the dopant. Since the TOF of a polymer 
mix cannot be defined readily, we perform n-hexane hydrogenolysis at 
250 ◦C and 1 bar H2 to represent LDPE hydrogenolysis at H2-lean con
ditions.[21] This surrogate is adequate for our purpose because both 
reactions exhibit positive reaction orders to hydrogen;[21] the CH4 
formation rates (Fig. 4a) and the turnover frequency of C-C scission per 
Ru site (Ru-VZr as an example, ~3.5 s−1 [C6H14] vs. 1.2 s−1 [LDPE]) are 
also of similar magnitude. The initial TOFs (per-Ru-site) of n-hexane 
across all Ru-XZr catalysts are nearly identical (Fig. 4a), suggesting that 
dopants do not modify the Ru-catalyzed C-C breaking events. In 
contrast, the methane formation rates from both LDPE and hexane 
clearly depend on the dopants (Fig. 4a). The dopant-independent hexane 
TOF combined with the dopant-affected methane formation rates sug
gest that the dopants only influence the fragments in each hexane 
turnover. 

Since the dopant reducibility is implicated according to hydrogen 
sorption (Fig. 3a-e), we plot in Fig. 4b the methane selectivity in both 
LDPE and n-hexane hydrogenolysis and the capacities of reaction- 
relevant hydrogen storage on the dopant oxides (Table S5, defined as 
the amount of low-temperature (<250 ◦C) hydrogen desorption by H2- 
TPD) against the standard formation enthalpy of oxides (Table S3), a 
descriptor for oxide reducibility. The methane selectivity displays an 
inverse volcano vs. the oxide reducibility for LDPE and n-hexane re
actions, both indicating that only mildly reducible dopant oxides (W, V, 
and Mo) reduce methane formation. This coincides with the volcano 
correlation of hydrogen storage capacity vs. the oxide reducibility, 
indicating strong correlation between methane suppression and 

Fig. 4. . Correlation between catalytic performance and dopant properties. a, "Per-Ru-site" methane formation rate for LDPE (grey) and n-hexane (blue) 
hydrogenolysis, and initial turnover frequency (TOF, red) for an ambient-pressure surrogate n-hexane hydrogenolysis over Ru-XZr catalysts (X = W, V, Mo, Ce, Nb, 
Ti, and Fe); b, Methane selectivity for LDPE hydrogenolysis and the ambient-pressure surrogate n-hexane hydrogenolysis and reaction relevant hydrogen storage on 
the dopant oxides as a function of the standard formation enthalpy of the doping oxide. LDPE reactions are shown in Fig. 1 and Fig. S2; The ambient-pressure 
surrogate n-hexane hydrogenolysis was performed at 250 ◦C, Ptot = 1 bar, PH2 = 0.9 bar PC6 = 0.025 bar, He makeup; WHSV ≈ 690 hr−1; conversion < 5%. 
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hydrogen storage on mildly reducible oxides. Indeed, non-reducible 
oxides (e.g., Ti, Nb, and Ce) cannot store and supply additional 
hydrogen at reaction-relevant conditions, whereas over-reducible oxides 
(e.g., Fe) facilely react with hydrogen to produce water (Fig. 3). 

Dodecane (C12, hereafter, Cx denotes n-alkane products with x 
carbons) hydrogenolysis was also performed at 250 ◦C and 
20–60 bar H2 on Ru-Zr and Ru-MoZr catalysts to identify the methane- 
producing pathways and their dependence on hydrogen availability. 
Secondary reactions are negligible in the kinetic regime (conversion 
<7%). Molar product (mol-P%) selectivity is used to showcase distri
butions of primary products, which are indicative of the locations of C-C 
scission. 

A representative product distribution on Ru-MoZr catalyst at 
60 bar H2 (Fig. 5a) is nearly symmetric except for C1 and C11, sug
gesting one C-C scission per C12 turnover except for those producing 
methane. The C2–10 distribution is nearly uniform, suggesting that all 
internal C-C scissions are equiprobable. The C11 selectivity is ~3x the 
internal cracking products (C2–10), suggesting that direct terminal C-C 
scission is 3x more probable than the internal ones. Methane selectivity 
(42 mol-P%) is higher than C11 (15 mol-P%), indicating a second 
methane-producing pathway parallel to the primary terminal C-C bond 
scission. The excess methane does not pair with other products, 

suggesting that it is a secondary product from the primary ones (C2–11) 
within the same C12 turnover. The slightly tilted distribution of C2–10 
(inset, Fig. 5a) suggests that the secondary methane is more likely pro
duced from the longer chains, because of their longer residence time on 
the Ru surfaces due to their higher heats of adsorption. A proposed re
action network is presented in Scheme 1. Dehydrogenation Rii of 
adsorbed alkane occurs on both terminal and internal C-C bonds, fol
lowed by the first C-C bond scission Riii, preferably on terminal carbons. 
The two resulting surface alkyls may be hydrogenated and desorb 
without further reaction Riv, giving methane via direct terminal scission. 
Alternatively, at least one of the two alkyls stays on Ru and undergoes 
further dehydrogenation and C-C scissions Rv. Demethylation is domi
nant due to the binding configuration Riii on the terminal carbon. In this 
sequential cracking path, several methane molecules are produced in a 
cascade until the surface alkyls are hydrogenated and desorb from the 
Ru surface via Rv. 

The results of C12 hydrogenolysis at 20 – 60 bar H2 over the Ru- 
MoZr catalyst, compared to its non-promoted Ru-Zr counterpart, are 
shown in Fig. 5b. At 60 bar H2, the product distributions over the two 
catalysts are nearly the same (Figure S10), suggesting a lack of dopant 
effect. This is because sufficient H2 on Ru ensures fast hydrogenation/ 
desorption (Riv, Scheme 1). At lower pressures, Ru-Zr produces more 

Fig. 5. . Effect of hydrogen pressure on the hydrogenolysis of n-dodecane. a, Selectivity over Ru-MoZr at 250 ◦C, 60 bar H2, catalyst of 20 mg, H2 and dodecane 
flow rates at 30 sccm and 0.05 mL/min, respectively, conversion = 3.6%. b, Selectivities over Ru-MoZr (purple) and Ru-Zr (orange) catalysts at 250 ◦C, catalyst of 
20 mg, and H2 and dodecane flow rates at 30 sccm and 0.05 mL/min, respectively. c, Hydrogen pressure dependence on the probability of terminal C-C bond scission 
over all direct C-C scission events (τ), and ratio between methane produced from the cascade and terminal C-C scissions (φ) over Ru-MoZr (purple) and Ru-Zr 
(orange) catalysts. d, Hydrogen pressure dependence on dodecane turnover rate and number of C-C scissions per dodecane turnover on Ru-MoZr (purple) and 
Ru-Zr (orange) catalysts. Reactions performed at 250 ◦C, 20–60 bar H2, catalyst of 20 mg, H2, and dodecane flow rates at 30 sccm and 0.05 mL/min, respectively. 
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methane and is more sensitive to pressure. At 20 bar H2, the methane 
selectivity on Ru-Zr is 60 mol-P%, 18% higher than at 60 bar. In 
contrast, Ru-MoZr catalyst has 48 mol-P % at 20 bar, increased by 6% 
only from 60 bar. These results clearly show that Ru-MoZr suppresses 
methane under H2-lean conditions. 

Two quantities of interest, τ, and φ, are introduced to probe further 
the hydrogen effect on the methane-producing pathways and the roles of 
dopants. τ is the probability of direct terminal C-C bond scission over all 
primary C-C scissions (Riv, Scheme 1) and φ is the ratio of methane 
produced via the cascade (Rv) over the direct terminal C-C scission 
(Riv). Fig. 5c plots their dependence on hydrogen pressure over the Ru- 
MoZr and Ru-Zr catalysts. The two catalysts have similar τ values, 
suggesting that the dopant does not influence the location of the primary 
C-C scission, and thus, the hydrogen availability does not affect the 
likelihood of terminal vs. internal primary scissions. On the contrary, φ 
for both catalysts decreases sharply with increasing H2 pressure due to 
suppressing the cascade methane-producing pathway. At 20 bar H2, on 
Ru-Zr, methane is predominantly produced through the cascade 
pathway (Rv) (φ~5); on Ru-MoZr φ is considerably lower but still high 

(3.2). φ drops quickly and becomes similar for both catalysts at higher 
pressures, emphasizing the absence of dopant effects in H2-rich condi
tions. The hydrogen abundance is also evident from the near-zero re
action order of H2 at low pressures that turns negative at high pressures 
(Fig. 5d). The numbers of C-C scissions per C12 turnover (Fig. 5d) 
correlate negatively with hydrogen pressure and are similar (~1.5) on 
both catalysts at 60 bar H2. At 20 bar, the Ru-Zr catalyst breaks ~2.4 C- 
C bonds per C12 turnover, ~1.4 of which are from the methane- 
producing, secondary scissions (step Rv, Scheme 1), compared to a 
single scission from the cascade pathway on the Ru-MoZr catalysts. 

The reaction orders of hydrogen in LDPE hydrogenolysis in this work 
(and most other hydrogenolysis schemes) are positive,[21] indicating 
that methane is predominately produced via secondary cascade C-C 
scissions. The proposed dopant effect is depicted in Scheme 2. The pri
mary C-C scission is initiated following adsorption and dehydrogena
tion. The promotional dopants, such as Mo, can store and provide 
additional hydrogen via reversible spillover to supplement hydrogen 
supply at lean conditions and suppresses methane produced by a cascade 
C-C bond scission pathway by enhancing hydrogenation of the surface 

Scheme 1. Schematic of the mechanism for LDPE hydrogenolysis.  

Scheme 2. Schematic illustration of the methane suppression effect of the dopants.  
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alkyls. 
A simple kinetic model for the proposed reaction mechanism 

(Scheme) is presented in the Supplementary Information. This model 
predicts a sufficient criterion for the hydrogen storage mechanism to 
increase the hydrogen coverage on Ru to be: 

ks

2
•

̅̅̅̅̅̅̅̅̅̅̅
KA[A]

√
•

1
kH [H2]

•
[H#]

K#[#]
> 1 

Here ks and kH are the rate constants of surface reaction and 
hydrogen dissociation; KA and K are the equilibrium constants of alkane 
dissociative adsorption and hydrogen spillover; [A] and [H2] are the 
partial pressures of alkane and hydrogen; and [H] and [] are the cover
ages of hydrogen and vacant sites on the dopants. Since this model as
sumes the surface reaction to be rate limiting (a slow step), this criterion 
intuitively requires (1) the polymer melt wetting the Ru surface covers 
most sites (large 

̅̅̅̅̅̅̅̅̅̅̅̅
KA[A]

√
); (2) a limited hydrogen availability on Ru from 

the gas (low kH[H2]); and (3) a high H storage and fast reverse spillover 
on favorable dopants (large [H ]

K []
). These predictions are qualitatively 

consistent with the reactivity and sorption experimental results, which 
demonstrated H-lean conditions for LDPE hydrogenolysis and abundant 
and facile reversible hydrogen spillover on promotional dopants. 

We also derive from the simple kinetic model (see Supplementary 
Information) the methane selectivity expression for many turnovers: 

SMe
total = 1 −

[(
α

(1 − [H∗] ) + α

)TOF
]t

; α =
kD

kcas
× KA[A]

Here [H∗] is the hydrogen coverage on the Ru surface; t is the reaction 
time; kD and kcas are the rate constants of the direct recombinative 
desorption (Riv, Scheme 1) and the cascade (Rv, Scheme 1) pathways. 
This expression reconciles our experimental data, indicating that the 
methane suppression correlates strongly with an excess hydrogen 
coverage [H* ] on Ru via the hydrogen storage mechanism. 

3.7. Discussion 

Ru-based catalysts are very active for PO hydrogenolysis compared 
to other noble metals but also produce copious fractions of methane. The 
quest for developing Ru-based active and non-methane-producing cat
alysts has been growing. Our previous findings on the Ru-WZr catalyst 
[21] have shown that the (WOx)n domains serve as reservoirs for storing 
and supplying extra hydrogen via reversible hydrogen spillover under 
H2-surface lean conditions (Scheme 2). Different from the (WOx)n do
mains on Pt-WZr [48] that serve as Bronsted acid centers in an adhesive 
mechanism, those on Ru-WZr hold extra hydrogen, which avoids the 
over dehydrogenation of alkyl species and C-C bond scissions (from deep 
dehydrogenated species) that produce methane. To further assess this 
hypothesis and explore other materials, we synthesized and character
ized a series of Ru-XZr, X = Ti, Nb, Ce, W, V, Mo, Fe, catalysts. We found 
that similar to W, V, and Mo promote the selectivity to liquid fuels 
compared to the undoped RuZr catalyst but Nb, Ce, and Fe do not. 
Through small surrogate molecule experiments, we found a strong cor
relation between methane formation rate and the reducibility of the 
dopant exhibiting an inverse volcano curve. Only oxides that have 
moderate reducibility store sufficient hydrogen to avoid 
over-hydrogenation and minimize methane formation. The high 
decomposition activity at mild conditions (250 ◦C and 50 bar H2) and 
short processing times (0.025–0.05 hr gcat gLDPE

−1 ) are remarkable and 
among the best. [14] Our data also supports that neither Ru particle size 
nor the ZrO2 support is the key factor; rather, mildly reducible oxides 
suppress the methane formation. 

The findings of this work reconcile previous literature on hydrogen 
partial pressure. Due to blocking the surface sites with macromolecules, 
even 50 bar H2 results in H-surface lean conditions. The surface 
coverage results from the interplay of pressure, temperature [20,69], 

substrate (size [70], degree of branching [30], etc.), and catalyst [30,71] 
(metal type, particle size, etc.). For instance, we showed previously that 
the reaction order of hydrogen for LDPE (~76 kDa) hydrogenolysis at 
250 ◦C is positive from 50 to 130 bar H2. [21] Chen et al. [30] observed 
more positive hydrogen reaction order on 2 wt% Ru/CeO2 than on 
0.125 wt% Ru/CeO2 catalysts, and more positive with LDPE than 
polypropylene (PP). Rorrer et al. [20] for LDPE hydrogenolysis on a 
Ru/C catalyst showed 100% methane yield at 523 K and 30 bar H2 and 
35% at 473 K. They observed positive H2 reaction order at 250 ◦C and 
15–30 bar H2 even with ultralow-Mw LDPE (4 kDa). With high-Mw PP 
(340 kDa), methane suppression was evident from 40 to 50 bar, sug
gesting that hydrogen on the surface was insufficient. Nakaji et al. 
observed ≥ 0th order to hydrogen up to 60 bar on Ru/CeO2 even with 
ultralow-Mw LDPE (4 kDa) at 513 K. Unlike Ru, Pt-based catalysts 
exhibit negative reaction order to hydrogen even at 100 psi, producing 
no methane even at 573 K, [16,17,72] owing to the weak dissociation of 
hydrocarbons relative to hydrogen. However, the activity on Pt is 
considerably lower than Ru due to the same reason. The change in the 
dominant cracking pathway with hydrogen partial pressure under 
hydrogen-lean conditions is consistent with microkinetic flux analysis 
we performed on ethane hydrogenolysis on Pt several years ago (see 
Figures 7 and 8 in Ref. [73] for a change of cracking from CHCH3 at 
lower hydrogen pressures to CH2CH3 at higher pressures). 

Nearly all active PO hydrogenolysis exhibit positive H2 order and 
produce too much methane. Understanding the methane-producing 
mechanisms and their dependence on hydrogen availability is impor
tant. Previous works have correlated methane selectivity and hydrogen 
abundance. [24,30] However, the high methane fractions at low H2 
pressures (or low H coverage) were attributed to regioselectivity, 
namely higher ratios of terminal-to-internal C-C scission. The C12 sur
rogate reaction experiments showed that this route is rather minimal, 
although terminal C-C scissions are indeed more favorable. The alter
native route of the cascade, in fact, dominates, especially under lean 
hydrogen, which has not been reported previously in PO hydrogenolysis. 

Both the experimental and kinetics modeling results indicates that 
the additional hydrogen promotes the hydrogenation of surface alkyls, 
alleviating repeated methane formation along the cascade (Rv, Scheme 
1). Conceptually, all means altering the competitive adsorption of 
hydrogen and hydrocarbons (i.e., hydrogen coverage on Ru) can tune 
methane selectivity. This can be achieved by varying temperature (endo- 
and exothermicity of alkane and hydrogen, respectively) and partial 
pressure but also using sub-nm range Ru clusters to increase the 
coverage of adsorbed hydrogen, resulting in less methane. [30] Redox 
history also modifies H2 chemisorption equilibrium on Ru, varying 
methane selectivity. [71,74] This work evidently demonstrates a general 
strategy and mechanism toward low-methane hydrogenolysis of LDPE 
beyond the impact of the hydrogen storage mechanism on promotional 
dopants. 

4. Conclusions 

This work examined LDPE hydrogenolysis over Ru on doped zirconia 
catalysts (Ru-XZr, X = Ti, Nb, Ce, W, V, Mo, Fe) under mild conditions to 
expose guidelines for methane suppression. Using surrogate hydro
genolysis reactions, we discovered an inverse volcano correlation be
tween methane suppression and the reducibility of dopant oxides; 
catalysts with intermediate reducible dopant oxides, such as W, V, and 
Mo, are the most effective. Methane is produced by a direct terminal C-C 
scission or a cascade of consecutive C-C bond scissions, and the relative 
importance depends strongly on the hydrogen availability. Promotional 
catalysts store and supply additional hydrogen via spillover to minimize 
the methane-producing cascade pathway suppressing methane under 
H2-lean conditions. 
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