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ABSTRACT: Earth-abundant metals have recently been demonstrated as
cheap catalyst alternatives to scarce noble metals for polyethylene
hydrogenolysis. However, high methane selectivities hinder industrial
feasibility. Herein, we demonstrate that low-temperature ex-situ reduction
(350 °C) of coprecipitated nickel aluminate catalysts yields a methane
selectivity of <5% at moderate polymer deconstruction (25−45%). A
reduction temperature up to 550 °C increases the methane selectivity
nearly sevenfold. Catalyst characterization (XRD, XAS, 27Al MAS NMR, H2
TPR, XPS, and CO-IR) elucidates the complex process of Ni nanoparticle
formation, and air-free XPS directly after reaction reveals tetrahedrally
coordinated Ni2+ cations promote methane production. Metallic and the
specific cationic Ni appear responsible for hydrogenolysis of internal and
terminal C−C scissions, respectively. A structure-methane selectivity
relationship is discovered to guide the design of Ni-based catalysts with low methane generation. It paves the way for discovering
other structure−property relations in plastics hydrogenolysis. These catalysts are also effective for polypropylene hydrogenolysis.
KEYWORDS: plastics waste, nickel, earth-abundant metals, circular economy, catalyst restructuring

Plastics are ubiquitous in modern life. Global plastic
production reached 460 Mt in 2019 and is projected to

triple by 2060.1 Approximately 99% of plastics are derived
from fossil resources2,3 and >90% of all plastics ever produced
have been disposed of using dead-end methods (i.e.,
incineration, landfills, and the environment).2 This linear
(take, make, and waste) management model threatens global
ecosystems4,5 with major and not fully understood con-
sequences stemming from micro- and nano-plastics.6,7

Strategies must be developed to divert plastic waste (PW).
Mechanical processes demand high polymer purity due to
immiscibility between various plastics.8 Few plastics are
amenable to mechanical recycling, and grinding and crushing
steps degrade the polymers’ physical properties, eventually
rendering the polymer unusable.8 Subsequently, chemical
deconstruction technologies must be developed.
Polyolefins (POs), such as polyethylene (PE) and

polypropylene (PP), constitute ca. 57% of global plastic
production2 and are notoriously recalcitrant due to the stability
of the C−H and C−C bonds. Numerous catalytic and
noncatalytic methodologies have recently emerged to
deconstruct POs. Hydrogenolysis,9−18 hydrocracking,19−21

and alkane metathesis22,23 were demonstrated to convert
POs to fuel, wax, and lubricant-ranged hydrocarbons, whereas
acid cracking24 and pyrolysis25−27 produce a mixture of
aliphatic, olefinic, and aromatic products. PO hydrogenolysis

is attractive due to its mild reaction temperatures and tunable
product selectivity. Moreover, earth-abundant metals (i.e., Ni
and Co) were recently demonstrated as viable alternatives to
expensive noble metals (Ru, Pt, Rh, etc.).14−16 Despite these
advancements, both earth-abundant and noble metal-based
catalysts generate significant fractions of undesired, low-value
methane.15,28 Mechanistic studies have elucidated methane is
produced from internal C−C scission followed by fast terminal
cascades.13,15 Methodologies and active sites that can promote
internal C−C scission while reducing the extent of terminal
cascades are lacking.
Herein, we identify coprecipitated nickel aluminate (NiAl-T,

where T denotes the reduction temperature) catalysts to be
active for low-density polyethylene (LDPE) hydrogenolysis at
moderate conditions (300 °C and 30 bar H2). We demonstrate
that lowering the ex-situ reduction temperature from 550 to
350 °C reduces the methane selectivity by nearly sevenfold
(∼33 to <5%) with limited impact on the liquid alkane (C6−
C35) yields. Characterization of the NiAl-T identifies Ni atoms
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in cationic (Ni2+) and metallic (Ni0) states. Reduction
redistributes Ni between cationic and metallic species and
systematic experiments elucidate the process of generating Ni
nanoparticles. Air-free XPS of the catalysts after reaction
reveals restructuring of the surface and subsurface, dictated by
the precursor state of the catalyst after ex-situ reduction. Post
reaction characterization identifies a structure-methane selec-
tivity relationship. These results highlight the role of the
catalytic support and pairs of sites for activity and loss of
selectivity while presenting a simple and easy method for
reducing methane generation over Ni-based catalysts.

■ RESULTS

Characterization of NiAl-T Catalysts
Coprecipitated nickel aluminates are well-established catalysts
for methane upgrading,29−31 glycerol hydrogenolysis,32,33 and
other chemistries.34−37 Synthesis by coprecipitation ensures
that Ni is in close proximity to Al atoms by forming
stoichiometric and nonstoichiometric nickel aluminates
(NixAlyOz).

30,32,37,38 Reduction of nickel aluminate at ≥350
°C with H2 can generate metallic Ni nanoparticles on the
support surface.32−34,36 Strong interactions between Ni and Al
prevent sintering of metal nanoparticles while tailoring the
product selectivity.30,32,37 Coprecipitated nickel aluminate
catalysts were synthesized and reduced at 250−550 °C to
gradually remove Ni from the proximity of Al and generate Ni
nanoparticles with increasing reduction temperature (see
Methods). Table 1 shows physical properties of the catalysts

characterized by X-ray fluorescence (XRF), N2 sorption, and
X-ray photoemission spectroscopy (XPS). XRF shows that the
catalysts have an Al−Ni molar ratio of 1.8:2.4, close to
stoichiometric NiAl2O4. Sodium from precipitation was not
detected by XRF.
Characterization by high-angle annular dark field scanning

transmission electron microscopy (HAADF-STEM) coupled
with elemental mapping via energy-dispersive X-ray spectros-
copy (EDS) and electron energy loss spectroscopy (EELS)
indicate both crystalline and amorphous phases across the
NiAl-T catalysts. X-ray diffraction (XRD) identifies crystalline
phases consisting of stoichiometric nickel aluminate
(NiAl2O4), nickel oxide (NiO), metallic nickel (Ni), and
alumina (Al2O3) (Figure S1). XRD only detected metallic Ni
over NiAl-550 as nanoparticles of ∼4.2 nm estimated from line
broadening. Elemental mapping reveals that Ni is well-
dispersed across the bulk for the NiAl-350 catalyst (Figure
1a), corroborating the incorporation of Ni into the solid lattice.
The NiAl-450 (Figure S2) is practically identical to NiAl-350,
but a tiny fraction of Ni nanoparticles was also detected,
rationalizing the absence of metallic Ni peaks in the
diffractograms. Conversely, an abundance of nanoparticles
was observed in STEM of NiAl-550 (Figure 1b), with particle

diameters spanning 4.2 to 5.5 nm, coinciding with XRD results.
Moreover, the formation and growth of Ni nanoparticles were
directly observed on the calcined NiAl catalyst during in-situ
reduction with H2 using environmental transmission electron
microscopy (ETEM). Ni nanoparticles of 5−7 nm were
observed within 10 min of reduction at 550 °C (Figure 1c).
Extending the reduction time to ∼50 min resulted in
nanoparticles of ∼10−15 nm, which remained stable even at
long time (>80 min).
X-ray absorption spectroscopy (XAS) in Figure 2a,b was

employed to understand the crystal structure of the NiAl-250
catalyst. In X-ray absorption near edge spectroscopy (XANES),
the K-edge for Ni (Figure 2a) has a strong white line at 8347
and 8351 eV, above the threshold energy, E0, by 1.4 and 5.4
eV, respectively. Standard samples reveal that these spectral
features are similar to Ni(OH)2, where Ni is bound in an
octahedral NiO6 coordination sphere. The extended X-ray
absorption fine structure (EXAFS) of NiAl-250 (Figure 2b)
shows two equally intense peaks of Ni-O scattering pathways at
∼1.63 Å in the first coordination sphere and Ni−Ni or Ni−Al
in the second coordination sphere at ∼2.61 Å. A standard of
stoichiometric nickel aluminate (NiAl2O4) does not have an
intense peak for the second shell, indicating a substantial
contribution of Ni−Ni in the NiAl-250 sample, likely from
partial Ni clustering. Furthermore, similarities in the EXAFS
spectra for NiAl-250 and Ni(OH)2 suggest that Ni is
structured as stacked NiO6 layers in the coprecipitated catalyst,
similar to the hydroxide structure.
27Al magic angle spinning nuclear magnetic resonance (MAS

NMR) measurements can reveal the coordination of the Al
centers in heterogeneous catalysts.39 27Al NMR spectra of the
catalysts are shown in Figure 2c. Tetrahedral Al (AlTd)
resonates at a chemical shift of 68 ppm and octahedral Al
(AlOh) resonates at 8.8 ppm for NiAl-250. There is no
pentahedral Al species detected for all samples. For NiAl-350,
the AlTd shifts to 66 ppm indicating migration of the Ni away
from tetrahedral positions toward octahedral positions.40 The
AlOh also shifted from 8.8 to 7.8 ppm, indicating a new Al
environment due to Ni migration. NiAl-550 shows a shift in
the AlOh from 7.8 to 11 ppm due to deshielding41 from the
migration of the Ni2+ species within the alumina matrix into Ni
nanoparticles. This migration is common for metal-supported
catalysts and indicates creation of harder to reduce supported
species.40

The NiAl-T catalysts were characterized by air-free XPS, as
shown in Figure 2d. The spectra are similar to previous
reports.31,34,42 Two main bands were observed at ∼861 and
∼855 eV corresponding to the Ni shakeup satellite and the Ni
2p3/2 peak, respectively. The Ni 2p3/2 peak was deconvoluted
into three contributions assigned to nickel cations in [NiO6]
octahedral centers that strongly interact with nearby Al (NiOh2+ )
at 855.7 eV; nickel cations in tetrahedral centers [NiO4] that
weakly interact with nearby Al (NiTd2+); and metallic nickel
(Ni0) at 852.1 eV.29,33,34 NiOh2+ and NiTd2+ comprise 81−100% of
the Ni 2p3/2 peak across all catalyst samples with Ni0 only
appearing as a small shoulder on the NiAl-450 and 550
catalysts. Deconvolution of the NiAl-250 and 350 spectra
indicate a redistribution of nickel cations from NiTd2+ to NiOh2+
sites, likely minimizing the strain and free energy of the
multicrystalline solid surface. The distribution of cationic
nickel is significantly disturbed upon reduction at 450 °C,
evidenced by an increase in the NiTd2+ contribution and a small
fraction of Ni0. This growth in the NiTd2+ contribution is

Table 1. Summary of the NiAl-T Catalyst Characterization
Including XRF, XPS, and N2 Sorption

catalyst
sample

bulk Al−Ni
molar ratio
(XRF)

surface Al−Ni
molar ratio
(XPS)

BET surface
area (m2/g)

BJH average
pore size
(nm)

NiAl-250 2.4 9.0 233 ± 7 5.3
NiAl-350 2.0 9.1 243 ± 7 5.2
NiAl-450 1.8 10.5 246 ± 7 5.6
NiAl-550 1.9 10.2 190 ± 6 6.2
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attributed to transformations associated with forming metallic
Ni. Nickel cations dispersed across the surface and in
subsurface layers must migrate together to undergo reduction
and form segregated nanoparticles. Interestingly, increasing the
reduction temperature to 550 °C diminishes the NiTd2+ peak
intensity and grows the prominence of Ni0, further indicating
that NiTd2+ migrates into metallic Ni nanoparticles. The
migration of cationic nickel species is corroborated by the O
1s spectra through the emergence of a shoulder at high binding
energies, corresponding to oxygen of Al2O3

43 (Figure S3). The
elemental concentrations from the XPS spectra indicate that
the surface has an Al−Ni molar ratio of 9.0−10.5,
corresponding to a surface Ni loading of 8−10 wt % (Table
1). The surface Ni loading is stable across the reduction
treatments and much smaller than the bulk values attained
from XRF, demonstrating the majority of Ni is tightly trapped
deep within the bulk.
Surface species were also probed in-situ by infrared

spectroscopy (IR). The differential IR spectra at 500 mTorr
of CO in the range of 2300−1700 cm−1 are shown in Figure
2e. Notably, none of the IR spectra show strong bands in the
2210−2180 cm−1 region characteristic of CO adsorption on
Al3+ sites,44,45 suggesting that the high level of surface
incorporation of Ni in the spinel structure quenches the
Lewis acidity typically observed over alumina. CO adsorption
over NiAl-250 and 350 only produces a single band at 2171

cm−1 assigned to CO complexes with NiTd2+,
44,46 with NiAl-350

having a higher intensity, indicating a larger fraction of these
sites exposed at the surface. Interestingly, characteristic bands
for NiOh2+ at 2215−2205 cm−144,46 are absent, revealing the
octahedral Ni detected by XAS and XPS is in the subsurface
layers and the bulk. The band at 2171 cm−1 is also present for
NiAl-450 but the intensity is greatly reduced, and several peaks
emerge at 2100−1900 cm−1. Evacuation of CO to 10 mTorr
shows that the bands at 2061 and 2044 cm−1 simultaneously
decrease in intensity while bands at 2098 and 1940 cm−1

remain stable (Figure S4), indicating two chemical species.
The former bands are assigned to atop adsorption of CO on
NiO,44,47,48 whereas the latter are indicative of irreversible
binding of CO to metallic Ni.44,48−50 We believe that the NiO
species are likely located at the perimeter of the Ni
nanoparticles and the oxide support. The trend in the fraction
of tetrahedral Ni2+ cations across catalysts and the emergence
of metallic Ni coincide with the XPS analysis, confirming that
NiTd2+ serves as a migratory precursor to metallic Ni.
H2 temperature-programmed reduction (TPR) can differ-

entiate Ni2+ in various oxide environments and provide insights
into the strength of the Ni−Al interactions.29,30,51−53 TPR for
nickel aluminates can be segregated into four types: Ni2+ in
pure NiO (φ, 100−300 °C); Ni2+ in NiO weakly interacting
with Al atoms (α, 350−550 °C); Ni2+ in NiO embedded in the
Al2O3 matrix (β, 550−760 °C); and Ni2+ in the NiAl2O4 spinel

Figure 1. Electron microscopy of NiAl-T catalysts. (a) and (b) HAADF-STEM imaging with elemental mapping via EDS and EELS of NiAl-350
and NiAl-550, respectively. (c) ETEM of in-situ reduction of the calcined NiAl catalyst.
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(γ, >800 °C).29,32,51−53 Figure 2f shows the TPR of the NiAl-T
catalysts after ex-situ reduction at the associated temperature
and passivation in 1% O2 at 30 °C. The TPR curves for NiAl-
250 and 350 are similar, with one broad peak spanning 400−
1000 °C and a maximum at ∼600 °C, demonstrating all Ni is
present as Ni2+ cations strongly interacting with Al atoms,
predominately as β-type NiO. The broadness of the H2 uptake
indicates a spectrum of Ni incorporation into the aluminum
framework, corroborated by XRD (Figure S1) and XAS
(Figure 2a,b). For NiAl-450 and 550, a new H2 uptake peak is
observed at 100−300 °C that is centered at ∼200 °C,
corresponding to φ-type NiO, followed by a significant
reduction in the H2 uptake above 400 °C. Specifically for
NiAl-550, the H2 uptake maximum for β-type NiO shifts to
∼700 °C and the peak shape becomes left-skewed with a long
tail into the γ-type range. The consumption of β-type NiO

concerted with the generation of φ-type NiO across the
catalyst samples demonstrate reduction push of the Ni2+

incorporated in the alumina framework into metallic Ni
nanoparticles that are oxidized into pure NiO upon
passivation. Harsher reduction temperatures increase the
amount of metallic Ni nanoparticles, but ∼24% of the detected
Ni in NiAl-550 remains trapped in stoichiometric and nearly
stoichiometric segments of nickel aluminates (i.e., γ-type Ni2+).
Furthermore, the consumed H2 across all catalysts is likely
used to reduce only surface Ni considering the Ni surface
loading’s stability from XPS.
Overall, the characterization methods provide a consistent

picture. Ni nanoparticles form via the migration of cationic
nickel in only the top few nanometers. This cationic nickel in
the subsurface mostly resides as NiOh2+ , but upon reaching the
catalytic surface, it occupies tetrahedral sites (NiTd2+). NiTd2+ then

Figure 2. Catalyst characterization of the NiAl-T catalysts and reference standards: (a) XANES and (b) EXAFS analysis of XAS spectra,
respectively. (c) 27Al MAS NMR. (d) Air-free XPS. (e) IR of CO adsorption at 500 mTorr. (f) H2 TPR with the temperature ranges highlighted for
the various Ni2+ cations. (g) Conceptual schematic of the structural transformation and Ni nanoparticle generation in the near surface layers.
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agglomerates through surface diffusion and generates Ni
nanoparticles upon reduction with H2. Increasing the
reduction temperature drives Ni to more metallic nanoparticles
and disturbs the distribution of Ni in the subsurface layers
(Figure 2g).
LDPE Hydrogenolysis over NiAl-T Catalysts

The NiAl-T catalysts were used for hydrogenolysis of LDPE
(Mw ∼ 4 kDa, Sigma-Aldrich) in a batch reactor at 300 °C and
30 bar H2 to produce methane, liquid n-alkanes (C6−C35), and
solid waxes (C>35) as the main products. The performance
after 2 h of reaction is shown in Figure 3a. NiAl-250 exhibited
limited catalytic activity. Differential scanning calorimetry
(DSC) of the solid residues and neat LDPE were similar and
have an identical melting temperature (Tm) of 104.6 °C
(Figure 3b), indicating slight changes of the solid. Increasing
the reaction time to 14 h showed no changes in product yields
or DSC curves. NiAl-350 and 450 showed the highest apparent
activities and reduced the yield of the solid residue to ∼55%,
comparable to recently reported Ni/SiO2,

14,15 while NiAl-550
was slightly less active yielding ∼65% solids (Figure 3a). Full
LDPE deconstruction was attained within 10 h of reaction on
NiAl-350 (Figure S5). DSC of the solid residues after 2 h of
reaction differ considerably from the neat LDPE and the
primary Tm is reduced by 5−10 °C, indicating a significant
reduction in the polymer molecular weight. Furthermore, the
solids from NiAl-350 and 450 show a new melting peak at ∼60
°C, corresponding to solid waxes.15
Pronounced differences are observed in the C1−C35 carbon

product selectivities across the active catalysts (Figure 3a).
Astonishingly, NiAl-350 exhibited a <5% selectivity to
methane, a 3−4× reduction compared to Ni/SiO2

14,15 and
comparable to the lowest selectivities attained by Ru-based
catalysts.9,12,13,17 This remarkable selectivity is maintained near
full deconstruction of LDPE, where secondary reactions on the
cracked products lead to additional methane (Figure S5).
NiAl-450 and 550 displayed much higher methane selectivities
of ∼18 and ∼33%, respectively, an overall sevenfold growth
across the catalysts. Surprisingly, limited impact is observed on
the generation of heavier hydrocarbons. The three catalysts
have nearly identical shapes with lower yields in their product
distributions across the liquid range and share a maximum near
C22 (Figures 3c and S6). It was recently elucidated via the
divergent hydrogenolysis mechanism15 that LDPE hydro-
genolysis is dominated by slow internal C−C scission followed
by fast, terminal cascades on the adsorbed alkyl-species,
responsible for generating methane. The wide disparity in the
methane yield and relatively constant distribution of heavy
alkanes indicate that only the rate of terminal C−C scission is
being modified. The enhanced methane production across the
catalyst is attributed to the redistribution of Ni cations in the
subsurface. As characterization shows (Figure 2), increased
reduction temperature draws more metallic Ni to the catalyst
surface and changes the concentration of NiOh2+ and NiTd2+
cations, but there is no clear trend with methane selectivity.
Catalysts have been well-documented to restructure under

reaction conditions and throughout the course of a
reaction.54,55 This is certainly possible for our catalysts during
LDPE hydrogenolysis as the reaction conditions encompass
high H2 pressures and temperatures. Subsequently, post-
reaction characterization of the NiAl-T catalysts was under-
taken to further elucidate the cause of the varying methane
selectivity. The NiAl-T catalysts were collected after long-

duration (14 h) LDPE hydrogenolysis reactions in a glovebox
to prevent spontaneous oxidation with ambient air. Figure 4a
shows the air-free XPS of NiAl-350, 450, and 550 after LDPE
hydrogenolysis. Expectedly, the XPS spectra of the spent
catalysts are quite different from the fresh catalysts. The Ni
2p3/2 spectra of the spent catalysts show metallic Ni (Ni0) as
either a shoulder or a well-defined peak at 852.1 eV, even over
NiAl-350, demonstrating in-situ generation of Ni0 under
reaction conditions. Conversely, NiAl-250 showed no Ni0
formation (Figure S7) and no activity (Figure 3), revealing

Figure 3. LDPE hydrogenolysis results using the NiAl-T catalysts. (a)
C1−C35 carbon selectivities and yield of solid for each catalyst. (b)
DSC curves of the solid residues and the neat LDPE. (c) Carbon
product distribution for three active catalysts. The inset shows a
magnification from C5 to C35 carbons. Reaction conditions: 2.0 g
LDPE (Mw ∼ 4 kDa), 200 mg NiAl-T, 300 °C, and 30 bar H2 for 2 h.
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that Ni nanoparticles facilitate hydrogenolysis. Furthermore,
deconvolution of the cationic Ni peak centered at ∼855 eV
demonstrates redistribution of Ni2+ between octahedral and
tetrahedral coordinated sites. Similar to the fresh catalyst
spectra, NiOh2+ is the dominant cationic species in all samples,
but NiTd2+ grows monotonically across catalysts. Methane
selectivity as a function of the NiTd2+/NiOh2+ ratio from XPS and
the Ni particle size from N2O titration56 are shown in Figure
4b,c, respectively. Astonishingly, the ratio of the cationic Ni
species and the methane selectivity correlate linearly (Figure
4b), indicating a structure−property relationship. N2O
titration (Figure 4c) of the spent NiAl-350 indicates a high

Ni dispersion, leading to small nanoparticles of 1.2 nm. The
spent NiAl-450 and 550 have larger particles of 9 and 10 nm,
respectively, demonstrating a growth in particle size after
reaction but relatively comparable to those of the fresh
materials. Cumulatively, these measured particle sizes show a
potential asymptotic correlation with methane selectivity
(Figure 4b) and suggest an alternative performance-controlling
relationship.
Nickel impregnated onto gamma alumina (Ni/γ-Al2O3) and

stoichiometric nickel aluminate (Ni/NiAl2O4) were used as
reference catalysts to further probe these trends. Character-
ization shows that the physical properties of the reference

Figure 4. Characterization and analysis of the NiAl-T and reference catalysts after LDPE hydrogenolysis. (a) Air-free XPS spectra of the Ni 2p3/2
region from the NiAl-T catalysts. (b) Methane selectivity as a function of the tetrahedral and octahedral cationic Ni ratio. (c) Methane selectivity as
a function of Ni nanoparticle size. (d) Air-free XPS spectra of the Ni 2p3/2 region from the Ni/NiAl2O4 and Ni/γ-Al2O3 reference catalysts. (e) LAS
density from the spent NiAl-T catalysts as a function of the tetrahedral cationic Ni fraction. (f) Methane selectivity as a function of the spent NiAl-
T catalyst LAS density. (g) Conceptual picture of the proposed mode by which NiTd2+ promotes methane production. Selectivity comparisons are made
at 25−45% LDPE deconstruction.
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catalysts directly after reduction are similar to the coprecipi-
tated NiAl-T catalysts. Briefly, air-free XPS (Figure S8) shows
a mixture of Ni0, NiOh2+ , and NiTd2+ for Ni/γ-Al2O3, whereas Ni/
NiAl2O4 is only composed of Ni0 and NiOh2+ . The presence of
cationic Ni species in Ni/γ-Al2O3 is evident of Ni migrating
into the alumina framework upon calcination and reduction
treatments to form NixAlyOz, as reported previously.37,38,57

The Ni chemical environment is corroborated by XRD and H2
TPR (Figure S9). N2O titration indicates that Ni/Al2O4 has 6
nm Ni nanoparticles, comparable to the NiAl-T catalysts.
Conversely, Ni/γ-Al2O3 has significantly larger nanoparticles of
28 nm determined by TEM (Figure S10) as the N2O uptake
was not appreciable.
The methane selectivity of Ni/NiAl2O4 and Ni/γ-Al2O3 was

4.8 and 9.4% (Figure S11), respectively, comparable to NiAl-
350 and -450 at similar solid yields. The air-free XPS spectra of
the reference catalysts also change after LDPE hydrogenolysis
with metallic Ni becoming more pronounced; however,
changes to the NiTd2+ and NiOh2+ fractions were miniscule (Figure
4d). The Ni nanoparticle size for Ni/NiAl2O4 remained fairly
stable (7 nm), whereas Ni/γ-Al2O3 remained unchanged. The
selectivity of the reference catalysts falls onto the same linear
trend between the NiTd2+/NiOh2+ ratio and methane selectivity
seen by the NiAl-T catalysts (Figure 4b), elucidating a lack of
trend with a Ni particle size in the range of 1−30 nm (Figure
4c). These results further suggest a fundamental structure−
property relationship for nickel−alumina catalysts, where
decreasing the NiTd2+/NiOh2+ ratio greatly reduces the methane
generation (Figure 4b).
The mode by which the NiTd2+/NiOh2+ ratio is controlling the

LDPE hydrogenolysis methane selectivity is perplexing. The
catalyst surface’s H2 storage capacity has been shown to
significantly affect Ru-based catalysts,13,17 but Al2O3 and
NiAl2O4 are nonreducible supports as negligible differences
are observed in the H2 temperature-programmed desorption
(TPD) of the NiAl-T and reference catalysts (Figure S12).
Metal-support interactions, such as charge transfer, interfacial
perimeter, and/or morphology could be responsible58 but are
unlikely. Al2O3 and NiAl2O4 are poorly conductive and the Ni
nanoparticles are above the size threshold (max 5 nm) for
charge transfer effects to be significant. Interfacial perimeter
effects seem irrelevant because the selectivity does not scale
with the particle size (Figure 4c). Additionally, the catalyst
morphology is excluded as XRD shows negligible differences in
the Ni crystalline phases across catalysts.
Subsequently, we hypothesize that changing the NiTd2+/NiOh2+

ratio alters the intrinsic nature of the Ni active site, thus
influencing the methane selectivity. Cryogenic CO IR
demonstrated that a fraction of the NiTd2+ is present at the
catalyst surface and agglomerates to form metallic Ni, meaning
that these Lewis acid sites (LAS) reside near the periphery of
the metal nanoparticle. Such close proximity in these sites
could generate metal-Lewis acid pairs (MLAPs) which have
been demonstrated to promote catalytic rates for various
hydrogenation chemistries.59,60 Pyridine IR of the spent NiAl-
T catalysts detected negligible LAS density over NiAl-350,
whereas NiAl-450 and 550 had LAS densities of 11 and 18
μmol/gcat. Brønsted acid sites were not observed over the
NiAl-T catalysts, rationalizing the limited isomerization of the
hydrogenolysis products. Plotting the LAS density as a
function of NiTd2+ fraction from XPS (Figure 4e) shows a linear
correlation, validating the NiTd2+ sites as the source of Lewis
acidity. Furthermore, the propensity to form MLAPs and their

influence on the catalyst performance is confirmed by the
strong linear correlation between the methane selectivity and
LAS density (Figure 4f). We hypothesize that these MLAPs
enhance the ability of the nickel aluminate catalysts to
hydrogenate the alkyl chains, increasing the rate of C−C
bond scission, the prevalence of terminal cascades, and
promoting methane generation (Figure 4g). Alternatively,
MLAPs could bind alkyl species tighter to the surface without
altering C−C scission rates to have the same effect, based on
the divergent hydrogenolysis mechanism.15

The presence or influence of MLAP sites has not been
identified over nickel−alumina catalysts used in model alkane
hydrogenolysis as harsh reaction conditions were used to fully
reduce Ni2+ cations and prior studies prioritized the kinetics of
these catalysts.61−64 Alternatively, the selectivity control of
cationic and metallic Ni has been elucidated in glycerol
hydrogenolysis and methane steam reforming. In glycerol
hydrogenolysis, cationic Ni facilitates dehydration routes,
whereas metallic Ni preferentially targets direct dehydrogen-
ation pathways.32,33 Cationic Ni in methane steam reforming
facilitates dry reforming reaction to resist coke formation, while
metallic sites catalyze the steam reforming of methane.29,65

Nonetheless, these studies have neither differentiated the roles
on octahedral and tetrahedrally coordinated Ni2+ cations nor
identified the cooperative role of the NiTd2+ sites with Ni0 to
generate MLAPs and the associated changes in selectivity.

■ DISCUSSION
Here, we have demonstrated coprecipitated nickel aluminate
(NiAl-T) catalysts to be active for LDPE hydrogenolysis and
identified that ex-situ reduction treatments can tune the
methane selectivity by nearly sevenfold (reduction from 33 to
<5%). Characterization of the NiAl-T catalysts prior to
reaction elucidates the mechanism for Ni nanoparticle
formation. Cationic Ni in the near subsurface layers migrates
to the catalytic surface as tetrahedral sites (NiTd2+) before
coalescing and undergoing reduction to metallic nanoparticles.
Altering the catalyst reduction temperature between 350 and
550 °C alters the distribution and fraction of Ni in the
subsurface layers. Air-free XPS of the spent catalysts reveals
restructuring of the surface and subsurface which is dictated by
the state of the catalyst after ex-situ reduction. Excitingly, XPS
of the spent catalyst identified a strong linear correlation
between the NiTd2+/NiOh2+ ratio and methane selectivity, under-
scoring a tunable structure−property relationship where lower
NiTd2+ fractions result in low methane selectivities. Metallic Ni
nanoparticles appear as prerequisites for hydrogenolysis.
Pyridine IR identified the generation of Lewis acid sites
corresponding to surface NiTd2+ species, which are found at the
periphery of the metallic Ni nanoparticles based on the
mechanism for nanoparticle formation. These two sites form
metal-Lewis acid pair (MLAPs) sites that are responsible for
excessive methane generation. We hypothesize MLAPs
enhance the direct hydrogenolysis rate of terminal C−C
bonds or increase the binding strength of alkyl species to the
catalyst surface, both of which increase the depth of terminal
cascades and promote methane formation.
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