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The upcycling of waste polymers into novel materials with high added
value is a vital task for modern chemical engineering. Here, we
propose diversifying waste polyethylene terephthalate (PET) upcycling
to materials with enhanced photothermal properties by laser-assisted
carbonization of surface-grown UiO-66. The UiO-66 homogenous
layer was formed using a solvo-thermal procedure on the surface of
recycled PET sheets. The treatment by a 405 nm laser system allowed
the formation of a carbonaceous layer with enhanced electrical
conductivity and photothermal properties due to the presence of
zirconium carbide and graphene. The developed approach opens new
perspectives in the application of upcycled PET-based materials.

The fast-growing production of polymer materials has led to
crucial problems owing to environmental contamination by
plastic waste."” Polyethylene terephthalate (PET) is a wide-
spread polyether that significantly contributes to the polymer
waste challenge.? For instance, waste PET has been transformed
into adsorbents for environmental contaminants,® smart
textiles,” and catalysts.® However, the high functionality of PET
could facilitate further diversification of applications of waste
PET-derived materials.

The main strategy of functional upcycling is the trans-
formation of the outer polymer layer with conservation of the
bulk polymer substrates.”® PET is hydrolysed relatively easily by
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the formation of free carboxylic groups, which are excellent
anchor moieties. These carboxylic groups are involved in the
surface-assisted growth of metal-organic framework (MOF)
layers on the surface of hydrolysed PET.*** Here, PET was used
as the support and feedstock for MOFs synthesis." This allows
for the design of a wide range of materials to remove the organic
pollutants from the environment.*** However, MOF applica-
tions are not limited to adsorption and catalysis. An alternative
pathway for upcycled PET@MOF-derived materials is carbon-
isation under elevated temperatures in an inert atmosphere
with the formation of carbon-based materials."”"” Functional
carbonised materials are finding applications as energy-related
tools, such as supercapacitors,’®* photothermal,>**** and
photovoltaic devices.***

Carbonisation is traditionally performed by thermal
annealing, which requires harsh conditions and is energy-
intensive.**** Sufficient progress in this field has been achieved
by implementing a laser beam as the source of energy for the
carbonisation of thin-layered MOF powders.>*>*

Laser-induced carbonisation allows the conversion of thin-
layered MOF powders to metal nanoparticles,”® graphene-
metal monolites,” or carbon-based materials with incorporated
metal nanostructures.?®3' Thus, this method has considerable
potential for the design of novel materials with improved
properties using MOFs as feedstock in a mild, scalable and
energy-efficient manner.

Laser annealing is a fascinating option for the treatment of
polymer-supported thin-layered MOFs. In such a case, the car-
bonisation process should be accompanied by partial melting
of the polymer matrix with the formation of a durable
composite, similar to previous findings.**** Moreover, the
formation of a thin carbon film on the polymer surface
improves the performance of the resulting material in photo-
thermal applications because of the insulating properties of the
polymer support and absence of heat dissipation.**** In addi-
tion, owing to its flexibility and durability, PET can be applied as
a support for bendable electronic devices in flexible circuits,
photo, pressure, and wearable sensors,***° such as skin
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bioelectrodes,**
tance sensors.*?

breath/gas sensors, flexors, and skin conduc-
The development of such materials is prom-
ising and critical for microelectronic technologies, wearable
devices, and the internet of things, which are based on
economic effectiveness, scalability, and mechanical and chem-
ical stability.****

In this study, we propose a novel approach for the functional
upcycling of PET to composite carbon-based materials via the
preliminary growth of UiO-66 crystals on the surface followed by
laser-induced carbonisation (Fig. 1). The resulting material
PET@LB-UiO-66 (LB = laser-burned) represents a composite
with a graphene-like material fused in the PET matrix with
enhanced mechanical stability and high surface conductivity of
10.4 £ 3.1 Q per square. Moreover, the PET@LB-UiO-66 has
a considerable photothermal response, reaching 71 °C under
illumination by 660 nm light-emitting diode (LED) with a power
density of 0.036 kW m ™2 after 100 s.

Transparent PET sheets made from recycled plastic were
purchased from a hardware store as a starting material. We
started our investigation by adopting a previously reported
procedure for UiO-66 growth on recycled PET sheets (Section 2,
ESI})." The process included two stages: (i) hydrolysis and (ii)
growth of the UiO-66 layer. In the first stage, we optimised the
temperature and treatment with concentrated H,SO, for the
hydrolysis step and monitored the characteristic vO-H stretch-
ing vibration band by Fourier-transform infrared (FTIR) spec-
troscopy. The highest intensity of the v»O-H band,
corresponding to the highest hydrolysis degree, was achieved by
treatment with concentrated H,SO, for 5 min at 75 °C (Fig. S1
and S2, ESIt). Moreover, such conditions allow the PET sheet to
remain in shape without significant degradation or deforma-
tion during the hydrolysis process, which is extremely impor-
tant for applications. After hydrolysis, a polycrystalline UiO-66
layer was formed (Fig. S3 and S41 and a brief description of
the method and characterisation of the resulted material are
given in Section 3, ESI{).* For UiO-66 growth, the sheets were
loaded with ZrCl, and terephthalic acid prepared from waste
PET bottles.*

Scanning electron microscopy (SEM) analysis (Fig. S3D-F,
ESIT) revealed that the prepared PET@UiO-66 was characterised
by a homogeneously distributed polycrystalline layer of UiO-66,
which is favourable for further laser treatment. The

-,_(cm“" pos\“

R(‘Lyrlcd PET

v Conductivity
v Photothermal conversion
v Mechanical stability

Fig.1 Strategy for PET@LB-UiO-66 preparation from recycled PET: (i)
PET hydrolysis, (ii) UiO-66 PET surface growth from waste PET bottle,
and (iii) laser scribing process by 405 nm irradiation.
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homogeneity of the UiO-66 coating is crucial for the further
uniformity of the laser-treated carbon layers. Previously,
surface-assisted MOF treatment required the addition of
binders for MOF powder*® or preliminary MOF carbonisation
and deposition on the substrate.*”** The direct growth of UiO-66
guarantees the homogeneity and stability of the functional layer
after the laser treatment.

To determine the appropriate wavelength, we performed an
ultraviolet-visible (UV-vis) study of the prepared composite,
which showed an absorbance maximum at 375 nm (Fig. 24A).
Such an absorbance peak was not observed in pristine or
hydrolysed PET. This indicates the potential for selective car-
bonisation of the MOF layer without considerable involvement
of the bulk PET (Fig. S3C, ESIt). Considering the absorbance
maximum location, we chose a 405 nm laser diode (pulse
frequency = 1.6 kHz and power = 1500 mW) installed on
a commercially available laser engraver system NEJE DK-8-KZ.
This system has many advantages over traditionally used
femtosecond lasers in terms of availability, low cost, and the
possibility of processing a significant area of material.***

The initial experiment was completed by performing laser
scribing of the PET@UiO-66 surface using 9.9 mm s~ scanning
speed and 600 mW laser power. The laser path is schematically
depicted in Fig. S5, ESL.f We observed the carbonisation of
PET@UiO-66 in the place of the interaction with the laser beam
spot. After laser ablation, PET@UiO-66 surface is converted to
a black-coloured material (Fig. 2C). Surprisingly, the resulting
black layer on the PET surface was homogeneous and exhibited
considerable scratch resistance and stability during washing
with water or organic solvents. A remarkably important finding
for electronic applications is that the sheet resistance of the
resulting material was significantly low (23.4 + 1.3 Q per
square). Therefore, we decided to further optimise the laser
treatment conditions by varying the irradiation time and laser
power. The direct variation of parameters was complicated due
to a rational search of the optimal regime. Thus, we conducted
the optimisation process using the Nelder-Mead algorithm by
varying the laser power (P) and beam penetration depth/speed
(D) (Fig. 2B, Table S1;t a detailed description is provided in
Section 4, ESIT). The sheet resistance is the main measure of the
carbonisation efficiency, which also reflects the homogeneity of
the resulting carbon layer. First, three random points were
chosen to optimise the two laser parameters in a triangular
parametric form (points 1-3 Fig. 2B). Subsequently, the highest-
conductivity vertex of the triangle was identified and measured.
Several operations of triangle contraction, expansion, and
shrinkage were conducted. The identification of the lowest
conductivity vertex points meaningfully decreased the electrical
resistance. The design optimization allowed a decrease of the
sheet resistance down to 10.4 £ 3.1 Q per square. It represents
one of the best results for laser-induced carbonization reported
so far (Table S2, ESI). Additionally, the homogeneity of the
resulting layer was investigated by SEM (Fig. 2(C-1) and (C-2),
S6A, ESIT), where a uniform carbon layer was distinctly visible.
Moreover, laser patterning offers an important opportunity to
design arbitrarily shaped conductive circuits (Fig. 2(C-3)). The
SEM images of the poorly conductive composite demonstrated
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(A) UV-vis spectrum of PET@UIO-66. (B) Optimization of PET@QUIO-66 carbonization by the Nelder—Mead method. *Nominal laser

power. (C) Material images before and after laser treatment: (C-1) a general view, (C-2) the SEM of PET@LB-UiO-66 after treatment under
optimal conditions, and (C-3) optical image of the pattern (Logo Tomsk Polytechnic University) prepared by PET@QUIO-66 laser scribing.
Characterization of PET@LB-UiO-66: (D) XRD patterns, (E) Raman spectra, (F) Zr 3d XPS spectrum, and (G) EDX mapping of Zr from image on (C-
2). Cross-sectional SEM-EDX images of (H) PET@UIO-66 and (I) PET@LB-UiO-66.

the formation of rough surfaces with agglomerates and non-
uniformly distributed lumps (Fig. S6B, ESIt).

X-ray diffraction (XRD) analysis of the resulting composites
characterised the prepared PET@LB-UiO-66 (using the opti-
mised conditions P-49, D-26). The laser treatment led to the
disappearance of UiO-66-characteristic peaks at 7.6° and 8.6°
(Fig. 2D).* Instead, we observed new peaks at 33.2°, 38.4°, 55.7°,
66.2°, and 69.6°, which were identified as zirconium carbide.*®
The ZrC formation evidenced deep carbonisation, followed by
the reduction of Zr clusters in the MOF structure by carbon.
Surprisingly, despite the presence of atmospheric oxygen, we
did not observe peaks associated with ZrO,. It can be explained
by the Zr reduction protected from environmental oxygen by the
melted polymer layer. A comparison of the FTIR spectra of
PET@UiO-66 and PET@LB-UiO-66 revealed the disappearance
of UiO-66-related vibration bands (asymmetric and symmetric
stretches of COO-Zr bonds at 1584 and 1397 cm ™, respectively)
after carbonisation, suggesting full conversion of the MOFs
(Fig. S7, ESIT). Meanwhile, the characteristic bands of PET were
still visible, confirming the formation of a composite between
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PET and carbonised UiO-66, similar to the previously reported
conditions.**?*

These findings were corroborated by Raman spectroscopy.
Laser treatment of PET@UiO-66 led to the loss of spectral
features associated with the UiO-66 structure (Fig. 2E). Instead,
in the PET@LB-UiO-66 Raman spectrum, we observed the
characteristic peaks at 1362 and 1577 cm™" assigned to the D
and G peaks of graphene, in agreement with a previous report.>
The characteristic fingerprint of 2D modes at 2670 cm ™' sug-
gested the presence of few-layered graphene sheets impreg-
nated in the polymer matrix.** Moreover, the relatively high
intensity ratio (In/Ig = 0.94) indicates the high graphitization
degree. It explains the low sheet resistance of the material.

The chemical composition of the resulting PET@LB-UiO-66
was studied using X-ray photoelectron spectroscopy (XPS)
(Fig. 2F, S8 and S9 ESIT). Evaluation of the survey scan revealed
changes in the surface concentrations of carbon, oxygen, and
zirconium (Fig. S84, ESIT). The C 1s peak deconvolution showed
the same chemical state as that of PET@UiO-66. This result
confirmed our assumption that graphene/ZrC is surrounded by

This journal is © The Royal Society of Chemistry 2023
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fused PET after the laser treatment (Fig. S8B, ESIt). Surpris-
ingly, during initial analysis by XPS of PET@LB-UiO-66, Zr-
related peaks were not observed (Fig. S8, ESIT). This is related
to the penetration depth of XPS method with just a few nano-
metres and the distribution of Zr after laser scribing corre-
sponding to cross-SEM with energy-dispersive X-ray (EDX)
analysis (Fig. 2I). Therefore, we etched the surface using
a monatomic Ar' depth-profiling technique, followed by XPS
analysis (Fig. 2F and S9, ESIt). The presence of Zr 3d peaks at
180.3 and 182.7 eV infers the formation of zirconium carbide in
the resulting material (Fig. 2F). Zr-O peaks are also observed in
the Zr 3d spectra. We ruled out ZrO, formation by the XRD
analysis discussed above. The Zr-O doublet formation is
attributed to the partial substitution of C atoms by oxygen in the
ZrC lattice.” Additionally, after laser scribing, the elemental
composition of PET@UiO-66 changed only slightly in the C and
Zr content according to the CHNS and inductively coupled
plasma mass spectrometry (ICP-MS) (Table S3, ESIt).

The morphology of the resulting PET@LB-UiO-66 composite
was elucidated using SEM (Fig. 2(C-2), G and I). Compared to
pristine PET@UiO-66 (Fig. 2H and S3D-F, ESIf), drastic
changes in surface morphology were distinctly observed. The
microcrystalline MOF structure was transformed to a relatively
smooth porous surface (Fig. 2(C-2)). Pore formation was
promoted by laser-induced carbonisation owing to the genera-
tion of gas by-products, especially CO, after the decarboxylation
of terephthalates.*>*® EDX analysis of the treated surface
revealed a homogenous distribution of Zr across the entire
surface without significant particle agglomeration. Cross-
sectional SEM imaging of PET@LB-UiO-66 was performed to
determine the thickness of the carbonised layer. The thickness
of the composite was significantly larger than that of UiO-66
(approximately 145 pum vs. approximately 6 um), confirming
our hypothesis regarding the active involvement of the PET
melting process (Fig. 2H and I). Moreover, the formation of
pores throughout the composite layer was distinctly observed.
EDX analysis showed a relatively homogenous distribution of Zr
in the vertical direction, suggesting drowning of solid particles
during the melting of the PET matrix. At each stage of PET@LB-
UiO-66 formation, we observed noticeable changes in
morphology by SEM, profilometry, and water contact angle
(WCA) measurements (see detailed description in Section 5
Fig. S10 and S11, ESIt). The laser scribing process of PET@UiO-
66 led to the formation of a rough carbonaceous surface with
visibly melted PET, impregnated carbon, and ZrC agglomerates.

To illustrate the importance of MOF coating homogeneity,
we applied the optimised laser parameters to a sample prepared
by drop-casting UiO-66 powder onto a PET plate. In this case,
the non-homogeneously distributed UiO-66 crystals were not
bound to the surface of PET (see details in Section 6, ESIT).
Laser treatment of such composites under optimal conditions
led to the carbonisation of UiO-66. However, the carbon layer
was easily removed from PET by washing or mechanical
bending of the composite, thus showing low mechanical
stability of the carbon material (Fig. S12, ESIT). We assume that
the low mechanical stability can be ascribed to the non-covalent
binding of the UiO-66 layer to the PET surface. Therefore, in

This journal is © The Royal Society of Chemistry 2023
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further experiments, we focused only on the optimised
PET@LB-UiO-66 composite. In addition, we conducted control
experiments to identify the role of surface UiO-66 in carbon-
isation. Thus, the treatment of pristine PET by laser (power 735
and 1500 mW) led to melting PET and negligible and uneven
carbonisation (Fig. S13, ESIt). Nevertheless, according to SEM
experiments for the determination of composite thickness,
partial carbonisation of PET was also observed in PET@UiO-66,
suggesting the critical role of UiO-66 as an analogue of the
photosensitizer. We propose that carbonisation started from
UiO-66, generating carbon material with impregnated ZrC
clusters, which served as photothermal elements for the
subsequent melting and carbonisation of PET matrix. The
combination of these processes led to the formation of durable
composites with enhanced properties.

Thus, the characterisation of PET@LB-UiO-66 demonstrated
that laser-induced carbonisation led to the formation of
a composite material composed of melted PET with impreg-
nated graphene-like material and ZrC particles. Despite its
obvious application as a conducting material, we hypothesised
that the incorporation of ZrC would provide a considerable
photothermal response.**** Moreover, a high material conduc-
tivity should lead to a higher extinction coefficient and, hence,
better light absorption.* For this reason, we assessed the pho-
tothermal properties of the resulting material to check its
potential applicability in water steam generation and desali-
nation technology, defogging, catalysis,*® sensors,” bacterial
killing,*® deicing,* and photothermal electric power generation
for wearable electronics, microelectronics,®®** and others.**%*

UV-vis spectroscopy analysis showed sufficient enhancement
of PET@LB-UiO-66 absorbance, especially in the visible range
(Fig. 3A), facilitating the interaction with light and significantly
reducing the band gap energy in comparison with PET@UiO-66
(Fig. S14A and B, ESI}). For the analysis of the photothermal
response, we measured the temperature after irradiation by
LED at different wavelengths (455, 530, 660, 780, and 1055 nm;
the power density of the LED is specified in ESIT) with subse-
quent temperature determination using a thermal infrared
camera (Fig. 3B and C, S14C, ESIt). The temperature of the
material increased rapidly, demonstrating its strong ability to
convert visible and IR light into heat. After 100 s, the recorded
temperatures stabilised at 65, 50, 71, 59, and 32 °C under 455,
530, 660, 780, and 1055 nm irradiation, respectively. Moreover,
turning off the LED source led to a rapid decrease in the
temperature, indicating excellent heat conductivity. Notably, in
comparison with other related materials, PET@LB-UiO-66 (P-49,
D-26) demonstrated the highest photothermal response
considering the relatively low power of LED sources (Table S4,
ESIt). Based on the possibility of using recycled PET as
a support and terephthalic acid from waste PET bottles,*
upcycled photothermal materials are highly competitive with
other alternatives prepared from non-waste materials. We
anticipate further studies using PET@LB-UiO-66 for desalina-
tion, vaporisation, and catalysis.>**®

In addition to photothermal performance, other factors such
as stability, mechanical integrity, and cost should also be
considered for practical applications.®® The composite formed

J. Mater. Chem. A, 2023, 11, 108-115 | 1M
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Fig. 3 (A) UV-vis spectrum of PET@LB-UiO-66 with spectra of LED sources. (B) Photothermal curves of PET@LB-UiO-66 acquired at 5 different
wavelengths. (C) Images taken using a thermal camera during LED irradiation of PET@LB-UiO-66 at 5 different wavelengths. Optical microscopic
photos: (D) before mechanical test and (E) after mechanical test. Comparison diagram of (F) sheet resistance and (G) photothermal performance
before and after mechanical test. (H) Photo of bent PET@LB-UiO-66 used as a conductor to power LED.

from PET and impregnated graphene/ZrC should exhibit
significant mechanical stability against abrasion and scratch-
ing. To evaluate the mechanical resilience of the material, we
performed an abrasion test in a homemade vessel filled with
sand for 24 h (Fig. S15, ESIT)."” First of all, the optical micros-
copy analysis did not reveal a significant change in the surface
morphology (Fig. 3D and E). No scratches or cracks were
observed on the surface structure. For the applicability test, we
recorded the sheet resistance and photothermal response after
abrasive experiments (Fig. 3F and G). The sheet resistance
slightly increased (up to 18.7 & 2.2 Q per square), but it was still

M2 | J Mater. Chem. A, 2023, 11, 1108-115

lower than that of the closest analogues carbonised ZIF-8/67 or
polyimides (Table S2, ESIt). Thus, after abrasion, the material
can be used as a conductor for LED sources or other circuits
(Fig. 3H). At the same time, the sand treatment did not affect
the photothermal response of PET@LB-UiO-66, suggesting the
conservation of the layer structure. Additionally, we tested the
solvent resistance of PET@LB-UiO-66 in different solvents,
considering the stability of PET. Indeed, its stability in water
and methanol has been proved by using it during the washing of
the prepared materials. Treatment with more aggressive
solvents led to the swelling of PET, followed by cracking of the

This journal is © The Royal Society of Chemistry 2023
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carbon surface, is presented in Fig. S16, ESI.f The developed
methodology has a reasonable potential for further utilisation
of PET on a large scale, considering the amount of waste
PET.®”®® For the scalability study, we repeated the procedure for
the sample with a 5 cm? area (five times more than the common
substrate). An optical image of the homogeneously carbonised
materials is shown in Fig. S17, ESI,T suggesting that the devel-
oped approach can be successfully implemented on a larger
scale.

In conclusion, we developed a novel approach for the smart
upcycling of waste PET to create conductive materials with
excellent photothermal properties through the surface-assisted
growth of UiO-66 and subsequent laser-induced carbonisation.
The combination of these procedures afforded durable and
abrasion-resistant PET sheets coated with a graphene/
zirconium carbide layer, providing enhanced electrical
conductivity and photothermal properties. The excellent
performance of the developed composite material and fabrica-
tion method made it possible to further apply waste PET in
photothermal and electrochemical devices. We believe that the
developed technology will open new avenues for the utilisation
of waste polymers and their transformation into products of
high added value.
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