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Abstract
Carbon-polymer composites are promising materials in flexible electronics. Nevertheless, they have limitations either in 
conductivity or in mechanical stability. In this work, we investigate the formation mechanism, properties, and applications 
of a novel highly conductive and robust composite material, namely, laser-processed asphaltenes with polyethylene tere-
phthalate (LAsp/PET). The composite was formed by the interaction of laser energy with asphaltenes and PET, creating a 
new material with unique properties. We employed various characterization techniques, including electrical characterization 
using the 4-point probe method, X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, Fourier-transform infrared 
spectroscopy (FTIR), and scanning electron microscopy (SEM), to investigate the LAsp/PET material. The characterization 
results revealed the successful formation of a composite material with excellent electrical conductivity and homogeneity. 
The XPS analysis confirmed the presence of carbon, oxygen, and nitrogen atoms in the composite material, indicating the 
successful incorporation of asphaltenes with PET. Raman spectroscopy revealed the characteristic vibrational modes of 
both asphaltenes and PET, confirming the composite material formation. FTIR analysis further supported the composite 
nature of LAsp/PET, revealing the presence of various functional groups. Furthermore, we investigated the electrochemical, 
electrothermal, and mechanical properties of LAsp/PET demonstrating its potential as an electrode material for deforma-
tion sensors, electrothermal heaters, electrochemical sensors, supercapacitors, and antennas. Our results indicate that laser 
processing is an effective method for forming new composite materials with unique properties for various applications.
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1  Introduction

According to the U.S. Energy Administration, since 2006, 
oil production has been in stable growth, leading to a con-
cerning oil waste accumulation from the oil and gas industry, 
such as oil sludge, produced wastewater, drilling fluids, and 
flue gasses [1]. Asphaltenes are heavy heteroatomic com-
ponents that can make up to 10% of oils and even higher 

percentages in natural bitumen, fuel oils, tars, and other oil 
residues [2]. Unfortunately, most of this waste is still being 
disposed of without any recycling, which is neither envi-
ronmentally nor economically optimal [1, 3]. Developing a 
simple, eco-friendly, universal, and scalable recycling tech-
nology could solve this issue in a sustainable and economi-
cal way, saving millions of dollars on building waste dumps.

Several methods have been proposed for oil waste process-
ing [4–7], including polymer modification and the synthesis 
of carbonaceous materials. For instance, plasma treatment 
of asphaltenes resulted in graphitization with the formation 
of nanotubes, nano-onions, graphene, ultrafine carbon, and 
carbon nanotubes [8–11]. Asphaltenes as a polymer filler 
improve mechanical properties [12], thermal stability [12, 
13], viscosity, and dynamic modulus [14]. Melamine-activated 
asphaltenes increased the electrode surface area with implica-
tions in capacitor applications [15]. The polyaromatic hydro-
carbon structure of asphaltenes is similar to nanographene 
[16, 17]. However, previous attempts to convert asphaltenes 
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to graphene using thermal annealing have limitations due to 
the high temperatures required, often exceeding 500 °C. This 
limitation restricts the options of substrates that can be used 
and increases energy costs. Compared to this, laser processing 
is a scalable and inexpensive technology that allows surface 
modification with necessary patterning. It was also applied to 
modify heavy hydrocarbons [18]. Zang et al. showed changes 
in electrical properties by laser processing of tar, coal, and 
carbon mesophase on glass. They observed the dehydrogena-
tion of hydrocarbons and identified the critical role of aliphatic 
chains in generating graphitic structures with π-π stacking. 
Additionally, they proposed an alternative mechanism for the 
electrical conductivity between asphaltene molecules due to 
oxygen cross-linking. Laser processing has many advantages 
over other methods, including scalability, free-form patterning, 
and low cost. This makes it an attractive technology for heavy 
industries like oil production and processing. Furthermore, 
laser processing provides surface patterning with the desired 
geometry and conductivity to match specific applications that 
are impossible to achieve with thermal annealing and other 
conventional methods [19].

In addition, a laser-based approach makes it possible to use a 
wide range of materials as the substrate, including glass, poly-
mers, metals, and ceramics. Unlike thermal annealing, plasma, 
and chemical treatments, laser processing provides precise con-
trol of surface modification without affecting the bulk structure 
of the substrate material. This point is crucial because the sub-
strate partly determines the properties of the processed material. 
We have shown that different nanomaterials form a composite 
with polyethylene terephthalate (PET) substrate under laser 
irradiation [20, 21]. This composite is robust, flexible, and con-
ductive, while the same nanomaterials deposited on glass could 
be easily washed away. Moreover, polyethylenes are widespread 
carbon-rich polymers that could act as a carbon source and be 
recycled for reuse in various applications [22, 23].

Besides, we already investigated plasma-treated asphal-
tene transformations [11]. In this work, we combine two 
branches and show heavy hydrocarbon waste recycling using 
laser processing, achieving record-high levels of electrical 
conductivity (~ 7000 S· m−1) with a material areal capac-
ity of 3.45 mF/cm2. Also, we explore new applications not 
shown before with this laser processing/integration technol-
ogy like Wi-Fi antenna with VSWR = 1.3. In addition, we 
demonstrate the versatility of our approach using asphaltenes 
from three different sources as well as asphalts.

2 � Experimental

2.1 � Asphaltene preparation

The asphaltenes were isolated using a standard procedure 
described in the literature [6]. Briefly, 40:1 (v.) n-hexane 

was added to the oil sample, and the mixture was kept during 
the day. Then, the precipitated crude fraction of asphaltenes 
was purified from maltenes in a Soxhlet apparatus with hex-
ane for 1 day. The resulting asphaltenes were vacuum-dried 
to constant weight and stored in the dark. Asphaltenes were 
isolated from the naphthenic oil of the Usinskoye oilfield 
(marked as UA), from the paraffin-naphthenic oil of the 
Krapivinskoye oilfield (marked as KA), and from the naph-
thenoaromatic oil of the Karmalskoye oilfield (marked as 
KM). The properties of the separated asphaltenes are given 
in the works [24–26].

2.2 � Asphalt preparation

Technological asphalt of an industrial solvent deasphalting 
plant (SDA process) was used as is.

2.3 � LAsp/PET fabrication

LAsp/PET fabrication was performed in the following way: 
First, asphaltenes with a 20 mg/mL concentration were soni-
cated in toluene for 10 min. Then, asphaltene/toluene solu-
tion was drop cast on a 0.65-mm-thick PET sheet at 50 °C. 
The areal density of the coating was 50 μL/1 cm2 of the 
substrate. After drying, the second layer of asphaltene solu-
tion was drop cast at the same conditions. The thickness of 
the double layer was 20 μm as determined by cross-sectional 
SEM. Laser processing was done using a 3 W computer-
controlled pulsed 438 nm laser. The beam size was 150 × 350 
μm2, pulse energy 160 mJ, pulse frequency 2.8 kHz, and 
pulse duration 170 μs. Finally, the samples were washed 
with toluene in a 120 W ultrasound bath for 2 min.

2.4 � Thermogravimetry

Thermogravimetry was carried out by differential thermal 
analysis (Mettler Toledo TGA/DSC 3+ Star System, heating 
rate 10 °C/min in the temperature range within 30‒1050 °C) 
in an inert medium (nitrogen).

2.5 � Specific capacitance

Specific capacitance was measured using a three-electrode 
cell with potentiostat/galvanostat P-45X with FRA-24 M 
impedance modulus (Electrochemical Instruments, Russia). 
We used Pt and Ag/AgCl electrodes as counter and refer-
ence. LAsp/PET, with a surface area of 1.1 cm2, was used as 
the working electrode. The potential window was from − 1.5 
to 1.5 V at a 100 mV/s scan rate.
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2.6 � Sheet resistance and impedance

Sheet resistance and impedance were measured using a 4-point 
probe measurement method. We used potentiostat/galvanostat 
P-45X with FRA-24 M impedance modulus (Electrochemical 
Instruments, Russia) in galvanostatic mode and MST 4000A 
microprobe station (MS Tech, Korea). Probes were set at a 
square with a 700 μm side. For sheet resistance measurement, 
the current of 1 mA was applied along one side of a square, and 
potential was measured along the parallel side. Sheet resistance 
values were calculated using the following Eq. (1):

where R is the sheet resistance, V is the measured voltage 
drop, and I is the applied current. The value presented in 
the text is the average value from three samples with the 
standard error. For the impedance measurements, the applied 
voltage was 30 mV in the frequency range of 0–50 kHz.

2.7 � Raman spectra

Raman spectra were collected using confocal Raman 
microscopy (NTEGRA Spectra). A 532 nm laser was used 
for sample characterization using a × 20 objective. Expo-
sure time was equal to 30 s for PET and 10 min for both 
Asp/PET and LAsp/PET. Laser power was 4.3 mW for 
PET and 30 μW for Asp/PET and LAsp/PET.

2.8 � Scanning electron microscopy

Scanning electron microscopy images were obtained using 
Quanta 200 3D, FEI.

2.9 � X‑ray photoelectron spectroscopy

X-ray photoelectron spectroscopy was performed using a 
Thermo Fisher Scientific XPS NEXSA spectrometer with 
a monochromated Al K Alpha X-ray source working at 
1486.6 eV. The survey spectra were recorded with the pass 
energy of 200 eV and energy resolution of 1 eV. For the 
high-resolution spectra, pass energy was 50 eV, and energy 
resolution was equal to 0.1 eV. The spot area was 400 µm2. 
A flood gun was used to compensate for sample charging.

2.10 � FTIR

FTIR spectra were collected in transmission mode using 
IRAffinity-1S (Shimadzu, Japan) FTIR spectroscope with 
the scan step of 2 cm−1.

(1)R =
2�

ln2
⋅

V

I

2.11 � X‑ray diffraction

X-ray diffraction patterns were obtained with Discover D8 
(Bruker, Germany) X-ray diffraction spectrometer based on 
CuKα radiation (λ = 0.154184 nm).

2.12 � The bending test

The bending test was performed using a three-point flex-
ural test. A 40 × 10 mm2 engraved stripe-shaped sample 
was used. The middle point movement was controlled by a 
micro-step motor, and the resistance values were measured 
using a potentiostat/galvanostat P-45X. The constant current 
of 2 mA was applied to the sample, and a voltage drop dur-
ing bending cycles was measured. The bending radius was 
set up to 3, 5, and 7 mm. The bending frequency was 3.7 Hz.

2.13 � Electro‑heating properties

Electro-heating properties were investigated using a 60 × 60 
pixels camera HT-02 from Hit (China) operating at a 30 cm 
distance from the sample. Operating voltages were in the 
range of 0–4 V.

2.14 � Electrochemical performance

Electro-heating properties were used to detect K4Fe(CN)6 
in an aqueous solution with a 0.1 M concentration in the 
potential window from − 1 to 1.5 V and a scan rate from 10 
to 150 mV /s−1.

2.15 � Gel supercapacitor

Gel supercapacitor electrodes were fabricated by laser pat-
terning of a template with a 4.7 cm2 surface area. Electrolyte 
gel was fabricated by stirring 0.5 g of PVA in 5 mL of dis-
tilled water at 90 °C for 2 h, followed by adding 0.5 mL of 
phosphoric acid and stirring for 2 h. Electrical contacts were 
made of copper tape and covered with silver paste. Testing 
of the supercapacitor was done with potentiostat/galvanostat 
P-45X with FRA-24 M impedance modulus (Electrochemi-
cal Instruments, Russia).

2.16 � Wi‑Fi antenna

Wi-Fi antenna was fabricated with the size of dipoles equal 
to 20 × 10 mm2 and a gap of 4 mm between them. The SMA 
connector was joined with silver paste and fixed with epoxy 
on the backside of the antenna. The S11 parameter was meas-
ured with ARINST VNA-DL 1–8800 MHz vector network 
analyzer (Arinst, Russia). The antenna was designed by 
using CAD drawing software.
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3 � Results and discussions

3.1 � Laser processing

The concept developed in this work is illustrated in Fig. 1. 
Asphaltenes consist of aromatic and naphthetic rings, 
along with aliphatic chains, and contain carbon vacancies 
(heteroatoms) that can be occupied by sulfur, antimony, 
nitrogen, or oxygen or be present in functional groups. 
As a carbon material, asphaltenes could be used for laser-
induced graphene (LIG) production on PET surfaces. 
Asphaltene films on PET (Asp/PET) act as a photothermal 
converter, with simulations showing that it can generate 
surface heating up to 1000 °C under laser irradiation, 
exceeding the temperature required for LIG formation [27, 
28]. This high temperature, coupled with photochemical 
reactions, triggers various processes, including functional 
group removal, oxidation, dehydrogenation, elimination 
of sulfur and nitrogen heteroatoms, and reconstruction 
of the initially disordered hydrocarbon molecules to a 
graphene-like lattice. Additionally, the high temperature 
of Asp/PET can initiate polymer carbonization and 
melting starting from 240 °C [29]. The localized and 
fast nature of pulsed laser treatment provides unique 
and extreme processing conditions, with a 50 × 50 μm2  
laser spot drastically increasing the temperature and 
cooling down to room temperature in less than 1  s.  
Several processes occur within this short period in 
the laser spot, including graphene formation, polymer 
melting combined with carbonization, mixing of the 
two components, and consolidation after cooling. This 
results in the formation of a robust, flexible, and highly 
electrically conductive composite of laser-processed 
asphaltenes with PET (LAsp/PET).

3.2 � Characterization

3.2.1 � Electrical properties

The electrical properties of a material are crucial for its 
application in flexible electronics. The experimental proce-
dure for the sample preparation is outlined in Sect. 2.5 and 
2.6. We found that the areal capacitance of LAsp/PET in 
0.1 M KCl solution is 3.45 mF/cm2, comparable to the state-
of-the-art for laser-reduced GO [30]. We also measured the 
sheet resistance (Rsheet) of LAsp/PET following the method 
reported in the literature [31]. The sheet resistance for LAsp/
PET based on different types of asphaltenes ranged from  
2–9 Ohm/sq (UA asphaltenes: (6.6 ± 0.1) Ohm/sq, KA 
asphaltenes (8.4 ± 0.1) Ohm/sq, KM asphaltenes (3.5 ± 0.6), 
and their mixture (6.7 ± 0.4) Ohm/sq). We converted the 
lowest sheet resistance into conductivity based on the thick-
ness of LAsp/PET measured with SEM. The conductivity of 
up to ~ 7000 S⋅m−1 is comparable to the highest conductivity 
obtained for laser-reduced GO [32]. These results indicate 
that the LAsp/PET material is highly conductive, and thus, it 
warrants further investigation. We investigated the influence 
of laser power and coating thickness on the electrical proper-
ties of LAsp/PET and the surface evolution under different 
laser regimes (Fig. S1). We found that electrical conductiv-
ity could be achieved in a range of laser pulse energies of 
115–325 mJ. Increasing the laser power to 325 mJ improved 
the staking and intermixing of graphene clusters formed 
by laser pulses. Further increasing the power launched a 
destructive regime, resulting in material ablation and the 
formation of blank patches on PET. Also, we optimized the 
coating thickness to provide the best conductivity. The depo-
sition of 2 asphaltenes layers supplies enough material for 
modification and provides the best carbonization reflected 

Fig. 1   The concept of the work. 
a Asphaltenes/asphalts chemical 
structure. b Laser processing 
technology of Asp/PET



Advanced Composites and Hybrid Materials            (2024) 7:41 	 Page 5 of 13     41 

in the lowest sheet resistance ((13.1 ± 2.5) Ohm/sq is for 1 
layer deposition, and (3.5 ± 0.6) Ohm/sq is for 2-layer depo-
sition). Adding one more layer of asphaltenes reduces the 
laser-induced coating-substrate interface interaction that 
results in higher sheet resistance (6.9 ± 2.1) Ohm/sq.

To estimate the spot temperature during laser process-
ing, we performed thermogravimetric analysis (TGA) of 
asphaltene powder (KM fraction). Fig. S2 reveals that the 
asphaltene combustion temperature is 443 °C. This point can 
be associated with the start of thermal modification. Since 
the photoconversion mechanism is negligible for the 440 nm 
laser [33], we assume that the LAsp/PET spot temperature 
exceeds 443 °C.

We also investigated the use of asphalts, a waste prod-
uct of the solvent deasphalting process that requires less 
processing for its extraction than asphaltenes [34]. We kept 
the fabrication protocol the same, and the Rsheet of laser-
processed asphalt film on PET was (13.9 ± 1.2) Ohm/sq. The 
similarity in sheet resistance for hydrocarbons with differ-
ent compositions and structures confirms the versatility of 
the laser processing approach for any kind of asphaltenes or 
asphalts and the generality of the processes that occur during 
laser treatment. In addition, we investigated the impedance 
of LAsp/PET. The frequency dependence of the material, as 
shown in Fig. S3, is insignificant, indicating that the capaci-
tance and inductance of the structure are low. To elucidate 
the impact of the substrate, we repeated the laser processing 
of asphaltenes on a glass coverslip (LAsp/glass). The sheet 
resistance of LAsp/glass prepared under the same conditions 
was (1.5 ± 0.7) MOhm/sq, which exceeds the Rsheet values 
for LAsp/PET by a factor of 105. This strong dependence on 
the substrate raises the question of what mechanisms occur 

during laser processing to lead to the extremely high con-
ductivity of the carbon-polymer composite.

3.2.2 � Raman spectroscopy and SEM

Raman spectroscopy is a straightforward non-destructive 
analytical technique that can positively identify and charac-
terize elemental carbon from the shape and position of the 
bands in the spectrum [35]. In this study, we used Raman 
spectroscopy to analyze changes in the chemical structure of 
our samples, as shown in Fig. 2(a). The Raman spectrum of 
PET is characterized by a set of sharp peaks located at 1726, 
1614, 1289, and 1113 cm−1 assigned to C = O, carbon ring 
mode, ester C(O)–O, and ethylene glycol C–C bond vibra-
tions, respectively [36]. The spectrum of Asp/PET displays 
sharp G and broad D peaks near 1596 and 1346 cm−1. The 
chemical structure and analysis of asphaltene Raman spec-
tra are complicated. For example, work [37] demonstrated 
that the deconvolution of the 1st-order carbon region could 
be done using 3 to 8 Gaussian peaks. Regardless of the 
fitting applied, the nanocrystallite domain size estimated 
from the Raman spectra lies within the 1.2–1.6 nm range. 
Besides the two conventional D and G peaks (ID/IG = 0.6), 
we observed two shoulders around the D peak near 1416 
and 1283  cm−1. Such shoulders are typical for organic 
materials with complex structures rather than amorphous 
carbon, which confirms the presence of functional groups 
and complexity of the asphaltenes. These D peak shoulders 
could also be attributed to hetero-atom doping (S, N, O) of 
the carbon structure [38]. The right shoulder could reflect 
active modes of CHn groups in organic compounds [39]. 
Moreover, these shoulders could be measurement artifacts 

Fig. 2   Characterization of 
material. a Raman spectra of 
PET, melted PET, Asp/PET, 
LAsp/PET. b optical images of 
LAsp/PET and 1 × 1 cm2 laser-
processed PET. c SEM image 
of LAsp/PET in cross-section. 
d SEM images of LAsp/PET 
surface
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reflected as periodic patterns through the spectrum. Laser 
processing significantly modifies the material according to 
the Raman spectra in Fig. 2(a), transforming a smooth Asp/
PET surface to a rough LAsp/PET surface (Fig. 2(b)). Using 
optical images and Raman spectroscopy, we identified two 
different regions: bright and highly reflective (LAsp/PET 
1) and dark (LAsp/PET 2) marked in Fig. 2(b). The Raman 
spectrum of LAsp/PET 1 shows high fluorescence, like the 
spectrum of melted PET processed using higher laser power 
(see inset). This spectroscopy result confirms the compos-
ite formation mechanism suggested before by mixing LAsp 
with PET.

The Raman spectrum of LAsp/PET 2 shows the D and 
G peaks, with an increased ID/IG ratio of 0.74, indicat-
ing a highly defective structure without the second-order 
peaks. The final confirmation of the composite formation 
was provided by scanning electron microscopy (SEM) 
imaging of the cross-section and the surface of the sam-
ple (Fig. 2(c), (d)). The cross-section shows two differ-
ent color-coded regions with a composite depth of about 
20–30 μm. The microscale surface of LAsp/PET is highly 
porous, consisting of ~ 1 μm flakes forming agglomer-
ates. The survey image shows 10–80 μm regions with 
bright (charged) spots. We attribute these regions to the 
“asphaltene-poor” polymer with relatively low conduc-
tivity. Their formation could be explained by substrate 
melting with further heat transfer from the underlayer 
during laser processing.

3.2.3 � XPS

After comparing the Raman spectra and electrical meas-
urement results, we needed clarification about how the 
highly defective structure could achieve such excellent 
conductivity. We performed X-ray photoelectron spec-
troscopy (XPS) analysis to investigate this further. The 
survey XPS spectra of Asp/PET and LAsp/PET are shown 
in Fig. S4. We found Si, Cl, S, N, and Sb components 
and dopants of the asphaltenes used in our study, while 
Na traces come from impurities. Cl originates from the 
solvent residues (chloroform) used to improve adhesion 
to PET when preparing samples for XPS. Atomic per-
centages of Asp/PET and LAsp/PET components based 
on XPS data are presented in Table S1. We also found 
that laser irradiation removes silicon, sulfur, and nitro-
gen from the material structure, while the antimony 
dopant stays on the surface but gets partially reduced. 
Antimony peaks Sb2O5 3d3/2 and Sb2O5 3d5/2 are located 
at 540.0 and 530.6  eV for Asp/PET and 540.4 and 
531.0 eV for LAsp/PET. The bands of SbO3 3d3/2 and 
SbO3 3d5/2 are observed at 539.3 and 529.9 eV for LAsp/
PET. The deconvoluted Asp/PET spectrum in the C1s 
region (Fig. 3a) is represented by O–C = O (289.2 eV), 
C–O–C (286.2 eV), C–C (284.8 eV), and π–π* (290.8 eV) 
bonds. After laser processing (Fig. 3b), we see the same 
bonds: O–C = O at 288.8 eV, C–O–C at 286.4 eV, C–C 
at 284.0 eV, and π–π* bond at 290.7 eV. C–C band shape 

Fig. 3   XPS spectra with refer-
ence to8 PET: a C1s region 
spectrum of Asp/PET, b C1s 
region spectrum of LAsp/PET, 
c O1s region spectrum of Asp/
PET, d O1s region spectrum of 
LAsp/PET
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transforms to a graphite-like peak and significantly down-
shifts from 284.8 to 284.0 eV. These changes, along with 
the increasing π–π* bond, explain the high conductivity 
of the material.

We detected two forms of oxygen in the samples: 
oxygen with C–O bonding attributed to heteroatoms in 
the carbon ring and hydroxyl groups. Additionally, we 
observed C = O bonding, which is assigned to carbonyl 
groups attached to aliphatic chains. XPS spectra of the 
O1s region for Asp/PET (Fig. 3c) and LAsp/PET (Fig. 3d) 
show the material’s reconstruction. Initially, the content 
of the C = O bond (at 532.0 eV) dropped from 50.0 to 
35.4%, confirming the removal of carbonylic and carbox-
ylic groups. The content of the C–O bond (at 532.8 eV) 
slightly decreased from 38.3 to 35.4%. Furthermore, we 
found a broad peak (at 535.5 eV) in the O1s region that 
could be assigned to contamination by sodium [40] (Na 
Auger line may be observed even if Na1s is not in the case 
of carbon shielding).

3.2.4 � FTIR

To investigate whether other factors induced by the substrate 
play a role in the formation of the highly conductive com-
posite, we performed Fourier-transform infrared spectros-
copy (FTIR) of pure PET and PET laser-processed at maxi-
mum power (LPET). The spectra in Fig. 4a showed a new 
band in LPET at 1646 cm−1 that corresponds to the C = C 
bond in alkenes [41]. Previous studies [18] have shown that 
alkanes supply carbon to aromatic clusters, promoting the 
formation of graphene-like structures. We hypothesize that 
alkenes play the same role due to their structural similarity.

Since the sp3–sp2 carbon transition is attributed to the 
dehydrogenation process, we also analyzed the FTIR spectra 
to confirm hydrogen removal in Asp/PET and LAsp/PET 
samples (Fig. 4b, c). The IR peak assignment (Table S2) 
was performed based on previous works [42–44]. The LAsp/
PET sample displayed modes of asphaltene and PET. To bet-
ter understand the changes, we classified them according to 

Fig. 4   Materials modification: a FTIR spectra of PET and laser-processed PET, b FTIR spectra in the range of 2600–3200 cm−1 verifying the 
hydrogenation, c FTIR spectra in the range of 600–1900 cm−1 revealing structural changes, d XRD patterns of Asp/PET and LAsp/PET
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the structural components of the sample, namely, aliphatic 
chains, aromatic rings, and those that could be assigned to 
both of them. The IR peaks are colored green, cyan, and 
pink, respectively.

3.2.4.1  Aliphatic chains  We observed significant changes 
in the CH region (2800–3000  cm−1) and found complete 
removal of C–H methylene groups after laser process-
ing. The disappearance of the band at 1375 cm−1 (C–CH3 
umbrella mode) also supports this conclusion. These modi-
fications confirm the destruction of aliphatic chains and 
their reconstruction into other compounds.

3.2.4.2  Aromatic rings  In LAsp/PET, we observed a new 
band at 1682  cm−1 (C = O mixed ketones). The band at 
1595 cm−1 (C = C in aromatics) decreased, while the trans-
wagging band of –CH2 at 1340 cm−1 increased. The band at 
1095 cm−1 could be assigned both to the methylene group 
and the vibrations of the ester C–O bond. Since we do not 
observe any methylene vibrations in the 2800–3000  cm−1 
region, we assume this bond is completely related to the 
C–O–C (ester) vibration in the composite. The bands of 
C–H in adjacent hydrogen aromatic rings in the range of 
810–727  cm−1 disappeared, confirming dehydrogenation. 
We see bands at 724 and 870 cm−1 in the LAsp/PET spec-
trum, which can be assigned to the interaction of polar ester 
groups, benzene rings, and aromatic rings 1, 2, 4, and 5 
(tetra replaced).

3.2.4.3  Changes in  chains and  aromatics  The band at 
1457  cm−1 (C–CH2 and C = C in aromatics) disappeared, 
and bands at 1244 and 1121  cm−1 (terephthalate group 
[OOCC6H4–COO]) appeared, which could be assigned to 
the PET matrix of LAsp/PET.

The changes observed in chemical structure may explain 
the conductivity changes we evidenced. Previous studies on 
polymer composites with conductive fillers showed that the 
resistance is determined by two primary mechanisms: ohmic 
resistance for a well-connected network of conductive par-
ticles and hopping/tunneling between conductive particles 
[45]. Therefore, the improved conductivity of the LAsp/
PET system compared to the LAsp/glass system could be 
explained by several mechanisms: improved formation of 
the conductive network in PET, which is typical for poly-
mers with polar groups [46], PET carbonization during laser 
annealing, or an improved hopping rate through different 
connectors such as C–O–C bridges, as compared to particles 
isolated by thin polymer layers [47]. Given that the resist-
ance of LAsp/PET is comparable to that of graphite and the 
frequency dependence is low (Fig. S3), it is reasonable to 
assume that the ohmic conduction through graphene-like par-
ticles dominates the electronic transport in this material [48].

3.2.5 � XRD

The XRD pattern of Asp/PET (shown in Fig. 4d) exhibits 
a sharp peak near 2θ = 10° and a broad peak near 2θ = 22°, 
both of which are assigned to the graphite structure in the 
(002) orientation. A sharp peak at 10° is attributed to oxy-
gen functionalities in carbon [49], while the broad peak 
at 22° indicates that the asphaltene has a π-conjugated 
structure, with the crystal phase (002) randomly arranged 
[50]. LAsp/PET has a similar pattern, but one sharper peak 
can be observed near 2θ = 26°. This peak confirmed the 
presence of an arranged graphite structure along the (002) 
orientation. The broad peak near 44° is attributed to the 
turbostratic band of disordered carbon materials in the 
(001) orientation and is observed in both Asp/PET and 
LAsp/PET samples.

3.3 � Applications

LAsp/PET combines high conductivity and robustness. 
These properties are essential in flexible electronics, espe-
cially in the ones of the most interesting branches as flexible 
sensors, energy storage, and communication [51, 52]:

•	 Mechanical and chemical stability are significant for 
electrochemical sensors and body-machine interfaces 
to function in an aggressive environment and operate as 
actuators, motion sensors, etc.

•	 Low resistivity allows the fabrication of effective electric 
heaters and matched antennas with smaller sizes.

•	 The rough surface of the material provides an increased 
electrode area for electrolytic capacitors.

One of our aims is to design a metal-free electric circuit 
for sensing. In this section, we propose the electronic ele-
ments possible with LAsp/PET with respect to the our goals 
and material benefits.

3.3.1 � Bending sensor

We aimed to explore potential applications that take advan-
tage of the impressive properties of LAsp/PET, for instance, 
in flexible electronics. To this end, we created a bending sen-
sor using this material, building upon our previous research 
on the reaction mechanism [20]. The sensor operates based 
on the elastic deformation-induced changes in intercluster dis-
tances within the composite, leading to a change in resistance 
(Fig. 5a). Upon relaxation, the graphene flakes return to their 
original position, restoring conductivity. The sensor demon-
strates exceptional elastic and resistivity stability, undergoing 
over 2400 bending cycles with a resistance change of 58, 78, 
and 174% at bending radii of 3, 5, and 7 mm, respectively.
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Fig. 5   Applications of LAsp/PET. a Resistance changes of the bend-
ing sensor during testing. b Thermal images of the insole-shaped 
electrothermal heater at different voltages. c Voltammogram of 
0.1 M potassium ferrocyanide solution and dependency of peak cur-

rent on the square root of scan speed (inset). d I–V curves of LAsp/
PET supercapacitor at different scan rates with the charge-discharge 
diagram inset. e Photo of LAsp/PET 2.4  GHz antenna with SMA 
adapter. f Reflection coefficient of simulated and fabricated antennas
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3.3.2 � Electrical heater

Given the low sheet resistance of LAsp/PET, we investigated its 
potential for electro-heating applications. To test this, we created 
an insole with dimensions of 5 × 2 cm2, as shown in Fig. 5b, 
and made electrical contacts using copper tape with silver paste. 
We applied different voltages to the sample for 1 min at room 
temperature and used a thermal camera to map the temperature 
changes in the sample. The maximum temperature in the region 
of interest increased from 30 to 48 °C at 3 V and 0.09 A. Increas-
ing the voltage further to 4 V resulted in heating up to 61 °C, 
which is close to the softening limit of the polymer substrate 
[53]. The achieved temperature of 61 °C with a current flow at 
a power of 0.52 W demonstrates promising opportunities for 
this material in developing multifunctional self-heating clothes.

3.3.3 � Electrochemical sensor

Carbon is a popular material in electrochemical electrodes 
due to its high surface area, corrosion resistance, and low 
cost, making it attractive for different applications like 
hydrogen generation or water purification [54]. We investi-
gated LAsp/PET as an electrochemical electrode. For this, 
we used 0.1 M aqueous potassium ferrocyanide solution as 
a model analyte system, which is also commonly used as a 
food additive [55]. The counter electrode was Pt, the ref-
erence electrode was Ag/AgCl, and the working electrode 
was LAsp/PET. We conducted cyclic voltammetry (CV) at 
different scan rates in the range of (− 1–1.5) V, as shown in 
Fig. 5c. Following the reaction on the electrode, [Fe(CN)6
]3−  + e−  = [Fe(CN)6]4−, the obtained I–V curves showed the 
characteristic reduction peak of [Fe(CN)6]3− and the oxida-
tion peak of [Fe(CN)6]4−. The electrode shows stable behav-
ior in the potential window of − 1 to + 1.5 V. Increasing the 
scanning speed increases mass transport, which is evident 
by plotting the peak intensity vs. the square root of the scan 
speed, as shown in the inset of Fig. 5c. The linear fit of the 
plot with a coefficient of determination (COD) = 0.95 shows 
fast response dynamics that are not limited by the charge 
transfer facilitated by the LAsp/PET electrode.

3.3.4 � Supercapacitor

Achieving large surface area and efficient charge transfer 
are critical challenges in the fabrication of supercapaci-
tors [56, 57]. Therefore, we aimed at the fabrication of an 
interdigitated supercapacitor with LAsp/PET after observ-
ing the linear behavior of the current-scan rate curve dur-
ing potassium ferrocyanide detection. The gel-electrolyte 
was made of PVA/H3PO4. We first tested the supercapaci-
tor using cyclic voltammetry scanning at different speeds 
in the potential range from − 0.7 to + 0.7 V (Fig. 5d). No 
reduction or oxidation peaks were observed in this range. 

However, increasing the potential window resulted in the 
electrocatalysis of orthophosphoric acid, leading to rapid 
current increase at higher voltages. The areal capacitance 
was calculated and averaged for all I–V curves using the 
formula (1)

where C is the areal capacitance, A is the integrated area 
of the I–V curves, w is the scan speed, ΔV is the potential 
window, and S is the surface area of electrodes. The areal 
capacitance was estimated as (5.1 ± 0.4) µF. Next, we con-
ducted charge-discharge testing at a charge current density 
of + 0.04 and discharge current of − 0.04 µA to simulate 
electrical load (inset of Fig. 5d). The charge accumulated on 
the capacitor plate at 0.7 V was 26.67 µQ which corresponds 
to a capacitance of 38.1 µF. Notably, the capacitance is tun-
able by varying electrodes’ geometrical parameters, such as 
their number, length, and width.

We also tested the ability of the supercapacitor to store 
energy by measuring galvanostatic self-discharge. The dis-
charge curve and photo of the supercapacitor are shown in 
Fig. S5. We found that the capacitor loses half of the accumu-
lated charge in 11 min and still retains 15% of the accumulated 
charge after 100 min. Our results demonstrate that LAsp/PET 
is a promising material for fabricating supercapacitors with 
high areal capacitance, efficient charge transfer, and exponen-
tial discharge behavior. This aligns with the established theory 
and practical experience of supercapacitors [58].

3.3.5 � Wi‑Fi antenna

The impressive conductivity and mechanical stability of LAsp/
PET allowed us to design and fabricate a full-carbon dipole 
antenna (Fig. 5e). It was designed to provide a Wi-Fi connec-
tion and tuned to 2.4 GHz. The main resonant band of the 
device corresponds to 2.44 GHz with the − 17.7 dB ampli-
tude and VSWR of 1.3, while S11 resonance of the simulated 
model is located at 2.26 GHz with amplitude of − 14.5 dB and 
the VSWR of 1.5 (Fig. 5f). Similar parameters of metal-free 
antennas were obtained with graphene [59–61] and rGO [62] 
ink which does not fulfill the mechanical stability requirements 
and limits the possible applications despite the high costs of 
precursor. Taking it into account, we declare a new low-cost 
technology of asphaltene-PET laser processing which perfor-
mance competes with graphene and rGO in RF applications.

4 � Conclusions

We investigated a new composite material, LAsp/PET, 
formed by laser energy interacting with asphaltenes and a 
polymer substrate (PET). Various characterization techniques 

(1)C =
A

w ⋅ ΔV ⋅ S
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confirmed the successful formation of the composite. We 
have also shown that LAsp/PET has promising electrochemi-
cal, electrothermal, and mechanical properties, making it a 
potential candidate for various applications, such as defor-
mation sensors, electrothermal heaters, electrochemical sen-
sors, supercapacitors, and antennas. Our approach presents 
a simple, eco-friendly, and scalable recycling technology for 
heavy hydrocarbon waste, which could provide a sustainable 
and economical solution for the oil and gas industry.
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