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The catalytic hydrogenolysis process offers the selective production of high-value liquid alkanes from waste
polymers. Herein, through normalisation of Ni structure, Ni mass and density, and CeO, crystallite size, the
importance of CeO, nanocube morphology in the hydrogenolysis of polypropylene (M,, = 12 000 g mol™;
M, = 5000 g mol™) over Ni/CeO, catalysts was determined. High liquid productivities (65.9-70.9 Jiiquid
ngl h~Y and low methane yields (10%) were achieved over two different Ni/CeO, catalysts after 16 h
reaction due to the high activity and internal scission selectivity of the supported ultrafine Ni particles (<1.3
nm). However, the Ni/CeO, nanocube catalyst exhibited higher C—C scission rates (838.1 mmol gy~ * h™)
than a standard benchmark mixed shape Ni/CeO, catalyst (480.3 mmol ngl h™) and represents a 75%
increase in depolymerisation activity. This led to shorter hydrocarbon chains achieved by the nanocube
catalyst (M, = 2786 g mol™%; M,, = 1442 g mol™}) when compared to the mixed shape catalyst (M., =
4599 g mol™% M, = 2530 g mol™). The enhanced C-C scission rate of the nanocube catalyst was
determined to arise from a combination of improved H-storage and favourable basic properties, with
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Introduction

Polyolefins such as polypropylene (PP) are predominantly used
in packaging, construction, and textiles and due to the single
use nature of many of these polyolefin products, a large amount
of polymer waste is currently being generated.® Much of this
non-degradable waste is placed into landfill, leading to signifi-
cant environmental damage and water pollution. Other
disposal methods include incineration, which generates large
amounts of CO, and little resource gain, and mechanical recy-
cling.> Mechanical recycling is an important tool in the uti-
lisation of polymer waste, but often leads to lower quality
products over several recycle loops, with mixed PP waste
streams often problematic and require additional sorting
procedures.’ Therefore, chemical recycling methods utilising
catalysts have been developed to address the shortfalls of other
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higher weak basic site density key to facilitate a greater degree of hydrocarbon chain adsorption.

methods and produce high value products for use in several
supply chains.*

One such method is the hydrogenolysis process, which is
a low-energy valorisation process to generate liquid alkane
mixtures.” The liquid products have the potential to be utilised
as lubricant base oils, fuels, and for repolymerisation. The
selective scission of the internal C-C backbone of PP chains is
key to generating high selectivity towards liquid products, with
terminal scission of end chains and methyl side chains leading
to the production of methane.*” Noble metals such as Ru and Pt
have been predominantly researched due to their high activity
for C-C scission and H-activation.”** However, the high metal
loadings required are prohibitively expensive and resource
inefficient for scarce elements. Recently, catalysts based on
earth-abundant metals such as Ni or Co with SiO, and Al,O;
have been shown to be effective for the depolymerisation of
polyethylene.*** Nevertheless, further development is needed
to improve the viability of hydrogenolysis.

A strategy for improving C-C scission rates is the engi-
neering of support materials, which facilitate the dispersion of
nanoparticles and contribute to the activity of the catalysts.'®"”
The mechanism of C-C scission occurs either through hydro-
genolysis where bound alkylidyne intermediates on the metal
particle site are cleaved with addition of activated hydrogen (H-
addition), or hydrocracking, where cleavage occurs from the
formation of carbocations and H-addition.*® Significantly, the
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acid-base properties of the support material define the domi-
nant mechanism, with Brensted acidic catalysts favouring the
hydrocracking mechanism.” However, both mechanisms have
been reported to occur over acidic supported catalysts such as
Pt/SiO,-Al,0; and Ru/TiO,.**** Furthermore, the basicity of
metal oxide carriers of Ru-supported catalysts was shown to be
an important parameter in the selectivity of C-C scission for
hydrogenolysis, with weak basic sites improving internal back-
bone scission through enhanced adsorption of polymer
chains.”” Another important factor in polymer hydrogenolysis is
utilisation of the H-spillover mechanism, which has been re-
ported to shift the selectivity from terminal to backbone
cleavage and improve scission rates.”*>® This mechanism
consists of hydrogen being activated on a metal site with
migration to a reducible support and reduction of the metal
lattice.*® This allows for the storage and increased coverage of
activated hydrogen (H-storage and H-coverage) that can be
transferred to the metal particle for cleavage of the alkylidyne
intermediates in the hydrogenolysis mechanism. Methods for
improving H-coverage for polymer hydrogenolysis have been
investigated through alterations of metal particle size,
promoters, and support polymorph.>~°

A support material that combines favourable weak basic sites
for hydrocarbon binding and reducible properties is CeO,, with
Ru/CeO, shown to be effective at hydrogenolysis of various
polymer feedstocks with high C-C scission activity.?»***72°
Despite Ni/CeO, catalysts being successfully utilised for lignin
and glycerol hydrogenolysis, due to the tailorable surface acid-
base and reducible properties of the Ni/CeO, catalysts, the
catalytic system remains underexplored for polymer hydro-
genolysis.**** The development of highly active Ni catalysts for
polymer hydrogenolysis remains challenging, however, uti-
lisation of nanostructured supports is a potential strategy to
improve C-C scission rates. CeO, nanorods and nanocubes
have been shown to alter the Ru dispersion and generate highly
active catalysts, with the nanocube catalysts being the most
effective at depolymerisation.”””® SrTiO; nanocubes, another
reducible oxide, have also been successfully used to control the
geometry and electronic properties of Pt.*?**>% Evidently, the
nanocube support morphology has a role in promoting catalyst
C-C bond scission activity. However, given the structure sensi-
tive nature of hydrogenolysis, with C-C scission rate and
selectivity influenced by metal particle size, the exact promo-
tional role of nanocube supports over standard mixed shape
supports is unclear. Herein, we demonstrate active low-loading
earth abundant Ni/CeO, catalysts for PP hydrogenolysis and
determine the influence of the nanocube nanostructure when
compared to a standard mixed shape catalyst through normal-
isation of the Ni particle structure and interrogation of the
support surface properties.

Results and discussion
Performance assessment of Ni/CeO,, catalysts

The hydrogenolysis of polypropylene was carried out at 280 °C,
30 bar H,, and 500 rpm at different time points. The resulting
products (solid, liquid, and gas) were collected at room
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temperature, with the gas fraction measured from the reactor
headspace by gas chromatography equipped with a flame-
ionisation detector (GC-FID), and solid and liquid fractions
were collected by dissolution of liquid products into CH,Cl, and
separation by filtration. Residual solid and catalyst were dried
overnight with no further processing due to difficulties in
separation of catalyst from polymer matrix. The separated solid
and liquid products were measured gravimetrically after
removal of CH,Cl,, and the three product fractions are further
classified as: (i) solid products, consisting of unreacted and
partially reacted solid polymer that are collected by filtration,
with yields calculated by theoretical subtraction of the initial
mass of catalyst added; (ii) liquid products, that are liquid or
wax alkanes at ambient conditions and are the CH,CI, soluble
components. The resulting liquid products were analysed by gel
permeation chromatography (GPC), to give peak molecular
weight (M), weight average (M,,), number average (M,), and
dispersity (P) values which are used to describe the liquid
product distribution, combined with thermogravimetric anal-
ysis (TGA) for oxidation profiles and an indication of chain
lengths; (iii) gaseous products that are short chain hydrocar-
bons (C;-Cs) in the reactor headspace, with yields to gaseous
alkane and alkene products grouped under the appropriate
carbon number. Mass balances were assumed to be 100% in all
reactions, considering a sealed reactor with no solvents during
reaction, with gaseous product mass calculated from the
difference between initial polymer used and mass of liquid and
solid products.

Blank reactions of PP (M,, = 12000 g mol™ ', M, = 5000 g
mol ") and H, with no catalyst for 24 h show 71% solid recovery
(Fig. 1a), with liquid and gas yields of 16% and 13% respectively,
indicating partial thermal decomposition of the polymer under
the reaction conditions. GPC of the liquid fraction produced at
24 h, with chromatograms given in Fig. Sla,f shows a M,, =
1664 + 145 ¢ mol ' and M, = 819 + 24 g mol™ ', with a dis-
persity of 2.03, which confirms partial thermal decomposition
of the polymer. The gas fraction produced (Fig. 1b) consisted
mainly of C; and Cs products, with some variability in indi-
vidual C; and Cs yields but consistent overall product yields,
implying thermal decomposition of fragments of hydrocarbon
chains. Further blank reactions for 8 and 16 h (Table Sit)
confirm the thermal decomposition is relatively consistent over
the different time points and suggests the majority of decom-
position occurs within the first 8 h, possibly during the initial
temperature ramp. Reactions conducted for 24 h with the CeO,
supports (nanocube shaped (NC) and mixed shape commercial
(SA)) show no changes in yields or gas distribution, within
experimental error, when compared to the blank reactions
(Fig. 1). No differences are also noted in the GPC analysis of the
liquid fractions (Table S1t) and confirms no catalytic effect of
the support materials.

PP hydrogenolysis was conducted over the two Ni/CeO,
catalysts at different time points (Fig. 2a and b and Table S27).
Initial Ni loading of the catalysts during preparation was 1 wt%,
however, due to the wash step in the synthesis, some loss of Ni
was noted.** The final Ni loadings on the prepared fresh cata-

lysts, determined by inductively coupled plasma-optical
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(a) Product distribution and (b) specific gas yields for the hydrogenolysis of PP using no material (blank), CeO,-SA, and CeO,-NC (SA —

Sigma Aldrich; NC — nanocube). Hydrogenolysis reaction conditions: PP (2 g), CeO, (0.2 g), 280 °C, 30 bar H,, 500 rpm, 24 h. Error bars are the
standard deviation of multiple reactions. Datasets including full GPC results are reported in Table S1.§
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Fig.2 Productdistribution of the hydrogenolysis of PP over (a) 0.4 wt% Ni/CeO,-SA and (b) 0.7 wt% Ni/CeO,-NC over different time points (SA —
Sigma Aldrich; NC — nanocube). (c) Average M,, values of obtained liquids determined by GPC. (d) TGA of the produced liquid samples after 16 h
reaction. Specific gas yields for (e) 0.4 wt% Ni/CeO,-SA and (f) 0.7 wt% Ni/CeO,-NC over different time points. Hydrogenolysis reaction
conditions: PP (2 g), Ni/CeO, (fixed Ni content 0.00138 g), 280 °C, 30 bar H,, 500 rpm, 8—24 h. Error bars are the standard deviation of multiple

reactions. Datasets including full GPC results are reported in Table S2.¥

emission spectrometry (ICP-OES), were consistent between
batches on a specified support (0.4 wt% Ni/CeO,-SA and
0.7 wt% Ni/CeO,-NC). Therefore, to eliminate and account for
differences in the nominal loading between the catalysts, the Ni
mass was fixed (0.00138 g) in the catalytic PP hydrogenolysis
reactions.

High liquid yields (78-82%) after 8 h are achieved over both
catalysts although a significant fraction of solid remains (9-
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16%). GPC chromatograms for all the catalytically produced
liquids with the Ni/CeO, catalysts at specified time points are
given in Fig. S1b.T GPC analysis of the produced liquids (Fig. 2c)
at 8 h shows both catalysts have similar average chain lengths
and are within error, with a M,, value of 5381 + 416 g mol
(M, = 2949 + 416 g mol ') and 5741 + 291 g mol " (M, =
3028 £ 163 g mol ') for 0.4 wt% Ni/CeO,-SA and 0.7 wt% Ni/
CeO,-NC respectively. This is in agreement with previous

This journal is © The Royal Society of Chemistry 2025
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literature that the long hydrocarbon chains of the starting
polymer are favourably depolymerised before secondary
hydrogenolysis reactions occur, due to the higher binding
strength of long chain hydrocarbons to the catalyst.®”** The
high liquid yields achieved when compared to blank or support
reactions confirm the importance of Ni for H-activation and
C-C bond scission via hydrogenolysis.

Complete solid deconstruction, within experimental error, is
achieved over 0.4 wt% Ni/CeO,-SA and 0.7 wt% Ni/CeO,-NC in
16 h. High yields of liquid alkanes (73-78%) and liquid
productivities (65.9-70.9 gjiquia gxi | h ') are achieved over
both the catalysts. Comparison of liquid yields, reaction
conditions, and productivities with Ni-based catalysts for poly-
mer hydrogenolysis from literature at complete solid decon-
struction (Table S3t), shows the Ni/CeO, catalysts have
comparable performance to other Ni-based catalysts for poly-
ethylene (PE) deconstruction.''>** However, it is important to
note that comparison between studies should be treated with
caution due to various reaction temperatures, large differences
between substrates (M,, and side chain), and the description of
liquid products.

Despite the similarities in the liquid yields and productiv-
ities of the two Ni/CeO, catalysts, the GPC results of the liquid
fraction (Fig. 2c) shows large differences in the M,, at both 16
and 24 h, i.e., post solid deconstruction. The 0.7 wt% Ni/CeO,-
NC exhibits M,, values of 2786 + 219 g mol " (M,, = 1442 £ 109 g
mol ") and 2029 + 23 g mol ! (M,, = 1226 + 84 g mol ") at 16 h
and 24 h respectively, whereas the 0.4 wt% Ni/CeO,-SA yields M,,
values of 4599 4 150 g mol ' (M, = 2530 + 117 g mol™ ') and
3598 + 88 ¢ mol ™' (M, = 1798 + 75 ¢ mol ') for 16 and 24 h
reactions. Additionally, the 0.7 wt% Ni/CeO,-NC shows a nar-
rowing of the dispersity (Table S2t) throughout the reaction
times (1.9 to 1.73), with the 0.4 wt% Ni/CeO,-SA showing
broadening of the dispersity (1.82 to 2), indicating different
scission selectivity.

To directly compare the differences in catalytic activity
between the catalysts, metrics of the average rate of C-C bond
scission and average M,, depolymerisation rate were calculated,
with the results for 16 h reactions presented in Table 1. The
average rate of C-C bond scission normalised per gram of Ni,
assuming comparable Ni structure and hence normalised
surface Ni atoms (details of Ni structure vide infra), was calcu-
lated according to an adjusted method of Lamb et al. (eqn (S7)t)
and factors in product yields and M,,, although it is important to
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Journal of Materials Chemistry A

note that this calculation also includes gases produced by
thermal decomposition.”® However, as the thermal decomposi-
tion remains consistent between the catalysts and is a factor in
the process, the average C-C scission rates are directly compa-
rable. The average M,, depolymerisation rate (eqn (S9)t) focuses
purely on the depolymerisation of solid to liquid and utilises the
decrease in M,, of the liquid compared to the starting M,, of the
solid normalised by mass of Ni and unit of time. Therefore, it is
an indicative measure of internal scission rates due to no
consideration of product yields. Both calculated metrics
confirm that 0.7 wt% Ni/CeO,-NC show increased depolymer-
isation when compared to 0.4 wt% Ni/CeO,-SA, with an average
C-C scission rate for 0.7 wt% Ni/CeO,-NC (838.1 mmol gy; '
h™") showing a 75% improvement in depolymerisation over
0.4 Wt% Ni/CeO,-SA (480.3 mmol gy; ' h™*) at 16 h. Consider-
ation of the average C-C bond scission rates normalised per
gram of Ni with only the catalytically produced methane
contribution and exclusion of gases from thermal decomposi-
tion, further confirm enhanced average C-C scission rates of
0.7 wt% Ni/CeO,-NC when compared to 0.4 wt% Ni/CeO,-SA at
both 16 h (Table 1). Furthermore, the average C-C scission rate
for 0.7 wt% Ni/CeO,-NC is comparable to that achieved over
a reported 0.49 wt% Pt/SrTiO; in PE hydrogenolysis at 300 °C
(2.1 mmol h™'; 525 mmol gp, " h™" at 18 h).>* The enhanced
average rate of C-C bond scission with and without gases from
thermal decomposition, and average M,, depolymerisation rate
for 0.7 wt% Ni/CeO,-NC when compared to 0.4 wt% Ni/CeO,-SA
is replicated at 24 h (Table S4t), although reaction rates
decrease for both catalysts, possibly due to reduced H, avail-
ability and decreased favourability of shorter chain hydro-
carbon binding.

Further evidence of compositional differences was provided
by TGA of the oxidation of the liquid products, with TGA of the
liquid products generated after 16 h shown in Fig. 2d. Such
oxidation reaction profiling has previously been used to study
and classify differences between complex crude or lubricant
base oil samples.**** The oxidation profiles can be classified
into separate regions which consist of multiple and complex
reaction pathways and are: (i) low temperature oxidation (LTO;
ca. to 350 °C), where volatilisation and partial to full oxidation
of short hydrocarbons occurs; (ii) fuel deposition (ca. 350-450 °
C), where high molecular weight components are oxidised and
cracked to generate coke; and (iii) high temperature oxidation
(HTO; ca. 450-800 °C) reactions that convert residual high

Table 1 Comparison of liquid productivities, rate of C-C scission, rate of C—C without gases from thermal decomposition, and M,, depoly-
merisation rate for the hydrogenolysis of PP over Ni/CeO, catalysts for 16 h

Liquid productivity?

Average rate of C-C bond
scission® (mmol gy; ' h™")

Average rate of C-C bond
scission with only C, gas®
(mmol gy " h™h)

Average M,,
depolymerisation rate?
(kg mol ' g " hTY)

Catalyst (gliquid ngl hil)
0.4 Wt% Ni/CeO,-SA® 70.9 (+£6.3) 480.3 (£20.1)
0.7 wt% Ni/CeO,-NC* 65.9 (+4.5) 838.1 (£98.2)

353.5 (+36.5)
608.9 (+86.1)

335.2 (£9.6)
417.3 (+14.0)

“ Ni loading determined by ICP-OES. ? Calculated using gravimetric quantities and mass Ni used in the reaction according to eqn (S3). ¢ Calculated
according to an adjusted method to Lamb et al. using M,,, gas moles, and mass of Ni (0.00138 g) as given in eqn (S7).° 4 Calculated using M,, and

mass of Ni as stated in eqn (S9).

This journal is © The Royal Society of Chemistry 2025
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molecular weight oil and coke into CO,.** Therefore, the
oxidation profiles, weight loss in each region, and burnout
temperatures are indicative of the composition of the sample.
Analysis results are given in Table S5, with all liquid samples
produced from catalytic reactions at different times with both
Ni/CeO, showing a majority of weight loss (95-98%) in the LTO
region and a small weight loss in the HTO region (2-5%), con-
firming a light oil composition for all liquid samples. For
reference, the oxidation profile of the solid pristine poly-
propylene is shown with profiles of the catalytically produced
liquid samples. The liquids produced after 8 h reactions
(Fig. S2at) exhibit oxidation profiles that are comparable for the
two catalysts. However, after 16 h of reaction (Fig. 2d), the liquid
profiles are considerably different, in agreement with the GPC
results, with a lower burnout temperature (462 °C) for the
0.7 wt% Ni/CeO,-NC than the 0.4 wt% Ni/CeO,-SA (508 °C). The
burnout temperature (462 °C) for the liquid produced at 16 h
over the 0.7 wt% Ni/CeO,-NC is comparable to values reported
for lubricant base oils (ca. 388-499 °C) and suggests the
produced liquids could be used in such applications.***
Furthermore, the weight loss is shifted to lower temperatures
for the 0.7 wt% Ni/CeO,-NC, indicating the presence of lower
molecular weight chains due to higher volatility and lower
oxidative stability, when compared to that of the liquid
produced by 0.4 wt% Ni/CeO,-SA, with this shift replicated
again at 24 h (Fig. S2bt).

The specific gas yields produced over Ni/CeO, catalysts
(Fig. 2e and f) show comparable gas yields, with the catalytically
produced gas is methane (C;), from the scission of side or
terminal chains, and other gas yields (C,-Cs) consistent with
blank reactions (Fig. 1b). This suggests catalytic scission by
hydrogenolysis from cleavage of alkylidyne intermediates from
terminal or side chains, rather than hydrocracking mechanisms
which disfavour the formation of methenium cations and
therefore generate C;-Cs products, as proposed in mechanistic
studies by Lee et al.*® Therefore, it can be hypothesised that the
gases produced by partial thermal decomposition of the poly-
mer escape into the reactor headspace and are not in contact
with the catalyst surface, with no further scission occurring. The
low methane yields achieved (4-11%) compared to liquid yields
(73-82%) at all reaction times also verify a high selectivity to
internal backbone scission.

The differences in catalytic hydrogenolysis activity and rate
of C-C bond scission between the Ni/CeO, catalysts in this study
must be attributable to several factors, namely: (i) differences in
active site Ni structure; (ii) differences in Ni loading or Ni
density on the supports; (iii) differences in the promotional
effects of the support nanostructure. The following discussion
will consider each specific factor and the influence that they
exhibit on the catalytic activity of the materials.

Ni structure and speciation

The hydrogenolysis mechanism is highly structure sensitive
over Pt, Ru, and Ni catalysts due to the changing kinetics and
binding energies of each step. Tomer et al. demonstrated
experimentally and in silico that large Ru particles, and hence

2036 | J. Mater. Chem. A, 2025, 13, 2032-2046
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stabilisation of Ru(0001) surfaces, cleave terminal or side chain
carbons of PP to generate methane and cleave at lower rates
than Ru nanoclusters, with this enhancement trend replicated
over Pt catalysts.””** Zhao et al. showed that Ni also exhibits
structure sensitivity through alteration of particle size, with this
further confirmed by Vance et al. over Ni/SiO, catalysts.'"**
Therefore, to directly compare the differences in hydrogenolysis
activity and selectivity, the structure of the Ni active sites should
be defined.

High angle annular dark field scanning transmission elec-
tron microscopy (STEM-HAADF) images (Fig. 3a and b), with
further images of different catalyst particles provided in Fig. S3
and S4,7 could not be used to identify representative images of
Ni species. This is attributed to the probable small size of
particles or adatoms, the low loading of Ni, and given the
HAADF contrast is proportional to almost square atomic
number of elements, coordinatively unsaturated Ni species
could not be identified when compared to the high CeO,
contrast. Ni species could also not be identified in STEM-
HAADF images of post 16 h reaction catalysts (Fig. S5 and
S6t), indicating limited Ni particle growth and high dispersion
stability. It is important to note that after 16 h reaction, almost
complete solid polymer deconstruction was observed, and no
further treatment steps were undertaken on the catalyst after
separation from the liquid products. Initial confirmation of Ni
speciation was given by X-ray photoelectron spectroscopy (XPS)
analysis of the Ni 2p region of the fresh Ni/CeO, catalysts
(Fig. 3c). Peak deconvolution of the Ni 2p region was not
undertaken due to the low loading of the catalysts resulting in
a low signal to noise ratio, however analysis of peak positions at
885.4-885.8 eV and the associated satellite structures of both
fresh and post 16 h reaction catalysts indicate the presence of
Ni(u).*** As reduction of the Ni(u) species is anticipated under
the reaction conditions (280 °C, 30 bar H,), the presence of Ni(u)
in the post reaction catalysts suggests re-oxidation after reaction
and exposure to air.

In order to confirm the oxidation state and averaged local
coordination environment of the Ni/CeO, catalysts, ex situ Ni K-
edge X-ray absorption spectra (XAS) were taken of the fresh and
post-reaction catalysts. Comparison of the X-ray absorption
near-edge structure (XANES) spectra of standards, fresh and
post 16 h reaction catalysts is shown in Fig. 3d, with linear
combination fitting (LCF) of the XANES spectra of the fresh
catalysts (Table 2 and Fig. S7t) confirming the presence of NiO,
in agreement with the XPS results. However, LCF fitting of the
post reaction catalysts (Table 2 and Fig. S8t) shows the partial
reduction of the Ni species with the presence of NiO (85-88%)
and Ni (12-15%). This is also visualised in the shift in the pre-
edge (Fig. 3e) and white-line energy (Fig. 3f) of the catalysts
towards pre-edge features and white-line energy associated with
Ni(0) foil. Additionally, in both fresh and post-reaction catalysts,
the shoulder feature at ~8655 eV is reduced in intensity when
compared to the NiO standard and suggests the presence of
small NiO nanostructures due to reduced long-range order, in
agreement with Preda et al.**

The r-space extended X-ray absorption fine structure (EXAFS)
spectra with fitting and the wavelet transformations for the

This journal is © The Royal Society of Chemistry 2025
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Fig.3 STEM-HAADF images of fresh (a) 0.4 wt% Ni/CeO,-SA and (b) 0.7 wt% Ni/CeO,-NC (SA — Sigma Aldrich; NC — nanocube); (c) XPS analysis
of the Ni 2p region of fresh and post 16 h reaction Ni/CeO, catalysts; (d) nickel K-edge XANES, (e) pre-edge, and (f) white-line energy of fresh and

post 16 h reaction Ni/CeO, catalysts and NiO and Ni standards.

Table 2 EXAFS model fitting parameters and XANES linear combination fitting for NiO, Ni foil, fresh and post reaction Ni/CeO, catalysts from
data measured at Ni-K-edge. Fitting errors are given in the parenthesises®

Sample Scattering path Coordination number 207 R E Reactor LCF (wt%)

NiO Ni-O 6" 0.009(3) 2.075(9)  —2(1) 0.0093945  —
Ni-Ni(1) 12° 0.008(1) 2.96(1)

Ni foil Ni-Ni(2) 12° 0.0076(5)  2.483(9) 7(1) 0.0192813  —

Ni/CeO,-SA fresh Ni-O 6 0.0059(7)  2.057(8)  —2.0(8)  0.0060385  100% NiO
Ni-Ni(1) 7(1) 0.008(2) 2.957(8)

Ni/CeO,-NC fresh Ni-O 6 0.0094(8)  2.050(9)  —0.6(9)  0.0060438  100% NiO
Ni-Ni(1) 7(1) 0.009(2) 2.967(8)

Ni/CeO,-SA post reaction Ni-O 6 0.009(2) 2.05(2) -3(3) 0.0261900  88(1)% NiO
Ni-Ni(2) 2.6(6) 0.00762° 2.49(2) 12(1)%
Ni-Ni(1) 1.2(9) 0.00838° 2.99(7) Ni

Ni/CeO,-NC post reaction Ni-O 6° 0.013(1) 2.04(2) —1(2) 0.0142729 85(1)% NiO
Ni-Ni(2) 1.9(4) 0.00762° 2.49(2) 15(1)%
Ni-Ni(1) 2.1(6) 0.00838° 3.00(3) Ni

“ Fixed parameter: So> = 0.9334; The fit range for the EXAFS datawas 3 <k<10A™",1.0<R<3.3 A.? fixed CN for Ni-O = 6 and for standard Ni-Ni

pathways = 12. © Debye-Waller and amplitude reduction factors fixed.

fresh and post reaction Ni/CeO, are given in Fig. 4, with the
fitting parameters and suggested fits given in Table 2. Initial
fitting was conducted (fit range: 3 <k<10A™", 1.0 <R<3.3 A) on
an experimentally measured NiO standard (Fig. S971) to deter-
mine Sy’ (So> = 0.9334) with a model of the single scattering Ni-
O and Ni-Ni(1) paths. It should be noted that the k-space plots
(Fig. S9bt) show fitting of the overall profile with the fitting
model, however minor features are not captured due to no

This journal is © The Royal Society of Chemistry 2025

multiple scattering paths included in the fit. A experimentally
measured reference Ni(0) foil (Fig. S101) was also fit with
a single 1st shell Ni-Ni(2) single scattering path with a coordi-
nation number (CN) of 12. Confirmation of the validity of the
simple models, with only single scattering paths and no
multiple scattering paths, was given by the wavelet trans-
formations for the NiO and Ni(0) (Fig. S11 and S127). The
wavelet transformation of NiO shows a feature at AR 1-2 A and
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Fig.4 (a) Ni K-edge EXAFS fitting of k? weighted FT xR of fresh Ni/CeO, catalysts. Morlett wavelet transformations of k* weighted data from Ni k-
edge EXAFS spectra of fresh (b) 0.4 wt% Ni/CeO,-SA and (c) 0.7 wt% Ni/CeO,-NC (SA — Sigma Aldrich; NC — nanocube). (d) Ni k-edge EXAFS
fitting of k* weighted FT xR of Ni/CeQ, catalysts post 16 h reaction and exposure to air. Morlett wavelet transformations of k? weighted data from
Ni k-edge EXAFS spectra of post 16 h reaction and air exposed (e) 0.4 wt% Ni/CeO,-SA and (f) 0.7 wt% Ni/CeO,-NC. Fitting plots of NiO, Ni foil
and k-space and g-space of k? weighted data of fresh and post reaction catalysts is given in Fig. $13-516.1 The fit range for the EXAFS data was 3 <

k<10 A% 10<R<33A

Ak 3-6 A~! associated with the 1st shell Ni-O4, and a more
intense feature at AR 2-3 A and Ak 5-9 A~ which is attributed to
the 2nd shell single scattering Ni-Ni(1) path and multiple
scattering paths. Whereas the wavelet transformation of Ni is
dominated by a strong feature at AR 1.5-3 A and Ak 4-10 A™%,
which includes the single scattering Ni-Ni(2) path and multiple
scattering paths.

For the fitting of the catalysts, the 1st shell Ni-O CN was fixed
at 6 with floating of the disorder parameter (2¢°), as a large
deviation from the ideal CN is not anticipated for the first shell
of metal oxides in correspondence with literature.*>*® The Ni-
Ni(1) CN was allowed to float to determine the reduction of CN
when compared to the bulk NiO standard. The fitting results of
both fresh catalysts indicate a comparable averaged structure of
the NiO species with a reduced Ni-Ni(1) CN of 7(1) when
compared to the NiO standard (Ni-Ni(1) CN = 12). Interestingly,
for both catalysts, the path length of 1st shell Ni-Og is reduced
(Ni/CeO,-SA - 2.057(8) A; Ni/CeO,-NC - 2.050(9) A) when
compared to the bulk NiO (2.075(9) A). Whereas the path
lengths for the 2nd shell Ni-Ni remain relatively consistent
between the catalysts and the NiO standard. This observation is
in agreement with the structural and molecular dynamic
models reported by Anspoks et al. and suggests the formation of
Ni vacancies in nanosized NiO species, with averaged NiO

2038 | J Mater. Chem. A, 2025, 13, 2032-2046

particle sizes less than 1.3 nm.*” Furthermore, the wavelet
transformation of the catalysts (Fig. 4b and c) shows an
increased prominence of the feature associated with Ni-Og (AR
1-2 A and Ak 3-6 A™Y), which highlights the reduction of
intensity of the Ni-Ni(1) feature when compared to the NiO
standard. The EXAFS fitting and the wavelet transformations of
the fresh catalysts confirm that the globally averaged Ni struc-
ture is consistent between the catalysts and direct comparison
of the activity of the catalysts can be made.

EXAFS fitting of the catalysts post 16 h of reaction and
exposure to air (Fig. 4d and Table 2) show reduced long range
order of Ni-Ni(1) paths arising from NiO and the appearance of
Ni-Ni(2) paths from Ni(0). This transformation is visualised in
the wavelets of the post reaction catalysts (Fig. 4e and f) with
features associated with Ni-Og (AR 1-2 A and Ak 3-6 A™%), Ni-
Ni(2) (AR 1.5-3 A and Ak 4-10 A™*), and minor contributions of
Ni-Ni(1) (AR 2-3 A and Ak 5-9 A™") as well as the associated
multiple scattering paths. Therefore, it can be postulated that
under reaction conditions, the NiO species are reduced to Ni(0)
with some degree of redistribution and Ni(0) is the subsequent
active species present under reaction conditions. However,
upon uncontrolled exposure to air, NiO overlayers of varying
degrees are formed, in agreement with the XPS and XANES
results. Further evidence of Ni reducibility to Ni(0) under

This journal is © The Royal Society of Chemistry 2025
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reaction conditions is given by temperature programmed
reduction (TPR) of the fresh catalysts (TPR of fresh catalysts vide
infra). Importantly, the Ni structures remain comparable and
a large growth in Ni structure is not noted after 16 h reaction.
Consequently, the differences in activity also cannot be attrib-
uted to catalyst deactivation through particle growth nor large
differences in metal redistribution.

Extensive advanced characterisation of the Ni speciation and
structure of both fresh and post-reaction catalysts confirm that
the averaged Ni structure and speciation is consistent between
the two catalysts, with particle sizes < 1.3 nm. Therefore, the
high selectivity to internal cleavage and comparable liquid
yields of the two catalysts are rationalised to be a function of the
consistent Ni structures and ultrafine particles. Slight differ-
ences in catalytic rates may arise depending on the exact
structure of individual adatoms and particles, however, this
factor is minimised when considering the averaged structure
and cannot wholly explain the large deviations in the C-C
scission rate between the catalysts.

Ni loading and density

It is important to consider that despite differences in metal
loading, the structure of the Ni determined by EXAFS is
consistent for the 0.4 wt% Ni/CeO,-SA and 0.7 wt% Ni/CeOQ,-NC
catalysts and the same mass of Ni was used in reactions. Thus,
differences in the C-C scission rate, giving rise to different
liquid alkane compositions despite comparable liquid produc-
tivities, do not arise from the Ni structure or loading of Ni.
However, differences in Ni density (mol m~?) occur due to the
different surface areas (m> g~ ') of the CeO, supports and must
be considered in addition to nominal metal loading.”” Lim et al.
studied the hydrogenation of benzaldehyde and showed that
the proximity, in effect the density, between PdAu particles
significantly affected the selectivity either to benzyl alcohol or
the further hydrogenated product toluene.*®* For polymer
hydrogenolysis with long flexible hydrocarbon carbon chains of
polymers as substrates, the multiple adsorption modes within
the adsorption layer on the catalyst surface must be consid-
ered.* Therefore, the active site density could be influential due
to C-C scission at multiple Ni sites across different points of the

View Article Online
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same polymer chain. Secondarily for further scission reactions,
the diffusion kinetics of hydrocarbon chains to a subsequent
Ni active site are altered depending on the distance between
Ni sites.

The measured BET surface areas of the carriers are 34 and
25 m®> g ' for the CeO,-SA and CeO,-NC respectively
(N, adsorption isotherms given in Fig. S17t) with a corre-
sponding Ni density of 1.9 and 4.7 x 10~° mol m™? for the
0.4 wt% Ni/CeO,-SA and 0.7 wt% Ni/CeO,-NC respectively,
accounting for comparable Ni structures. To evaluate the effects
of Ni density, a 1.2 wt% Ni/CeO,-SA was prepared with a Ni
density (6.1 x 10~® mol m~?) comparable to that of the 0.7 wt%
Ni/CeO,-NC. Catalytic tests with fixed Ni mass for 16 h showed
product yields are comparable to Ni/CeO,-NC within error
(Fig. 5a). However, the M,, achieved (Fig. 5b) over the 1.2 wt%
Ni/CeO,-SA (M,, = 4115 + 123 g mol *; M,, = 2132 + 55 g mol ')
remains higher than that achieved over 0.7 wt% Ni/CeO,-NC
(M,, = 2786 & 219 g mol~*; M, = 1442 4+ 109 g mol '), with GPC
chromatograms given in Fig. S18.1 This is further verified by
TGA oxidation of the liquid product (Fig. S19 and Table S57),
with higher oxidation stability and burnout temperature for the
1.2 wt% Ni/CeO,-SA liquid suggesting longer chains present.
However, a slightly lower M,, is achieved than 0.4 wt% Ni/CeO,-
SA (M,, = 4599 + 150 g mol ™ '; M, = 2530 + 117 g mol ') and
leads to a slight increase in the average M,, depolymerisation
rate and C-C scission rate (Table S6t) for 1.2 wt% Ni/CeO,-SA
when compared to 0.4 wt% Ni/CeO,-SA. This shows the activity
of the different Ni/CeO,-SA is slightly improved when consid-
ering the Ni density. Therefore, Ni density can be considered to
have a small role and influence on hydrogenolysis activity, but it
cannot rationalise the large differences in rates between
Ni/CeO,-SA and Ni/CeO,-NC catalysts.

Promotional effects of CeO, support nanostructure

As the differences in C-C scission activity between the catalysts
cannot wholly be attributed to factors corresponding to the
active Ni metal, loading and density between the catalysts, the
support morphology must have a role in the depolymerisation
of the polymer chains. Definition of the structural features of
the overall catalysts is necessary to conduct comparison of the

100 5000
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70 ]
3 60 gsooo
5 50 )
Q ©
= 40 § 2000
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20 21000
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0.7 wt% Ni/CeO,-NC

1.2 wt% Ni/CeO,-SA

Fig. 5

0.7 wt% Ni/CeO,-NC

1.2 wt% Ni/CeO,-SA

(a) Product distribution, (b) M,, values of obtained liquids determined by GPC for the hydrogenolysis of PP over 1.2 wt% Ni/CeO,-SA and

0.7 wt% Ni/CeO,-NC with comparable Ni densities (SA — Sigma Aldrich; NC — nanocube). Hydrogenolysis reaction conditions: PP (2 g), Ni/CeO,
(fixed Ni content 0.00138 g), 280 °C, 30 bar H,, 500 rpm, 16 h. Error bars are the standard deviation of multiple reactions. Datasets including full

GPC results are reported in Table S2.+
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promotional effects, with confirmation of the mixed morphol-
ogies of 0.4 wt% Ni/CeO,-SA (Fig. 6a) and the nanocube
morphology in 0.7 wt% Ni/CeO,-NC (Fig. 6b) given by STEM-
HAADF. Associated bright field (BF) images and further STEM
images (HAADF and BF) of fresh catalysts are given in Fig. S3
and S4.f The exposed surface facet was experimentally
confirmed through measurement of the interplanar spacing of
the catalysts using STEM-HAADF images. Interplanar spacings
of 0.313 nm were measured on fresh 0.4 wt% Ni/CeO,-SA and
correspond to enclosure by (111) surface facets (Fig. S207).
Whereas interplanar spacings of 0.270 nm corresponding to the
d-spacing of the (200) plane was calculated for fresh 0.7 wt% Ni/
CeO,-NC and confirm the exposure of (100) surface facets.
Subsequently, in agreement with literature, the facets exposed
on the nanocube catalyst are (100), whilst the standard mixed
shape catalyst are enclosed by stable (111) facets.*** Further-
more, restructuring of the nanocubes was not noted in TEM
images after 16 h reaction and exposure to air (Fig. S5 and S6+)
with no changes in measured interplanar spacings (Fig. S217),
suggesting stability of the morphology and retention of (100)
facets after reaction and exposure to air. However, nanoscale
restructuring, disorder, and defects could possibly occur on

View Article Online
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specific  (100) surfaces reoxidation after
reduction.>>*

Synchrotron PXRD patterns of the Ni/CeO, catalysts (Fig. 6c)
exhibit peaks expected from cubic CeO, and no peaks associ-
ated with NiO or Ni species. This was further confirmed by
Pawley fitting of the catalyst patterns using a CeO, standard
collected from the ICSD database, with all peaks related to CeO,
(Fig. S22%). Evaluation of the CeO, crystallite size (Table 3),
calculated using the Scherrer equation, show comparable crys-
tallite sizes between the two fresh catalysts with 29.6 &+ 1.2 nm
and 23.8 & 1.6 nm for 0.4 wt% Ni/CeO,-SA and 0.7 wt% Ni/CeO,-
NC respectively. Further analysis of the post-reaction catalysts
shows limited growth, within fitting error, in the Scherrer
crystallite size (Table S71) or full width half maximum of the
characteristic peaks (Table S8t), indicating stability of the
catalysts, in correlation with the TEM results.

XPS analysis of the Ce 3d region (Fig. 6d) of fresh and post
reaction catalysts was undertaken using a complex ten-
component peak model adapted from the literature of single
crystal and powder CeO, standards, which accounts for the
multiple final-state effects of both Ce(in) and Ce(wv).>**® For the
analysis of fresh 0.7 wt% Ni/CeO,-NC, symmetric components

upon partial
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Fig.6 Characterisation of Ni/CeO, using STEM-HAADF to determine morphology of (a) Ni/CeO,-SA and (b) Ni/CeO,-NC; (c) synchrotron PXRD
of fresh and post 16 h reaction Ni/CeO, catalysts to confirm CeO, phases; (d) XPS analysis of Ce 3d region of fresh and post reaction Ni/CeO,
catalysts to confirm cerium surface speciation (SA — Sigma Aldrich; NC — nanocube). Further STEM images (HAADF and BF) of different positions
of fresh catalysts to determine morphology are given in Fig. S3 and S41 and STEM images (HAADF and BF) of post-reaction catalysts showing

retainment of morphology is given in Fig. S5 and S6.1
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Table 3 Physiochemical and reduction properties of Ni/CeO, catalysts

View Article Online

Journal of Materials Chemistry A

CeO, crystallite

BET specific surface

CeO, surface peak CeO, surface H, uptake

Catalyst size® (nm) area (m* g ") temperature” (°C) (pmol g )
0.4 Wt% Ni/CeO,-SA 29.6 (+1.2) 34 325 38
0.7 wt% Ni/CeO,-NC 23.8 (£1.6) 25 349 240

“ Calculated using the Scherrer equation, parenthesises show the standard deviation between multiple peaks. ” Determined from peak maximum of

fitted CeO, surface reduction peak.

at 880.8, 885.8, 898.8, and 903.2 eV correspond to 1°, v, u°, and
u" states of Ce(m) respectively. Further asymmetric-like compo-
nents at 882.5, 888.8, 898.1, 901.0, 907.5, and 916.4 eV are
attributed to the v, v, v and u, u", «™ states of Ce(v)
respectively. The assignment of components remains the same
for the other fresh and post 16 h reaction catalysts, with peak
positions and atom percentages listed in Table S9.} Calculated
Ce(m) percentages of total Ce 3d show fresh 0.7 wt% Ni/CeO,-
NC (11.4%) to contain slightly more defects than 0.4 wt% Ni/
CeO,-SA, which could arise from increased hydroxylation of the
(100) facet or the higher density of Ni causing disruption of the
CeO, lattice.” Analysis of the post reaction Ce(in) percentages of
total Ce 3d (11% for both catalysts) and atomic percentages of
the total elements present in the catalysts (Table S91) further
suggest structural stability of the catalysts with similar defects
and surface structure when compared to the fresh catalysts, in
agreement with the TEM and PXRD results. Furthermore, only

a slight increase in C atom.% (35.6-36.2 at%) is noted in the
post 16 h reaction catalysts when compared to the fresh cata-
lysts (29.8-31.6 at%), indicating limited residual polymer or
carbon deposition. Comparison of the promotional effects can
now be considered within the context of the CeO, structure and
morphology.

An important factor in polymer hydrogenolysis is the avail-
ability of activated hydrogen, with high H-coverage reported to
shift the selectivity from terminal to backbone cleavage,
generating higher liquid yields, and significantly improving
scission rates. Chen et al. determined Ru particle size is
important on Ru/CeO, catalysts to improve H-coverage, however
in this study, this factor is normalised due to the consistent Ni
structure between the catalysts.?® Wang et al. showed promoting
catalysts with WO, improved the hydrogen storage capacity via
improved H-spillover of Ru/ZrO, catalysts and subsequently
mediated the produced hydrocarbon chain lengths.*® Kim et al.
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(a) TPR profile of CeO, supports; fitted TPR profiles of (b) 0.4 wt% Ni/CeO,-SA and (c) 0.7 wt% Ni/CeO,-NC; equations are given for the

reduction of the Ni and CeO, species through interaction with H,, where O, is oxygen vacancy. (d) XPS analysis of Ce 3d region of Ni/CeO,
catalysts after subjection to reaction conditions without polymer or stirring (280 °C, 30 bar H,, 8 h) with inert transfer to XPS instrument (SA —

Sigma Aldrich; NC - nanocube).
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reported the TiO, rutile polymorph could also improve coverage
rates through improved H-spillover.>* Therefore H-spillover can
be considered as a key feature in boosting H-storage and
subsequent increased activity of the catalysts.>®

Temperature programmed reduction (TPR), with a flow of
5% H,/Ar as the reducing gas, is a useful technique to clarify
and quantify the reduction behaviour of supports and the
effects of H-spillover on supported metal catalysts. Initial TPR of
the CeO, supports (Fig. 7a) show two main regions, which are
attributed to surface CeO, reduction and a higher temperature
bulk reduction, as widely accepted in the literature.”” The
reduction of CeO, through interaction with H, is considered to
occur through several steps, as follows: (i) the formation of
chemisorbed hydrogen and hydroxyl groups from the dissoci-
ation of hydrogen; (ii) reduction of neighbouring Ce(wv) to form
oxygen vacancies through electron transfer from surface
oxygen; (iii) recombination of hydrogen and hydroxyl to form
water and its subsequent desorption; and (iv) oxygen vacancy
diffusion into the bulk.>“*® These steps are expressed in the
overall equations given in Fig. 7a. The peak temperature of bulk
reduction (712-735 °C) is largely invariant when considering the
different morphologies.”” However this is not the case when
considering the surface reduction peaks, with CeO,-SA exhib-
iting a smaller surface reduction peak area when compared to
CeO,-NC although a higher temperature reduction peak (506 °©
C) is noted for CeO,-NC when compared to CeO,-SA (415 °C).
This is further confirmed by multiple peak fitting of the TPR
profiles (Fig. S23 and S247), with a larger uptake (Table S107) for
surface reduction of CeO,-NC (430 umol g~ ') than CeO,-SA (92
umol g~') and a resulting surface uptake ratio (CeO,-NC/CeO,-
SA surface uptake) of 5:1. The higher degree of reduction of
CeO,-NC and exposed (100) facets over the mixed shape with
(111) facets is in agreement with reported experimental and
calculated results of CeO, surface reduction.’”*** It is impor-
tant to note that the activation and consumption of hydrogen by
the support materials is above the reaction temperature (280 °C)
and therefore activated hydrogen is not available to depoly-
merise the plastic, which confirms the inactivity of the CeO,
supports in the reaction (Fig. 1) when compared to the blank
reactions.

Fitting of the TPR profiles was conducted on 0.4 wt% Ni/
CeO,-SA (Fig. 7b) and 0.7 wt% Ni/CeO,-NC (Fig. 7c) catalysts to
deconvolute contributions from the reduction of the NiO
species, formally NiO + H, — Ni(0) + H,O0, and CeO, surface and
bulk reduction. NiO reduction was fit with two features that
occur at 231 °C and 283 °C for 0.4 wt% Ni/CeO,-SA and 228 °C
and 310 °C for 0.7 wt% Ni/CeO,-NC.** Large differences are not
noted in Ni reduction peak temperatures or H, uptake (Table
S107) suggesting similar particle structures and metal-support
interactions. Additionally, when considering the globally aver-
aged Ni structure determined by EXAFS is consistent between
the catalysts and limited differences in the electronic structure
are noted in XANES and XPS, any slight changes in speciation or
interaction can be considered to be minimised. It is important
to note, that the concentration and pressure of hydrogen affects
the reduction temperatures of the TPR profile.®* Given the
hydrogenolysis reactions take place under pure H, at 30 bar and
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280 °C, whereas the TPRs are conducted in 5% H,/Ar at atmo-
spheric pressure, the reduction of Ni species and surface CeO,
reduction will shift to lower temperature. Therefore, the active
species present under reaction conditions can be considered to
be reduced Ni(0) particles.

The surface CeO, reduction peak of both catalysts, fitted as
a single peak, is shifted to lower temperatures (0.4 wt% Ni/
Ce0,-SA = 325 °C, 0.7 wt% Ni/CeO,-NC = 349 °C) when
compared to the support materials (CeO,-SA = 415 °C, CeO,-NC
=506 °C). This shift to lower temperatures and hence enhanced
reducibility of the CeO, surface is a result of the interaction of
CeO, with Ni metal and is evidence of H-spillover effects in both
of the catalysts.®® In the catalysts, activated H atoms migrate
from the Ni particle to the CeO,, with reduction of the lattice
and formation of oxygen vacancies. However, the CeO, surface
H, uptake (Table 3) for 0.7 wt% Ni/CeO,-NC (240 pmol g ') is
significantly larger than the corresponding peak for 0.4 wt% Ni/
Ce0,-SA (38 umol g ') and implies enhanced degree of reduc-
tion and improved H-storage of the 0.7 wt% Ni/CeO,-NC.
Importantly, a significant percentage of CeO, surface reduction
is now accessible at hydrogenolysis reaction temperatures (280 ©
C). Verification of the single CeO, surface peak validity is given
by comparable ratios of surface reduction uptakes between the
supports and catalysts (supports = 5:1, catalysts = 6:1), with
differences in overall values attributed to simple peak model
fitting of the complex H-spillover processes and Ni-CeO, metal-
support interactions. The enhanced degree of reduction also
cannot be attributed to large differences in CeO, crystallite size,
due to comparable calculated crystallite sizes, which can
strongly affect the catalytic properties as reported for CO
oxidation and CO, hydrogenation.**** However, this does
correspond to the differences in the CeO, surface structure due
to the morphologies, and correlates well with reported surface
reduction energies of (100) facets (0.03 eV), (111) facets (0.65 eV)
and (110) facets (1.16 eV).”®

To further elucidate the differences in the degree of reduc-
tion of the catalysts, catalysts were subjected to reaction
conditions (280 °C, 30 bar H,, 8 h) without polymer or stirring.
This procedure is advantageous as it allows for study of the
catalysts subjected to realistic conditions, with transfer to inert
glovebox environments without exposure to air. It is important
to consider, that the reactions are conducted under completely
static conditions with no substrate and lead to differences in the
heating rates, dynamics and kinetics of H-activation and
subsequent H-spillover when compared to the catalytic reac-
tions. Consequently, these reactions without polymer should be
considered as indicative results to compare the degree of
reduction under the reaction conditions rather than an oper-
ando study. XPS analysis of the Ce 3d region (Fig. 7d) following
inert transfer, confirms reduction of Ce species when compared
to the fresh catalysts (Fig. 6d). Furthermore, 0.7 wt% Ni/CeO,-
NC (28.6%) has a higher concentration of Ce(ur) when compared
to 0.4 wt% Ni/CeO,-SA (24.4%), which is consistent with the
partial accessibility of CeO, surface reduction at the reaction
temperature. Additionally, reduction in the binding energy by
0.7-1.0 eV of the Ni 2p peak (Table S91) suggests reduction of
the Ni species to Ni(0) under the reaction conditions, in-
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agreement with the XAS and TPR analysis. Synchrotron PXRD
patterns of sealed capillaries following inert transfer confirm
retention of cubic CeO, phase after exposure to reaction
conditions (Fig. S25f). Additionally, analysis of the lattice
parameters of the reduced catalysts (Table S7t), calculated from
Pawley fitting of synchrotron PXRD patterns of sealed capil-
laries, show a slight expansion of the lattice parameters
compared to the fresh catalysts, with a larger expansion for
0.7 wt% Ni/CeO,-NC (5.42385(3) A to 5.42942(2) A) when
compared to 0.4 wt% Ni/CeO,-SA (5.42384(5) A to 5.42567(3) A).
This indicates a small degree of subsurface reduction and
implies increased Ce(m) concentration in the nanocube catalyst,
due to the larger ionic radius of Ce(m) compared to Ce(v)
leading to distortions in the unit cell.*®

The Ni/CeO, nanocube morphology with exposed (100) fac-
ets therefore allow for slightly improved H-storage capacity at
hydrogenolysis reaction temperatures when compared to the
mixed shape catalyst with (111) facets. However, given the
degree of reduction is only partially improved under hydro-
genolysis reaction conditions, other factors must be considered
to rationalise the large differences in activity. In particular, the
acid-base properties exhibited by the supports are reported to
affect both the mechanism of depolymerisation and the
favourability of hydrocarbon binding. Lamb et al. showed the
influence of acidic properties on the dominant depolymerisa-
tion reaction mechanism of hydrogenolysis or hydrocracking,
with acidic sites involved in hydrocracking pathways.* Jaydev
et al. determined that weak basic sites on supports are influ-
ential for improving hydrocarbon adsorption and enhancing
selectivity to backbone cleavage, and over Pt/C catalysts, oxygen
content of the carbon was important for hydrocarbon
binding.?*** Therefore, due to the importance of support acid-
base properties in depolymerisation reactions, temperature
programmed desorption (TPD) measurements of the supports
were performed, using NH; to probe acid sites and CO, for basic
site analysis.

The acidic properties of CeO, arise from the Lewis acidity of
Ce(v) and weakly acidic Ce(m) cations, whereas, the basicity
originates from Lewis basic surface oxygen and hydroxyl groups.
The exposed facet of CeO, displays different acid-base proper-
ties due to variance in the coordination of the surface cations
and anions.”™*” Additionally, as CeO, is a redox active support
and is highly dynamic under hydrogenolysis reaction
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conditions (Ce 3d XPS analysis vide supra), the acid-base
properties were analysed on fresh catalysts after a standard He
treatment (200 °C for 1 h) and after reduction (550 °C for 1 h)
and cooling under 5%H,/Ar flow. Reductions were carried out at
550 °C to reduce the CeO, surface, as suggested by the TPR
profile of the support materials (Fig. 7a), with the TCD profile of
the reduction step recorded for each measurement to confirm
surface reduction (Fig. S26 and S277). The exposed CeO, surface
and associated acid-base properties under the reaction condi-
tions can then be considered to transiently evolve between these
two states. Blank measurements following pre-treatments
showed no peaks and confirm the pre-treatment steps were
sufficient to remove any impurities that could be recorded by
the thermal conductivity detector.

The NH;-TPD results confirm the low acidity of the materials
when normalised by mass and surface area (Table 4), with
higher acidity for the fresh CeO,-NC when compared to CeO,-
SA. Both supports show decreased acidity after reduction
treatment, with a sharp drop in acidity for CeO,-NC, which is
associated with the dominant presence of Ce(mr) on the material
surface. Broad NH;-TPD profiles (Fig. S281) are exhibited in
CeO, and are representative of the complex nature of multiple
binding modes of NH; to metal oxides.®® The low maximum
peak temperatures (Table 4) for the fresh and reduced CeO,
suggest predominantly weak acidity, in agreement with Wata-
nabe et al.®® Given the low acidity exhibited by the support
materials and catalytic production of methane in the gas
products, it can be concluded that the depolymerisation occurs
via a hydrogenolysis mechanism.

The basicity of the different fresh and reduced CeO,
measured by CO,-TPD and normalised by mass and surface area
(Table 4) show higher basicity for the CeO,-NC than CeO,-SA in
both instances. In particular, normalisation of the CO, adsor-
bed by surface area, or the basicity density, is almost twice as
high for the CeO,-NC when compared to the CeO,-SA. A slight
increase in amount of basicity for the reduced samples can be
attributed to the formation of surface hydroxides. Predomi-
nantly weak basic sites are noted over the CO,-TPD profiles
(Fig. S2971), with confirmation given by the low maximum
temperature peak (Table 4). The maximum peak temperature is
lower in the CeO,-NC than CeO,-SA and suggests different weak
basic sites. Furthermore, a temperature shift in the peaks to
lower temperatures upon reduction suggests alterations in the

Table 4 Quantification of acid—base properties calculated from NHz-TPD and CO,-TPD analysis with normalisation to mass and surface area®

NH; adsorbed NH; adsorbed NH; peak CO, adsorbed CO, adsorbed CO, peak
Material (umol g7 (umol m™?) temperature (°C) (umol g7 (umol m™?) temperature? (°C)
Fresh CeO,-SA 420.1 12.4 178 117.1 3.5 139
Reduced CeOZ—SAb 398.9 11.7 131 132.6 3.9 94
Fresh CeO,-NC 509.2 20.4 136 139.4 5.6 84
Reduced CeOZ—NCb 117.6 4.7 93 155.7 6.2 72

“ Measurements were undertaken with ca. 0.3 g CeO, to ensure appreciable desorption signals (SA - Sigma Aldrich; NC - nanocube). b surface
reduction of CeO, was conducted at 550 °C for 1 h under 5% H,/Ar flow as according to CeO, TPR. ¢ Determined from the peak maximum in
the NH;-TPD profile. ¢ Determined from the peak maximum in the CO,-TPD profile.
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(a) TPD profile of 2,2,4-trimethylpentane (2,2,4-TMP) and (b) quantification of surface adsorption of 2,2,4-TMP with normalisation by

mass and surface area. Measurements were undertaken with ca. 0.3 g CeO, to ensure appreciable desorption signals (SA — Sigma Aldrich; NC -
nanocube). T, is the maximum peak temperature determined from the 2,2,4-TMP-TPD.

strength of basicity, which can also be attributed to the
formation of surface hydroxides. The differences in acid-base
properties between CeO,-SA and CeO,-NC can be rationalised to
arise from the different morphologies. The measured results are
in agreement with theoretical predictions of acidity and basicity
of ideal, or in the case of (100) due to surface polarity, the stable
reconstructed O-terminated surfaces (acidity trend: (100) =
(110) > (111); basicity trend: (100) > (110) = (111)).5%>>¢”

Importantly for polymer hydrogenolysis, differences in
basicity and oxygen species have been shown to have a profound
impact on the favourability of hydrocarbon binding and
cleavage, especially when considering the works of Jaydev et al.
for Ru-based metal oxide and Pt/C catalysts.”*** Therefore, to
confirm differences in hydrocarbon binding on the different
catalyst surfaces, TPDs of 2,2,4-trimethylpentane (2,2,4-TMP),
a branched hydrocarbon surrogate for PP, were conducted
(Fig. 8). Significant differences are noted in the profiles, peak
temperature, and amount adsorbed between the two CeO,
materials. The peak temperature for CeO,-NC (297 °C) confirms
the higher binding strength for hydrocarbons when compared
to CeO,-SA (142 °C), and suggests that the majority of 2,2,4-TMP
can be readily desorbed from the surface of CeO,-SA at hydro-
genolysis reaction temperatures (280 °C). CeO,-NC also adsorbs
significantly more 2,2,4-TMP (232.3 pmol g~ % 2.7 pmol m™?),
when normalised per mass or surface area (Fig. 8b), than CeO,-
SA (90.2 pmol g~ *; 0.8 umol m ™ ?). Interestingly, the surface area
normalised adsorption correlates to the differences in basicity
density of the support materials and further suggests an
important role of weak basic sites and their corresponding
density. However, the broad desorption profile indicates
complex binding modes of 2,2,4-TMP and imply convoluted
adsorption—-desorption mechanisms involved with the CeO,
surface structure.

Subsequently when considering the basicity and 2,2,4-TMP-
TPD measurements and their implications for PP hydro-
genolysis, the nanocube with (100) facets improve the binding
favourability of hydrocarbon chains onto the CeO, surface and
allows for improved scission of the chains by adjacent Ni
particles leading to shorter hydrocarbon chains with
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a narrowing of the dispersity. Whereas, in the case of CeO,-SA,
the decreased favourability of binding when compared to CeO,-
NC, results in desorption of longer chains and further cleavage
is not necessarily facilitated, with any further cleavage deter-
mined by the randomness of Ni-hydrocarbon chain contact and
leads to longer chains with a broadening of the dispersity.

The improvement in C-C scission rate for the nanocube
catalyst over the mixed shape catalyst is thus two-fold with an
interconnected nature between the observed effects. Improve-
ments in the degree of reduction of the CeO, surface allow for
improved H-storage, which partially increases the rate of C-C
scission. Over the nanocube catalyst, with increased density of
weaker basic sites, the contact between hydrocarbon chains and
metal sites is enhanced and gives rise to more scission events.
This enhanced contact arising from surface adsorption and
weak basicity density is the key parameter to improving the C-C
scission activity of the catalyst. Therefore, the morphology of
the support structure is determined to be highly influential in
directly promoting the activity and selectivity of the catalyst.

Conclusions

The hydrogenolysis of polypropylene was investigated using
mixed shape and nanocube Ni/CeO, catalysts. Both catalysts
yielded similar liquid productivities, but with vastly different
liquid compositions after solid deconstruction. The high liquid
productivities and hence high internal cleavage selectivity of
both catalysts arises from the ultrafine Ni particles (<1.3 nm).
Analysis of the liquid products showed the Ni/CeO, nanocube
catalyst exhibited a 75% improvement in C-C scission rate over
the mixed shape Ni/CeO, catalyst leading to shorter liquid
chains with smaller polydispersity indices. The enhanced C-C
scission rate was attributed to improved H-storage and favour-
able basic properties on the nanocubes due to the exposed (100)
facets. The higher weak basic site density of the nanocubes
gives rise to higher binding strength and concentration of
hydrocarbon chains on the catalyst surface. These effects were
considered with normalisation and minimisation of Ni struc-
ture, Ni density, and CeO, particle size, and the catalytic

This journal is © The Royal Society of Chemistry 2025
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improvement is directly attributed to the promotional effects of
the nanocube support morphology over mixed shape materials.
The combination of earth abundant metal clusters and support
engineering represents a catalyst design strategy to improve
C-C scission rates and significantly improves the viability of
chemical polymer recycling via hydrogenolysis.
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