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The growing accumulation of waste polyethylene terephthalate (PET) presents a significant environmental
challenge requiring the development of sustainable recycling methods. In this study, a novel approach for
upcycling preliminary recycled waste PET into bend resistive sensors through laser-assisted carbonization of
surface-grown Ni-BDC (BDC = 1,4-benzenedicarboxylate) has been proposed. The fabrication process involves
the solvothermal formation of a homogeneous Ni-BDC layer, followed by treatment with a 405 nm laser system
to create a graphene-like layer with enhanced conductivity (sheet resistance 6.2 + 3.4 Q per square). The

developed sensor demonstrates remarkable robustness, a linear response in a wide bending angle range (6-44°),
as well as excellent mechanical stability and stiffness. This contribution paves the way for the development of
high-value materials from waste PET as a resource for applications in the Internet of Things, otherwise discarded

materials.

1. Introduction

In response to the pressing challenges of climate change and the ever-
increasing accumulation of polymer waste [1], the concept of functional
upcycling has gained significant interest in environmental engineering.
Functional upcycling aims at surface transformation of plastic waste in
contrast to conventional chemical recycling or upcycling approaches,
where bulk transformation of plastic requests more energy. Thus, the
functional approach offers a cost-efficient avenue for designing inno-
vative materials [2-9].

In the functional re-/upcycling of polymer waste, polyethylene
terephthalate (PET) holds a unique position, mainly due to its inherent
capacity for easy conversion of the polymer backbone into reactive
groups [1]. PET has exceptional properties including mechanical and
chemical stability, toughness, optical transparency, processability, and
wide availability [10-15]. Despite these advantages for re-/upcycling,
the ubiquity of PET enables to reach only 30% recycling rate [16]. In

frame of functional upcycling strategy, PET can be transformed into
terephthalic acid (TA), a main component of the extensive family of
terephthalate-based metal-organic frameworks (MOFs) [17]. This
transformation has become the origin for MOFs powder synthesis
[18-24] and composite materials — PET coated by MOFs (PET@MOF)
[25-30]. These composites found application as photocatalyst [27] and
sorbents [26,28]. Later, this strategy was upgarded towards the prepa-
ration of conductive carbon-based materials via MOFs pyrolysis for
energy-related applications [20,31-40]. However, previously reported
approaches require significant energy consumption, an inert atmo-
sphere, and post-processing to obtain the final device [20,33].
Recently, carbonization to graphene-like materials was improved by
laser treatment of immobilized MOFs powders [41-44]. In these cases
[41-44], the use of commercial TA-based ligands instead of readily
available waste PET feedstock increases the cost of materials. Secondly,
the performance of these functional materials does not meet modern
requirements in terms of electrochemical capacitance [45],
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overpotential of hydrogen [43,44] and oxygen [44] evolution reactions.
This is probably due to poor mechanical strength and homogeneity of
the resulting conductive layer [41,43-45]. Thus, in energy-related field
the preparation of carbon-based functional materials with reasonable
cost along with mechanical robustness and stable performance is a
challenge.

Recently, a functional upcycling strategy for waste PET through
laser-assisted processing of surface-grown terephthalate MOFs has been
suggested [29]. Here, this strategy was built upon expanding to
energy-related devices to create bending sensors directly from waste
PET by a laser scribing procedure (Fig. 1). This novel sensor has
impressive mechanical stability and stiffness, making it suitable for
applications in construction and building. Moreover, the technological
feasibility of this process opens the door to the broader development of
waste PET-derived sensors.

2. Materials and methods
2.1. Materials and reagents

PET sheets from recycled plastic used as a starting material were
purchased in a local store. All reagents and solvents were bought from
Sigma-Aldrich and used without preliminary purification.

2.2. Methods

2.2.1. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were recorded using IRAffinity-1S spectrometer (Shi-
madzu) equipped by ATR setup with diamond crystal. The spectra were
registered with 2 cm™! resolution and 1500 scans per spectrum. All
spectra were adjusted using a baseline linearization in the range of
3300-550 cm ™.

2.2.2. Ultraviolet-visible spectroscopy (UV-vis)

The absorbance spectra were recorded on Thermo Scientific Evolu-
tion 201 UV-visible Spectrophotometer. The samples were placed in a
polytetrafluoroethylene cuvette for solid-state materials with a glass
window. Spectra were registered in 350-1100 nm range with 2 nm
resolution.

The band gap energies (Eg) of the Ni-BDC, PET@Ni-BDC, and PET@C
were determined using the Tauc equation at the point of intersection of
the approximate tangent to the linear part of the Tauc plots with the X
axis:

axhxv = Ax (hxv-Eg)”/z. (@)

Here a, h, v, A, Egrepresent the molar absorptivity, Planck’s constant,
light frequency, absorbance and band gap energy, respectively. The
value of n for a semiconductor is determined by the type of junction (n =
4 for a direct junction and n = 1 for an indirect junction).

2.2.3. Raman spectroscopy
Raman spectra were registered by using Renishaw inVia Raman
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microscope with a green laser source (532 nm) with 90 scans and 1 s
exposure time. The laser beam was focused on the sample using a 20x
objective.

2.2.4. The four-point probe technique
MS Tech MST 4000 A microprobe station was used to arrange the
tips in a square with a constant distance of 386 pm between probes.
Sheet resistance (Rg) of the PET@C materials was determined using
the four-point probe technique in a square configuration according to
the Eq. (2):

Ry, = 2xn/In2)x (U/D). (2)

Here U and I correspond to applied voltage and current, respectively.

2.2.5. Optical images
Optical images were taken using Leica S9i microscope using a 2x
objective.

2.2.6. X-ray diffraction (XRD)

The crystal structure of the samples was studied by XRD using
Powder X-ray diffractometer XRD-7000S (Shimadzu, Japan) in the
scanning range of 6.3-80° using a CuKa source (30 mA, 40 kV, and 1 nm
slit) in the Bragg-Brentano configuration.

2.2.7. X-ray photoelectron spectroscopy (XPS)

The XPS spectra were recorded on a Thermo Fisher Scientific XPS
NEXSA spectrometer equipped with an Al K Alpha X-ray monochromatic
emitter with an energy of 1486.6 eV. Survey spectra were recorded
using radiation with an energy of 200 eV and an energy resolution of
1 eV. High-resolution spectra were collected using radiation with an
energy of 50 eV and a resolution of 0.1 eV. The analysis area was 200
um?. A flood gun was used to compensate charges. A monatomic gun
was used for depth profiling with an energy of 4000 eV.

2.2.8. Scanning electron microscopy with energy dispersive X-ray analysis
(SEM-EDX)

The images were taken on a Tescan MIRA 3 LMU instrument in the
reflected electron diffraction mode. The instrument was equipped with
an Oxford Instrument Ultim Max 40 energy-dispersive X-ray device. All
samples were coated with a carbon layer by magnetron sputtering.
Scanning was performed using an accelerating voltage of 20 kV. Sam-
ples for cross section images were prepared by freezing in liquid nitro-
gen and cutting with scissors.

2.2.9. Mechanical tests

The Young’s module was determined using Gotech AI-7000 M uni-
versal testing machine equipped by pneumatic grips. Tests were per-
formed with traverse speed of 10 mm per min.

2.2.10. Bend sensor tests
Resistance response to bending was studied with a three-point flex-
ural test using 300 mm? engraved meander-shaped sample. The distance

.,
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Fig. 1. Strategy for PET@C preparation from PET waste via PET hydrolysis, Ni-BDC PET surface growth, and laser scribing process by 405 nm irradiation.
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between the two side points was fixed to 20 mm. The middle point
movement was controlled by a micro-step motor. A constant current was
applied to the sample, and a voltage drop during bending cycles were
observed by potentiostat-galvanostat P45-X, then resistance was calcu-
lated by Ohm’s law. The same conditions were used for cyclic bending at
the bending angle of 11°. Bending under a certain angle was conducted
on three samples.

All measurements were triplicated in order to present data with
standard deviation calculated according to the Eq. (3):

oc=1\——" 3

Here o — the standard deviation, x; — the value of a single sample
value, y — the arithmetic mean of the sample, N — the sample size.

3. Results and discussion
3.1. Preparation of PET@Ni-BDC
The investigation originated from the development of a rational

approach towards creating a hybrid material with surface-grown Ni-BDC
(where BDC = 1,4-benzenedicarboxylate) MOFs, primarily due to the

N

H,50, (98 wt.
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cost advantages of this method compared to UiO-66 (Fig. 2A). To ach-
ieve this, recently reported method was adapted for the hydrolysis of
waste PET by acid treatment followed by the solvothermal growth of
MOFs [29]. As a source of waste PET, plates derived from post-consumer
waste for building applications were used. The used plates are a typical
waste material potentially containing additives or degraded species
[46]. The development of upcycling procedure on target waste source
instead of virgin PET is crucial due to the potential reactivity difference.
In the first step, waste PET sheets were washed and cut into 1.0 x 3.0
cm? pieces. These prepared wafers underwent surface hydrolysis by
concentrated sulfuric acid to introduce -COOH groups onto the PET
surface, which are essential for subsequent surface-assisted nucleation
with nickel ions (Section 1, ESI}). The formation of -COOH groups was
confirmed by FTIR spectroscopy and XPS, with additional details pro-
vided in Section 1, ESI{.

The activation of the waste PET surface during hydrolysis allowed for
the direct growth of Ni-BDC MOF on the wafers. A previously published
method was adapted to synthesize Ni-BDC under solvothermal condi-
tions by mixing a nickel precursor with terephthalic acid derived from
waste PET bottles [22] in N,N-dimethylformamide (DMF) (details are
provided in Section 2, ESI{) [47]. Initially, conventional method that
involves 15 hours of heating was tested (Section 2, ESI}) [47].
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Fig. 2. (A) Scheme of PET@Ni-BDC preparation via PET hydrolysis and Ni-BDC growth. (B) FTIR spectra of pristine and hydrolyzed PET, PET@Ni-BDC, and Ni-BDC
powder. Characterization of PET@Ni-BDC by XPS: (C) survey spectrum and core level spectra of (D) C1 s, (E) O 1 s, and (F) Ni 2p. (G) XRD patterns of pristine (grey),

hydrolyzed (blue), coated by Ni-BDC PET sheets (olive), and Ni-BDC (green).
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Unfortunately, this led to the formation of thick, detached, and inho-
mogeneous Ni-BDC layers, which could negatively affect the subsequent
laser-induced carbonization (Fig. S5A and B, ESIt). To overcome this
issue, the precursor loading was decreased by half, but unfortunately,
the same issues persisted (Fig. S5C and D, ESIt}). Finally, the preparation
of the desired PET@Ni-BDC material by optimizing the reaction time
was achieved. The formation of a uniform thin layer of Ni-BDC on the
hydrolyzed PET surface was observed after just 5 hours of heating
(Fig. S5E and F, ESI{). The final optimized procedure includes the
growth of Ni-BDC directly on hydrolyzed PET sheets under solvothermal
conditions. It is worth noting that a reduced amount of reagents and
processing time was applied, making the process more economically and
energetically efficient.

3.2. Characterization of PET@Ni-BDC

The formation of the Ni-BDC layer on PET sheets was confirmed by a
series of spectroscopic analyses. FTIR spectra of pristine, hydrolyzed
PET, PET sheets coated by Ni-BDC, and Ni-BDC powder are presented in
Fig. 2B. In the spectrum of pristine PET, the characteristic peaks at 1712
and 1240 cm ™! associated with GC=0 bonds were observed (see full peak
assignment in Table S1, ESI{). After hydrolysis, a broad peak at
3180-3380 cm™! (Fig. S2, ESI{) confirming the presence of -COOH
groups on the surface (Fig. 2B) was observed [48,49]. Following the
growth of Ni-BDC on PET, characteristic peaks corresponding to COO-Ni
groups were detected, which exhibited symmetric (1366 cm ') and
asymmetric (1582 cm_l) vibrations of COO" (Fig. 2B) [50]. The FTIR
data of PET@Ni-BDC is in agreement with that of Ni-BDC powder and
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previously published data (Table S2, ESI{) [51].

The chemical compositions of PET@Ni-BDC and intermediate
products was studied by XPS (Fig. 2C-F). The hydrolysis of PET resulted
in an increase in the C=0O component intensity on the O 1 s deconvo-
luted peak (533.0 eV, Fig. S4C and F, ESI}) due to the formation of
—COOH groups. The subsequent growth of Ni-BDC led to drastic changes
in the surface chemical composition. The XPS survey scan revealed the
appearance of a Ni2" related peak (Fig. 2 C), indicating the presence of
7.8 at% of Ni [52]. The C 1s peak deconvolution showed the same
chemical state as PET and PET-H (Fig. 2D and S4B and E, ESI}). How-
ever, on the O 1s deconvoluted peak, the appearance of the O-Ni
component at 530.8 eV was observed, along with a notable decrease in
the O—C component intensity (533.1 eV, Fig. 2E).

In the high-resolution Ni region spectrum, Ni 2p3,, at 856.1 eV and
Ni 2p;,2 at 873.6 eV peaks were identified, along with corresponding
shake-up satellites attributed to the Ni 2p3,, at 861.8 eV and Ni 2p; /; at
879.3 eV of Ni%* (Fig. 2 F) [52]. The localization of Ni-related peaks is in
good agreement with the high-resolution spectra of Ni-BDC powder
(Fig. S6D, ESIY).

The crystallinity of the materials was evaluated using XRD (Fig. 2 G).
PET and hydrolyzed PET showed an amorphous structure without well-
distinguishable reflections (Fig. 2 G) [29,53]. However, after the growth
of Ni-BDC, discernable diffractions at 9 and 16° was observed, corre-
sponding to Ni-BDC [54], confirming the formation of the PET@Ni-BDC
composite (Fig. 2 G).

The surface morphology of prepared materials and distribution of Ni-
BDC crystallites across the material’s surface were investigated by
SEM-EDX analysis (Fig. 3A-D). Pristine PET exhibited a smooth surface

Fig. 3. SEM images of (A) pristine PET sheets, (B) hydrolyzed PET sheets, and (C) PET@Ni-BDC. (D) SEM-EDX map of Ni across PET@Ni-BDC.
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without significant defects or features (Fig. 3A). Hydrolysis led to the
formation of clearly visible cracks and cavities across the whole surface
(Fig. 3B). Surface-assisted growth of Ni-BDC resulted in drastic changes
in surface morphology, with cracks and features uniformly covered by
Ni-BDC crystallites (Fig. 3C). The MOF layer was composed of ultrathin
nanosheet arrays densely packed into irregular particles with an average
size of ~2.5-3.0 um, consistent with the shape of Ni-BDC crystals pre-
pared by the same method (Fig. S7A and B, ESI}). EDX mapping results
confirmed the homogeneous nickel distribution with a relatively high Ni
concentration (approx. 23.6%) as shown in Table S3, ESI{ (Fig. 3D). This
value is similar to the Ni concentration of pure Ni-BDC (Fig. S8 and
Table S4, ESIt) additionally confirming the Ni-BDC formation.

3.3. Laser-induced carbonization of PET@Ni-BDC

The next crucial step of the strategy for PET waste functional upcy-
cling was the laser treatment of the PET@Ni-BDC surface to generate the
PET@C composite (Fig. 4 A and B). The absorbance spectrum of
PET@Ni-BDC was recorded to determine the optimal laser wavelength
for the treatment (Fig. 4C). Notably, the main absorbance maximum at
395 nm was not observed for pristine or hydrolyzed PET (Fig. S3, ESI}).
This absence indicated the potential for selective carbonization of the
MOF layer without significant interaction between the laser beam and
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non-functionalized PET. Based on the absorbance spectra, a 405 nm
light-emitting diode (LED) source (pulse frequency = 1.6 kHz, power =
1500 mW) were chosen to be integrated into a commercially available
NEJE DK-8-KZ laser engraving system. This choice offered several ad-
vantages over traditional femtosecond lasers, including availability,
cost-effectiveness, and the capability to process a larger area of material
[55].

In the first laser processing experiment on PET@Ni-BDC, a laser
beam with a movement speed of 9.9 mm per s and an irradiation power
of 600 mW was tested [29]. The laser path is schematically illustrated in
Fig. S9, ESIt. The selective carbonization of PET@Ni-BDC was observed
at the point of contact between the laser beam and the material’s sur-
face. After the laser treatment, a uniform black layer on the PET surface
showed a low sheet resistance of 14.0 & 2.9 Q per square, indicating its
potential applicability as a bending sensor.

To further optimize the laser processing conditions, the Nelder-Mead
method was employed, varying the laser power and laser movement
speed (Fig. 4D, Table S5; see Section 3, ESIf for details). Surface resis-
tance serves as a crucial indicator of carbonization efficiency, reflecting
the uniformity of the carbon layer and the potential applicability of the
resulting material. The optimization originated from selecting three
random points in a triangular parametric shape to adjust two laser pa-
rameters (points 1-3, Fig. 4D). Then conductivity values were measured

. Sheet resistance
24.50
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17.50
14.00
10.50
7.000
3.500
0.000

N

f,\\; n' 4'
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o] = JPoint Ne 5
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Fig. 4. (A) Scheme of PET@Ni-BDC laser treatment. (B) PET@C image. (C) UV-vis spectra of PET@Ni-BDC (the dashed line represents the excitation wavelength of
405 nm laser). (D) Optimization of PET@Ni-BDC laser treatment by Nelder-Mead method. *Nominal laser power. SEM image of PET@C after laser treatment under

starting (E) and optimal (F) conditions.
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at the vertices of the triangle, and operations like reflection, compres-
sion, and stretching of the triangle were performed. The top with the
lowest conductivity was significantly reduced in electrical resistance.
Consequently, the formation of a rough surface gave a relatively high
sheet resistance of 24.5 + 1.6 Q per square (Fig. 4E). Through this
optimization process, a considerable reduction in sheet resistance to 6.2
+ 3.4 Q per square was achieved (Fig. 4 F). Thus, the optimal conditions
were determined as a laser beam scanning at a speed of 9.4 mm per s
with a laser power of 638 mW. It is worth noting that the PET@C ma-
terial, obtained through this optimization, exhibited one of the highest
electrical conductivities among similar graphene-based coatings pre-
pared by laser treatment (Table 1).

3.4. Characterization of PET@C

The PET@C material, prepared under optimized conditions, was
characterized by Raman spectroscopy. After the laser treatment of
PET@Ni-BDC, spectral features associated with the Ni-BDC structure
(1133, 1172, 1424, 1555, and 1724 em ™) disappeared (Fig. 5A).
Instead, the Raman spectrum of PET@C revealed distinctive peaks at
1350 and 1583 cm ™, attributed to the D and G peaks of graphene-like
materials [71]. The presence of few-layered graphene sheets impreg-
nating the polymer matrix was evidenced by the characteristic 2D mode
fingerprint at 2699 cm™!. Furthermore, the relatively high-intensity
ratio (Ip/Ig = 0.96) indicated a high graphitization degree, explaining
the material’s low sheet resistance.

The full conversion of the Ni-BDC layer was confirmed by FTIR. After
treatment, Ni-BDC-related vibration bands (symmetric and asymmetric
stretch vibrations of COO-Ni bonds at 1366 and 1582 cm™?, respec-
tively) disappeared (Fig. S10 and Table S6, ESI}). However, the char-
acteristic bands of PET remained visible, confirming the formation of the
composite material, with PET as a matrix and carbonized Ni-BDC as the
filler.

The full conversion of Ni-BDC crystals was further evidenced by XRD,
demonstrating the disappearance of Ni-BDC characteristic peaks at 9
and 16° (Fig. 5B) [54]. At the same time, the peak at 43° suggested the
formation of Ni3C (Fig. 5B, insert) [72]. Generally, the formation of
metal carbides during the carbonization of MOFs was observed recently
by our group [29] and Deng’s group [73], and also in laser processing of
Al nanoparticles on PET [74].

The chemical composition of PET@C was analyzed by XPS (Fig. 5C,F
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and S11A-C, ESI}). The survey scan revealed changes in surface element
concentrations, with an increase in carbon (from 62.0 to 82.1 at%), a
decrease in oxygen (from 30.2 to 17.9 at%), and the disappearance of
nickel (Fig. 5C and F). The C 1s peak deconvolution confirmed the
presence of the sp? hybridization component (283.3 V) in addition to
the C-C/C-H species, differentiating PET@C from PET@Ni-BDC
(Fig. S11A, ESI}). These results evidenced the formation of laser-
induced graphene along with fused PET upon laser treatment, in
agreement with Raman spectroscopy results. The O 1 s core level spec-
trum revealed the disappearance of the O-Ni component, a decrease in
the O-C component, and an increase in the O—C component intensity
(Fig. S11B, ESI}). Surprisingly, no Ni-related peaks were observed dur-
ing the initial analysis of PET@C due to the limited XPS penetration
depth of just a few nanometers and the Ni distribution after laser
scribing (Fig. S11C, ESIY).

To overcome this depth limitation, a monatomic Ar" depth-profiling
technique was used to etch the surface, followed by XPS analysis
(Fig. 5C,D and F and S11D and E, ESI{). The survey scan revealed a
sufficient increase in carbon (from 82.1 to 98.1 at%) and a decrease in
oxygen concentrations (from 17.9 to 1.4 at%) implied the decomposi-
tion of the organic ligands into graphitic carbon [44], along with the
appearance of nickel (0.5 at%) (Fig. 5C and F). The C 1 s peak decon-
volution showed the disappearance of the C~C/C-H components, and a
significant decrease in the C=0 band (Fig. S11D, ESI}). On the O 1's
deconvoluted peak, all component intensities decreased considerably.
(Fig. S11E, ESI}). The presence of Ni 2p3/, at 853.5 eV and Ni 2p;, at
870.8 eV peaks indicated the formation of nickel carbide in the resulting
material (Fig. 5D) [75].

Furthermore, UV-vis spectroscopy showed increased absorbance
throughout the visible region compared to Ni-BDC and PET@Ni-BDC
(Fig. 5E). The band gap (Eg) underwent significant changes due to the
formation of graphene-like domains (Fig. S12, ESIY), as reported previ-
ously for MOFs carbonization [76]. In this case, the value of E, for
PET@C was calculated as 0.406 eV (Fig. S12C, ESI}), which is much less
compared to Ni-BDC MOF (2.980 eV, Fig. S12A, ESI}) and PET@Ni-BDC
(3.037 eV, Fig. S12B, ESI{). These changes suggest the generation of a
material with potential applications in solar desalination, solar photo-
degradation of pollutants, solar atmospheric water harvesting, etc. [77].

Morphological analysis of the PET@C composite through SEM-EDX
(Fig. 6A and B) revealed drastic changes in PET@Ni-BDC surface
morphology after laser treatment. Microcrystalline Ni-BDC structures

Table 1
Sheet resistance comparison of untreated and reduced GO and graphene materials produced by laser-induced carbonization.
Materials and methods Laser information Applied power Sheet resistance, Q per ~ References
square

Pristine GO - - 10°-10'° [56-58]

Deposition of GO on a cotton fabric followed by - - 900 [59]
reduction by hot press

Laser-induced graphene on polyimide CO,, laser 13 mW per cm? 733-1100 [60]

Laser-induced graphene on polyimide UV laser, 355 nm, pulse frequency 150 kHz, scanning 3 W 1.5-10%-3-10° [61]

speed of 50 mm per s

Laser-induced graphene on polyimide UV pulsed laser, 355 nm, pulse frequency 30 kHz - 0.44 [62]

Laser-induced graphene on polyimide CO;, laser, 365 nm, scanning speed of 1 mm per s 4.7-7.0 mW 15 [63]

Laser-reduced graphene oxide in liquid nitrogen Picosecond pulsed laser: 1064 nm, pulse duration - 50-60 [64]
environment 10 ps, 100 kHz repetition rate, spot size 30 pm

Laser direct patterning of reduced GO on flexible =~ Femtosecond 515 nm laser, 280 fs pulse length, 35-45 nJ pulse energy with 200.0 [65]
(PET) substrate by femtosecond pulses 500 kHz repetition rate 10-20 pulses per pm

Polyimide surface carbonization CO,, laser 4.5-8.25 W 60.0 [66]

Polyimide surface carbonization CO, with 10.6 pm wavelength and a beam size of 25 W 30 + 2.6 [67]

0.127 mm

Poly (Ph-ddm)-surface carbonization CO,, laser 10.6 pm, pulse frequency is 20 kHz 20W 35.0 [68]

Laser-induced graphitization of ink based on CO; laser 10.6 pm 3.3W 3.8+0.1 [69]
cellulose and lignin

Carbonization of MOFs powder (LIC-(ZIF-8) and CO;, laser 1064 nm 4.8W Approximately 125 [42]
LIC-(ZIF-67))

Low-cost laser carbonization (LIMPc) 450 nm LED pulse laser 580 mW 181 [70]

Low-cost laser carbonization (PET@LB-UiO-66) 405 nm LED pulse laser 735 mW 10.4 £ 3.1 [29]

Low-cost laser carbonization (PET@C) 405 nm LED pulse laser 638 mW 6.2 + 3.4 This work
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Fig. 6. Morphology investigation of PET@C: (A) SEM image, (B) EDX mapping of Ni. Cross-sectional SEM-EDX images of (C,D) PET@Ni-BDC and (D,F) PET@C.
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transformed into a relatively smooth porous surface (Fig. 6A). The for-
mation of pores resulted from the release of CO5 during the decarbox-
ylation of terephthalates [55]. EDX analysis of the treated surface
revealed a homogenous distribution of Ni across the entire surface
without significant particle agglomeration (Fig. 6B).

SEM combined with EDX analysis were applied to evaluate the
thickness and NisC distribution in the carbonized layer. The composite
thickness measured approximately 50 &+ 10 um, which is larger than the
thickness of the Ni-BDC layer (31 + 3 pm). This observation aligns with
a general mechanism similar to observed for UiO-66 [29], indicating a
common process for PET@MOFs carbonization. This process involves
the complex interplay of secondary melting of PET with the simulta-
neous formation of the composite (Fig. 6C and E). Moreover, the for-
mation of pores throughout the composite layer was clearly observed
(Fig. S13, ESIt). EDX analysis showed a concentration of Ni on the top
layer for PET@Ni-BDC (Fig. 6D). In contrast, PET@C exhibited a rela-
tively homogenous distribution of Ni in the vertical direction, suggesting
the embedding of particles during the melting of the PET matrix
(Fig. 6F).

3.5. Testing of PET@C as a bending resistive sensor

The next step was to study the possibility of using the PET@C ma-
terial as the active component of a flexible resistive sensor (Fig. 7A). The
resistance response to bending was investigated using a three-point
flexural test (Fig. S14, ESI{). This test was performed on an engraved
meander-shaped sample, which was manipulated by a micro-step motor.
Throughout the test, a constant current was applied to the sample.
Concurrently, the voltage drop experienced during the bending cycles

ARIR,, %

2000 3000 4000

Time, s

0 1000
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was meticulously recorded. Subsequently, the resistance was calculated
using Ohm’s law based on these voltage measurements. The bending
sensor exhibited a clear, distinguishable, and reproducible response to
bending angles. As the bending angle increased, a corresponding in-
crease in relative resistance changes AR/Ry, demonstrating a linear
response of 32 + 1% up to 44° was recorded (Fig. 7B and S15, ESI{).
Moreover, the sensor performance was tested under 1000 bending cycles
at the bending angle of 11°, simulating long-term use for online moni-
toring in wearables and Internet of Things (IoT) applications (Fig. 7C).
The sensor’s response remained stable during the whole test, with only a
~3% difference between the starting point and the end of the long-term
durability tests, indicating the sensor’s robustness and stability during
cycling bending (Fig. 7C, insert). To assess the mechanical properties
and durability of the PET@C composite, tensile strength tests were
applied (Fig. 7D). Ultimate tensile strength (UTS) was evaluated at a
strain rate of 10 mm per min. The UTS of PET@C significantly increased
from 38.2 to 57.1 MPa, with the same elongation of 5.4% compared to
pristine PET (Fig. 7D). This enhancement can be attributed to PET sur-
face melting during laser-induced transformations of surface-grown Ni-
BDC and formation of the carbon-based material composite [78].

These findings suggest the potential use of the PET@C composite as a
flexible resistive sensor, with promising applications in smart wearable
devices [40,79,80], personalized health monitoring [81], electronic skin
[82], human-machine interfaces [83], and more.

4. Conclusion

In summary, an experimental strategy was suggested for the func-
tional upcycling of waste PET into bend resistive sensors, offering a
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Fig. 7. (A) Image of the sensor. Resistive characterization of the PET@C bending sensor: (B) resistance response to the bending depth and (C) long-term durability
testing for 1000 stretching and releasing cycles. (D) Ultimate tensile strength measurements of PET and PET@C.
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sustainable solution to address the plastic waste problem. Our findings
allow to achieve the following results. Firstly, by repurposing PET, a
readily available and inexpensive material, it was successfully trans-
formed into a value-added bend sensor. The developed approach effi-
ciently transforms an abundant and low-cost material into a high-value
bend sensor with several notable characteristics. Secondly, the fabrica-
tion process comprises a two-step sequence: first, the growth of Ni-BDC
on the PET surface, and second, the laser-induced carbonization to
create a conductive graphene/nickel carbide layer. Specifically, the
sensors exhibit a low sheet resistance of 6.2 + 3.4 Q per square, a robust
and linear response across bending angles ranging from 6 to 44°, and
commendable mechanical stability and stiffness. This results in a com-
posite material display outstanding electrical conductivity and me-
chanical properties, particularly sensitive to bending forces, making it
suitable for diverse applications in wearable electronics, robotics, and
healthcare monitoring systems. Thirdly, the limitations of the current
synthesis protocol include the use of hazardous chemicals and high-
temperature processing that may raise environmental and safety con-
cerns. Therefore, further steps will be made forward with milder hy-
drolysis experimental protocol and adaptation of suitable MOFs
synthesis procedure on PET surfaces.

Overall, while this research marks a significant advancement in the
functional upcycling of PET, it also opens avenues for future in-
vestigations to refine and scale the technology. The prospects of inte-
grating such sensors into commercial applications are promising, and
forthcoming studies will aim to address the current limitations, striving
for greener synthesis routes and broader application scopes.
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