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Polyethylene (PE) waste was recycled into nanoporous carbon mate-
rials via NaNH,-catalyzed tandem cross-linking and carbonization.
The process enables C-H cleavage and C-N formation, yielding
carbons with surface areas up to 2080 m? g~*. The resulting materials
exhibit excellent performance in gas separation and energy storage
applications.

The overconsumption of single-use plastics, which have long
lifetimes, slow decomposition rates, and the potential to
disrupt ecosystems, has raised widespread environmental,
economic, and health concerns.'” Compared to mechanical
recycling, landfilling, and incineration, the selective conversion
of single-use plastics in the presence of heterogeneous, homo-
geneous, or biocatalytic systems represents a promising
research direction. This approach enables the recycling of waste
into value-added chemicals (building blocks), advanced mate-
rials (carbons), and fuels (liquid hydrocarbons), deploying
polyethylene (PE), polypropylene (PP), polyethylene tere-
phthalate (PET), polyurethane (PU), polyvinyl chloride (PVC), or
polystyrene (PS) as starting materials.>* For example, via
pyrolysis, PE recycling in the presence of CuCO; (ref. 5) or PP
recycling in the presence of zeolites (e.g., HY-2.8 or NaY-2.8)
could generate liquid hydrocarbons.®” Heterogeneous metal
nanocatalysts capable of activating H, have been demonstrated
for the hydrocracking of PE (e.g., Pt/SiTiO; or SiO,/Pt)*° or
mixed plastic waste (e.g., Al-SBA-15)" to generate motor oil or
liquid hydrocarbons. The dehydrochlorination of PVC" or
glycolysis of PET*>** could produce the corresponding mono-
mers. Besides these approaches for obtaining small-molecule
chemicals or liquid products, the gasification-carbonization
of PP, PE, or PET could also form carbonaceous nanomaterials.
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The excessive use of single-use plastics, due to their persistence and slow
degradation, has generated significant environmental, economic, and
health concerns. In this work, we developed a tandem cross-linking/
carbonization route for converting polyethylene (PE) into advanced

carbon materials. Subsequent carbonization yields high-quality nano-

porous carbons with surface areas of up to 2080 m” g™, outperforming

previous plastic-to-carbon methods. The resulting materials exhibit
excellent performance in gas separation and energy storage.

In the presence of organically modified montmorillonite-based
catalytic systems (no additives or doping with Co;0, or NiO),
plastic recycling could be achieved to generate graphene flakes,
hollow carbon spheres, or multi-walled carbon nanotubes
(MWCNTSs)."*"” The carbonization of mixed plastic waste cata-
lyzed by Ni/Al,O; led to the formation of CNTs.'® Hetero-
structures composed of carbon and metal oxides (e.g., Fe;0,@C
core-shell structures) were obtained from PE in the presence of
ferrocene and ammonium carbonate.*>*® Although progress has
been made, the utilization of plastic waste to produce high-
quality carbon materials is still highly underexplored. In
particular, high catalyst loading (up to 800 wt%), the require-
ment for metal additives, and the inferior porosity of the
carbonaceous products have restricted the application of
plastic-to-carbon strategies in energy-related fields. Particularly,
compared with PET, PU, and PVC containing extra ester, urea,
or halide moieties, high- and low-density polyethylene (HDPE
and LDPE), and PP solely composed of strong single C-C and
C-H bonds within the plastic skeleton have exhibited higher
thermodynamic stability and kinetic inertness, leading to
energy-intensive and low-efficiency recycling outcomes even
under rigorous conditions." Facile approaches capable of
producing high-quality nanoporous carbons deploying PE-
based starting materials will represent a critical development
for cost-effective and high-performance plastic-to-material
pathways towards energy-related applications.
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Fig. 1 A schematic illustration of PE recycling by NaNH,-promoted
cross-linking/carbonization to produce advanced materials.

Herein, a tandem cross-linking and carbonization pathway
was developed towards the transformation of PE to advanced
materials (Fig. 1). Sodium amide (NaNH,), with its strong
basicity and nucleophilic activity, was deployed as the catalyst
for C-H bond cleavage in the PE skeleton and new C-N bond
construction, leading to cross-linking of the PE precursor and
enhanced thermal stability, which was then followed by
carbonization via thermal treatment into high-quality nano-
porous carbon materials with surface areas up to 2080 m” g™,
surpassing those obtained via previously demonstrated proce-
dures for plastic waste carbonization. The high surface area and
abundant micropores within the carbon skeletons gave the
afforded materials impressive performance in CO, capture/
separation and energy storage as a component in super-
capacitor construction. This study provides new insight into PE
recycling to afford promising material candidates for energy-
related fields.

Screening of the reaction parameters was conducted using
the surface area of the carbon products as an indicator, which is
an important feature in the fields of gas uptake, catalysis, and
energy storage. PE with a molecular weight of 3000 was used as
the precursor. It was pyrolyzed from 410 to 480 °C (Fig. S1A) and
exhibited a sphere-like morphology (Fig. S1B). Using NaNH,, as
the catalyst, different carbon materials are fabricated by varying
the catalyst loading and reaction temperature. The as-prepared
carbon materials are denoted as C-m-T (m = mass ratio of
NaNH, : PE, T = reaction temperature). The Brunauer-Emmett—
Teller (BET) surface areas of the products are analysed by N,
absorption at 77 K (Fig. 24, S1C, S2 and S3). The N, adsorption-
desorption isotherms of the PE precursor show a nearly
featureless profile with extremely low adsorption capacity,
indicating its non-porous or very weakly porous nature. With
a reaction temperature of 850 °C, C-0.1-850 obtained with
a NaNH, : PE mass ratio of 0.1 showed a surface area of 703 m?
g~ '; increasing the loading amount of NaNH, led to an
enhanced surface area, with C-0.25-850 exhibiting a surface area
of 1450 m> g~'. However, further increasing the NaNH, : PE
mass ratio had an inferior effect on the surface areas of the
carbon products, leading to the formation of C-0.5-850 and C-
0.75-850 with surface areas of 1033 and 630 m> g, respec-
tively. These results indicated that a NaNH, : PE mass ratio of
0.25 is optimal to generate carbon materials with high surface
areas. The creation of porosity in the carbon skeleton was
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Fig. 2 (A) The surface areas of the carbon materials obtained with
different mass ratios of NaNH,:PE and reaction temperatures. (B) C 1s
and N 1s XPS spectra, (C) N, sorption and desorption isotherms (77 K),
(D) the pore size distribution curve, and (E) SEM and (F) TEM images of
C-0.25-850. (G) N, sorption and desorption isotherms and (H) the
pore size distribution curve of C’'-0.25-850.

possibly due to gas formation and release (e.g., H,, CH,4, and
NH;3) upon C-C bond construction during the reaction proce-
dure in the presence of NaNH,.** The diminished surface areas
of carbons in the presence of high loading amounts of NaNH,
was probably owing to the collapse of nanoporous structures
driven by the strong basicity of the amide anions and the partial
decomposition of carbon moieties. Examining the Raman
spectra (Fig. S4), two characteristic bands centered at ~1350
and ~1580 cm ', corresponding to the D and G bands of
carbonaceous species, are clearly observed for C-0.1-850. The
prominent D and G signals indicate the presence of defect-rich
sp® carbon domains formed during the thermal treatment.?> As
the mass ratio of NaNH, : PE increased, the intensities of both
bands decreased significantly, suggesting the formation of
more disordered carbon structures. TGA results indicate that an
appropriate amount of NaNH, enhances the thermal stability of
the carbon materials, whereas excessive NaNH, loading leads to
a decrease in thermal stability (Fig. S5). Subsequently, the
influence of reaction temperature was studied using a NaNH, :
PE mass ratio of 0.25 in the range of 550-950 °C. The successful
carbonization of PE was achieved at a reaction temperature of
550 °C with a carbon yield of 25%, generating C-0.25-550 with
a surface area of 451 m” g~ . Increasing the reaction tempera-
ture to 650 and 750 °C only showed slight improvements in the
porosity of the carbon products, with C-0.25-650 (carbon yield:
28%) and C-0.25-750 (carbon yield: 30%) having surface areas of
562 and 733 m” g ', respectively. Comparatively, C-0.25-850
synthesized at 850 °C, exhibited a significantly increased
surface area (1450 m”> g~'). However, further increasing the
reaction temperature to 950 °C resulted in a slight decrease in
the surface area of C-0.25-950 (1228 m* g~ ') and its carbon yield
(20%).

Detailed characterization of C-0.25-850 with the highest
surface area was conducted to determine more structural
information. The powder X-ray diffraction (PXRD) pattern of the
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PE precursor exhibited a crystalline structure, which, upon
cross-linking and decomposition in the presence of NaNH, and
at high temperature, became an amorphous carbon product (C-
0.25-850) (Fig. S6). A comparison of the Fourier-transform
infrared (FTIR) spectra indicated the complete loss of the
aliphatic C-H moieties within the skeleton of C-0.25-850, which
were clearly seen at around 2900 cm ™' in the PE precursor
(Fig. S7), demonstrating the high catalytic efficiency of NaNH,
in the cleavage of the C-H bonds during the thermal treatment
procedure. X-ray photoelectron spectroscopy (XPS) analysis
showed that C-0.25-850 was composed of carbon and nitrogen,
with the latter only occupying 0.8 at% on the surface. Therefore,
most of the nitrogen moieties were released in the form of
gaseous products via decomposition at high temperature. The C
1s spectrum of C-0.25-850 could be deconvoluted into three
major peaks with binding energies (BEs) of 284.71, 286.21, and
288.48 eV, corresponding to the carbon atoms in C-C, C-N, and
C=NH", respectively (Fig. 2B).?® This is in accordance with
the N 1s spectrum, with two major peaks at BEs of 398.45 (C-N)
and 399.98 eV (C=NH"). The N, adsorption and desorption
isotherms of C-0.25-850 showed a type-I reversible profile
(Fig. 2C), which exhibited steep N, sorption in the low-pressure
region (<0.01 bar) derived from the existence of micropores.
Pore size distribution curves calculated by the nonlocal density
functional theory (NLDFT) method demonstrated the presence
of micropores of around 0.53 and 1.0-2.0 nm (Fig. 2D). The total
surface area (1450 m® g~ *) was dominated by the micropore area
(1051 m? g~ "), with a small amount of external surface area (399
m? g !). Correspondingly, the total pore volume of 0.93 cm?® g*
comprised 0.42 cm® g~' from micropores. Scanning electron
microscopy (SEM) showed that C-0.25-850 was composed of
particles with sphere-like morphology and a smooth surface
structure (Fig. 2E). Transmission electron microscopy (TEM)
images further confirm the sphere-like particles, with some of
them containing hollow spaces and the existence of porous
structures (Fig. 2F). With the achievements made using PE with
a molecular weight of 3000 as the precursor, the NaNH,-
promoted carbonization procedure was further extended to PE
with a high molecular weight (35 000). With a NaNH, : PE3s5000
mass ratio of 0.25 and reaction temperature of 850 °C, the
afforded carbon material was denoted as C’-0.25-850; it had
amorphous morphology, as indicated by the PXRD pattern
(Fig. S8), and showed no characteristic signals for C-H bonds in
the FTIR spectrum (Fig. S9). Porosity analysis by N, sorption
isotherms revealed that C' —0.25 —850 had an improved surface
area (2080 m”> g~') compared with the carbon product from
PE;3000 under the same conditions (Fig. 2G), with 551 m* g~ *
derived from the micropore area and 1529 m> g~ from the
external surface area. The total pore volume was 1.14 cm® g,
with 0.25 cm® g~' contributed by micropores. The pore size
distribution curve calculated from the NLDFT method exhibited
the co-existence of micropores (<2 nm) and mesopores (2-4 nm)
(Fig. 2H). All the above-mentioned results demonstrated the
high catalytic activity of NaNH, for the activation and cleavage
of the C-H bonds in PE and the formation of C-C bonds in the
construction of carbon skeletons. Specifically, NaNH, acts as
a strong nucleophilic species that can initiate C-H bond
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activation in PE via deprotonation-driven cleavage.** This
process generates highly reactive carbon-centered intermedi-
ates, which subsequently undergo dehydrogenation and
radical-like cross-linking reactions, thereby accelerating the
formation of a more interconnected carbon framework.”® With
only a catalytic amount of catalyst and without other templates
or additives, high-quality nanoporous carbon materials could
be afforded with surface areas surpassing PE-derived carbon
materials generated by other methodologies (Table S1), most
polymer-derived carbons using hard/soft templates* and even
carbon materials activated by excess amounts of NaNH, (e.g., 2
equivalents).>

Carbonaceous materials have shown wide applications in
the fields of gas storage and separation, catalysis, and energy
storage.>**” CO, capture and sequestration (CCS) represents one
of the most intensively studied technologies towards alleviating
the global greenhouse gas impact.*®*> Nanomaterials with high
surface areas and the involvement of micro- or ultra-micropores
are preferred, as they are capable of achieving high CO, uptake
capacities and selectivities.**** The as-prepared carbon mate-
rials from PE recycling exhibited high surface areas up to 2080
m? g~! and abundant micropores within the skeleton, which
made them promising candidates for CO, capture and separa-
tion. The CO, uptake isotherms of the nanoporous carbon
materials are collected at 273 and 29 K (Table S2, Fig. 3A and B),
among which C —0.25 —850 exhibited the highest CO, uptake
capacity. As shown in Fig. 3A, the CO, uptake capacities of C
—0.25 —850 reached 5.31 and 3.32 mmol g at 273 and 298 K,
respectively, which were higher than most of the carbon-based
materials reported in the literature®**=° and are comparable to
the capacities of nitrogen-doped systems (Table S2).*°** The
CO,/N, selectivities were calculated to be 27 and 24 at 273 and
298 K, respectively, by the ideal adsorption solution theory
(IAST) with a ratio of N,: CO, of 85:15. The isosteric heat of
adsorption (Qg) was calculated to be 27.8 k] mol ™" for C-0.25-
850 (Fig. 3C). Comparatively, the CO, uptake capacities of C'-
0.25-850 with a higher surface area (2080 m”> g~') did not
surpass those obtained by C-0.25-850 (5.21 mmol g~ * at 273 K
and 1 bar; 3.53 mmol g~ at 298 K and 1 bar) because C —0.25
—850 contained a larger fraction of micropores (especially pores
<0.7 nm), which exhibit stronger affinity toward CO, molecules
(kinetic diameter =0.33 nm)* and therefore deliver higher
uptakes at low pressures. In contrast, although C’-0.25-850
possesses a higher BET surface area than C-0.25-850, its
adsorption in the low-pressure region is much less pronounced
(Fig. 2G), suggesting that the additional surface area mainly
originates from mesopores/macropores or pore structures that
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are unfavorable for strong CO, adsorption. The CO,/N, selec-
tivities of C’-0.25-850 were calculated to be 41 and 30, respec-
tively, together with a Qg value of 19.5 k] mol~". The CO,
capture results demonstrated that via the NaNH,-promoted
cross-linking and carbonization procedure, stable plastic waste
is transformed into advanced materials that are good adsor-
bents for CO, capture and separation.

The high surface areas and abundant porosity of the affor-
ded carbon materials prompted us to further explore their
applications in energy storage. Among diverse devices, super-
capacitors, featuring high power densities, good reversibility,
wide operating temperatures, and long cycle lives, have attrac-
ted extensive attention, being deployed as critical components
in frequency modulators, tube voltage-stabilizers, consumer
electronics, and hybrid electric vehicles.***” Supercapacitors
can be categorized into electrical double-layer capacitors
(EDLCs) and pseudocapacitors, in which the charge storage
mechanism occurs via physical electrostatic adsorption and
reversible surface chemical redox reactions, respectively.*®
EDLCs generally display enhanced power densities, improved
stability in extreme heat or cold, and prolonged cycling lives
compared with pseudocapacitors. Material skeletons composed
of sp” carbons, featuring high surface areas, appropriate pore
size distributions, good conductivity, and excellent chemical
stability, are preferred as promising electrode materials in
EDLCs.*** The unique features of the nanoporous carbon
materials generated from PE recycling in this work enable them
to be promising candidates for use in supercapacitors. The
capacitive behaviors were evaluated in a three-electrode system
using 1 M aqueous H,SO, electrolyte with an Ag/AgCl reference
electrode and a platinum counter electrode. Taking C-0.25-750
with a surface area of 733 m”> g ' as an example, all the
collected cyclic voltammetry (CV) curves at different scan rates
of 5-500 mV s~ ' exhibited symmetric rectangular shapes with
weakly broadened humps appearing at potentials of 0-0.6 V
(Fig. 4A), demonstrating a combination of EDLC and pseudo-
capacitance.” Then, PE-derived carbon materials (with a mass
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ratio of 0.25 for NaNH,:PE) generated under various conditions
were evaluated at 50 mV s~ ' (Fig. 4B). The hump increased from
C-0.25-550 to C-0.25-750 and then diminished in C-0.25-850 and
C-0.25-950, with the maximum value being achieved by C-0.25-
750, probably owing to the decreased numbers of heteroatoms
within the skeleton at higher temperatures. These heteroatoms
provide additional pseudocapacitance and improve electrode
wettability, which outweighs the effects of surface area alone.
With higher temperature (850-950 °C) treatment, the content of
heteroatoms in carbon materials decreases significantly,
leading to a reduced pseudocapacitive contribution despite the
larger BET surface area.”>*® The electrochemical impedance
spectroscopy (EIS) measurement results show a clear decrease
in charge-transfer resistance upon increasing the activation
temperature from 550 to 750 °C, and it then increased as the
activation temperature increased from 750 to 950 °C. This trend
is fully consistent with the capacitance measurements, where
samples with higher porosity and conductivity exhibit superior
electrochemical performance (Fig. S10). Correspondingly, the
optimal capacitance values were obtained by C-0.25-750, which
were calculated to be 212.2 and 141.9 F g~ " at scan rates of 5 and
500 mV s~ !, respectively, with 67% retention at the higher scan
rate (Fig. 4C). The long-term cycling performance was evaluated
using C-0.25-750 by chronopotentiometric charge/discharge
tests. Capacitance retention of 88.6% for more than 5000
cycles (Fig. 4D) was maintained at a high constant current
density of 5 A g~ . All these results demonstrated that when
using single-use plastic waste as a raw material, the facile
NaNH,-promoted carbonization pathway led to the generation
of high-quality carbon materials that can act as promising
components in the field of energy storage.

In conclusion, by deploying a suitable catalyst, a PE
precursor can be easily decomposed under an inert atmosphere
and transformed into nanoporous carbon materials. The key
lies in the cross-linking of the PE chains first to improve the
thermal stability, followed by the generation of the nanoporous
materials via high-temperature thermal treatment. This facile
strategy allows the successful transformation of discarded
plastics into advanced materials with good performance in gas
separation and energy storage.
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