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A B S T R A C T

Closing the resource loop by transforming plastic waste into higher value products is an important step for
changing from a linear to circular economy. Using a sequential pyrolysis and catalytic chemical vapour de-
position process, plastics have been successfully converted into carbon nanotubes (CNTs). Pure low density
polyethylene (LDPE), polypropylene (PP) and mixed plastics (MP) were used as raw materials in the two-stage
process. In the first stage, the plastics were pyrolysed at 600 °C. In the second stage, the non-condensable gases
were converted into multi-walled CNTs over a Ni-based catalyst at two different temperatures, 500 and 800 °C.
The influence of plastic feedstock and synthesis temperature on the performance of plastic-derived CNTs as
electrode materials in electrocatalysis was investigated. The CNTs were evaluated as electrode materials for their
heterogeneous electron transfer rate using a redox probe, which showed improved electrochemical behaviour.
For oxygen reduction reaction (ORR), CNTs produced at 500 °C demonstrated superior performance compared to
those produced at 800 °C. Influence of feedstock on electrocatalytic ORR activity of the as synthesised CNTs was
marginal. Temperature was the governing factor influencing the properties of CNTs due to annealing and oxi-
dation of edge defects generated during synthesis at higher temperatures.

1. Introduction

Recycling of plastic waste is one of the greatest challenges in mu-
nicipal solid waste management domain [1,2] because they are typi-
cally present as a mixture of polymers [3–5]. Single-source and mixed
plastics were converted via pyrolysis into simple molecules with sub-
sequent recovery of value-added products [6] such as liquid fuels [7],
precursors for organic synthesis of polymers [8] or carbon-based na-
nomaterials [9]. To synthesise carbon-based nanomaterials from plas-
tics, several routes were proposed. In catalytic plastic pyrolysis, a cat-
alyst can be added to plastics and the mixture is pyrolysed to produce
solid carbon nanomaterials [10]. Alternatively, plastics are first de-
composed in a pyrolysis reactor and afterwards carbon nanomaterials
are synthesised in a separate reactor with a catalyst either before or
after condensation of liquid pyrolysis products [11,12]. Pyrolysis fol-
lowed by catalytic chemical vapour deposition have demonstrated the

feasibility to reduce the volumetric mass of plastics and turn them into
carbon-based nanomaterials [9,11–19], which can be utilized as fillers
for polymer composites [14–16] or electrodes [18,19]. While some
research has been conducted on the synthesis of CNTs from plastics, the
application of such materials is barely studied. For instance, plastic
waste-derived CNTs have been mainly restricted to applications in en-
hancing mechanical performance of polymer composites [14–16], ra-
ther than their intrinsic electrochemical properties as conductive car-
bons [18,19].

Electrocatalysts are needed as materials for manufacturing of elec-
trodes [20,21]. Carbon based nanomaterials have been postulated to
play an integral role as core electrode materials [21]. Owing to the
large surface area and high number of active sites, carbon nanomater-
ials have been forecasted to participate in a range of electrochemical
reactions [22,23]. This is particularly applicable to carbon nanotubes
(CNTs), due to high conductivity, large number of active edge-sites and
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high mechanical strength [24]. Since the discovery of CNTs, this carbon
allotrope has found widespread applications in electronic materials
[25]. Optimisation of the synthesis CNTs are often needed, due to the
presence of carbonaceous fragments [26] and metallic impurities [27].
Specifically, CNTs have been used as fuel cell electrode materials for
oxygen reduction reaction (ORR) [28,29], where operations are often
conducted at extreme conditions.

In this work, mixed plastics are decomposed via pyrolysis and the
non-condensable pyrolysis gases are converted into functional multi-
walled CNTs via chemical vapour deposition using nickel-based cata-
lyst. The waste-derived CNTs are tested as electrocatalysts in ORR. To
date, few studies have related the conditions for synthesis of CNTs to
the electrochemical performance [18,19]. The novelty of this study is
the relation of the synthesis process to applications of the CNTs as
electrodes for ORR. The effects of plastic feedstock (low density poly-
ethylene (LDPE), polypropylene (PP) and mixed plastics (MP)) and
synthesis temperature are examined on CNTs synthesis. The intrinsic
(surface chemistry) and extrinsic (morphology and elemental content)
properties are investigated to reveal the electrochemical properties as
electrocatalyst for ORR.

2. Experimental

2.1. Synthesis of carbon nanotubes (CNTs)

Low density polyethylene (LDPE) from PTT Global Chemical Public
Co. Ltd. (Thailand), polypropylene (PP) from Sinopec (China), poly-
styrene (PS) from Formosa Plastics Corp. (Taiwan) and polyethylene
terephthalate (PET) from CR Chemicals Holdings Co. Ltd. (China) were
used as raw materials. Chemical formulas of the polymers have been
included in Scheme S1 in the Supplementary information. The fol-
lowing three carbon sources were used as precursors for CNTs synthesis:
(1) LDPE (100%), (2) PP (100%) and (3) mixed plastics (MP). The
mixed plastics contained LDPE (40%), PP (40%), PS (10%) and PET
(10%). Nickel is a common catalyst for the synthesis of carbon nano-
materials using chemical vapour deposition process [17,30]. The cata-
lyst for CNTs synthesis was prepared by dissolving Ni(NO3)2·6H2O
(97% pure, Sigma-Aldrich, USA) in ethanol (99.5% pure, Sigma Al-
drich, USA), followed by CaCO3 addition (99% pure, Hayashi Pure
Chemical Ind. Ltd., Japan). The suspension was stirred and the solvent
was removed using a rotary evaporator (Hei-Vap Precision, Heidolph
Instruments, Germany) at 50 °C under 100mbar vacuum. The catalyst
was dried overnight at 55 °C in an oven and calcined in air at 750 °C for
3 h to produce NiO supported on CaCO3.

CNTs were synthesised according to the previously described
procedure [9]. Briefly, the plastics (i.e. 1.5 g of pure LDPE or PP or
1.86 g of MP) were pyrolysed at 600 °C in a 50 mL min−1 N2 flow for
30 min in a horizontal reactor. The produced non-condensable gases
were converted in the vertical reactor into carbon nanomaterials
over 0.5 g of the packed catalyst bed with particle sizes between 63
and 212 μm. In the preliminary experiments, it was observed that the
entire temperature range between 500 and 800 °C was suitable for
the growth of carbon nanomaterials using the prepared catalyst. Two
synthesis temperatures were selected, namely 500 and 800 °C, in
order to obtain pronounced differences in material morphology and
properties. The concomitant mixed plastics without PET were used as
feedstock to obtain CNTs at 500 °C and used as the sample of study
(MP 500 °C). The obtained materials were boiled with 3 N HCl (EMD
Millipore Corp., USA) for 30 min to dissolve calcium and nickel
compounds, and filtered using 0.45 μm nylon filter (EMD Millipore
Corp., USA). Subsequently, the suspension was washed repeatedly
with deionised water and dried at 55 °C overnight. LDPE 500 °C, PP
500 °C and MP 500 °C were obtained at a carbon yield (percentage
per catalyst mass) of 21, 32 and 3% respectively [9]. LDPE 800 °C, PP
800 °C and MP 800 °C were obtained at a carbon yield of 31, 22 and
22% respectively [9].

2.2. Materials for electrochemical experiments

N,N-dimethylformamide (DMF), potassium ferrocyanide trihydrate
[K4Fe(CN)6·3H2O], potassium ferricyanide [K3Fe(CN)6], potassium
chloride, potassium hydroxide, 20 wt% platinum on graphitised carbon
(C/Pt) and concentrated sulphuric acid (95–98%) were purchased from
Sigma Aldrich (Germany). Deionised water (18.2MΩ cm) from a
Millipore Milli-Q purification system was used in all the experiments.
Alumina (0.05 μm) and micropolishing pad was obtained from (ALS,
Japan).

2.3. Electrochemical apparatus

All voltammetric measurements were performed using an Interface
1000 Potentiostat (Gamry, USA) that was connected to a personal
computer and controlled by Framework software (Gamry, USA). The
electrochemical experiments were performed in an electrochemical cell
(5 mL) at room temperature (25 °C) using a three-electrode configura-
tion. A graphite plate was used as a counter electrode (4×4×80mm)
and an Ag/AgCl/KCl (saturated) electrode (ALS, Japan) was used as a
reference electrode, while glassy carbon served as working electrode
(diameter, 3 mm, obtained from CH Instruments, TX (USA)). The cor-
responding electrolyte solutions were saturated with air or nitrogen by
bubbling air or nitrogen for 20min. All electrochemical experiments
have the current density normalised to the geometrical surface area of
the electrode. The onset potential of oxygen reduction reaction is cal-
culated from the deviation of the linear sweep voltammetry of the
electrode material in the air-saturated 0.1M KOH electrolyte in com-
parison to the nitrogen-saturated 0.1M KOH.

Heterogeneous electron transfer experiments were carried out with
10mM ferro/ferricyanide solution in 0.1M KCl at a scan rate of
100mV s−1. The oxygen reduction reaction (ORR) was performed using
linear sweep voltammetry (LSV) at a scan rate of 5mV s−1 in air- and
nitrogen-saturated 0.1M KOH solution.

2.4. Dispersion of sample

A 5mgmL−1 sample of CNT was suspended in DMF through soni-
cation in a water bath using an ultrasonicator (37 kHz, Elma, S180H,
Germany) for 30min. Before the sample aliquot was prepared as an
electrode material, the suspension was mixed again thoroughly through
a sonication step for 5min in the water bath. An aliquot of 1 μL of a
5mgmL−1 sample was dropcasted on the glassy carbon electrode sur-
face. The sample was then left to dry under an incandescent lamp for
10min and used in the electrochemical experiment. Electrode surface
was renewed using 0.05 μm alumina slurry and micropolishing pad.

2.5. Microscopic and spectroscopic characterisation of CNTs

Scanning electron microscope (SEM) images of carbon nanomater-
ials were taken using field emission scanning electron microscopy
(FESEM, JEOL JSM-7600F) coupled with energy dispersive X-ray
spectroscope (EDS, Oxford Xmax80 LN2 Free). Raman spectroscopy
was carried out by casting the powder sample on a glass microscope
slide before being sent for analysis by a Raman Spectrometer (XploRA
PLUS, Horiba Scientific, Japan) coupled with a 532 nm laser source. X-
ray photoelectron spectroscopy (XPS) was measured with Kratos Axis
Supra spectrometer with a dual anode monochromatic Kα excitation
source. Binding energies (B.E.) of the elements were calibrated against
C 1 s core level at 284.5 eV. The nickel concentration was measured by
using an inductively-coupled plasma-optical emission spectrometer
(ICP-OES: Perkin Elmer Optima 8000). Namely, 10mg of the CNTs
sample was digested in a 9mL of 60% fuming HNO3 (Sigma-Aldrich)
and 2mL of stabilised 30% H2O2 (Merck) mixture under microwave
irradiation at a temperature of 180 °C for 20min. The solution was al-
lowed to cool down before being filtered using a 0.45 μm PVDF syringe
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filter. The mixture was diluted ten times with deionised water and sent
for analysis in the ICP-OES.

3. Results and discussion

A redox probe of ferricyanide/ferrocyanide was used to test the
electrochemical performance of the CNTs synthesised from different
feedstocks [21]. In Fig. 1(a), two electrochemical peaks were observed
in a reversible reaction with a cathodic peak at 0.15 V and anodic peak
at 0.28 V on the GC electrode. The peaks were from the reversible
anodic oxidation of ferricyanide to ferrocyanide and the opposite
cathodic reduction of ferrocyanide to ferricyanide in a 1:1 ratio as il-
lustrated in Fig. 1(b). The anodic peak currents were observed to be
higher in the materials that were synthesised at 500 °C as compared to
800 °C. The peak to peak separation (ΔEpp) was measured between the
anodic and cathodic peaks in Fig. 1(c), where better performance with
smaller ΔEpp values was observed in the CNTs in comparison to the
control materials, i.e. GC and C/Pt. In Fig. 1(d), the corresponding
electron transfer rates were calculated from the ΔEpp [22,23,31], il-
lustrating the electron transfer rates between 3.9×10−3 and
4.3×10−3 cm s−1. This was more exemplary than that of GC at
3.1×10−3 cm s−1 and close to C/Pt at 4.0× 10−3 cm s−1. These ob-
tained data showcase that the synthesised CNTs can serve as excellent
electrode materials that exhibit superior performance over common
electrode materials with high quantities of electrochemically active
sites. Carbon nanotubes have two regions capable of participating in
electrochemical reactions: (1) the basal plane, consisting of two-di-
mensional conjugated sp2 carbon atoms; (2) the edge defects, consisting
of carbon atoms with dangling bonds and various oxygen surface
functionalities. It is postulated that a higher density of edge defect sites
is responsible for the enhanced electrocatalytic performance on a redox
probe [32–34]. The availability of such edge defect sites allowed for the
heterogeneous electron transfer from the electrode into the electrolyte

[33]. High density of defects in the as-synthesised CNTs was examined
in ORR for possible applications as electrodes in fuel cells.

The CNTs were tested for their performance for ORR. ORR is an
important electrochemical reaction at the cathode of the fuel cell [20].
Two distinct trends in the results were observed in Fig. 2(a). The CNTs
synthesised at 500 °C outperformed the CNTs prepared at 800 °C in ORR
in air-saturated 0.1M KOH. The electrocatalytic performance of CNTs
for ORR can be classified with into two bands and are grouped ac-
cording to temperatures: 500 and 800 °C. With regards to the sources of
plastics influencing the performances of the CNTs, there were only
marginal differences between LDPE, PP and MP at the respective tem-
peratures of 500 and 800 °C. From Fig. 2(b), the electrode surfaces
modified with CNTs synthesised at 800 °C have ORR onset potentials of
between −0.18 V to −0.21 V. However, electrode surfaces modified
with CNTs synthesised at 500 °C have the earliest ORR potentials of
between −0.11 to −0.14 V. CNTs synthesised from MP at 500 °C have
the lowest onset ORR potential of −0.11 V. This electrochemical per-
formance significantly exceeded the performance of glassy carbon (GC)
electrode at −0.19 V and was comparable to platinum on carbon (C/Pt)
electrocatalyst at −0.10 V. Edge defect sites have been listed as active
sites for ORR [35–37], allowing adsorption processes of diatomic
oxygen and its eventual reduction [38]. Increasing amount of these
edge defects in carbon nanotubes has been demonstrated to enhance the
ORR of CNTs [29,39,40].

Fig. 3 depicts representative FESEM images of carbon nanomaterials
produced from CNTs at 500 and 800 °C. This was corroborated by the
detailed TEM examinations showing that filamentous hollow carbon
nanostructures with various diameters and lengths were synthesised,
illustrating the presence of multi-walled carbon nanotubes [9]. The
CNTs synthesised at 500 and 800 °C had outer diameters centred at
10–20 and 40–50 nm, respectively (Fig. S1, Supplementary informa-
tion). At 500 °C, the chemical vapour deposition of non-condensable
gases from decomposition of LDPE and PP resulted mainly in CNTs.

Fig. 1. (a) Cyclic voltammograms of the different modified glassy carbon (GC) electrode surfaces in 10mM Fe(CN)63/4- in 0.1M KCl at a scan rate of 100mV s−1; (b)
Comparison of the anodic peak currents of the ferricyanide probes on different electrode surfaces and the ratio of the anodic and cathodic peak (Ipa/Ipc); (c) Peak to
peak potential differences (ΔEpp) in the ferro/ferricyanide probe on different electrode surfaces; and (d) Heterogeneous electron transfer rate of ferro/ferricyanide
probe on different electrode surfaces.
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Additionally, MP containing PET produced carbon nanocages [9]. The
subsequent removal of PET from MP led to the increased selectivity
towards CNTs.

Content from certain transition metal elements has been known to
influence the electrochemical performance of carbon-based materials

[41–45]. As illustrated in Fig. 4, it was found that CNTs synthesised at
500 °C had lower Ni contents (0.23–0.35 wt%), while the CNTs syn-
thesised at 800 °C contained more Ni (4.2–6.3 wt%). MP 500 °C had the
lowest metal content of 0.23 wt%, while MP 800 °C had the highest Ni
content of 6.3 wt%. The higher Ni content in MP 800 °C was likely

Fig. 2. (a) Linear sweep voltammograms (LSV) of oxygen reduction reaction (ORR) in electrolyte after saturation with nitrogen and air respectively. (b) Onset of ORR
in air-saturated electrolyte, where the curve deviates from nitrogen-saturated electrolyte. Average of three scans were taken. Conditions: 0.1M potassium hydroxide
electrolyte, scan rate 5mV s−1.

Fig. 3. FESEM images of CNTs fabricated at (a) 500 °C of (i) LDPE (ii) PP (ii) MP and at (b) 800 °C of (i) LDPE (ii) PP (ii) MP sources.
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attributed to the larger thickness of carbon nanotubes, encapsulating
the metal and preventing its removal during acid washing [41]. How-
ever, these differences in Ni content between CNTs synthesised at 500
and 800 °C did not influence the catalytic activities during ORR. Ni was
likely embedded within the stems and sheaths of carbon sheets in the
multi-walled CNTs [41], resulting in the negligible electrochemical ef-
ficacies as an electrocatalyst. Furthermore, the ORR is specific to cer-
tain metals, such as iron [46,47] and manganese [45] which are in-
volved into the electrochemical reduction of intermediates or the
diatomic oxygen. It has been demonstrated that Ni impurities in carbon
materials has negligible effect on electrocatalytic activity during ORR
[45]. Thus, the nickel content most likely does not govern the redox
properties of synthesised CNTs during ORR.

Another possible reason influencing the catalytic activity of CNTs is
the surface defects acting as active sites for the reactions. To get a better
insight about surface defects that could determine the better perfor-
mance of plastic-derived CNTs synthesised, the samples were char-
acterized by Raman spectroscopy and XPS.

Raman spectroscopy is a good technique to characterize the den-
sity of edge defects present in carbonaceous materials [48]. The D
band at 1340 cm−1 has been linked to structural disorder and sp3-like
edge defects and the G band at 1570 cm−1 has been linked to the sp2-
hybridised carbon vibrations [49,50]. The edge defects are typically
located at the ends of the basal planes of CNTs [51]. An examination
of the ratios of intensities between the D band G bands (ID/IG) cal-
culated based on the peak height can be used to analyse the density of
defects in the CNTs [49]. The Raman spectra for CNTs synthesised at
500 and 800 °C are displayed in Fig. 5. As illustrated in Fig. 5(a), the D
band was more intense than the G band for the CNTs synthesised at
500 °C suggesting the higher density of defects compared to CNTs
synthesised at 800 °C. In Table 1, the ratios of the intensities of D and
G bands are provided. The ID/IG ratios of CNTs synthesised from LDPE,
PP and MP at 500 °C were 1.49, 1.56 and 1.47, respectively, compared
to 0.38, 0.38 and 0.39, respectively, at 800 °C. This demonstrated that
at higher temperatures the CNTs were annealed and graphitised, re-
sulting in a decrease in the density of defects. This was analogous to
reports by Figarol et al. and Huang et al. where the decrease in density
of structural defects was observed after heat treatment of CNTs at
2125 and 800 °C, respectively [52]. Yang et al. also demonstrated an
annealing effect on CNTs when synthesis was carried out at higher
temperatures [17]. This trend strongly correlated with the observed
trend of ORR activity, where the CNTs synthesised at lower tem-
peratures showcased lower overpotentials and better electrochemical
performances. It was reported that high density of edge defects in

carbon nanomaterials corresponded to the higher electrocatalytic ac-
tivity [21,32,53]. The edge defects in CNT-based materials are known
to play an essential role during ORR [51,54–56]. On the other hand,
oxygen functional groups, are known to retard electrochemical pro-
cesses [57] and decrease the electrocatalytic activity of carbon-based
materials during ORR due to stepwise two electron electrochemical
reduction process to hydrogen peroxide before eventual reduction to
water [58,59].

XPS is able to characterize the chemical oxidation states of the
surface groups in carbonaceous nanomaterials. Survey XPS scan and
high resolution XPS C 1 s analysis of the CNTs were conducted to pro-
vide the insight into the content of oxygen functional groups [50]. A
survey XPS scan of the synthesised CNTs is a ready indicator of the
distribution of surface oxygen functionalities in the CNTs synthesised at
two different temperatures from different precursor sources [50,53].
Two different trends were noted in CNTs synthesised at two different
temperatures. The amount of oxygen functionalities was lower in CNTs
synthesised at 500 °C in comparison to the CNTs synthesised at 800 °C
(Fig. 6). Table 2 demonstrates the numerical distribution of oxygen
functionalities in the carbon nanomaterials. Carbon to oxygen (C/O)
ratios were 20.9, 22.6 and 38.7 for CNTs synthesised from LDPE, PP
and MP at 500 °C, respectively. These values were considerably higher
than the C/O ratios of CNTs synthesised from LDPE, PP and MP at
800 °C (i.e. 18.6, 16.8 and 13.3, respectively). This could be explained
by the introduction of oxygen functionalities into the carbon matrices at
higher temperatures due to the presence of oxygen group impurities
[60]. Huang et al. also demonstrated that with increasing annealing
temperatures, there was an increase in the content of oxygen func-
tionalities [61]. Thus, the catalytic synthesis of CNTs from non-con-
densable pyrolysis gases of plastics at 500 °C resulted in CNTs with
lower oxidation degree. The lower oxidation degree was accompanied
by the higher density of active edge defects in these CNTs as suggested
by the Raman spectra [29]. MP 500 °C which has the highest C/O ratio
in comparison to LDPE 500 °C and PP 500 °C has demonstrated the
lowest ORR potential among the CNTs produced at 500 °C. This sug-
gests that the combination of high defects and low oxidation degree is
needed for a superior ORR performance. The superior electrocatalytic
performance of CNTs produced at 500 °C was likely attributed to the
combined effect of the both factors. Closer inspection of the high re-
solution C 1 s XPS spectra was needed to elucidate the type of oxygen
functionalities present within the CNTs.

High resolution C 1 s XPS spectra can be used to analyse the surface
oxygenated carbon functionalities on carbon nanotubes [62]. In the
samples of CNTs synthesised from plastics, C]C, CeC, CeO and C]O
groups with binding energies of 284.5, 285.4, 286.3 and 286.9 eV, re-
spectively, were present. Carboxylic groups were absent in the samples.
In case of the same feedstock, CNTs synthesised at 500 °C were less
oxidised compared to 800 °C (Fig. 7). This is suggested by higher sur-
face coverage with C]C groups (76–79% against 72–74% for the
samples synthesised at 500 and 800 °C, respectively). The surface cov-
erage of oxidised functional groups of CeC marginally increased from
16, 15, and 17% in LDPE, PP and MP at 500 °C, respectively, to 18, 18,
and 20% at 800 °C, respectively. Introduction of oxygenated function-
alities to carbon nanomaterials has been known to influence electro-
chemical properties [63–66]. Surface coverage of CNTs with oxygen
functionalities was reported to decrease electrocatalytic activity of
CNTs during ORR due to oxidative processes [63–65], and could ex-
plain the lower activity of CNTs synthesised at 800 °C. Surface oxygen
functionalities of the C 1 s XPS spectra in CNTs also marginally in-
creased from 5, 7, 7% to 9, 8, 8% in LDPE, PP and MP respectively
when the synthesis temperature is increased from 500 to 800 °C. Pre-
viously from the survey XPS scan, it was shown that the density of these
oxygen functionalities was higher in samples prepared at 800 °C be-
cause of the higher total oxygen content. Subsequently from this de-
tailed C 1 s XPS spectrum, the proportion of the oxygen functionalities
exhibited a marginal increase when synthesis temperatures were

Fig. 4. Inductively-coupled plasma optical emission spectroscopy (ICP-OES)
results of nickel content in carbon nanotubes after microwave digestion.
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increased from 500 °C to 800 °C. This showcased the effect of elevated
synthesis temperatures on the increasing density of oxygen function-
alities in CNTs. The increase in amount of CeC and oxygen function-
alities from the XPS spectra with CNTs at 800 °C in comparison to those
synthesised at 500 °C has decreased the amount of the defects that were
capable of participating in ORR. It has been reported that higher tem-
peratures have led to the termination of defects [64,65], with an in-
crease in oxidised species [60], leading to a decrease in the electro-
chemical activity for ORR.

The edge sites responsible for heterogeneous electron transfer steps
[54], with the corresponding oxidation of such sites leads to the de-
crease in electrochemical activity [57] and inhibits oxygen reduction
[58,59]. Waki et al. reported that the presence of defect sites, parti-
cularly at the edges of carbon nanotubes, was the origin of

electrochemical activity during ORR [29,39,40]. Yang et al. suggested
that extended exposure times at high temperatures led to the decrease
in active edge defect sites due to graphitisation and resulted in the
decreased performance during ORR [64]. Defects synthesised from
temperature dependent processes [67,68], have been the origin of dif-
ferent electrochemical behaviours. Both XPS and Raman data were
critical to forecast the electrochemical reactivity of CNTs synthesised
from plastics.

4. Conclusion

The effects of synthesis temperature and feedstock on the perfor-
mance of plastic-derived CNTs during electrocatalytic ORR was

Fig. 5. Raman spectra of plastic-derived CNTs synthesised at (a) 500 °C (b) 800 °C.

Table 1
Ratios of intensity of D to G bands (ID/IG) in plastic-derived CNTs.

Samples ID/IG Samples ID/IG

LDPE 500 °C 1.49 LDPE 800 °C 0.38
PP 500 °C 1.56 PP 800 °C 0.38
MP 500 °C 1.47 MP 800 °C 0.39

Fig. 6. XPS survey scan spectra of CNTs fabricated at (a) 500 °C (b) 800 °C.

Table 2
Ratios of C/O intensities of CNTs synthesised at 500 and 800 °C in XPS survey
scans.

Samples C/O ratio Samples C/O ratio

LDPE 500 °C 20.9 LDPE 800 °C 18.6
PP 500 °C 22.6 PP 800 °C 16.8
MP 500 °C 38.7 MP 800 °C 13.3
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investigated. Synthesis temperature was the most important factor in-
fluencing the properties of CNTs and electrocatalytic activity. Namely,
CNTs synthesised at 500 °C outperformed the CNTs synthesised at
800 °C. Raman spectroscopy has revealed that the CNTs at 500 °C
contained a higher density of edge defects that can be utilized as active
sites towards ORR, in comparison to CNTs synthesised at 800 °C. It can
be reasoned that edge defective sites in plastic-derived CNTs have in-
fluenced the electrocatalytic performances during ORR, where an im-
proved electrochemical performances have been observed at higher
density of edge defective carbon sites. Larger amount of oxygen func-
tionalities, as revealed by XPS, have decreased the ORR activity. On the
other hand, influence of plastic feedstock (LDPE, PP, MP) on the elec-
trocatalytic performance of ORR was found to be marginal.
Predominantly, two bands of ORR potentials were observed and are
grouped according to synthesis temperatures: CNTs synthesised at
800 °C have ORR onset potentials of between −0.18 to −0.21 V, while
CNTs synthesised at 500 °C have the earlier and better ORR potentials
of between −0.11 to −0.14 V. Waste plastic derived CNTs have been
demonstrated to be a viable candidate as an electrode material,

especially for ORR. A clearer elucidation on the direct impact between
synthesis procedures and electrocatalytic performance may serve to
better plastic-derived CNT's capacities as an electrode material of
choice. Wielding such capabilities, it is not unimaginable that plastics
resources can recycled into electrode materials for energy-storage ma-
terials.
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Fig. 7. High resolution XPS C1s scan spectra of CNTs fabricated at (a) 500 °C from (i) LDPE (ii) PP (iii) MP sources, at (b) 800 °C from (i) LDPE (ii) PP (iii) MP sources.
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