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Abstract
Fiber-reinforced polymer matrix composites (FRCs) offer advantages such as high 
strength-to-weight ratio, low density, and cost-effectiveness. However, their limited 
electrical and thermal conductivity poses challenges in applications such as light-
ning protection, electromagnetic shielding, and radar absorption. In this study, the 
effect of PEDOT:PSS content as a coating on layered composites to enhance electri-
cal conductivity and adhesion properties is systematically investigated for the first 
time. This study explores alternative methods to enhance conductivity, focusing on 
the adhesion stability of the conductive coating PEDOT:PSS on aramid, carbon, and 
glass FRCs. Three surface treatment methods—plasma treatment (PT), piranha solu-
tion treatment (PI), and a combination of GLYMO/APTES (GA)—were tested for 
their effects on surface energy and adhesion strength. FTIR spectroscopy revealed 
significant changes in surface bonds, indicating improved adhesion through new 
chemical interactions. Contact angle measurements showed improved wettability, 
with plasma and GA treatments yielding the best results. Peeling tests demonstrated 
minimal changes in electrical resistance after repeated cycles for plasma- and GA-
treated surfaces, highlighting their durability. Cross-cut adhesion tests confirmed 
that plasma-treated surfaces exhibited the strongest adhesion. This study contributes 
to the understanding of surface coating techniques to enhance the electrical perfor-
mance and durability of FRCs, with implications for aerospace, defense, energy, and 
other industries.

Keywords  Polymeric fiber composites · Conductive coating · PEDOT:PSS · Surface 
treatments · Adhesion property
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Introduction

Fiber-reinforced polymer matrix composites are increasingly favored as alterna-
tive options to metallic and other materials. This preference is due to their advan-
tages such as economic cost, superior strength-to-weight ratio, and low density 
[1]. While fiber-reinforced polymer composites often stand out for their light-
ness and low production cost, they may fall short in meeting certain technical 
requirements, such as electrical and thermal conductivity [2]. This is especially 
apparent in domains such as electromagnetic interference (EMI) shielding, light-
ning protection, and radar absorption. Research on the electrical characteristics 
of composite materials often centers on enhancing the matrix components’ low 
electrical conductivity by incorporating conductive fillers [3, 4]. However, the 
inability of nano-additives to disperse uniformly within the polymer and provide 
efficient protection against electromagnetic waves limits this approach. Addition-
ally, because the addition of metal-based coatings adds extra thickness, corrosion, 
cost, and weight to the structure, researchers have concentrated their efforts on 
conductive polymer coatings to achieve durable electrical conductivity [5].

With the continuous advancement of new technologies today, the increasing 
pollution from electromagnetic waves poses a serious threat to electronic devices 
and human health [6, 7]. Consequently, there is a growing need for effective pro-
tective materials to minimize these issues and ensure the efficient functioning of 
electrical systems [8]. An EMI shield serves as a protective barrier that prevents 
unwanted electromagnetic radiation from reaching electronic devices, effectively 
blocking the waves and safeguarding the devices. The main requirement for this 
is the provision of electrical conductivity. Motivated by this, poly (3,4-ethylen
edioxythiophene):polystyrene sulfonate (PEDOT:PSS) is a conductive polymer 
that is particularly appealing for use in organic nano-electronics due to its sim-
ple production methods and adjustable electrical conductivity [9, 10]. Recently, 
PEDOT:PSS has played a significant role in EMI protection. The use of this 
conductive polymer helps in achieving thin and flexible protective components 
and provides suitable materials necessary for modern technologies [11]. Many 
researchers have focused on enhancing the electrical conductivity of various base 
materials with PEDOT:PSS and various additives because the pure PEDOT:PSS 
conductivity is very low for applications (< 1  S/cm) [8, 12–15]. Moreover, due 
to the doping of polystyrene sulfonate (PSS), PEDOT:PSS exhibits excellent dis-
persibility in aqueous solutions. Various doping methods have been developed 
to increase the electrical conductivity of PEDOT:PSS, including thermal treat-
ment, organic solvent processing, ionic liquid treatment, salt solution treatment, 
surfactant treatment, and sulfuric acid (H2SO4) treatment [16–20]. Neverthe-
less, there is a lack of comprehensive studies examining the long-term electri-
cal conductivity performance of PEDOT:PSS coatings when applied to aramid, 
carbon, and glass fiber-reinforced composite surfaces. The use of PEDOT:PSS 
coating on these widely used composites for electrical conductivity requirements 
in protective applications is expected to become popular. Therefore, the electrical 
conductivity performance of PEDOT:PSS coatings on different fiber-reinforced 
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composite (FRC) surfaces with high engineering potential is an attractive focal 
point of this research.

Various research studies have investigated the primary applications of 
PEDOT:PSS coatings on different flexible substrates using conductive fillers to cre-
ate flexible conductors. These studies have included PEDOT:PSS coatings with the 
flexible polymers on substrates such as polydimethylsiloxane (PDMS) [21], polyure-
thane (PU) [22], polyolefin elastomer (POE) [23], polyethylene terephthalate (PET)
[24], and polyvinylidene fluoride (PVDF), and indium tin oxide (ITO) on glass [25]. 
These coatings have been used for various purposes including wearable electronic 
devices [26], hybrid solar cells (HSCs) [27], light-emitting diodes [28], and biosen-
sor [29]. Despite their excellent properties, the weak adhesion of PEDOT:PSS on 
different substrate materials limits its application in various fields. It is known that 
PEDOT:PSS coatings are susceptible to damage when exposed to specific condi-
tions, such as humidity and temperature, leading to a decrease in conductivity or 
partial degradation over time [30, 31]. This issue frequently arises from the poor 
interfacial adhesion between PEDOT:PSS and the substrates, which presents dif-
ficulties in maintaining coating durability [32]. This issue is particularly problem-
atic due to the inherently weak affinity of PEDOT:PSS to these types of substrates, 
stemming from its adhesive and hydrophobic properties. Enhancing the adhesion 
of PEDOT:PSS to substrates like PET through corona surface modification could 
improve adherence, but such treatments are time-consuming and costly. Research 
on the adhesion of PEDOT:PSS on polymer substrates is limited, thus more inves-
tigation is necessary. The adhesion process of PEDOT:PSS, being an aqueous solu-
tion to a solid substrate surface, is complex. Factors affecting this adhesion include 
molecular bonding and wettability, which are crucial for a successful bond. Molecu-
lar bonding occurs when there is close contact between materials, which is depend-
ent on the presence of appropriate functional groups. On the other hand, wettability 
determines the amount of the aqueous PEDOT:PSS solution in contact with the sub-
strate surface, an important factor to consider. On hydrophobic surfaces, the aqueous 
PEDOT:PSS solution may show poor wetting characteristics due to the significant 
differences between substrate surface energy and solution surface tension. Further-
more, wettability affects electrostatic interactions because reduced surface contact 
decreases the potential for molecular bonds to form. In one study, enhancing the 
durability of PEDOT:PSS coatings on substrates such as PET, polypropylene (PP), 
and glass involved applying a polydopamine (PDA) primer to the substrates. This 
primer effectively increased the hydrophilicity of the substrate surfaces, enhancing 
chemical bond interactions between the surface and the liquid, and thereby contrib-
uting to the success and durability of the PEDOT:PSS coatings [33].

The formation of functional groups on the surface of PEDOT:PSS allows for the 
creation of strong and stable bond structures through chemical bonding between 
polymer chains. These groups can be created on the surface through various chem-
ical processes such as acidification or plasma surface treatment, which can intro-
duce hydroxyl (–OH), carboxyl (–COOH) oxygen-containing compounds such as 
esters and carboxylic acids, carboxyl groups (–COOH), O–hydroxyl groups, silanol 
groups (Si–OH), and amino groups (–NH2), or other functional groups. These 
functional groups can alter the surface properties and interactions of materials like 
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PEDOT:PSS, thereby facilitating crosslinking. In turn, this can improve the mechan-
ical stability, conductivity, and coating stability of the material [13, 34]. In current 
research and applications, including various coating processes such as painting or 
bonding processes involving materials such as metal-polymer or polymer-metal, 
plasma surface treatments are utilized for surface activation on polymer surfaces 
prior to the bonding process [35, 36]. Surface pretreatment for adhesive bonding 
is essential for achieving both adhesive strength and cohesive strength using vari-
ous adhesive materials. Plasma surface treatment eliminates weak boundary layers, 
cleans the surface, modifies surface energy mainly through oxidation, and enhances 
micro-topographic features [37]. A literature review on the use of laser and plasma 
surface treatments for thermoplastic matrix composites indicates a focus on improv-
ing bonding and joining processes [38]. However, despite these studies, very few 
research studies have been conducted on the application of PEDOT:PSS coating 
on the surfaces of aramid, carbon, and glass fiber-reinforced composite materials. 
This highlights the originality and significance of this study, as it aims to address 
the gap in the literature. Therefore, the sustainability and durability properties of 
PEDOT:PSS-based conductive coatings on the surfaces of composite structures 
remain unknown and are of great interest for future research.

While there is a wide range of research studies exploring the various applications 
of the conductive polymer PEDOT:PSS in the literature, studies on the adhesion 
stability on substrate surfaces such as ITO, PDMS, and PET remain significantly 
limited, despite the promising performance of this coating material. Surprisingly, 
there is a notable absence of research on the PEDOT:PSS permanent coating on 
surfaces of aramid, carbon, and glass fiber-reinforced composites. This underscores 
the importance of surface coating studies, particularly in the aerospace industry, to 
leverage the electrical conductivity of composite surfaces. In this study, three dif-
ferent fiber-reinforced composite surfaces, each serving as the substrate for the 
PEDOT:PSS coating, were subjected to three distinct surface treatment processes. 
The objective was to enhance the surface energies of aramid, carbon, and glass fiber-
reinforced prepreg composite materials and improve the adhesion of the coating 
sublayer. Test results obtained from atmospheric plasma treatment, piranha solution, 
and three different surface treatment processes involving 3-glycidyloxypropyltri-
methoxysilane (GLYMO) and 3-aminopropyltriethoxysilane (APTES) were exam-
ined based on criteria such as wettability, peeling tests, changes in electrical resist-
ance after repeated peeling tests, and cross-cut tests. This novel study is regarded as 
a significant step in enhancing the electrical performance of composite surfaces in 
harsh environmental conditions, ensuring the permanence of surface coatings, and 
exploring new coating methods for future industrial applications.

Experiment

Materials

HCS2403-015—HEXCEL Kevlar™ Prepreg F155-71, Carbon fiber woven E-765-
3K70PW, and Prepreg 7781 E-Glass (0/90°) fiber-reinforced composite layers for 
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composite material production were sourced from Heatcon Composite Systems, 
DuPont, and FiberGlast Developments, respectively. Polyether ether ketone (PEEK) 
granules used for the preparation of coating systems were obtained from Euro-
tec, Turkey, while sulfuric acid (H2SO4) (98% purity), hydrogen peroxide solution 
(H2O2), 3-glycidoxypropyltrimethoxysilane (GLYMO) (C9H20O5Si), 3-aminopro-
pyltriethoxysilane (APTES) (H2N(CH2)3Si(OC2H5)3), and acetic acid (CH3CO2H) 
were purchased from Thermo Fisher Scientific. Dimethylformamide (DMF, 99.8% 
purity) solvent was acquired from Carolina Chemical. The base coating material 
PEDOT:PSS and ethylene glycol (EG, 99.8% purity) were procured from Sigma-
Aldrich for coating. A roll of Scotch Contractor Grade Masking Tape was purchased 
through Amazon Global Shipping to conduct post-coating peel tests.

Methods

Manufacturing of composite samples

The first step in the production of the aramid, carbon, and glass fiber-reinforced 
composite materials was the layup process. In this process, the prepregs were cut 
to specified dimensions, and each reinforcement layer was sequentially stacked on 
a flat aluminum plate, forming six layers, with the assistance of a roll-on tool. Once 
the layup was completed, the stacked prepregs were sealed in a vacuum bag and sub-
jected to a vacuum pressure of approximately 0.9 bar (Fig. 1a). The curing process 
of the composite samples under vacuum was carried out according to the manu-
facturer’s recommendations, where they were held in a curing oven at 121 °C for 
90 min, and then, the oven temperature was lowered to 50 °C. After completing the 
process, aramid fiber-reinforced composite (AFRC), carbon fiber-reinforced com-
posite (CFRC), and glass fiber-reinforced composite (GFRC) samples were cut into 
dimensions of 37 mm × 26 mm × 1.6 mm to prepare composite test specimens.

Surface treatments

The effectiveness of surface modification of the substrate was investigated to enable 
PEDOT:PSS coatings on the surfaces of the fiber-reinforced composite structures 
and to ensure the durability of the coating. In general, the aim here was to modify 
the chemical composition of bonding sites on the surfaces to promote the formation 
of chemical groups. These processes were employed to enhance the surface proper-
ties and facilitate better adhesion of specific coatings or adhesives to the surface. 
The aim was also to improve the adhesion of the coating materials by increasing 
the polarity of the chemical groups on the surface or by promoting the formations 
of reactive groups, thereby enhancing surface cleanliness and wettability. Further-
more, separate plasma, piranha solution, and 3-glycidoxypropyltrimethoxysilane 
(GLYMO)/3-aminopropyltriethoxysilane (APTES), (GLYMO/APTES or GA) treat-
ments were applied to the sample surfaces as part of the treatment process.
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Oxygen Plasma Treatment Atmospheric plasma treatments are commonly applied 
to various polymer surfaces due to their ability to significantly activate the surface, 
which is essential for processes such as coating, painting, and bonding. Plasma sys-
tems produce a high concentration of mixed ions, electrons, and free radicals, which 
are directed toward the surface, where they interact with and activate charged parti-
cles, enhancing surface reactivity [37].

With atmospheric plasma, it is possible to initiate physical and chemical reac-
tions on the surface of a substrate. These alterations are limited to a few nanometers 
in depth, meaning that the plasma only affects the outermost layer of the substrate. 
Therefore, surface treatment using this method only imparts functionality to the sur-
face portion without altering the volume properties of the internal structure [38]. 
Plasma processes have been utilized to enhance wettability [39, 40], paintability 
[41], and the adhesion of both natural and synthetic fibers [42].

Fig. 1   Experimental flowchart 
of fiber-reinforced composite 
samples. a Composites manu-
facturing, b plasma treatment, 
c piranha solution treatment, d 
GLYMO/APTES treatments, e 
PEDOT:PSS coating, f FTIR, 
j cross-cut test, g WCA test, h 
electrical resistance measure-
ment, and i peeling tape test
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Before surface treatment, all samples of aramid, carbon, and glass fiber-reinforced 
composite materials were cleaned with ultrasonic washing in isopropanol for 15 min 
at 40 kHz frequency and 25 °C in deionized water, then dried at 80 °C. The plasma 
jet of a Janome JR 2300N 3 Axis Dispensing System Plasma device was operated 
with plasma O2 gas at atmospheric pressure, an inlet pressure of 5.9 bar, and a flow 
rate of 17 Lm−1 per minute (Fig. 1b). The excitation frequency of the plasma ranged 
from 17 to 22 kHz, with pulse peak heights of approximately 5 kV. The prepared 
samples were placed on a stage with X and Y directions, with a plasma jet at a dis-
tance of 15 mm from the nozzle outlet and a speed of 0.0127 ms−1 for a single oper-
ation. Before and after the plasma surface treatment, the water contact angle (WCA) 
of composite surfaces was measured using a KSV Instruments Limited CAM 100 
model measurement device equipped with a high-speed scanning camera and also 
using an SA3001 surface analysis device from BTG Labs. Additionally, Fourier 
transform infrared (FTIR) spectroscopy analyses were conducted on the samples 
before and after plasma tests. After the plasma treatment, the PEDOT:PSS coating 
was applied to the samples within 30 min.

Piranha Solution Treatment The piranha solution is an aggressive mixture contain-
ing sulfuric acid (H2SO4) and hydrogen peroxide (H2O2). This solution oxidizes 
organic matter, and cleans and activates the surface [43, 44]. When treated with a 
piranha solution, functional groups may form on the composite surface, which 
include carboxyl groups (COOH), hydroxyl groups (OH), and other functional 
groups (C=O, CHO, Si–OH, and Si–O–Si), which increase the surface polarity and 
adhesive properties [45–47]. Piranha solution prepared for the composite surfaces 
was prepared by mixing sulfuric acid, hydrogen peroxide, and deionized water in 
a ratio of 1:1:5. This solution was first stirred under a 50  °C magnetic stirrer for 
30 min. Subsequently, the temperature of the magnetic stirrer was raised to 100 °C 
and held for 60 min (Fig. 1c). It is well established that the rate of chemical reac-
tions increases exponentially with rising temperatures [48].

GLYMO/APTES Treatments GLYMO is a derivative of silane and contains a meth-
oxy group (a chemical group where a methyl group [CH3] is bonded to an oxygen 
atom [(O)–O–CH3] and an epoxy functional group (an oxygen atom between two 
carbon atoms). The primary function of GLYMO is to act as a chemical agent used 
for surface modification. Specifically, it is used to improve the surface hydrophi-
licity and other bonding properties of materials due to its organic–inorganic inter-
faces and polymers [49, 50]. GLYMO is cross-link structure precursor that gener-
ally used as adhesion promoter in coating industry. GLYMO bonding in the form 
of van der Waals bond during the liquid stage and later covalent bonds, which has 
strong adhesive force. APTES is a commonly used compound for functionalizing 
the surface with amine groups, which alter the chemical properties of the surface. 
APTES increases the hydrophilicity of the surface and forms chemical bonds [51]. 
3-Aminopropyltriethoxysilane (APTES) is an organosilane commonly utilized in 
silane-based functionalization processes to anchor biomolecules to surfaces. In the 
APTES structure, the R’ group refers to the amine (-NH2) functional group, while 
the (CH2)n portion represents an aliphatic chain, specifically a three-carbon chain in 
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this case. The chemical formula of APTES is as follows: (CH3O)3Si(CH2)3NH2. So, 
actually, the R’ group denotes the -NH2 group, while there are three alkoxyl groups 
(–OCH3). GA solutions are soluble in ethanol. In this study, a one-step synthesis 
method is presented for the formulation of silane-modified fiber-reinforced compos-
ite surface coatings developed for this purpose, and binding agents (GLYMO and 
APTES) are selected to obtain hybrids at the molecular level. This mixture is used 
to increase adhesion to the composite surface. It modifies the chemical properties of 
the surface and enhances the adhesion of the PEDOT:PSS coating. Compositions of 
the solution applied to the FRC surface are provided in Table 1. The values given in 
the table are optimized as a result of the research conducted for this study.

Weak acetic acid was used to maintain the pH of the solution at about 4.7. Under 
acidic pH conditions, hydrolysis reactions in the solution occur more slowly, allow-
ing for a more controlled hydrolysis of silanes. This helps achieve the desired results 
and promotes the formation of more homogeneous coatings. Deionized water was 
used to trigger the reaction between GLYMO and APTES, accelerating the forma-
tion of covalent bonds between silanes. These organic complexes can form a film 
on the composite surface, enhancing the durability, surface properties (e.g., hydro-
phobicity or hydrophilicity), chemical resistance, and adhesive properties of the 
composite material. The solutions were thoroughly mixed for 8 h at 25 ± 2 °C for 
complete hydrolysis. Acetic acid was added dropwise to this mixture. After 24 h, 
the silane solutions became completely transparent, indicating complete hydrolysis 
of the silanes and low degrees of condensation under acidic pH conditions [52]. The 
prepared solutions were coated onto the composite surfaces as thin films using the 
spin coating method. For the spin coating process, 4 ml of GA solution was dripped 
onto the composite surfaces, and after 20 s at 400 rpm and 1 min at 1500 rpm, a thin 
film was formed. Immediately after the spin coating process, the samples were kept 
in an oven at 55 °C for 5 min (Fig. 1d).

Preparation of PEDOT:PSS‑coated composite surfaces

To prepare the coating layer intended to impart electrical properties to the compos-
ite samples, a mixture of 94% PEDOT:PSS and 6% ethylene glycol by weight was 
stirred at 500 rpm using a magnetic stirrer at room temperature for 24 h [53]. Sub-
sequently, to remove any possible air bubbles, the mixture was placed in a desic-
cator under vacuum for 30 min to prepare it for the coating application. The drop-
coating method was applied to cover the aramid, carbon, and glass fiber-reinforced 
composite surfaces with PEDOT:PSS. Before the PEDOT:PSS coating, five points 
were marked at equal distances on the back of each sample to measure with a 

Table 1   Composition of solution applied to fiber-reinforced composite surface

GLYMO/APTES 
(%V)

GLMYO (ml) APTES (ml) Ethanol (ml) Deionized water 
(ml)

Acetic acid (ml)

75/25 3 1 9.5 2.2 1.3
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micrometer with an accuracy of 1 µm. Measurements were taken from these points 
before coating. Subsequently, approximately 5  ml of PEDOT:PSS was applied to 
the entire surface of each composite sample using a digital micropipette (Fig. 1e). 
The coating process began by incubating the samples at 80 °C for 50 min followed 
by curing at 120 °C for 2 hours. After the PEDOT:PSS coating, coating thicknesses 
were measured from five different regions, and pre- and post-coating measurements 
were calculated to determine the coating thicknesses. Measurements conducted in 
our study revealed that these coating thicknesses varied between 9 µm and 14 µm 
in three different composite samples. For clarity and to facilitate discussion of the 
experimental results, the aramid, carbon, and glass fiber-reinforced composite sam-
ples are outlined in Table 2. The FRC samples are denoted as “A,” “C,” and “G” for 
aramid, carbon, and glass, respectively, while untreated composites are labeled as 
“Un.” Surface treatments of the FRCs include plasma treatment denoted as “PT,” 
surface preparation with piranha solution denoted as “PI,” and surface preparation 
with GLYMO and APTES denoted as “GA.” For each test coupon, at least five tests 
were conducted, and the test results were averaged.

Characterizations

Surface characterization

During and after the surface treatments, FTIR spectroscopy analyses were con-
ducted using a Thermo Fisher Scientific Nicolet iS50 model instrument to reveal 
the molecular bonds of the composite materials and determine bond change mor-
phologies (Fig. 1f). Data analysis was performed using “OMNIC” software (Thermo 
Fisher Scientific) with parameter control. Test samples were analyzed within the 
wavenumber range of 400–4000  cm−1. Three repeated measurements were taken 
from different regions of each sample. Before each surface treatment of the compos-
ite surfaces, water contact angle measurements were carried out using a CAM 100 
model measurement device from KSV Instruments Limited, equipped with a high-
speed scanning camera. WCA measurements were performed by placing 4–5 μl of 
deionized water droplets on each fiber-reinforced composite surface (Fig. 1g). WCA 
tests were repeated five times for each sample. Additionally, specific WCA measure-
ments for the surface treatment were conducted using the SA3001 surface analysis 
device from BTG Labs before and after the process, and the test results agreed well 
with each other. It was observed that the WCA measurements differed by only an 
average of + 1.75°.

Measuring electrical resistances

The electrical resistances of the composite surfaces coated with PEDOT:PSS 
with different surface treatments were measured using a portable hand-held M-6 
model four-point probe test device with an accuracy of 0.001 ~ 10 Ω/□ (Fig.  1h). 
The electrical resistances of the samples were measured at eight repetitions, taking 
the average values from different regions of the surface before and after coating. 
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Measurement results were calculated based on Eq.  1 to demonstrate the effect of 
surface treatment and coating thickness on electrical resistance.

where Rs represents the first measurement, and Rs(n+1) represents the second 
measurement.

Peeling tape test

To assess the durability and sustainability of the PEDOT:PSS-coated samples with 
different surface treatments and, consequently, continuous electrical conductivity, a 
peeling tape test was applied to the composite sample surfaces. For the test, a spe-
cific length of Scotch brand tape was cut and placed on the coating surface with 
pressure applied using a roll-on. Subsequently, the tape was quickly pulled off from 
the surface at an angle of 90° or 180° (Fig. 1i). Peeling tests were repeated ten times 
on composite surfaces, and electrical resistances were measured after each peeling 
test for a better statistical analysis. Additionally, changes in the coating on the sur-
faces were examined using a DSLR camera.

Cross‑cut adhesion test

Another indicator used to evaluate coating performance is the cross-cut adhesion 
test, conducted using a GLTL 3PCS blade set. After applying square-profiled inci-
sions with a 2 mm spacing using the blade set to the PEDOT:PSS-coated sample 
surfaces, Scotch brand adhesive tape was applied to the incised surfaces using a roll-
on, similar to the peeling test. The adhesive tape was then quickly pulled off from 
the incised area (Fig. 1j). Changes occurring in the tape and coating surfaces were 
visualized using a DSLR camera. Furthermore, the ASTM D3359 standard was used 
for evaluating and classifying changes occurring on the surfaces [54].

Results and discussion

FTIR analysis

After post-production surface cleaning with isopropanol, FTIR values were deter-
mined for aramid, carbon, and glass composite surfaces. Subsequently, surface treat-
ments (PT, PI, and GA) were applied to each composite, followed by FTIR analysis 
for comparison (Fig. 2a-c). Nearly all composites show similar trends in the range 
of 2600–3000  cm−1 before and after all surface treatments, characterized by CH2/
CH3 vibration peaks around 2900  cm−1 [55]. Particularly in the CFRC material, 
according to FTIR spectra, notable changes are observed in the spectra of GA mix-
tures. It is believed that a reaction occurs between GLMYO and APTES, leading to 

(1)Variation of relative resistivity =

ΔR
(

Rs(n+1)

Rs(n)

)

Rs(n)
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the formation of new bonds [56]. However, a broader and somewhat deeper band 
observed between 3200 and 3500 cm−1 in the untreated sample compared to other 
processes in composite samples is attributed to CO/OH vibrations. The GA surface 
process peaks at 1410  cm−1 for silicon (Si) CH2 deformation mode and exhibits 

Fig. 2   FTIR spectra of test samples subjected to different surface treatments in the range of 700–
4000  cm−1 wavelength (left) and magnified region of material of 700–1700  cm−1 (right): a aramid, b 
carbon, and c glass
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asymmetric stretching modes of the Si–O–Si bond [49, 57]. In the piranha surface 
treatment, peak points are found at 1085 cm−1.

Figure 2a illustrates the fingerprint region of the AFRC sample, showing details 
around the peaks. As can be seen, a peak at 1510 cm−1 in the FTIR spectrum is typi-
cally attributed to a characteristic bending vibration of aromatic structures. Aramid 
fibers are synthetic fibers produced through the polymerization of aramid monomers. 
These fibers are strong, lightweight, and chemically resistant. However, in the CFRC 
shown in Fig.  2b and the GFRC shown in Fig.  2c, during different surface treat-
ments, there have been partial changes in depth at these peaks, indicating further 
strengthening of the bonds. Particularly in the GA process, this peak significantly 
decreases, especially in the CFRC sample. Peaks in the range of 1600–1800 cm−1 
represent carbonyl (C=O) stretching, while peaks in the range of 1100–1300 cm−1 
represent C–O bonds formed during oxidation. The carbonyl stretching vibrations 
in the carboxylic acid groups are represented. The carbonyl group is a chemical 
bond where a carbon atom is double-bonded to an oxygen atom. Small peaks at 
1660 cm−1 are observed for C=O, while peaks around 1230–1260 cm−1, especially 
in the plasma method, are detected for C–O [54]. Additionally, it is believed that 
peaks at 1179 and 1085  cm−1 for –SiO2

– and –SO– stretching vibrations, respec-
tively, increase the presence of polar groups after oxidation along with the plasma 
process. These processes can enhance the adhesion of PEDOT:PSS coating through 
the formation of chemically reactive sites, namely, C=O, C–O, –SiO2

–, –SO–, via a 
chemical bonding mechanism [55].

Plasma effectively removes organic contaminants and impurities from the sur-
face. It was determined that during low-pressure plasma surface treatment of the 
composite surfaces in Fig. 2A-C, reactive surface groups C–O, C=O, and O–C=O 
were formed via the proposed oxidation mechanisms illustrated. Additionally, it 
can induce the formation of chemical groups on the surface or rearrange existing 
chemical groups, thereby enhancing adhesion and coating performance. It also sig-
nificantly increases the adhesion and reactivity properties of the surface. As a result, 
surface treatments with plasma in an open atmosphere with oxygen can alter the 
material’s properties as desired and change the surface functional groups by break-
ing the bonds to make the surface hydrophilic. Production parameters such as the 
gas used for plasma, duration, and plasma height can alter the surface energy and 
bonds formed on the surface.

In the case of the piranha solution, the oxygen generated from the reaction 
between hydrogen peroxide and sulfuric acid directly interacts with the aromatic 
ring of the benzene group. This reaction oxidizes the polymer on the composite 
surface, increases surface polarity, and opens the aromatic ring, thereby increas-
ing the number of functional groups available for binding with surrounding materi-
als. Piranha solution is a potent oxidizing agent commonly used for surface clean-
ing and activation. Ester bonds are highly stable bonds found in organic chemistry 
and can undergo changes when treated with piranha solution. This process can alter 
the chemical composition of the surface, creating a different bonding mechanism or 
enhancing the surface’s chemical activity for a better adhesion and strong bonding. 
After treatment with piranha solution, tighter bonding and stronger adhesion of the 
coating or adhesive are expected. During the use of piranha solution, its components 
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can oxidize silanol groups (Si–OH) on silica-based surfaces. These groups are reac-
tive groups that can form covalent bonds with the coating material. The oxidation 
process involves the oxidation of silanol groups and the formation of silica groups 
(Si–O–Si). These bonds ensure a strong bond between the surface and the coating 
material. However, if piranha solution alters or weakens the structure of ester bonds, 
it could have a negative effect. Ester bonds are often essential building blocks for 
organic coatings and adhesives. If these bonds are compromised, then the bonding 
strength of the coating or adhesive to the surface may decrease, negatively impact-
ing performance. Therefore, proper surface conditions should be considered dur-
ing the use of piranha solution, and the most suitable application process should be 
determined.

GLYMO/APTES components can be used to form chemical bonds on composite 
surfaces, especially to modify the properties of hydrophobic surfaces. Amin groups 
can increase the surface’s hydrophilic properties, making the surface easier to pro-
cess for coating or bonding operations. While GLYMO contains epoxy groups, 
APTES contains amino groups. These groups prepare the surface for subsequent 
coating processes and provide better adhesion, ensuring improved bonding of the 
coating to the surface. Surface activators enhance compatibility between coating 
materials and the surface, resulting in a more homogeneous coating layer. However, 
proper application and control of these delicate chemical components are crucial; 
otherwise, improper use or over-application can negatively impact coating perfor-
mance [57].

Water contact angle analysis

Usually, aqueous PEDOT:PSS exhibits inadequate wetting characteristics on the 
hydrophobic surfaces due to the significant differences between the substrate sur-
face energy and the solution surface tension. This results in poor spreading of liquid 
PEDOT:PSS when it comes into contact with a hydrophobic surface. Surface energy 
determines how well a material comes into contact with a liquid, while solution sur-
face tension indicates how much resistance the liquid exhibits on its own surface. 
Therefore, on a hydrophobic surface, the large differences between the substrate’s 
surface energy and PEDOT:PSS solution’s surface tension cause the liquid to spread 
unevenly on the surface. Additionally, wettability also affects electrostatic interac-
tions because decreased surface contact reduces the potential for molecular bond 
formation. Molecular bonds enhance adhesion by forming strong chemical bonds 
between materials. However, the decrease in the even spreading of the liquid on 
the surface reduces surface contact between surfaces, thereby decreasing the poten-
tial for molecular bond formation. Therefore, the inadequate wetting properties of 
PEDOT:PSS on hydrophobic surfaces contribute to both the uneven spreading of 
the liquid on the surface and the decrease in the potential for molecular bond forma-
tion. This makes it difficult for PEDOT:PSS to effectively adhere to such surfaces 
and can negatively affect performance in applications. Hence, it is important to use 
techniques such as surface modification to overcome these problems and to better 
understand the interactions between PEDOT:PSS and the substrate.
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Table  3 evaluates the wettability WCA angles after surface treatments on 
different composite surfaces. The lowest three WCA values after three differ-
ent surface treatments on composite surfaces are indicated by bolding. After the 
PT surface treatment, almost all composite surface WCA values are below 20°; 
the lowest was measured at 6.72° for CFRC composite, 10.18° for AFRC, and 
16.13° for GFRC. After the GA surface treatment, the WCA angle values were 
also below 30°, because of the silane and amino groups formed on the surfaces; 
this value dropped to 15.78° for the CFRC sample. Rao et  al. improved the 
PEDOT:PSS coating adhesion to the polydimethylsiloxane surface by treating 
with 3-aminopropyltriethoxysilane. After the treatment, APTES formed a self-
assembled layer on the oxidized PDMS surface via APTES silane head groups 
(APTES-PDMS). The APTES-PDMS surface terminated with positively charged 
NH2 groups, making the surface hydrophilic. This is supported by the contact 
angles of PEDOT:PSS droplets on APTES-PDMS surfaces (61° on untreated 
PDMS and 24° on APTES-PDMS) [56]. GLYMO supports surface adhesion 
through its hydrophilic function on silica and covalent interactions between 
composite surfaces [50]. The interaction of an amine group in the APTES silane 
structure with the organic coating leads to an active interaction [51].

After the PI surface treatment process, the WCA angle values were approxi-
mately between 55° and 70°; for the CFRC sample, this value is around 58.89°. 
As observed, the surface energies and hydrophilicity values increased due to the 
functional groups formed on the surface after the PT and GA surface treatments, 
aiming to enhance the coating’s durability. Additionally, the WCA angle values 
of test samples without any surface treatment were found to be within hydropho-
bic limits. After the PEDOT:PSS coating, however, the WCA angles increased 
due to PEDOT’s hydrophobic nature, reaching over 75°.

Figure 3a-c and Table 3 show the lowest three WCA values recorded on com-
posite surfaces, which change over time when a water droplet is deposited. The 
recordings were made at a resolution of 4  K with a frame rate of 60 frames 
per second. In Fig. 3a, it can be seen that GA surface treatment with silane and 
amino groups significantly enhances the hydrophilicity and wettability of the 
composite surface. Following this process, it was observed that the WCA of a 
water droplet rapidly dropped to 15.78° on the CFRC test sample within just 2 
seconds.

Figure  3b, c shows the AFRC and CFRC surfaces treated with the plasma 
treatment method, achieving WCAs of 10.18 and 6.72°, respectively. In com-
parison, the values obtained using the SA3001 surface analysis device after the 
PT treatment are approximately 1° higher than those surfaces. These measure-
ments were visually provided by this device and measured about 30–45 min later 
with the CAM 100 from KSV Instruments Limited. As a result, it is evident 
that both PT and GA surface treatment processes significantly enhance the wet-
tability of composite surfaces. Therefore, it can be concluded that if the surface 
preparations for composite surfaces are conducted appropriately, and with opti-
mal parameters using both PT and GA methods, the surface contact angle can be 
effectively reduced, and the adhesion of coatings applied thereafter can be more 
stable.
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Electrical resistance performances after peeling tests

Changes in electrical properties following peeling tests applied to sample surfaces 
are presented in Fig. 4a-c. At first glance, it is observed, particularly with the PT and 
GA surface treatments, that the relative resistivity (ΔR/R0) value remains almost 
constant. This value represents the difference in resistance between two resistance 
measurements, indicating how much the resistance changes after each peeling test. 
The lower this value, the less the change in resistance after each peeling test, indicat-
ing greater durability of the coating. The lowest ΔR/R value in CFRC was achieved 
after four and five repetitions following the PT surface treatment, with maximum 
values of 0.084–0.085. In other peeling cycles, these values usually ranged between 
0.038 and 0.067. Although the values obtained with the GA process are close to 
those with the PT, they are slightly higher. Additionally, in test samples treated with 
the PI, this value is higher than those in the PT and GA surface treatment. In this 
case, it is observed that with each cycle, the PEDOT:PSS coating along with the 
tape separates from the surface, leading to an increase in relative resistivity. When 
surface treatment was not applied to the samples, it was observed that this value rap-
idly increased after each peeling cycle.

In Fig. 4a-c, the change in surface resistance (R) repetition, and after the sixth 
cycle, the PEDOT:PSS coating on the AFRC surface is no longer present (Fig. 5a, 
aUn6). When the AFCR test sample was ranked for best results, those obtained after 
the peeling cycles were 7.8 Ω/□, 28.44 Ω/□, 916.24 Ω/□, and 637.45 Ω/□ for PT/
GA/PI/Un, respectively. Similarly, in the CFRC material, the best ranking remained 
the same, yielding 2.489 Ω/□, 5.701 Ω/□, 109.59 Ω/□, and 824.69, respectively. 
In the GFRC test samples shown in Fig. 4c, a similar ranking was observed, with 
values of 18.56 Ω/□, 29.09 Ω/□, 90.63 Ω/□, and 7429 Ω/□, respectively. For the 
Un GFRC test sample, the R resistance measurement could not be performed after 
seven repetitions due to insufficient PEDOT:PSS coating on the surface (Fig. 6A, 
GUn7).

Fig. 3   Time-dependent change in lowest WCA following surface treatment processes: a GA surface pro-
cess on CFRC material, b PT surface process on AFRC material, and c PT surface process on CFRC 
material (lowest angle value achieved)
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Fig. 4   Variation of relative resistivity and surface resistivity R (Ω/□) after ten repetitions of peeling test 
on samples after different surface treatments: a AFRC, b CFRC, and c GFRC
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The PT and GA surface treatments contribute to the formation of functional groups 
that enhance adhesion on the surface. For example, when the GLYMO/APTES process 
is applied with atmospheric plasma, silanization reactions occur on the surface, lead-
ing to the formation of hydrophilic or hydrophobic functional groups. These groups 
can assist in providing a stronger adhesion of the coating to the surface. Similarly, 
atmospheric plasma treatment promotes the formation of functional groups by induc-
ing chemical and morphological changes on the surface. This process can increase 
the presence of polar and reactive groups on the surface, thereby allowing for better 
interaction between the coating and the surface. Compared to piranha and other surface 
treatments, it is observed that the GLYMO/APTES and atmospheric plasma treatments 
are more effective. The functional groups formed as a result of these processes enhance 
the adhesion of the coating, minimizing resistance changes in peeling tests. Therefore, 
these treatments can significantly improve the performance of the coating.

Surface inspections before and after repeated peeling tests of the PEDOT:PSS coat-
ings applied to fiber-reinforced composite test samples with different surface treatments 
are shown in Fig. 5a-d. Transfer of the PEDOT:PSS coating, along with the tape used 
in the peeling test, from the composite surface was considered after the first and tenth 
tests of the provided samples. As shown in Fig. 5a, especially during the first peeling 
test of untreated composites, particularly in the AUn0 test, the lack of surface bonds and 
the inadequate adhesion capability of the PEDOT:PSS coating resulted in almost half 
of the coating being transferred to the tape surface, indicating a weak bond. In the AUn6 
test, i.e., after the sixth repeated peeling test, it was not possible to measure the R resist-
ance. In other composite samples, as shown previously in Fig. 4a-c, both the relative 
resistivity and R resistance changes increased with each cycle. The GUn7 composite, 
on the other hand, exhibited rapid increase in resistance changes after each test, with 
the coating being separated from the surface along with the tape after each test, and no 
measurement was taken after 7 cycles.

The fact that the WCA angles of untreated composites are within hydrophobic 
limits also supports the view that this coating is not sufficiently wettable. Thus, it 
can be understood that serious problems regarding permanence may arise when the 
PEDOT:PSS coating is directly applied to the composite surface without any treatment. 
After the PI process, following repeated peeling tests, the coating gradually separated 
from the composite surfaces, with more coating adhering to the tape surface compared 
to PT and GA surface processes.

In repeated test results after PT and GA surface treatments, shown in Fig. 5b, d, 
it was observed that in almost all FRC test samples, particularly AFRC and to some 
extent GFRC, a negligible amount of PEDOT:PSS coating adhered to the tape sur-
face during the first and tenth tests. In CFRC, there was almost no separation of the 
PEDOT:PSS coating after both surface processes, as evidenced by the minimal changes 
in both relative resistivity and surface resistance measurements.

Cross‑cut adhesion test

The residues of PEDOT:PSS adhering to the tape surface after the cross-cut test 
were examined and evaluated according to ASTM D3359, as presented in Table 4. 
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As shown, the PEDOT:PSS coatings with PT and GA surface treatments were clas-
sified as 4B-5B, while those without treatment (Un) were all classified below 2B. 
For the PI treatment, the classification of CFRC samples was 4B. The behavior 
of coatings on composite surfaces after the cross-cut test is illustrated in Fig.  6a-
d. As clearly shown, the chemical groups formed by plasma treatment significantly 
increased the adhesion of the coating material to the surface by forming covalent 
bonds between the coating and the surface. The PT process noticeably enhanced the 
adhesion and reactivity properties of the surface. During the GA process, the forma-
tion of new chemical bonds such as Si–O–Si and Si CH2 on the surface made sig-
nificant contributions to improving the adhesion mechanism of the coating through 
chemical bonding. Treatment with piranha solution can alter the chemical composi-
tion of the surface, potentially creating a different bonding mechanism and increas-
ing the chemical activity of the surface. During the PI process, the components 
oxidize silanol groups (Si–OH) on silica-based surfaces to create reactive groups. 
These formed groups partially increased the adhesion strength by forming covalent 
bonds between the coating material and the surface. However, strong acids are used 
during this process, and appropriate mixing ratios, duration, and temperature param-
eters need to be optimized based on the properties of the material used to achieve 
more effective results. In this way, the efficiency of the process can be enhanced, and 
the adhesion performance of the coating can be further improved.

Conclusions

Through a comprehensive analysis of three distinct surface treatment processes—
plasma treatment, piranha solution treatment, and GLYMO/APTES treatment—this 
study elucidates their effects on surface adhesion, wettability, and electrical resist-
ance performance.

Plasma treatment effectively removes organic contaminants and impurities from 
the surface. During low-pressure plasma surface treatment, it has been observed 
that reactive surface groups such as C–O, C=O, and O–C=O form through oxida-
tion mechanisms. Plasma treatment promotes the formation of chemical groups on 
the surface or reorganizes existing ones, significantly enhancing adhesion and coat-
ing performance. In the use of piranha solution, oxygen derived from the reaction 
between hydrogen peroxide and sulfuric acid directly interacts with the aromatic 
structure of the benzene ring. This reaction oxidizes the polymer on the composite 
surface, increasing surface polarity and opening the aromatic ring, thereby increas-
ing the number of available functional groups that can interact with environmental 
materials. This has been partly observed to enhance surface adhesion for coatings.

GLYMO/APTES components can be used to form chemical bonds on compos-
ite surfaces, particularly altering the properties of hydrophobic surfaces. Amino 
groups can increase surface hydrophilicity, effectively facilitating coating or 

Fig. 5   Surface images of composite specimens after the first and tenth peeling tests: a Un, b PT, c PI, 
and d GA

▸
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bonding processes. The results obtained demonstrate that surface treatments sig-
nificantly enhance the wettability of composite surfaces. Following surface treat-
ments with PT and GA methods, noticeable decreases in WCA angles on com-
posite surfaces can enhance the adhesion and stability of coatings. For example, 
the lowest WCA angle measured after PT treatment on CFRC is 6.72°, whereas 
after GA treatment, this value was determined to be 15.78°. Additionally, WCA 
angles range from 55° to 70° after PI treatment. These findings indicate that 
surface treatments improve the hydrophilic properties of composite surfaces, 
thereby enhancing coating performance. Properly conducted surface preparations, 

Fig. 6   Surface examinations after cross-cut test with different treatment tests: a Un, b PT, c PI, and d GA

Table 4   Results of D3359 
adhesion test for composites 
according to method B

Surface treatment

Samples Untreated PT PI GA

AFRC 1B 5B 3B 4B
CFRC 2B 5B 4B 5B
GFRC 0B 4B 3B 5B
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particularly with PT and GA methods, can stabilize coating applications on com-
posite surfaces and effectively reduce surface contact angles.

Additionally

1.	 Following PT and GA surface treatments, ΔR/R0 values (percentage change in 
resistance) in CFRC samples vary between 0.038 and 0.085. These values indicate 
strong adhesion of the coating to the surface and a decrease in resistance after 
repeated peel tests.

2.	 ΔR/R0 values observed after PI treatment in CFRC and GFRC samples are higher 
compared to those after PT and GA treatments. This suggests an increased ten-
dency for the coating to peel from the surface and greater variability in resistance.

3.	 In the AFRC sample, surface resistance varies between 7.8 Ω/□ and 916.24 Ω/□ 
following PT treatment, while values obtained with GA treatment range between 
28.44 Ω/□ and 637.45 Ω/□.

4.	 Peel tests indicate that PT and GA treatments minimize detachment of 
PEDOT:PSS coatings from the surface, providing strong adhesion to composite 
surfaces.

5.	 Graphs and tables demonstrate that atmospheric plasma and GLYMO/APTES 
treatments are more effective in enhancing coating performance compared to 
other treatments like piranha.

6.	 Untreated PEDOT:PSS coatings show weak adhesion strength. PT and GA surface 
treatments significantly improve the adhesion performance in AFRC, CFRC, and 
GFRC samples, with PT treatment demonstrating the highest adhesion strength 
with 5B ratings in AFRC and CFRC samples. GA treatment achieves 4B and 
5B ratings across all samples. These results highlight that surface modification 
significantly enhances the adhesion performance of PEDOT:PSS coatings on 
composite surfaces.

After surface treatment, the formation of new chemical bonds such as 
Si–O–Si and Si–CH2 on the surface, along with increased chemical reactivity, has 
been observed. These findings contribute to stronger chemical bonding between 
PEDOT:PSS coatings and the surface, thereby enhancing adhesive strength. They 
indicate that the durability of PEDOT:PSS coatings can be further enhanced with 
more effective surface treatments. New research efforts could further explore opti-
mization strategies for surface treatments and their impact on coating performances, 
paving the way for innovative solutions in composite materials and their applications 
in aerospace, defense, energy, and other manufacturing industries. In the future stud-
ies, we plan to use these coating methods to produce Electromagnetic Interference 
(EMI), Lightning Strike Protection (LSP), and Radar Absorbing Materials (RAM) 
composite materials.
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