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Polyethylene terephthalate (PET) is the most widely used polymer in the 
world. For the first time, the laser-driven integration of aluminum nanopar-
ticles (Al NPs) into PET to realize a laser-induced graphene/Al NPs/polymer 
composite, which demonstrates excellent toughness and high electrical con-
ductivity with the formation of aluminum carbide into the polymer is shown. 
The conductive structures show an impressive mechanical resistance against 
>10000 bending cycles, projectile impact, hammering, abrasion, and struc-
tural and chemical stability when in contact with different solvents (ethanol, 
water, and aqueous electrolytes). Devices including thermal heaters, carbon 
electrodes for energy storage, electrochemical and bending sensors show this 
technology’s practical application for ultra-robust polymer electronics. This 
laser-based technology can be extended to integrating other nanomaterials 
and create hybrid graphene-based structures with excellent properties in a 
wide range of flexible electronics’ applications.
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expected to impact society profoundly. 
These life-changing technologies require 
the development of new materials that 
exhibit superior mechanical, chemical, 
and electrical stability while being non-
toxic and inexpensive to produce on a 
large scale. In this context, polymers 
have become a curse and a blessing, a 
curse because of their widespread use 
and the waste issues that come with that, 
polluting different environments not only 
urban but also critical ecosystems from 
oceans to deserts. The blessing comes 
from the inexpensive implementation of 
various goods, from medical devices and 
clothing to electronics. Inexpensive manu-
facturing enabled by polymer processing 
technology had profound socio-economic 
implications by making consumer prod-
ucts affordable to low-income sectors. To 

introduce additional functionality, nanomaterials such as metal 
nanoparticles, quantum dots, or carbon nanotubes and gra-
phene are integrated into polymers by the thermal or chemical 
processing of polymer pellets monomers with the polymerized 
material acting as a matrix for the nanomaterial phase.[1–3] We 
also have demonstrated surface polymerization on graphene 
and other 2D layers with diverse technological applications.[4–6] 
However, implementing these and other conventional methods 
is neither environmentally friendly nor cost-effective. Moreover, 
conventional electronic devices require spatial structuring with 
traditional fabrication methods, including photon and electron 
lithography. These methods are expensive, difficult to operate, 
and require the use of preformed masks. On the other hand, 
laser-driven approaches for the fabrication of flexible electronics 
are gaining momentum in recent years,[7] mainly because of the 
scalability and the advantage of the mask-less formation of arbi-
trary patterns[8] while providing better spatial resolution than 
liquid processing approaches such as inkjet printing.[9,10] These 
laser-based approaches include the synthesis of conductive 
silver patterns on polyimide[11] and polyurethane,[12] crystalliza-
tion of BiVO4 films,[13] carbonization of organic particle films 
on PET,[14] and metallization of a Cu-containing polymer,[15] 
and photothermal annealing of indium zinc oxide on different 
polymers.[16] The introduction of different materials in the bulk 
polymer was exploited to enable laser processing for polymer 

1. Introduction

Nowadays, we live in one of the most exciting times where 
the revolution in technology, such as the Internet of Things, 
wearable electronics, and neural-computer interfaces, is 
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marking, including additives such as graphene/polystyrene,[17] 
antimony trioxide polystyrene,[18] TiO2 nanoparticles,[19] and 
oxides like Fe3O4, ZrO2,[20] and SnO2.[21] For this application, the 
laser-driven embedding of dyes into the surfaces of polymers 
is particularly interesting by combining spray coating with 
laser curing for marking purposes.[22] Soppera’s group innova-
tive approach contrasts previous works that included the dye or 
light-absorbing nanoparticle system in the whole bulk of the 
polymer matrix. However, in all these examples for the laser 
marking of polymers, the additives were only used to increase 
the photon absorption inside the composite. Going beyond that 
application, we envisage that laser processing of polymers that 
are typically transparent to laser irradiation could induce the 
formation of electrically conductive nanostructures. This pro-
cessing gives rise to the so-called laser-induced graphene (LIG) 
but with the critical aid of a nanoparticle film acting as a photo-
thermal transducer. To address this question, here we prepared 
Al nanoparticle films deposited on PET with a systematic inves-
tigation of the chemical, microstructure, and structural proper-
ties that occurred after laser processing. We hypothesize that an 
Al NP film can have the same photosensitizing effect as other 
additives shown before in the works discussed above. Al NPs 
showed localized surface plasmons resonance (LSPR) in the 
UV–blue range[23] that could match the light excitation energy 
used in laser processing. Moreover, we anticipate that the 
photothermal energy induces the formation of carbon conduc-
tive structures and their physical integration into the polymer 
surface in a single-step, giving rise to a conductive network. We 
also analyzed the mechanical performance of the laser-induced 
structures we obtained and demonstrated their applications 
in flexible electronics. These findings let us propose that the 
mechanical properties of such an electrically conductive and 
integrated graphene/nanoparticle/polymer composite would 
be superior to any other polymer/surface processing available 
until now. The concept presented here will make sustainable 
developments in robust, lightweight, flexible, and wearable 
electronics possible.

2. Results

To make the proof-of-concept laser-driven integration of nano-
materials into PET, we focused on aluminum nanoparticles 
(Al NPs) since they are inexpensive and readily available as 
the second most-produced metal in the world.[24] Because of 
oxidation in the air, an aluminum oxide layer is formed at the 
outermost surface, making films made from these nanopar-
ticles poorly conductive. We verified the untreated Al films’ 
low conductivity to be above the MOhm range due to its oxide 
layer’s insulating effect. After laser irradiation, we found a sig-
nificant increase in the laser-induced metal-polymer composite 
(LIMPc) conductivity and remarkable mechanical stability. We 
determined that the conductivity and surface roughness could 
be controlled by adjusting the average laser power (see Note 1,  
Figures S1 and S2, Supporting Information). Also, we propose 
that Al NPs act as photothermal transducers during the laser 
treatment, converting laser energy into localized heating, leading 
to the graphitization of PET, and also serving as plasmonic 
light and heat sources when illuminated by a laser. To sum up, 

we propose several simultaneous processes triggered by laser 
irradiation that could lead to the fabrication of a highly robust 
and conductive graphene/Al/PET composite. This mechanism 
includes local melting of PET, integration of Al NPs into the 
top PET layer, Al oxidation and bonding of Al NPs with PET 
oxygen functional groups, LIG formation at the interface of 
PET/Al NPs using the polymer matrix as carbon precursor, and 
Al4C3 formation because of high local temperature and pres-
sure. We investigate this mechanism with a battery of chemical, 
mechanical, and physical analyses discussed below. Afterward, 
we test the performance of LIMPc in several flexible electronics’ 
applications.

2.1. Chemical and Structural Characterization Tells  
the Mechanism of LIMPc Formation

We combined different structural, spectroscopic, and chemical 
analyses to establish a fundamental description of the forma-
tion mechanism of this new hybrid material. Raman spectro
scopy is a critical tool for investigating carbon nanomaterials, 
particularly for confirming graphene’s presence in a sample. 
The Raman spectrum in Figure  1a obtained from an LIMPc 
sample provides the first evidence for laser-induced graphitiza-
tion and graphene formation. Graphene D, G, and 2D finger-
print peaks[25] are clearly visible at 1347, 1589, and 2689 cm−1 
in the Raman spectrum. These results validate our hypothesis 
showing that we obtain graphitic carbon beyond an amor-
phous phase that could be expected from the photoinduced 
high-temperature decomposition of PET. This also shows the 
power of Raman in the study of graphene-based materials since 
if we would have only amorphous carbon, then we should 
see broad D and G bands, an amorphous signature below  
800 cm−1, and a much weaker 2D peak.[26] The D/G intensity 
ratio (ID/IG) allows us to evaluate the defect density per square 
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laser energy (λ = 532 nm → EL = 2.33 eV).[25]

This gives us an estimation for the defect concentration in 
our laser-induced carbon lattice in LIMPc of ca. 5.6 105 cm−2. 
The defect concentration (and thus the graphene quality) for 
LIMPc matches the value observed for LIG made by CO2 laser 
irradiation of polyimide (PI).[27] Defect evaluation is important 
since a compromise between defect concentration and elec-
trical conductivity is essential for applications in sensing and 
photocatalysis, as we recently found for the case of function-
alized graphene-based devices.[7] We know that without metal 
catalysts, laser treatment of a polyimide film can induce the 
formation of graphene-like multi porous structures due to high 
temperature and pressure achieved during irradiation.[28] Mole-
cular dynamic calculations show the evolution of carbon rings 
in polyimide from 6 member rings to 5 and 7 carbon atoms’ 
radicals when the system reaches ≈2100 K. For a higher temper-
ature and longtime process 5 and 7 carbon rings get converted 
to a 6 member ring with a honeycomb structure, by breaking 
bonds with O and H atoms that end up released as gases.[29] 
In our case with LIMPc, and following the polyimide case, the 
remaining oxygen and hydrogen atoms that were not released 
as gas molecules H2 and H2O are located at the edges of the 
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newly-formed graphene domains. We expect those oxygen 
atoms to be shared with the PET fragments that were not 
decomposed. This configuration explains the high mechanical 
resilience of LIMPc since the graphene network with tunable 
wetting properties is formed as an intrinsic part of the polymer 
(Figure S3, Supporting Information). Moreover, the combina-
tion of Al particles and graphene sparked significant interest 

in the materials science community because of the superior 
mechanical properties of Al-graphene composites.[30] The fast 
rise in temperature and spatial heat confinement around nano-
particles are the ingredients necessary to expect high pressure. 
The roughness of the structure visible in Figure 1g is evidence 
of gas release related to high pressure. Thus, the intense con-
ditions of localized temperature and pressure achieved in our 

Figure 1.  Characterization results of samples with and without laser-induced integration. a) Raman spectrum of the LIMPc sample and the fitting with 
the main D, G, and 2D peaks of graphene. In the inset is the low-frequency spectrum which matches the A1g and Eg Raman modes of Al4C3. The peaks 
marked with arrows show the two carbon-based materials identified in LIMPc, graphene, and Al4C3. X-ray photoelectron spectra around the C1s and 
Al2p regions for Al nanoparticles on PET, pristine and after laser processing, (b,c) and (d,e), respectively. In the insets are shown the schematic of the 
Al nanoparticles on b) PET and d) after laser-driven integration. Top imaging of the samples by SEM f) without and g) with laser irradiation, and their 
respective cross-section images (h) and (i). The color-coded EDX image of the cross-section is shown as an inset in (i).
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LIMPc obtained by laser irradiation (as also reported for con-
ventional LIG[28]) promote not only graphene formation and 
polymer integration of Al NPs, but also the formation of an 
Al4C3 phase. Typically, aluminum carbide can be produced in 
an electric arc furnace, with −168 kJ mol−1 free energy forma-
tion at 750 °C.[31,32] It is reasonable to reach this temperature at 
least locally around the Al NPs photothermal transducers in the 
case of LIMPc.[29]

The Al4C3 formation was also confirmed recently in the laser 
sintering of Al particles with carbon nanotubes.[33] Indeed, 
the low-frequency Raman spectrum of LIMPc, in the inset 
of Figure  1a, shows the characteristic peaks from Al4C3, con-
firming the formation of this carbide phase.[34,35] This is an 
exciting result since aluminum carbide is an attractive rein-
forcement material for forming metal matrix composites, 
which are in high demand by modern aerospace, marine, and 
automobile industries. The Al4C3 phase is lightweight, has a 
low thermal expansion, high thermal conductivity, stiffness, 
and strength.[32] Al4C3 is also an abrasive material with high 
hardness and high thermostability (up to 1400 °C), which can 
be used in high-speed cutting tools. Besides, Al4C3 formation 
provides an interfacial anchoring layer in Al/C (graphite, CNT, 
graphene derivatives) composites, which improves compos-
ite’s mechanical properties such as enhancement of specific 
strength, fracture elongation,[36] Vickers hardness,[37] as well as 
the decrease of thermal expansion coefficient.[38] This material 
was never before reported as a product of laser processing in a 
graphene-polymer composite until now. XPS chemical analysis 
shows that the sp2 carbon level increases slightly after laser 
irradiation as deduced from the high-resolution scan over the 
C1s region (Figure 1b–d, respectively). However, that change in 
Csp2 content is not significant enough to explain the system’s 
electrical conductivity since there is a simultaneous rise of sp3 
components. Indeed, before irradiation, the Al2p region in XPS 
(Figure 1c) showed a significant amount of oxide and metallic 
Al peaks (Figure  1c). Scanning electron microscopy (SEM) 
images in Figures  1f and  1g show the changes in film micro-
structure before and after laser processing, respectively. These 
results clearly show a metallic component. After laser irradia-
tion, both Al oxide and metallic components decrease with an 
increase in film roughness and porosity after laser processing, 
which is beneficial for energy storage, catalysis, and sensing. 
The increase in roughness is partly due to gas release (CO2, 
H2, and water) during laser processing. The most remarkable 
observation from SEM is the visibility of the spatial extension 
of the laser-induced changes in the PET surface, as depicted in 
the cross-section images in Figures 1h and 1i. This is significant 
because pristine PET is not affected by the laser beam, but a 
thin NP film, even as thin as 1  µm, has consequences in the 
film chemistry, conductivity, and structure that extend into PET. 
We verified our hypothesis for a plasmonic contribution from Al 
NPs during laser-processing by optical absorption spectroscopy 
(UV–vis). We carried out UV–vis experiments for an Al NP dis-
persion used for film deposition on PET, and for the Al NP film 
on PET before laser irradiation. UV–vis results for the Al NPs 
dispersion in ethanol show absorption peaks that match the 
LSPR observed in other Al nanostructures (see Figure S4a, Sup-
porting Information).[23] The optical absorption for the Al film 
on PET in Figure S4b, Supporting Information, shows the light 

absorption saturation in the whole UV–vis–NIR range. This 
wide-range absorption suggests that Al NPs could also work for 
other laser excitation wavelengths. Although the XPS observa-
tions could point to removing the Al particles due to laser abla-
tion, the EDX results in SEM in the inset of Figure  1i (along 
with XRD, Figure S5, Supporting Information) shows that Al 
partially remains in the film after laser processing. Thus, the 
decrease in the Al signal observed in XPS can be assigned to 
integrating Al NPs into the carbon-rich polymer. The increase 
in Al particles’ oxidation observed after laser processing agrees 
with the thermal annealing of Al in ambient conditions.[39] 
While XPS results show that the metallic Al decreases, and the 
increase in sp2 carbon was not significant, these observations 
support our hypothesis for forming an interconnected carbon 
network (that is electrically conductive) where aluminum oxide 
particles act as connecting nodes.

We further argue that the mechanism responsible for the 
high electrical conductivity and high mechanical robustness 
displayed by our laser-processed structures is the same. We 
support this conclusion by considering that aluminum oxide 
or aluminum carbide cannot be responsible for the high elec-
trical conductivity. While Al2O3 is a dielectric, Al4C3 is a semi-
conductor with a bandgap ranging from 1.3 to 2.4 eV.[35,40] EDX 
results (see inset in Figure 1i and Figure S6, Supporting Infor-
mation) show that Al is present throughout the 20–30 µm of the 
laser-induced composite (the LIMPc thickness depends on the 
initial metal film thickness and laser irradiation parameters). In 
contrast, XPS shows that after laser irradiation Al is mostly in 
its oxidized form with a sixfold increase of the oxide component 
(2p peak area) with respect to metallic Al (2p3/2 and 2p1/2 peaks), 
see Figure1  c–e and Figures S7 and S8, Supporting Informa-
tion. The presence of a large outer oxide shell is directly evi-
denced by TEM results with elemental mapping shown in 
Figure S9, Supporting Information. In addition, Raman and 
XRD show the formation of a carbide phase. Thus, the conduc-
tivity must arise from another component in the film. These 
observations make us reconsider the role played by the slight 
increase in sp2 carbon content. Besides Al’s presence, the EDX 
results also show carbon in the whole LIMPc structure, sup-
porting our hypothesis for the formation of a 3D electrically 
conductive network. XPS results in the C1s region show that 
laser processing increases the C-O sp3 content from exposing 
PET, acting as a matrix for the Al-carbon network generated. 
This integration gives rise to high electrical conductivity (due to 
sp2 carbon) and high mechanical resilience (due to anchoring 
with Al4C3), resulting in a conductive polymer composite firmly 
incorporated to PET as shown schematically in Figure 2. To fur-
ther evidence the nature of LIMPc, we designed an experiment 
in which PET was chemically dissolved to expose the remaining 
LIMPc. This freestanding LIMPc sample was investigated by 
SEM, EDX (Figure S10, Supporting Information), and trans-
mission electron microscopy (TEM), see results in Figure S9, 
Supporting Information. Our microscopy results with ele-
mental compositional mapping provide direct evidence for the 
3D graphene network formed around Al-based composites. We 
verified the electrical conductivity of this PET-free sample con-
firming the conductive nature of this 3D network. Besides the 
low sheet resistance of 181 Ohm sq−1 measured using the trans-
mission line measurement technique (Figure S11, Supporting 
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Information), we tested the high mechanical robustness of 
LIMPc in the next section.

2.2. Mechanical Resilience

To explore the limits of LIMPc and confirm the extraordi-
nary integration, we performed a set of experiments to eval-
uate this material’s mechanical resilience in Figure  3a–d. 
We recorded the electrical resistance and optical microscopy 
images from the samples before and after the abrasion test, see  
Figures  3b and  3c, respectively. As a reference, we also ana-
lyzed the behavior of a PET substrate with a conductive silver 
film, which is the standard conductive material used in flex-
ible electronics (shown as insets in the optical microscopy 

images in Figure 3).[41] We evaluated the changes in resistance 

as R R R
R

[%] ·100%f 0

0
∆ = − , where Rf and R0 are the film’s resist-

ance values after and before the abrasion test, respectively. The 
silver electrode’s initial resistance value on PET was 3.5 Ω and 
after the test, the resistance increased beyond the range of our 
resistance meter of 2 MΩ. Surprisingly, the LIMPc electrode 
did survive the harsh abrasion for 72 h, although the resist-
ance increased almost twofold (see Figure S12, Supporting 
Information). We explain this increase in resistance as due to 
the abrasion of the topmost conductive composite layer and 
nanoparticles protruding from the LIMPc surface (as shown 
in the SEM results, Figure  1i). The LIMPc electrode passing 
this test so well can be attributed to a robust interpenetrated 
Al-Al2O3-Al4C3-graphene network firmly integrated into PET as 

Figure 2.  Illustration of the laser-induced integration of nanomaterials into PET. 1) A flexible substrate is 2) coated by a thin film of Al nanoparticles 
that act as photothermal transducers 3) for their integration into the polymer substrate and 4) graphene generation. 5) The laser-induced composite 
is electrically conductive allowing robust applications in flexible electronics. The mechanism of formation involves i) photon absorption by the Al 
NPs, ii) relaxation of photoexcited-charge carriers through electron–electron and electron–phonon scattering that results in a localized temperature 
increase. iii) The high temperature induces the thickening of the Al2O3 shell, appearance of an Al4C3 interface, graphene formation, and anchoring to 
the remaining PET through oxygen groups at the edge of the newly-formed graphene. At the bottom, we show schematically the different processes 
proposed to occur during laser irradiation.
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schematically illustrated in Figure 2. Furthermore, we employed 
this abrasion test to study the performance of reduced graphene  
oxide films and silver paste on PET. However, these films did 
not withstand the test compared to LIMPc as could be seen 
in Figures S13 and S14, Supporting Information. Besides the 
abrasion test, we performed further mechanical examination 
by subjecting the LIMPc electrodes to projectile impact tests as 
depicted in Figure 3d (see also Figures S15 and S16, Supporting 
Information).

Electrical resistance was measured before and after each 
impact test; the results are shown in Figure 3e. Figure 3f shows 
the optical microscopy images of the sample before the impact 
test (0 hits), and after 5 and 12 hits, Figures 3g and 3h, respec-
tively. The inset images correspond to an Ag film on PET of 
the same dimensions as LIMPc and subjected to the same test 
conditions. In contrast to LIMPc, the silver film did not sur-
vive the test after three impacts and became nonconductive (see 
black circles in Figure  3e). The optical microscopy images in 
Figure 3 evidence the presence of cracks in LIMPc. We explain 
these cracks as due to the thermal mismatch between the bulk 
PET substrate and the Al nanoparticle (NP) film, similarly 
to graphene formation in LIG from Kapton.[42] During laser  

processing, photothermal heating[43] results in the melting of the 
topmost volume of PET substrate (260 °C), which induces par-
tial engulfing of the Al NP film by melted PET. The LIG, which 
starts at the interface between PET and the Al NP film, will cool 
down after the laser irradiation step is finished. Similarly, the 
melted PET at the surface that was not transformed to LIG re-
solidifies. It is during this cool-down process that because of 
the thermal expansion coefficient mismatch between the PET 
(2 × 10−5–8 × 10−5 K−1) and LIG (8 × 10−6 K−1) built-in strain  
will be relaxed by the deformation of the interface resulting in the 
cracks we observed. The cracks could be controlled by optimizing 
the laser processing parameters, although not completely avoided 
due to the thermal expansion mismatch discussed above. We  
figured that these cracks could be beneficial to our material applica
tions’ such as in energy storage and sensing due to the enhanced 
surface exposure in a film with cracks than in a crackless smooth  
film. Thus, in this work, we did not aim at controlling cracks since 
they did not affect the electrical conductivity much. Instead, we 
focused on optimizing the laser processing conditions to achieve 
the highest degree of integration and electrical conductivity.

To complement the abrasion and impact tests, we also per-
formed three more simple procedures to verify the mechanical 

Figure 3.  Mechanical performance evaluation of LIMPc. a) Sketch of the sample for the abrasion test (abrasive, 0.5 mm grains of dry sand, rotated 
continuously at 100 rpm for 72 h). Optical microscopy images of LIMPc obtained b) before and c) after the test. d) Schematic illustration of the impact 
test with a projectile dropped up to 12 times on LIMPc and on an Ag film on PET (samples size is 30 mm × 8 mm2). e) Resistance changes after sev-
eral impact events for LIMPc (red circles) and Ag/PET (black circles). For silver, after three impacts the film is not conductive anymore. In the inset is 
shown the resistance values for LIMPc after up 200 stripping events (rip-offs with adhesive tape). Optical microscopy images after a different number 
of projectile impacts: f) 0 hits, g) 5 hits, and h) 12 hits. In the insets are shown the images for Ag films on PET subject to the same conditions with 
the scale bars of the same magnitude as in the main images.
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robustness of LIMPc. First, we sonicated the LIMPc sample in 
distilled water for an extended period of up to 15 min. After 
sonication, we did not notice visible changes in surface mor-
phology, and the resistance values were the same as before. 
Second, we made a mechanical stripping test using strong adhe-
sive tape. The experiment showed that after 200 consecutive 
stripping events, we observed no significant changes in surface 
morphology or electrical conductivity (see the inset of Figure 3e 
and Note 4, Supporting Information). Finally, we used a thinner 
PET (0.1 mm instead of 0.65 mm) to evaluate how the substrate 
thickness affects the LIMPc mechanical robustness. The SEM 
cross-section in Figure  1i shows that the PET substrate could 
get modified up to 100 µm deep. Thus, for 0.1 mm thick PET or 
thinner, the whole substrate should be transformed to LIMPc. 
This is exactly what we observed in our experiments, and in 
this case, LIMPc was not as mechanically robust as when using 
a thicker PET film, which shows that the PET substrate thick-
ness is another parameter to control the mechanical properties 
of LIMPc. These results evidence the potential of our materi-
al’s use in various conditions limited only by the strength and 
thickness of PET used here as a substrate and carbon source.

2.3. Applications in Flexible Electronics

Owing to the impressive mechanical robustness of our LIMPc 
material, we designed and constructed several device proto-
types for applications in flexible circuits, flexors, electrothermal 
heating elements, electrochemical sensors, and photocatalysis. 
These results are summarized in Figure 4. We started by dem-
onstrating laser-patterned flexible electrical circuits on PET. 
Figure 4a shows transparent polymer substrate patterning with 
a high contrast TPU logo and a simple rectangle. The drastic 
change of PET optical properties after laser irradiation in the 
presence of metal NPs and graphene in the polymer matrix was 
widely studied for marking purposes. However, in our case, we 
also show the high electrical conductivity of arbitrary-shaped 
circuits. The flexible and conductive patterns are capable of 
wiring different devices like the LEDs and micro-LEDs shown 
in Figure 4a. In combination with excellent mechanical robust-
ness, high conductivity makes a perfect foundation for applying 
such types of sensing devices as flexors. In this regard, we 
tested our flexible conductive circuit under hundreds of 
bending cycles and confirmed that there was no degradation 
of electrical properties. Figure 4b presents the resistance values 
obtained while bending the device (10 consecutive times) at 
different radii shown in the x-axis as their reciprocal (see also 
Figure S17, Supporting Information). The resistance increased 
by decreasing the bending radius. We found an inversely pro-
portional dependence between these two magnitudes with a 
proportionality coefficient of 6.3 kΩ mm−1 deduced from a 
linear fit. Figure S18, Supporting Information, shows SEM 
images of samples before and after 4000 bending cycles evi-
dencing the mechanical stability of the surface microstructure. 
As a next step and further demonstration, we fabricated flexors 
by the laser integration of Al NPs to a more flexible polymer—
3D-printed polyethylene terephthalate–glycol (PETG) (see 
Figure S19, Supporting Information). Combining two prom-
ising approaches, such as 3D printing and laser patterning, 

provides more freedom in terms of design and functionality of 
the devices. Here we demonstrated an LIMPc/PETG for robot 
control using finger gestures (see Figure S20 and video dem-
onstration, Supporting Information). By flexing and extending 
the finger with a sensor based on LIMPc the resistance values 
change and activate the robot’s motion. This result shows a 
promising area of applications in robotics and actuators that 
are now under development in our lab.

The mechanism for the strong interface bonding that allows 
these applications is rather straightforward. Photothermal 
heating during laser processing induces the partial melting of 
the topmost PET in contact with the Al NP film. Thus, under 
laser irradiation, the Al NP film gets surrounded by melted 
PET. While a part of this melted PET is used as the carbon pre-
cursor for LIG formation, the PET chains further away from 
the hottest regions do not transform to LIG. When cooling, the 
newly-formed LIMPc becomes fused with the substrate after 
the remaining melted PET solidifies. Besides this laser-induced 
integration, there is a chemical component that enhances 
mechanical properties. Kawahito et  al. showed that not only 
the anchor (mechanical bonding) effect but also van der Waals 
interaction and chemical bonding occurred at the boundary 
between Si3N4 ceramic and PET during laser irradiation.[44] 
They also showed similar results for titanium and PET.[45] 
These collective processes, depicted at the bottom of Figure 2, 
are the origin of the Al NP integration into the polymer and the 
strong interfacial bonding that occurs with LIG formation. This 
mechanism involving different processes is deduced by putting 
together the spectroscopic results and the direct visualization 
of the nanoscale composition and spatial distribution in LIMPc 
discussed above in Section 2.1.

Inspired by the work of Bobinger et al.,[46] we constructed a 
flexible electrothermal element based on LIMPc. For this, we 
used a Kapton substrate that can tolerate higher temperatures 
than PET, which is also conventionally used for LIG produc-
tion. Figure 4c (and Figure S21, Supporting Information) dem-
onstrates a superior electrothermal transduction efficiency 
of LIMPc/LIG with respect to LIG alone. An LIMPc thermal 
heater reaches a temperature above 112 °C while applying 
a power of 600  mW. At the same time, the maximum value 
for LIG is only 40 °C for the same power value. This contrast 
could be partly explained by a significant difference in resist-
ance between those two devices. For the LIMPc/LIG heater, the 
resistance value is 194 Ω, while for LIG it is 4 kΩ. The calcu-
lated transformation coefficients (electrical energy to heat) are 
8.9 × 10−2 K mW−1 for LIMPc/LIG and 0.9 × 10−2 K mW−1 for 
LIG. The spatial control of the polymer electrical properties uti-
lizing laser irradiation was further used to fabricate an electro-
chemical sensor (Figure  4d and Figure S22, Supporting Infor-
mation). Our sensor integrates three electrodes out of the same 
material and in the form of screen-printed electrodes widely 
used in flexible architectures for electrochemical sensing.[47] 
The CV curve obtained during the sensing measurements dem-
onstrates a typical behavior for potassium ferricyanide detec-
tion, indicating two clear redox peaks.[48] The high sensitivity 
is justified by the current value exceeding 1 mA. The clear CVs 
recorded from electrochemical sensors, and especially current 
values in the mA range (taking into account that measure-
ments were in a liquid drop), inspired us further to use LIMPc 
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Figure 4.  LIMPc applications in flexible electronics. a) A snapshot of a flexible circuit bent and powering an LED; the inset shows a conductive marking 
made on PET powering two LEDs. b) Electrical resistance at different bending radii for an LIMPc flexible circuit. This device was used to build finger-
controlled flexors depicted in the insets and shown in Figure S12, Supporting Information. c) Temperature versus input power for an LIMPc-LIG (red) 
and LIG (blue) electrothermal heaters made under the same conditions for performance comparison. The figure includes the real image of an elec-
trothermal heater and the thermal image of the sample under external potential. d) A picture of an electrochemical sensor and CV demonstrating the 
electrochemical detection of 0.1 m ferricyanide. e) Electrochemical characterization of the LIMPc electrode for energy storage applications, including 
the sketch of the experimental setup. f) Absorption spectra of the TMB-H2O2 with and without LIMPc in the dark and under laser irradiation illustrating 
the application in photocatalysis.
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as a material for supercapacitors. We built a 3-electrode cell to 
demonstrate this application and used our LIMPc as the active 
electrode (Figure 4e and Figure S23, Supporting Information). 
To test the electrode performance, we used redox (K4[Fe(CN)6]) 
and non-redox (KCl) electrolytes. Both systems allowed us to 
get symmetric curves with high current values in a potential 
window of 2 V. The capacitance values reached 41.89 mF cm−2 
in the case of K4Fe(CN)6, and 4.35 mF cm−2 for KCl. These 
values are superior in comparison to 2.6 µF cm−2 obtained 
for LIG-based supercapacitor electrodes.[49] Our results are 
promising for electrode implementation in robust and flexible 
supercapacitors.

Finally, we demonstrated the application of LIMPc for pho-
tocatalysis. Hydrogen peroxide is an important substance for 
energy generation,[50] biological systems,[51,52] wastewater treat-
ment,[53] food and pharmaceutical industries,[54–56] and a bio-
marker for detecting chronic pulmonary diseases.[57,58] H2O2 
also attracts increasing interest as a liquid solar fuel because 
of its ease of storage, transport, and to generate electricity[59] in 
a sustainable and environmentally-friendly way. In principle, 
hydrogen peroxide can be abundantly-produced from water by 
photocatalysis. In this work, we used 3,3′,5,5′-tetramethylben-
zidine (TMB) to detect H2O2 by colorimetry.[60] Figure 4f dem-
onstrates that without laser irradiation TMB is hard to oxidize; 
thus, the peak of oxidized TMB is insignificant. While under 
laser irradiation, we clearly observe the characteristic peak at 
450 nm, attributed to the oxidized TMB in the acidic medium. 
The appearance of this peak indicates the presence of hydrogen 
peroxide.[60,61] In the presence of LIMPc, the concentration of 
the oxidized TMB increases almost twice, which means that the 
amount of hydrogen peroxide also increases twice. The physical 
origin of this reaction is related to the plasmonic photoexcita-
tion of holes and electrons in aluminum nanoparticles that are 
resonant under the wavelength used in this work.[62] We can 
describe the mechanism of H2O2 photocatalysis as follows:

H O O H e V vs RHE
1
2

2 2 1.23 .2 2 ( )⇔ + + ++ − 	 (1)

O H e H O V vs RHE2 2 0.68 .2 2 2 ( )+ + ⇔ ++ − 	 (2)

The photoexcited holes diffuse to the sample surface 
oxidizing water molecules to produce molecular oxygen 
(Equation  (1)). Then, electrons induce the reduction of oxygen 
to generate H2O2 (Equation (2)).[63] After that, OH radicals gen-
erated by H2O2 oxidize TMB as confirmed by the appearance of 
the peak at 450 nm in Figure 4f. The photocatalytic activity of 
LIMPc is similar to the ZnIn2S4 monolayer with S vacancies.[64] 
In our experiment, we need to consider that although we meas-
ured the whole bulk of the solution to deduce the amount of 
TMB that was oxidized (Figure 4f), during photocatalysis, only 
a fraction of the bulk solution was in contact with the LIMPc 
surface where H2O2 was generated. Therefore, this result 
shows that LIMPc has an excellent photocatalytic activity for 
the generation of H2O2 since it doubles the concentration of the 
oxidized TMB, and this difference comes only from molecules 
at the LIMPc surface. Laser processing with 3D printing will 
allow us to develop 3D structures that maximize the surface 

area exposed to the molecules we wish to catalyze.[65] This is an 
ongoing investigation in our group by combining inexpensive 
but efficient materials with a novel and large-scale integration 
strategy.[66]

3. Conclusions

We prove for the first time the generation of ultra-robust flex-
ible electronics integrating metal nanoparticles, carbide, 
and graphene formation in one single laser processing step. 
Besides the focus on Al nanoparticles, the universality of this 
new concept depicted in Figure 2 was demonstrated with other 
nanomaterials. We show that the fabrication of different flexible 
devices is realizable, and withstands thousands of mechanical 
deformation cycles (Figure S16, Supporting Information), pro-
jectile impact, abrasion, scratching, and even chemical attacks 
by the different solvents used throughout this study. Contrary 
to the work of Brengersman[67] who reported a way to preserve 
the properties of sulfonated membranes using LIG formation, 
in this work we show a way to add functionality to polymer 
materials largely used in packaging, textiles, and in consumer 
electronics. In our case, the laser processing did not result in 
the sublimation of Al NPs but the integration of Al NPs into 
the polymer surface. We achieved this integration without the 
use of thermal annealing or high pressure as recently reported 
for 3D graphene-Cu networks.[68] Besides the energy-efficiency 
benefits, the spatial patterning capabilities are an additional 
plus that makes our method attractive for electronics imple-
mentation and other applications, including temperature 
sensors (Figure S24, Supporting Information). Beyond the 
photothermal and mechanical benefits from Al NPs, we further 
exploit their photonic properties in the photocatalytic oxidation 
of TMB. We thus contribute to the development of inexpensive 
architectures that can replace silver and gold conventionally 
used in plasmonics.[62] This one-step method is safe and is also 
environmentally-friendly and does not require the use of harsh 
or other chemicals for processing. The simplicity of the fabri-
cation and the low-cost requirements in terms of equipment 
and materials make this technology readily available beyond 
academic labs, from DIY enthusiasts to entrepreneurs allowing 
fast prototyping of flexible electronic devices much alike to 3D 
printing. The new concept developed in this work can be easily 
extended to different nanomaterials and polymers. This gen-
erality was shown by the integration of iron oxide nanoparti-
cles and Si nanowires into PET, as shown in Figures S25, S26,  
and S27, Supporting Information. We are confident that our 
work will inspire other researchers who later may improve our 
method further. By optimizing the source material and the irra-
diation parameters, it will be possible to significantly reduce 
the electrical resistance of the LIMPc structure while also opti-
mizing the surface chemistry for targeted applications. The 
polymer materials include polyimide, which is critical for high-
temperature applications such as the electrothermal element 
shown here, and polylactic acid (PLA), which is the main mate-
rial used in 3D printing technologies. Besides the applications 
illustrated here, our method’s reliability and simplicity of inte-
gration are essential for wearable and lightweight applications 
for which high robustness and stability against physiological 
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environments are requirements for futuristic applications such 
as neural-computer interfaces.[69,70]

4. Experimental Section
Materials: Aluminum nanoparticles (Al NPs) (50 to 70  nm average 

diameter; CAS AS 7429-90-5) were purchased from Advanced Powder 
Technologies, Russia, and used as received. Polydispersed silicon 
nanowires (40  nm diameter, 1–20  µm lengths, >99% purity) were 
purchased from Sigma-Aldrich and used without further purification. 
Iron oxide nanoparticles were synthesized by forced hydrolysis of FeCl3 
as reported previously.[71]

Thin-Film Deposition: Nanoparticle thin films were deposited by the 
drop-casting method. An aluminum NPs/ethanol dilution was prepared 
following the concentration of 30  mg mL−1. A solution of silicon 
nanowires (Si NWs) was prepared by diluting (20  mg) of polydisperse 
Si NWs in (1 mL) of deionized water. Then, the dilutions were sonicated 
(120  W output power and 40  kHz) for 15 min at room temperature. 
Next, the solutions were deposited on polymer substrates (PET, PETG, 
Kapton) at a rate of 0.5 µL mm−2. The resulting liquid films were dried in 
ambient conditions.

LIMPc Formation: Laser patterning to achieve a laser-induced metal-
polymer composite was performed on Al NPs (or other metal NPs) 
film deposited on the top of PET using a 450 nm wavelength computer-
controlled laser diode that operates at 1.6 kHz frequency. The measured 
average power was 1 W, which could be further controlled by setting up 
the P and D parameters in the computer-controlled laser program (see 
Figure S1, Supporting Information). Also, we evaluated the minimal spot 
size which in our optical system is equal to ≈100  µm. This value was 
deduced by visual inspection by optical microscopy of spots made with 
the laser on a thin GO film. The thin solid film samples in PET were 
irradiated normal to the surface.

Freestanding PET-Free LIMPc Formation: After LIMPc fabrication, the 
PET in LIMPc was dissolved by immersing the sample in hexafluoro-2-
propanol for 1.5 h.

LIMPc Characterization: The structures of LIMPc samples were 
characterized using different structural, spectroscopic, and chemical 
analyzes. For the analysis of the chemical composition of the samples, 
Raman spectra were acquired using a Renishaw inVia Raman microscope 
with a green laser source (532 nm). The laser beam was focused on the 
sample using a 50× objective.

X-Ray Photoelectron Spectroscopy (XPS): XPS was performed on a 
Thermo Scientific K-Alpha system with an Al Kα X-ray source, with a spot 
size of 400 µm2 and pass energies 50 and 200 eV for narrow regions and 
survey spectra, respectively. Charge compensation was implemented 
using electron and argon ion guns.

SEM: SEM images were obtained on an Apreo S, Thermo Fisher 
Scientific SEM.

EDX: EDX scans were collected on Quanta 200 3D, FEI Company with 
step size 10 eV.

TEM: TEM was performed on the JEOL JEM-2100F system.
UV–Vis: UV-vis spectra were retrieved by using UV–vis 

spectrophotometer Agilent Cary 60.
XRD: XRD experimental data were obtained using XRD-6000 

diffractometer based on CuKα radiation with a sliding beam. The 
operating voltage was 40 kV and current to 30 mA.

Optical Microscopy: Optical Microscopy images were acquired by 
inverted microscope ZEISS Axio Vert.A1 (Carl Zeiss microscope).

Contact Angle Measurements: An 8  µL of deionized water drop was 
deposited on the sample surface and measured immediately and 1 min 
after. ImageJ software with a contact angle plugin was used to evaluate 
the contact angle values. It was repeated four times to quantify the error 
and deviation for each sample.

Sheet Resistance Measurements of LIMPc: Sheet Resistance 
Measurements of LIMPc were performed using the transfer length 
measurements (TLM) method. A pre-patterned mask with a copper film 

was prepared with the distance between contact pads equaling 1.6, 3.6, 
5.6, and 7.6 mm (Figure S11, Supporting Information).

Mechanical Tests: Three different tests were performed on LIMPc 
for the mechanical resilience investigation. During the abrasion test, a 
sample made on a PET substrate (30 × 8 × 0.65 mm3) was placed in 
the rotating (100 RPM) container ¾ filled with abrasive sand (0.5  mm 
in diameter) for 72 h as shown schematically in Figure  3. The copper 
tape and silver paste (Leitsilber L100) were used as an electrical interface 
for stable resistance measurement. Impact tests were conducted using 
a steel cylinder with a diameter of 45.88  mm, a height of 59.7  mm, 
and a mass of 777 g. The cylinder was dropped from a height of 1.5 m 
hitting the sample placed on a metal plate with an impact energy of 
11.4 J (neglecting friction and air resistance). Electrical resistance was 
measured before and after each strike test.

The last one was a stripping test with strong adhesive tape. Electrical 
resistance was measured after each rip off iteration.

Device Testing: Bending sensor: This was investigated with a three-point 
flexural test. A long-engraved stripe-shaped sample with 80 by 4 mm2 
size was created for this experiment. The distance between the two side 
points was adjusted to 20 mm. The indenter movement was controlled 
by a microprocessor and a step motor. The bending diameters were 15, 
20, 25, and 50  mm. The resistance measurements were obtained for 
every 10 bend-relax state cycles per constant diameter.

Thermal Heater: A thermal heater was obtained by applying voltage to 
20.10 mm2 LIMPc structure on a Kapton substrate. A thermal image was 
recorded using a 60 × 60 pixel camera HT-02 from Hit (China) operating at 
a 10 cm distance from the sample when 18.4 to 800 mW power was applied.

Electrochemical Sensor: An electrochemical sensor with screen printed 
electrodes was performed to detect K4Fe(CN)6 in an aqueous solution 
with a 0.1 m concentration in the potential window from −1000 to 
1200 mV and a scan rate 100 mV s−1.

Temperature Sensor: Hot water was poured into a 30 mm flat-bottom 
glass flask placed on the PET side. The sensor was engraved on another 
bottom side of the PET substrate to prevent any water-drop influence 
on measurements. A digital DS18b20 temperature sensor on-chip with 
a water protection tube was used to read out the temperature from the 
flask. The resistance of sample versus water temperature was recorded 
while cooling down in ambient conditions.

Photocatalytic Application: LIMPc was put on a disk, then 5 mL distilled 
water was dropped on a disk to cover LIMPc. The sample was transferred 
to a laser irradiation chamber. After that, 100  µL TMB+H2O2 (Vector, 
Russia) was dropped on the sample. Then, the sample was irradiated 
by a laser with wavelength 450 nm and power 50% (ca. 1.5 W nominal 
power), depth 10% in 40s (circle with d = 6 cm). After that, LIMPc was 
taken out of the disk and 100 µL of stop-reagent (H2SO4, Vector, Russia) 
was dropped on the disk to stabilize the product of TMB oxidation.
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