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Abstract
Polytetrafluoroethylene (PTFE) is widely used in high-frequency electronic applications due to its unique properties, 
including superior chemical resistance, dielectric properties, and thermal stability. This material is integrated into the 
electrode system to have better energy storage. However, it found low electrical conductivity, reduced sheet resistance, and 
variations in surface area limit the functional properties of PTFE. This research aims to enhance the functional properties 
of PTFE by embedding it with different ratios of carbon nanotube (CNT)-graphene hybrids via a vacuum filtration pro-
duction method. The influences of CNT-graphene hybrids on sheet resistance, conductivity, BET surface area, thickness, 
areal loading, Raman (ID/IG ratio), and specific capacitance (F/G) of PTFE are investigated and related to the base (PTFE 
matrix). The 30:70 CNT: Graphene hybrid composition exhibited optimal performance, with a sheet resistance of 145 Ω/sq 
and an electrical conductivity of 158 S/m. The Brunauer–Emmett–Teller (BET) surface area, thickness, and areal loading 
were measured to be 1163 m²/g, 16 μm, and 1.20 mg/cm². The Raman ratio was 0.96 for the 30:70 compositions, and the 
specific capacitance was 292 F/g. This composition of PTFE/CNT/graphene hybrid is a trade-off for electrode applications.

Keywords  Carbon nanotube · Electrode application · Graphene · Properties · Production · Polytetrafluoroethylene
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Nomenclature
A	� Coated electrode area (cm2)
I	� Applied current (A), Discharge current (A)
m	� Mass of the active material (g)
n	� Number of scan points
t	� Film thickness (cm)
V	� Measured potential difference (V), molar volume 

of nitrogen (cm3g− 1)
σ 	� Electrical conductivity (S/cm), Molecular cross-

sectional area of nitrogen (nm2)
∆ t	� Discharge time (s)
∆ V 	� Potential window (V)

Subscripts
Csp	� Specific capacitance (F/g)
hi	� Measured height of the deposited film at point i 

(nm)
h0	� Baseline substrate height (nm)
ID	� Intensity of D band (cm− 1)
IG	� Intensity of G band (cm− 1)
Mf 	� Total mass (mg)
Ms	� Mass of bare substrate (mg)
NA	� Avogadro’s number
Rs	� Sheet resistance (Ω/sq)
SBET 	� Brunauer–Emmett–Teller surface area (m2/g)
Vm	� Monolayer capacity (cm3g− 1)

Abbreviations
BET	� Brunauer–Emmett–Teller
CNT	� Carbon NanoTube
PTFE	� Polytetrafluoroethylene
PVA	� PolyVinyl Alcohol
UV	� Ultra-Violet

1  Introduction

PTFE is a highly adaptable material recognized for its 
promising properties, which have led to its extensive use 
in membrane-based separation, purification, biomedical, 
and energy-related fields. Recent research has focused on 
improving PTFE membrane fabrication techniques, refining 
pore structure management, and enhancing functionaliza-
tion to address existing limitations and broaden the scope 
of PTFE membranes in a wide range of applications [1]. 
PTFE also provided exceptional chemical resistance and 
hydrophobicity. However, its processing introduced chal-
lenges for conventional and 3D printing techniques. A study 
presented a UV-based 3D micro-printing methodology 
for creating pure PTFE microstructures. This widened its 
application in super-hydrophobic surfaces and sophisticated 
micro/nano-engineering fields [2]. Electron irradiation of 

PTFE has been shown to improve its microhardness, wear 
resistance, and tribological properties. Thus, it enhanced 
its mechanical robustness; however, this might cause dete-
rioration in its thermal properties. This suggested a need to 
analyze the balance between mechanical performance and 
potential thermal degradation in irradiation-modified PTFE 
[3]. The chemical inert nature of PTFE led to minimal wet-
tability and low adhesion in certain devices. This can be 
improved through plasma treatment, which can modify the 
surface from hydrophobic to hydrophilic, primarily via UV-
induced bond modification [4].

Additionally, treatment with ammonia water–assisted 
plasma jet significantly improved the PTFE surface 
hydrophilicity and adhesive strength, outperforming both 
untreated surfaces and those treated with helium plasma 
alone [5]. Additionally, PTFE exhibited minimal friction 
and corrosion resistance in aqueous lubrication systems. 
But its wear resistance is limited, leading to the addition 
of ceramic particles into PTFE. For seawater lubrication, 
silicon carbide and hexagonal boron nitride (h-BN) fillers 
have demonstrated superior wear resistance [6]. The ability 
of the PTFE film to reversibly transform between hydro-
phobic and hydrophilic states could facilitate dynamic dual 
functionality in applications such as light modulation, anti-
fogging, and thermal management, thereby highlighting 
PTFE’s considerable potential for advanced smart surface 
technologies [7].

Shao et al. [8] investigated a PTFE/graphene-based hydro-
phobic coating that demonstrated remarkable performance. 
The coating’s superior adhesion, self-cleaning capabilities, 
and corrosion resistance were attributed to the influence of 
difluorocarbene (CF2)/ trifluoromethyl (CF3) bonds, as well 
as the presence of exposed nanostructures. These combined 
improvements position the coating as a promising material 
for future engineering applications. Another study inves-
tigated PTFE/CNT nanofiber membranes, which showed 
improved mechanical robustness, electrical conductivity, 
and EM wave attenuation, with very low reflection loss at a 
1 wt% CNT concentration. These composite materials also 
retained their inherent hydrophobicity, thermal stability, and 
oil-absorption capacity in oil-water separation applications 
[9]. The graphene nano sheets/PTFE composite film dem-
onstrated exceptional electromagnetic interference (EMI) 
shielding effectiveness. This composite also exhibited supe-
rior thermal conductivity, flexibility, and robustness, which 
can be attributed to its distinctive structural morphology. 
The study investigates and production of the inherent prop-
erties of heat resistance, dual nature, and recyclability, made 
high dependable material for large-scale industrial operation 
in extreme conditions [10]. Liu et al. [11] analyzed a poly-
mer electrolyte fuel cell with the incorporation of a PTFE 
binder (10 wt%). The results showed significantly reduced 
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mass transportation and resistance. The study also revealed 
that a higher PTFE content increased the blockage of active 
sites, affecting mass transport and leading to rapid perfor-
mance degradation in the electrolyte fuel cell. The utiliza-
tion of cryo-pulverized PTFE as a binder in sulfide-based 
all-solid-state batteries has been shown to facilitate homo-
geneous dispersion. This resulted in a decrease in electrical 
resistance and an increase in ionic and electronic conduc-
tivity. This strategic enhancement yields superior capacity 
retention (90.4%) and robust cycling performance, render-
ing it suitable for dry-film electrode fabrication [12]. The 
synthesized fluorine (F) and nitrogen (N)-co-doped porous 
carbon material, production from a PTFE-based sponge pre-
cursor, exhibits a substantial surface area and superior elec-
trochemical properties. This mesoporous carbon achieved a 
specific capacitance of 299 F/g.

Furthermore, its notable energy density and robust 
cycling stability highlighted its potential in supercapaci-
tor applications [13]. Another study defluorinated PTFE 
using lithium ions, producing a porous carbon material with 
a BET surface area of 1045 m²/g and an excellent specific 
capacitance of 199 F/g. This performance exceeded that of 
activated carbon fibers with comparable surface areas. The 
superior electrochemical properties are due to its optimized 
pore architecture and beneficial surface characteristics [14]. 
The synthesis of porous carbons via the defluorination of 
PTFE using potassium resulted in materials with a high spe-
cific capacitance of 229 F/g. This enhanced performance is 
attributed to the synergistic effect of both microporous and 
mesoporous structures within the carbons [15]. This high-
lights the importance of a porous surface morphology in 
the PTFE electrode. In the synthesis of PTFE with CNT: 
graphene hybrids, vacuum filtration is chosen among vari-
ous fabrication methods because it achieves a homogeneous 
distribution and precise layering of nanomaterials into a 
dense, thin film. The vacuum pressure facilitated effective 
solvent extraction, enhancing interfacial bonding between 
PTFE and the hybrid fillers. This method yielded consistent 
thickness and surface loading, simultaneously improving 
conductivity and mechanical integrity for use in lightweight 
electrodes [16, 17].

However, the closely related past literature on Polytetra-
fluoroethylene (PTFE) is elaborated above, and it was found 
that PTFE processed with monolithic filler via conventional 
methods exhibits low electrical conductivity, variations in 
BET surface area, and reduced sheet resistance, which limit 
the overall performance of the PTFE structure. The main 
objectives of the present research are to synthesize the 
PTFE structure by integrating different ratios of CNT: gra-
phene layers via vacuum filtration and to enhance the elec-
trical conductivity, sheet resistance, and BET surface area of 
the PTFE structure. Furthermore, this study investigates the 

effect of the CNT/graphene ratio on sheet resistance, con-
ductivity, BET surface area, thickness, areal loading, Raman 
(ID/IG ratio), and specific capacitance (F/G) of PTFE, and 
it relates these outcomes to the base PTFE matrix without 
CNT/graphene hybrids.

2  Materials and methods

2.1  Materials selection

PTFE powder (30–50 nm) was selected for its exceptional 
chemical inertness, thermal resilience, and low density [2], 
making it a valuable base polymer matrix in this study. Gra-
phene nanoplatelets (5 μm lateral size and 50 nm thickness) 
were added as the conductive filler, providing substantial 
surface area to the composite. The substance is manufac-
tured and supplied by Ad-Nano Technologies, which was 
received from the MS Research and Development Depart-
ment, Saveetha University, Chennai, Tamil Nadu, India. It 
has enhanced electron mobility and provided active sites 
for electrochemical reactions [7]. To improve mechanical 
robustness and conductive pathways, CNTs (2 μm in length) 
were incorporated into the composite as high-aspect-ratio 
reinforcements [9]. Otto Chemie Pvt. Ltd. manufactured 
CNT fibre from the MS. Research and Development 
Department, Saveetha University, Chennai, Tamil Nadu, 
India. Deionized water served as the dispersion medium, 
selected for its high purity, ready availability, and compat-
ibility with ultrasonication-assisted mixing, thereby avoid-
ing contamination.

Trace quantities of ammonium hydroxide (NH4OH, 25 
wt%) were introduced to function as a surfactant, thereby 
enhancing the colloidal stability of CNTs and graphene in 
aqueous medium. Polyvinyl alcohol (PVA) is used in a min-
imal quantity as a temporary binder to enhance film quality 
in the filtration process before post-treatment [17]. PTFE-
supported membranes served as the base substrate for fil-
tration, promoting homogeneous deposition and facilitating 
easy peeling of the composite films. The basic behaviour of 
PTEF, CNT, and graphene is presented in Table 1.

2.2  Fabrication procedure

PTFE composite films, reinforced with a combination of 
CNT and graphene hybrids, were successfully manufactured 
via a vacuum filtration method, as demonstrated in Fig. 1. 
Table 2 presents the optimal fabrication process parameters 
[16, 17]. Table 3 shows the composition details for PTEF 
film fabrication with CNT and graphene.

The study used PTFE powder (0.45  μm) as the base 
material, incorporating CNT and graphene nanoplatelets 
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to enhance conductivity. The study explored four distinct 
ratios of the CNT: graphene hybrid (10:90, 20:80, 30:70, 
40:60), with a pristine PTFE sample serving as a baseline 
for evaluation.

To ensure a homogeneous mixture and prevent particle 
aggregation, the CNT and graphene components were ini-
tially suspended in deionized water using ultrasonication at 
40 kHz and 200 W for 1 h. Subsequently, PTFE particles 

were added to this dispersion, maintaining a 1:1 ratio of 
polymer to hybrid material. The mixture was then mechani-
cally stirred at 600 rpm for 2 h, followed by a final 30-min-
ute ultrasonication cycle to achieve a uniform dispersion of 
the nanofillers [16, 19].

The resulting suspensions were deposited by vacuum 
filtration through a PTFE-supported membrane with a pore 
size of 0.22 μm, under a vacuum pressure of 0.08 MPa to 

Table 1  Properties table of PTFE, CNT, and graphene
Property PTFE CNT Graphene Ref
Electrical conductivity (S/m) ~ 10− 25 ~ 103-105 ~ 106 [7, 18]
Electrical resistivity (Ω.cm) ~ 1023 10− 4-10− 6 10− 6 [7, 9]
Thermal conductivity (W/m.K) 0.25 3000 2000–5000 [7, 9]
Tensile strength 25 MPa 50–200 GPa 130 GPa [7, 9]

Fig. 1  Sequential fabrication steps of PTFE hybrid composites
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expedite solvent removal and facilitate the formation of a 
dense, uniform film [17]. The filtration process was carried 
out for 30 min, based on composition, to ensure a consistent 
film thickness. After deposition, the wet cakes were dried at 
80 °C under vacuum for 12 h to remove any residual mate-
rial. A subsequent low-temperature treatment at 120 °C for 
1 h was implemented to enhance the compatibility between 
PTFE and CNT–graphene hybrids [10]. The synthesized 
composite films were detached from the filtration membrane 
and placed in a desiccator at 20% relative humidity prior to 
analysis. The unmodified PTFE and PTFE matrices incorpo-
rated with CNT: graphene hybrid materials in weight ratios 
of 10:90, 20:80, 30:70, and 40:60 were synthesized. These 
films were characterized, revealing that optimized CNT–
graphene hybrids, achieved through optimized deposition 
conditions, yielded electrode films that were lightweight, 
electrically conductive, and thermally stable, making them 
suitable for future electrochemical applications.

2.3  Characterization

The sheet resistance, mentioned in Eq. (1) [6, 20], is prac-
tically determined using a Keithley 2400 source meter, a 
four-point probe measurement system, with fixed tungsten 
carbide tips with 1 mm probe spacing. The applied current 
was set to 5 mA, and profilometry was used for areal-load-
ing corrections.

Rs = π

ln (2)
V

I
� (1)

By using Eq.  (2) [7], the electrical conductivity was cal-
culated. The applied current was maintained at 1 mA with 

1 mm probe spacing. The measurement was carried out in a 
room at ambient temperature.

σ = 1
Rs × t

� (2)

The Brunauer–Emmett–Teller (BET) method was used to 
evaluate the surface area of the electrodes using Eq. (3) [13], 
with a Micromeritics ASAP 2020 surface area and porosity 
analyzer. The nitrogen gas (99.99% purity) was used as an 
adsorbate, and the samples were degassed at 120 ℃ under 
prior investigation. The relative pressure (P/P0) of 0.2 was 
maintained in the BET fitting.

SBET = VmNAσ

V
� (3)

The Ambios XP-200 stylus profilometer was used to mea-
sure the electrode thickness using Eq. (4) [14]. To measure 
thickness, a 5 mg stylus force was used with a scan speed of 
0.05 mm/s and a vertical resolution of 10 nm. Areal loading 
was measured using a profilometer with a precise analytical 
balance with a ± 0.01 mg precision. Equation (5) [14] char-
acterizes the areal loading of the electrode with PTFE sup-
ported membrane substrate.

t = havg = 1
n

∑
n
i=1 (hi − h0)� (4)

Areal loading = Mf − Ms

A
� (5)

The intensity ratio of the D and G bands from Raman spec-
troscopy was measured using a confocal micro-Raman 

Table 2  Fabrication parameters
Step Parameter Condition
CNT: graphene dispersion Concentration 0.5 mg/mL in deionized water

Ultrasonication 40 kHz, 200 W, 1 h
PTFE mixing Stirring 600 rpm, 2 h

Ultrasonication 30 min
Vacuum filtration Membrane 0.22 μm pore size

Vacuum pressure, Time 0.08 MPa, 30 min
Drying Vacuum oven 80 ℃, 12 h
Thermal treatment Annealing 120 ℃, 1 h

Table 3  Composition details for PTEF film
Sample identification PTEF film compositions
PTFE PTFE
PTFE 1 PTFE with 10:90 CNT: Graphene
PTFE 2 PTFE with 20:80 CNT: Graphene
PTFE 3 PTFE with 30:70 CNT: Graphene
PTFE 4 PTFE with 40:60 CNT: Graphene
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spectrometer, as described in Eq. (6) [15]. A 532 nm exci-
tation laser was used with the laser power maintained at 1 
mW. Spectral evaluation was performed using a 50x objec-
tive lens and a 1 cm− 1 spectral resolution.

ID

IG
= Intensity of D band at 1350 cm−1

Intensity of G band at 1580 cm−1 � (6)

The specific capacitance of the electrode was determined 
from the galvanostatic charge-discharge (GCD) measure-
ments, using Eq.  (7) [3]. A potentiostat-galvanostat was 
used in conjunction with a three-electrode electrochemical 
cell setup featuring a silver (Ag) reference electrode. A cur-
rent density of 5 A/g was used with a potential window of 
1 V. The measurement was carried out at room temperature 
with an active material loading of 3 mg/cm².

Csp = I∆ t

m∆ V
� (7)

3  Results and discussions

3.1  Sheet resistance

Figure 2 shows the sheet resistance (RS) results of the fab-
ricated pristine PTFE and PTFE composites with CNT-
graphene hybrid loading. The analysis showed a significant 
reduction in the RS of PTFE with higher hybrid content. 
The pristine PTFE sheet exhibited a high sheet resistance of 
approximately 1014 Ω/sq.

This is due to its intrinsic insulating nature and the lack of 
any conductive filler [3]. When PTFE was incorporated into 
a 10:90 CNT: graphene hybrid, the RS was reduced to 18 
Ω/sq. This significant decline in RS is attributed to charge 

delocalization and the conducting platform facilitated by the 
higher graphene content [7]. However, the minimal CNT 
content limited three-dimensional conduction pathways, 
resulting in higher RS than in other CNT-dominant com-
positions. With a 20:80 CNT: graphene composition, the 
PTFE composite showed a further marginal hike in RS of 
the order 48 Ω/sq, as the CNT content ensured the formation 
of effective conductive bridges. This facilitated enhanced 
electron tunnelling and reduced the resistance between gra-
phene nanoplatelets, demonstrating the combined influence 
of CNTs and graphene in enhancing electrical conductiv-
ity [10]. The PTFE with 30:70 CNT: graphene composition 
demonstrated the RS, approximately 145 Ω/sq, among all 
the compositions. The 1D CNTs established continuous 
conduction pathways, while graphene contributed superior 
carrier mobility and interfacial conductivity, thus effectively 
reducing junction resistance and enhancing charge transport 
efficiency [9]. A slight rise in sheet resistance was observed, 
reaching 450 Ω/sq when the CNT content exceeded 30% in 
PTFE: 40:60 of CNT: Graphene hybrid. This is likely due 
to the agglomeration of CNTs at elevated concentrations, 
which impeded uniform dispersion and diminished effective 
connectivity with the graphene sheets. The optimal compo-
sition was found to be 30:70 CNT: graphene, which facili-
tates a synergistic network in which graphene enhances 
carrier mobility, and CNTs provide conductive pathways 
over longer distances.

3.2  Electrical conductivity

The electrical conductivity of PTFE-based composites is 
highly dependent on the ratio of CNT: graphene hybrids 
used for reinforcement, as shown in Fig. 3.

Fig. 3  Conductivity analysis of PTFE and CNT: graphene-loaded 
PTFE composites

 

Fig. 2  Sheet resistance analysis of PTFE and CNT: graphene-loaded 
PTFE composites
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The pristine PTFE demonstrated a bulk conductivity of 
the order of 10− 14 S/m. While PTFE is an insulator, the addi-
tion of CNT: graphene hybrids created conductive networks 
that significantly improved charge transport [9]. The 10:90 
CNT: graphene/PTFE composite exhibited a conductivity of 
115 S/m. The predominant presence of graphene contributed 
to high in-plane conductivity and an extensive surface area. 
Conversely, the limited proportion of CNTs facilitated inter-
sheet bridging, thereby minimizing electron scattering. The 
20:80 CNT: graphene/PTFE composite exhibited enhanced 
charge transport capabilities, as evidenced by a conductiv-
ity increase to 148  S/m and a corresponding reduction in 
sheet resistance, as mentioned in Sect. 3.1. This specific 
hybrid ratio establishes a more effective conductive net-
work while preserving a substantial active surface area. The 
composition of 30:70 CNT: graphene/PTFE exhibited the 
most favourable electrical properties, characterized by peak 
conductivity of 158 S/m and minimal sheet resistance. This 
outcome is attributed to the synergistic interplay between 
CNTs and graphene, which effectively reduces restacking, 
enhances electron mobility, and promotes the development 
of a uniform network [7]. For the 40:60 CNT: graphene/
PTFE composite, a slight decline in electrical conductivity 
was observed with the value of 75 S/m. Despite increased 
CNT concentration, excessive loading appears to reduce the 
effective contact area between graphene layers and to ele-
vate junction resistance due to inter-tube interactions. Thus, 
the 30:70 CNT: graphene/PTFE composition exhibited opti-
mal electrical performance, characterized by low resistance 
and high conductivity.

3.3  BET surface area

Figure 4 demonstrates the influence of incorporating a hybrid 
composition on the BET surface area of PTFE composites. 
The specific surface area of pristine PTFE was measured 
to be the lowest at 227 m2/g. This is due to its dense nature 
and non-porous structural morphology [2]. The introduction 
of CNT–graphene hybrids significantly enhances the avail-
able surface area, as graphene offers a high surface area, and 
CNTs facilitate a porous structural morphology. When the 
CNT: graphene ratio was 10:90, the surface area of the PTFE 
composite experienced a significant increase to 763 m2/g, as 
the dominant graphene planes offered high surface area to 
the composite. Further increasing the CNT content to 20% 
with 80% graphene increased the surface area to 981 m2/g. 
This improvement is attributed to the CNTs’ role as spacers, 
which prevented graphene sheet restacking and facilitated 
the formation of additional mesoporous [21]. The highest 
BET surface area, 1163 m2/g, was achieved with a 30:70 
CNT: graphene ratio. This composition represents a promis-
ing configuration, where CNTs provide optimal structural 

separation and graphene provides sufficient accessibility, 
resulting in a well-interconnected porous structure [22].

At higher CNT concentrations, the surface area was observed 
to decline, reaching 993 m²/g for a 40:60 CNT: graphene hybrid 
composition. This decrease is attributed to the agglomeration of 
CNTs and increased packaging density, which, in turn, reduces 
the accessibility of the graphene surfaces [23]. These results 
highlight the importance of optimizing the PTFE composites, 
with a 30:70 composition providing the highest surface area and 
improved electrical performance.

3.4  Thickness and areal loading

Figure 5 reveals a clear compositional ratio-dependent 
variation in the thickness and areal loading of the PTFE 
composites. The PTFE film, without any hybrid loading, 
exhibited a consistent thickness of 12.0  μm and an areal 

Fig. 5  Thickness and areal loading of PTFE and CNT: graphene-
loaded PTFE composites

 

Fig. 4  BET surface area of PTFE and CNT: Graphene-loaded PTFE 
composites
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loading of 0.80  mg/cm². This uniformity is attributed to 
the material’s dense structure and lack of conductive addi-
tives. When CNT: graphene hybrids were incorporated at a 
10:90 ratio, a slight reduction in thickness to 11.0 μm was 
observed, accompanied by a minor increase in areal load-
ing to 0.85 mg/cm2. This is due to the dominant graphene’s 
densely packed planar arrangement [7], while the small pro-
portion of CNT minimally affects this aggregation, allow-
ing for increased PTFE entrapment within the composite 
structure [21]. The 20:80 CNT: graphene ratio increased the 
thickness to 13.0 μm and the areal loading to 0.95 mg/cm2. 
This composition facilitates improved pore formation, and 
the increased CNT content retained in the pores limits gra-
phene restacking.

At a 30:70 ratio, these effects were more significant, 
with thicknesses reaching 16.0 μm and an areal loading of 
1.20 mg/cm². The CNT network created substantial poros-
ity, resulting in a larger cake volume relative to mass and a 
reduced rate of solvent permeation, which improved overall 
density [19, 20]. The PTFE with a 40:60 CNT: graphene 
composite showed the highest thickness of 20 μm and an 
areal loading of 1.60 mg/cm²; however, the high CNT con-
tent affects graphene stacking, leading to higher porosity 
and reduced gravimetric efficiency.

3.5  Raman (ID/IG ratio)

The structural disorder and degree of graphitization within 
the PTFE and CNT: graphene hybrids incorporated in PTFE 
composites were assessed using Raman spectroscopy, as 
demonstrated in Fig.  6. The PTFE composite exhibited 
minimal D- and G-band activity, with an ID/IG ratio of 
approximately 0, reflecting its non-conductive properties. 
This is due to the lack of sp2-conjugated carbon domains. 
The incorporation of CNT-graphene hybrids revealed a 

clear pattern in the ID/IG ratio that correlated with increas-
ing CNT content. For a 10:90 CNT: graphene ratio, a com-
paratively low ID/IG ratio of 0.80 was observed.

This is attributed to the high graphene content and the 
minimal structural defects resulting from the high degree of 
sp2 ordering, which improve conductivity and reduce the 
composite’s sheet resistance [9]. The 20:80 CNT: graphene 
composition showed an ID/IG ratio of 0.90, indicating a 
marginal increase in structural disorder. This observation is 
attributed to the formation of tube-graphene junctions and 
interfacial defects [10]. An increase in CNT concentration, 
as observed in the PTFE with a CNT: graphene (30:70) 
composition, led to a higher ID/IG ratio of 0.96. This sug-
gests an elevated defect density at the interface between the 
CNT junction and the polymer layer. While this heightened 
disorder was associated with reduced long-range conductiv-
ity, the creation of these defect sites concurrently improved 
other electrical and electrochemical properties [13]. The 
40:60 composite displayed the greatest degree of disorder, 
with an ID/IG ratio of 1. This heightened disorder is attrib-
uted to disrupted hybrid composite dispersion and packing 
alignment, as well as increased interfacial strain between 
the CNTs and PTFE.

3.6  Specific capacitance

The specific capacitance of PTFE and CNT: graphene 
hybrid composites, prepared through vacuum filtration, is 
significantly influenced by the proportion of CNTs and gra-
phene within the PTFE matrix, as mentioned in Fig. 7.

Pure PTFE displayed minimal capacitance (46 F/g), due 
to its insulating properties and lack of electrochemically 
active sites. The incorporation of CNT-graphene hybrid 
materials into the PTFE matrix resulted in a significant 

Fig. 7  Specific capacitance analysis of PTFE and CNT: graphene-
loaded PTFE composites

 

Fig. 6  Raman ratio analysis of PTFE and CNT: Graphene-loaded 
PTFE composites
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improvement in capacitance. The 10:90 CNT: graphene 
ratio demonstrated a capacitance of 121 F/g, attributed to 
the substantial BET surface area provided by graphene and 
the conductive networks initially formed by CNTs [15]. 
Increasing the CNT content to 20% further enhanced the 
capacitance to 197 F/g, due to the reduced sheet resistance 
and increased effective charge transport within the polymer 
matrix [9]. Peak performance was observed with a PTFE 
composition of 30:70 CNT: graphene, yielding a maximum 
specific capacitance of 292 F/g. This composition achieved 
an optimal balance between the enhanced surface area pro-
vided by graphene and the robust conductive pathways 
established by CNTs. This effectively minimized resistance 
to ion diffusion and improved electrolyte access [13]. At a 
ratio of PTFE:40:60 CNT: graphene, the capacitance dimin-
ished to 261 F/g. This decrease is likely due to an excessive 
concentration of CNTs, which reduced the effective surface 
area. This reduction in surface area is caused by the agglom-
eration and restacking of conductive fillers, thereby limiting 
the number of active charge storage sites.

As shown in Table  4, the present work demonstrates 
significant enhancements in specific capacitance, with 
2.8% improvement over nitrogen/fluorine co-doped PTFE/
carbon [13], 46.7% over Li-defluorinated carbon [14], 
and 23.2% over K-derived PTFE/carbon [15]. The BET 
surface area of the present paper demonstrated 7.3% and 
16.4% improvement over Li-defluorinated carbon [14] and 
K-derived PTFE/carbon [15], but showed 35.3% reduction 
compared to nitrogen/fluorine co-doped PTFE/carbon [13]. 
Despite having a smaller surface area than the N/F co-doped 
material, the current study demonstrates superior specific 
capacitance. This suggests that the synergistic combina-
tion of CNT and graphene enhances charge storage more 
effectively, making it a more suitable option for lightweight 
electrode applications.

4  Conclusion

This study successfully fabricated a Polytetrafluoroethylene 
(PTFE) composite using different ratios of carbon nanotube-
graphene (CNT: graphene) hybrids via vacuum filtration. 
The effectiveness of CNT: graphene on the functional prop-
erties of PTFE was evaluated, and it was found that the 30:70 
CNT: graphene ratio yielded better results than others. The 

sheet resistance, electrical conductivity, BET surface area, 
and thickness & areal loading of the 30:70 CNT/graphene-
embedded PTFE composite are 99.9%, more than 100%, 
412%, 66.7% and 100% better than the PTFE matrix without 
CNT/graphene. Raman spectroscopy indicated that integrat-
ing CNT: graphene hybrids led to a gradual increase in struc-
tural disorder. This result showed an approximate Raman 
ratio of 0.96, which is superior to that of pristine PTFE, indi-
cating enhanced interfacial activity and an elevated overall 
electrochemical performance of the hybrid composite mate-
rial. The hybrid composites also showed improved electro-
chemical performance. Specifically, the 30:70 composition 
exhibited a maximum of 534% enhancement in specific 
capacitance. This outcome highlights the synergistic effect 
of graphene’s extensive surface area and CNT’s efficient 
conductive networks, resulting in superior charge storage. 
While the study focuses on electrochemical characteris-
tics, a comprehensive evaluation of the long-term structural 
integrity and mechanical resilience of PTFE–CNT-graphene 
composites is lacking. Future studies should investigate the 
tensile strength, flexibility, and fatigue resistance of flexible 
and wearable electrode materials. In addition, the excess 
CNTs led to diminished performance, highlighting chal-
lenges in filler dispersion and homogeneity. Future research 
should consider methods such as surfactant-assisted mixing, 
in situ growth, or chemical functionalization to address CNT 
agglomeration and enhance filler-matrix interactions.
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