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We demonstrate that by a simple solvothermal treatment followed by

carbonization, plastic waste can be turned into graphitic carbon

nanosheets, with an excellent photothermal conversion efficiency

(99%) that is capable of generating a high evaporation rate (1.50 L m�2

h�1 at 1 kW m�2) in a solar evaporator, and these are among the best

values reported thus far.
Global plastic pollution is expected to be 8.3 billion metric
tonnes from 1950 to the present, and with the outbreak of the
r Edison Huixiang Ang obtained
is PhD from Nanyang Techno-
ogical University (NTU, Singa-
ore). He worked as
Postdoctoral Fellow at both the
ational University of Singapore
nd NTU, and was also a Visiting
cholar at the Technical Univer-
ity of Munich, Germany. He is
urrently an assistant professor
t NTU, and his research inter-
sts combine nanotechnology and
aterials science approaches to
for energy storage and conver-
applications. He was honoured
cientist Medal Award (2022), the
the Outstanding ASIAN Science

tional Institute of Education, Nanyang

6, Singapore. E-mail: edison.ang@nie.

ng, Nanyang Technological University,

ok@ntu.edu.sg

ring, Nanyang Technological University,

e of Science Education and Research

19612–19617
COVID-19 pandemic, there has been a signicant surge in
household plastic waste, resulting in a global waste manage-
ment crisis.1,2 Improper plastic waste management can have
a negative impact on the environment, wildlife, and public
health.3,4 To address this concern, traditional recycling plastic
strategies, such as mechanical methods, have been used to
convert plastic waste into feedstock, however, the resulting
products generally have limited structural designs and inferior
properties, limiting their range of application.5,6 For this reason,
advanced plastic waste recycling technologies are becoming
increasingly important for discovering new recycled materials
with benecial properties that can improve industrial processes
while also helping the nation to meet global sustainability
goals.7–9

Two-dimensional (2D) nanostructures, an emerging family
of new nanomaterials, have piqued the interest of researchers
because of their unique morphological and physicochemical
characteristics.10–15 For example, graphene, the rst 2D nano-
material and its derivatives have been found to possess a broad
solar absorption band with a high photothermal conversion
efficiency (PTCE) ranging from 80% to 83%,16–18 while its
ultrathin thickness (less than 2 nm) can be used to fabricate
large-area solar absorbers with only a small quantity of starting
materials required. Recently, Ren et al.19 have demonstrated
that by integrating copper nanoparticles into graphene mate-
rials the PTCE for solar evaporation can be enhanced when
compared to pristine material. However, the synthesis of
graphene-based nanomaterials generally required expensive
starting materials and complicated synthesis steps, and it was
difficult to scale them up for realistic use in solar absorbers.20,21
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Previous studies have shown that simple hydrothermal
carbonization and solvothermal methods can convert polymeric
materials into amorphous carbon nanoparticles,22–24 but there
has yet to be a demonstration of converting plastic wastes into
ultrathin carbon nanosheets (CNS) with a graphitic-like struc-
ture using such simple processes. In this study, we present
a simple two-step method for fabricating 2D graphitic carbon
nanosheets (g-CNS) from plastic waste (see Fig. 1a), and the
resulting 2D g-CNS has an ultrathin thickness that is sub-1 nm.
Common household plastic wastes (see Fig. S1, ESI†) such as
plastic bags (PB), laundry detergent bottles (LB) and Tupper-
ware containers (TC) made up of different plastic recycling
grades such as low-density poly(ethylene) (LDPE), high-density
poly(ethylene) (HDPE) and poly(propylene) (PP), respectively,
are used as starting materials to make 2D g-CNS. These plastic
wastes were selected for this study because they have a long
decomposition period ranging from 20 to 100 years, are resis-
tant to degradation, and are not easily recyclable, all of which
have a negative environmental impact.25 The preliminary results
show that different 2D g-CNS derived from various types of
plastic waste have different PTCE, and the one that is derived
from PB exhibits the highest PTCE. The as-fabricated 2D g-CNS
solar absorber derived from PB presents an efficient PTCE of
99% with a high evaporation rate of 1.50 kg m�2 h�1 under one-
sun illumination, because of its broad solar absorption band
(300–1600 nm), excellent photothermal properties, high heat
retention, good wetting ability, well-organized interlayer chan-
nels, and availability of a wide range of micro- and mesopores
for fast water transportation. This is the rst time, such superior
PTCE and evaporation rates have been obtained, when
compared to data in the literature (Table S1, ESI†). The typical
preparation procedure of 2D g-CNS is illustrated in Fig. 1. To
illustrate our synthesis procedure, PB waste is used as an
example. In Stage I, the s-CBPB was prepared using a sol-
vothermal treatment on a mixture of PB waste and sulfuric acid
Fig. 1 (a) Schematic illustration of the formation of 2D graphitic
carbon nanosheets (g-CNS) from upcycling of PB waste. Stage I:
growth of sulfonated carbon black derived from plastic bag (s-CBPB).
Stage II: formation of 2D g-CNSPB by carbonization of s-CBPB. (b) The
schematic shows a typical setup of a solar evaporator and the unique
features of the 2D g-CNSPB consisting of: (1) simulated seawater, (2)
a thermal insulator (i.e., polystyrene, PS foam), and (3) a photothermal
layer made up of 2D g-CNS on an air-laid paper support.

This journal is © The Royal Society of Chemistry 2022
precursors at 110 �C. In brief, the sulfuric acid oxidizes and
dehydrogenates the polymer chains, forming a sulfonic acid
functional group.26,27 This can be shown by the presence of
–SO3H functional groups in the attenuated total reection-
Fourier transform infrared (ATR-FTIR) spectra (Fig. S2a–c,
ESI†). At an elevated temperature, saturated carbon polymer
chains are formed and crosslinked via either physical (i.e., van
der Waals forces) or chemical (i.e., covalent, p–p interaction)
interactions,28 forming a sulfonated graphitic-like precursor,
namely, s-CBPB. The X-ray diffraction (XRD) characterization
(Fig. S3a–c, ESI†) further conrmed the formation of a graphitic
structure in the s-CB samples. Subsequently, the as-obtained
sulfonated precursors were carbonized at 900 �C under an H2/
Ar gas ow to remove any remaining –H2, –CO, –CO2, –H2O and
SO2 functional groups, yielding 2D g-CNSPB. More importantly,
it also demonstrated that this strategy can be employed to
prepare 2D graphitic nanosheets from other plastic wastes,
such as LB and TC (see the ESI in the ESI† for details).

For the rst time, these graphitic 2D CNS were fabricated
from plastic wastes. The unique graphitic-like and 2D structures
do not appear in previously reported carbonaceous materials
originated from plastic waste.29,30 Because of the merits of the
graphitic-like characteristics and the 2D interlayer channel
architecture this can improve (i) the light-to-heat conversion,
and (ii) the water transport for solar evaporation, respectively,
as illustrated in Fig. 1b.

The XRD patterns (Fig. 2a) of 2D g-CNSPB show two distinct
diffraction peaks of 26.1� (002) and 45.0� (101) which can be
indexed to hexagonal graphitic carbon (JCPDS no. 56-0159).
This result indicates that we have successfully synthesized
graphitic carbon aer carbonization at 900 �C under an H2/Ar
atmosphere. In addition, the distinct diffraction peak at 2q ¼
31.2�, corresponding to (020) plane that can be indexed to the
cubic CaC2 crystal structure (JCPDS no. 15-4081).
Fig. 2 (a) The XRD patterns of the 2D g-CNSPB product, which agree
well with the standard pattern of graphite and CaC2. (b) High resolution
C 1s XPS spectrum, (c) Raman spectrum, and (d) SEM image of g-
CNSPB. (e) AFM image of g-CNSPB with its corresponding (f) height
profile. (g) Low magnification TEM image, (h) high-magnification
image, (i and j) HRTEM images with scale bars 5 nm and 2 nm,
respectively, and (k) SAED pattern of a g-CNSPB sample.

J. Mater. Chem. A, 2022, 10, 19612–19617 | 19613
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Fig. 3 (a) Photograph of 2D g-CNSPB deposited on air-laid paper, (b)
FESEM image of a 2D g-CNSPB photothermal layer with its corre-
sponding EDX mapping images of C, O and Ca elements, (c) UV-vis-
NIR absorption spectrum of 2D g-CNSPB with AM 1.5 solar irradiance
as a reference. (d) Thermal image of the 2D g-CNSPB photothermal
layer under air.
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The chemical structures of 2D g-CNSPB were further exam-
ined by X-ray photoelectron spectroscopy (XPS) analysis
(Fig. 2b). The XPS C 1s spectrum shows the peaks at binding
energies of 283, 284, 284.8, 286, and 289 eV, which correspond
to CaC2, C]C, C–C, C–O and C]O bonds, respectively. This
series of carbon species matches the carboxylic and saturated
carbon functional groups in the 2D g-CNSPB. Moreover, the
Raman spectrum of 2D g-CNSPB (Fig. 2c) reveals two signicant
peaks at ca. 1350 cm�1 and ca. 1580 cm�1, which are attributed
to the D and G bands, respectively, of the graphene-based
materials.31 This result is in agreement with the XRD pattern,
and further conrmed that graphitic carbon materials were
obtained successfully. The eld-emission scanning electron
microscopy (FESEM) image, transmission electron microscopy
(TEM) image and atomic force microscopy (AFM) image
(Fig. 2d–g) with its height prole, prove that the obtained 2D g-
CNSPB possesses a lateral size (micrometer scale) with a thick-
ness of 0.81 nm. The formation of such ultrathin nanosheets
was achieved by a simple solvent exfoliation method,32,33 as
shown in Fig. S4, ESI†. The high-resolution (HR)-TEM image
(Fig. 2h) shows that the 2D g-CNSPB is composed of graphitic
edges, and a hybrid of amorphous and crystalline regions can
be observed in Fig. 2i, where the latter shows an interplanar
spacing of 0.29 nm (see Fig. 2j), which corresponds to the (020)
plane of CaC2. The ring-like pattern observed in the selected
area electron diffraction (SAED) indicates that the CaC2 is
polycrystalline in nature (Fig. 2k). Aer replacing PB with LB
and TC wastes, the XRD patterns (Fig. S5a and b, ESI†), XPS
spectra (Fig. S6a and b, ESI†) and Raman spectra (Fig. S7a and
b, ESI†) show the same graphitic and carboxylic features as 2D
g-CNSPB. However, CaC2 can only be detected in 2D g-CNSPB and
2D g-CNSLB samples but not in the 2D g-CNSTc sample. This is
because in some of the plastic production line, CaC2 is
employed as a raw material to produce acetylene, which is used
tomake several plastic materials, for example, polyethylene.34 In
addition, the AFM, TEM and HRTEM images reveal that the
sheet-like structure of g-CNSLB and g-CNSTC samples have
a lateral dimension at the micrometer scale with ultrathin
thicknesses of less than 1.0 nm (Fig. S8a–d, ESI†), and both
samples exhibit graphitic edges (Fig. S9a–d, ESI†). Based on the
Brunauer–Emmett–Teller (BET) model, the specic surface
areas of 2D g-CNSPB, 2D g-CNSLB and 2D g-CNSTC samples are
272.12, 254.64 and 6.24 m2 g�1, respectively, and the nonlocal
density functional theory (NLDFT) plots indicate the presence of
micro-meso porosity in the samples with a pore width of less
than 10 nm (Fig. S10a–f, ESI†). The photothermal layer
comprises a solar absorber (i.e., 2D g-CNSPB) prepared on an air-
laid paper support. The photograph (Fig. 3a) shows that the
resultant 2D g-CNSPB photothermal layer (ca. 3.5 cm in diam-
eter) is evenly coated on the air-laid paper support with a mass
loading of 0.10 kg m�2. The energy dispersive X-ray spectros-
copy (EDX) mapping images of the 2D g-CNSPB photothermal
layer show a uniform compositional distribution of C, O and Ca
elements on the solar absorber. The absorption spectrum of the
2D g-CNSPB solar absorber shows an excellent solar absorption
of 86–99% at a wavelength of 300–1600 nm (Fig. 3c), and its
thermal image (Fig. 3d) reveals a temperature of 53.1 �C under
19614 | J. Mater. Chem. A, 2022, 10, 19612–19617
one-sun illumination. These results indicate that the 2D g-
CNSPB solar absorber possesses photothermal properties, which
are essential for solar evaporation applications. For compar-
ison, the uniform coatings of 2D g-CNSLB and 2D g-CNSTC solar
absorbers on an air-laid paper support are shown in the
photographs (see Fig. S11a and b, ESI†), and their surface
morphologies and elemental distributions were also examined
using FESEM and EDX analyses (Fig. S12a and b, ESI†). In
addition, the solar absorptions of 2D g-CNSLB and 2D g-CNSTC
photothermal layers were in the ranges of 54–60% and 41–56%,
respectively, (Fig. S13a and b, ESI†). The temperatures of 2D g-
CNSLB and 2D g-CNSTC photothermal layers were 43.5 �C and
41.7 �C, respectively, (Fig. S14a and b, ESI†), while the control
experiment consisting of air-laid paper without a solar absorber
shows a stable temperature at room temperature under one-sun
illumination (Fig. S15, ESI†). These results further conrmed
that the as-obtained solar absorbers possess photothermal
properties. A home-made solar evaporator (Fig. S16, ESI†) was
used to measure the water evaporation rates, enhancement
factor and PTCE of 2D g-CNSPB, 2D g-CNSLB and 2D g-CNSTC
photothermal layers under one-sun illumination.

To investigate the performances of the solar evaporators
consisting of g-CNS solar absorbers, air-laid paper/PS foam on
simulated seawater (3.5 wt%), water evaporation rate (m, kg
m�2 h�1), enhancement factor (EF) and PTCE (%) are tabulated
using eqn (1), (2) and (3), respectively. As a reference experi-
ment, a control solar evaporator is utilized consisting of the air-
laid paper/PS foam on simulated seawater without the g-CNS
solar absorber.

m ¼ Dm

S � t
(1)

where Dm refers to the mass change of water (kg), S refers to the
area of the photothermal layer (m2), and t refers to the solar
illumination time (h).
This journal is © The Royal Society of Chemistry 2022
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EF ¼ mðSEÞ
mðblankÞ (2)

where m(SE) refers to either the water evaporation rate of g-CNS
or the control solar evaporators, and m(blank) refers to the
water evaporation rate of simulated seawater under one-sun
illumination.

In addition, the PTCE (%) performance of the solar evapo-
rators is calculated using the following eqn (3):

PTCE ¼ m
0 � hLV

Pin

(3)

where m0 (kg m�2 h�1) refers to m(SE) minus the water evapo-
ration rate of simulated seawater in the dark, hLV is the total
enthalpy of vaporization (refer to details in Section S1, ESI†), Pin
is the incident solar power at 1 kW m�2 (¼ one-sun
illumination).

The mass change of the simulated seawater was measured
using an analytical balance and one-sun illumination was
applied unless otherwise stated. As is known, the mass loading
of the solar absorber can inuence the solar evaporation rate,
therefore, mass optimization was rst carried out to obtain the
optimum performances for all the 2D g-CNS samples (see
Fig. S17, ESI†). In general, the water evaporation rates of the 2D
g-CNS samples increased with the increase of mass loading, but
a further increase in mass loading led to a reduction in the heat
exchange velocity,35,36 resulting in a slight decrease in water
evaporation rate. For the subsequent performance measure-
ments, the optimal mass loading for all the samples was used.
The tests for mass loss due to water evaporation as a function of
irradiation time were all performed for 60 min (see Fig. 4a). The
cumulative mass loss was found to increase linearly with irra-
diation time. Under one-sun illumination, the 2D g-CNSPB solar
evaporator presented a water evaporation rate of 1.50 kg m�2
Fig. 4 (a) Cumulative mass change of simulated seawater versus time
under various conditions: water in dark (dark), water under solar irra-
diation (blank), water with air-laid paper/PS foam (control), different g-
CNS solar evaporators under one-sun solar illumination. (b) Water
evaporation rates. (c) Enhancement factors, and (d) PTCE diagrams of
the control and different g-CNS solar evaporators.

This journal is © The Royal Society of Chemistry 2022
h�1 which was 2.05, 1.06 and 1.15 times higher than that of the
solar evaporators consisting of a control (0.73 kgm�2 h�1), 2D g-
CNSLB (1.41 kg m�2 h�1) and 2D g-CNSTC (1.30 kg m�2 h�1),
respectively (Fig. 4b). The evaporation rate value obtained under
dark conditions was 0.073 kgm�2 h�1 and this dark evaporation
rate was subtracted from all the measured evaporation rates
under solar illumination to isolate the effect of solar irradiation
on the evaporation rate. In addition, the 2D g-CNSPB, g-CNSLB
and g-CNSTC solar evaporators versus the control exhibited EF
values of 2.39, 2.25, 2.07 and 1.28, respectively (see Fig. 4c), and
the PTCE percentages were 99%, 94%, 86% and 48%, respec-
tively, (see Fig. 4d). These results show that the performances of
2D g-CNS solar evaporators in terms of water evaporation rates,
EF and PTCE were improved almost 2-fold when compared to
the control, which indicated the efficient photothermal prop-
erties of the as-prepared 2D g-CNS solar absorbers. To examine
the durability of the 2D g-CNS solar evaporator, the steady-state
cumulative mass loss was found to be negligible aer 15 cycles
of reuse, which indicated the robust stability of the as-
fabricated solar absorber (Fig. S18, ESI†). Compared with the
state-of-the-art solar evaporators (including carbonaceous,
inorganic/ceramic, commercial solar absorbers), our 2D g-CNS
solar evaporators, especially 2D g-CNSPB, exhibited superior
water evaporation rates and PTCE performances (see Fig. 5 and
Table S1, ESI†). Several solar evaporators exhibited either a high
water evaporation rate or a high PTCE. Among them all, the
present 2D g-CNSPB solar evaporator not only showed a high
water evaporation rate of 1.50 kg m�2 h�1, but also delivered an
exceptionally high PTCE of 99%. In addition, it also gave rise to
excellent water evaporation rate and PTCE, which were almost
60% and 50% higher than those of the commercial solar
evaporator consisting of a carbonized membrane (CM). To
investigate the excellent PTCE of the 2D g-CNS solar evapora-
tors, further heat loss experiments were also conducted (see
details in Section S2, ESI†). The heat loss results showed that
Fig. 5 Comparison of solar vapor generation performances of 2D g-
CNS solar evaporators with previously reported solar evaporators
under one-sun illumination (see details in Table S1, ESI†).

J. Mater. Chem. A, 2022, 10, 19612–19617 | 19615
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the 2D g-CNSPB solar evaporator had a low heat loss of 14.1%,
which was the sum of heat radiation (6.3%), heat convection
(5.0%) and heat conduction (2.8%). This value was close to the
heat losses of 2D g-CNSLB (13.5%) and 2D g-CNSTC (9.9%) solar
evaporators, and indicated that there was suitable thermal
management.

To understand the mechanisms resulting in the excellent
water evaporation rates, the contact angles of 2D g-CNS (i.e., g-
CNSPB, g-CNSLB and g-CNSTC) solar evaporators were charac-
terized and the results are summarized in (Fig. S19a–c, ESI†).
Among the 2D g-CNS photothermal layers, the g-CNSPB photo-
thermal layer has a smaller contact angle when compared to the
other two g-CNS photothermal layers (i.e., g-CNSLB and g-
CNSTC). The XPS measurements (Table S2, ESI†) showed that
the 2D g-CNSPB sample contained a higher oxygenated func-
tional group content (i.e., C]O and C–O) when compared to g-
CNSLB and g-CNSTC samples, and it was reasonable that
a higher density of oxygenated functional groups on the 2D g-
CNS was responsible for the high hydrophilicity ability.37 The
good wetting properties of the photothermal layer provided
numerous hydrophilic sites for water to access, thus, increasing
the rate of water evaporation.38,39 In addition, the XRD
measurements were employed to elucidate the degree of orga-
nization of channels of the 2D g-CNS samples (compare Fig. 2a
and S5a, b, ESI†). As such, the g-CNSPB sample showed a nar-
rower graphitic peak when compared to those of the rest of the
g-CNS samples, which suggested the former had a well-
organized interlayer channel. This was further veried by the
high intensity ratio of the G and D bands (IG/ID) derived from
the Raman measurements (Table S3, ESI†). The presence of
a side branch in the LDPE polymer (Table S1, ESI†) allowed the
neighboring polymers to crosslink during the solvothermal
treatment and carbonization processes,40 resulting in a higher
structural ordering in g-CNSPB than in the other two g-CNS
samples. As is known, the highly ordered interlayer channel
facilitated fast water transport, but the disordered ones
increased the ow resistance of the water transport.41 This
further explained the scientic reasoning for the outstanding
water evaporation rate of the g-CNSPB solar evaporator, as
shown in Fig. 5. In addition, the NLDFT pore size distribution
measurement of the 2D g-CNSPB sample showed a higher pore
volume of micro- and mesopores when compared to the other
2D g-CNS samples (Fig. S10d–f, ESI†). This observation implied
that there were numerous channels for water to enter, resulting
in the higher water evaporation rate of the 2D g-CNSPB solar
evaporator when compared to 2D g-CNSLB and 2D g-CNSTC solar
evaporators.

To understand the PTCE performances of the 2D g-CNS solar
evaporators shown in Fig. 5, thermal analyses were also per-
formed on the g-CNS solar evaporators under one-sun illumi-
nation (Fig. S20a–c, ESI†). The results showed that the g-CNSPB
solar evaporator exhibited a high photothermal temperature of
35 �C on the water surface, which was higher than that of the g-
CNSLB and g-CNSTC solar evaporators. For comparison
purposes, the control showed a photothermal temperature of
approximately 25 �C (Fig. S21, ESI†) in the presence of solar
illumination. These observations further conrmed the
19616 | J. Mater. Chem. A, 2022, 10, 19612–19617
photothermal characteristics of the as-prepared 2D g-CNS
samples. The superior PTCE performances of the g-CNSPB
solar evaporator over the other g-CNS solar evaporators could
also be attributed to the broad solar absorption bandwidth and
high absorption percentage of the g-CNSPB materials (see
Fig. 3c), which implied that the g-CNSPB sample has signicant
optical properties in the solar wavelength range. The broad light
absorption of the g-CNS materials can be attributed to their
high pore volume, which trapped multiple light scattering
within the porous structure, resulting in highly localized heat-
ing. It is worth noting that when using the same mass loading
(0.08 kg m�2) of the g-CNS solar absorber, the hydrophilicity
and light absorption properties of all three g-CNS samples
follow a similar trend as the optimum mass loading (compare
Fig. S13,S19, S22, and S23, ESI†). As is known, water evaporation
occurs at the interface between water molecules and air.
Compared to other reported thermal conductivity values (0.113–
0.119 W m�1 K�1),42–44 the 2D g-CNS photothermal layers
exhibited a lower thermal conductivity ranging from 0.044–
0.059 W m�1 K�1, which indicating a better heat retention,
resulting in the superb solar vapour generation, as shown in
Fig. 5. Furthermore, as the solar illumination time was
increased, the surface temperature of 2D g-CNSPB rapidly
increased to about 53.1 �C and then remained constant,
demonstrating the excellent heat retention of the as-prepared g-
CNS samples (Fig. S24, ESI†).
Conclusions

In summary, we have developed a novel strategy to convert
household plastic bag waste into 2D ultrathin carbon nano-
sheets with a thickness of less than ca. 1 nm. This method has
also been successfully extended to other plastic wastes such as
laundry detergent bottles and Tupperware containers.
Beneting from the graphitic-like structure and organized
interlayer channel, the 2D g-CNSPB exhibits an excellent water
evaporation rate of 1.50 L m�2 h�1 under one-sun illumination
with a PTCE of 99%, which demonstrates the best water evap-
oration rate and PTCE when compared to the other state-of-the-
art materials. Moreover, the 2D g-CNSPB solar evaporator shows
outstanding cycle stability aer reuse for 15 times. The
successful conversion of plastic waste into 2D graphitic nano-
sheets may pave the way for the development of more efficient
solar evaporators. Such a distinct graphitic structure can be
used in a variety of applications, including catalytic activities
and energy conversion processes.
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