Journal of

Carbon Research

Article

Synergistic Effects in Hybrid Buckypapers of Graphene
Nanoplatelets and Carbon Nanotubes: Processing
and Performance

Thais da Silva 1.2*(, Thiély da Silva 3 Rieyssa Corréa 3 Rui Ribeiro 2, Guilherme Morgado 3(®, Larissa Montagna 3

Braian Uribe 2(2, Maraisa Goncalves 3, Michelle Costa 14(2), Fabio Passador 32, Maria Conceicao Paiva

and Edson Botelho !

check for
updates

Academic Editor: Craig E. Banks

Received: 26 September 2025
Revised: 7 November 2025
Accepted: 13 November 2025
Published: 19 November 2025

Citation: daSilva, T.;daSilva, T.;
Corréa, R; Ribeiro, R.; Morgado, G.;

Montagna, L.; Uribe, B.; Goncalves, M.;

Costa, M,; Passador, F,; et al.
Synergistic Effects in Hybrid
Buckypapers of Graphene

Nanoplatelets and Carbon Nanotubes:

Processing and Performance. C 2025,
11, 85. https:/ /doi.org/10.3390/
¢11040085

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

2

! Faculty of Engineering, Sio Paulo State University (UNESP), Av. Dr. Ariberto Pereira da Cunha,
333-Pedregulho, Guaratinguetd 12516-410, SP, Brazil; michelle.leali@unesp.br (M.C.);
edson.botelho@unesp.br (E.B.)

School of Engineering, Azurém Campus, University of Minho, 4804-533 Guimaraes, Portugal;
ruiribeiro@dep.uminho.pt (R.R.); brianes@dep.uminho.pt (B.U.); mcpaiva@dep.uminho.pt (M.C.P))
Polymer and Biopolymer Technology Laboratory (TecPBio), Department of Science and Technology, Federal
University of Sao Paulo (UNIFESP), 330 Talim St., Sao José dos Campos 12231-280, SP, Brazil;
thiely.ferreira@unifesp.br (T.d.S.); rieyssa.almeida@unifesp.br (R.C.); guimorgado@gmail.com (G.M.);
larissa.s.montagna@gmail.com (L.M.); goncalves.maraisa@unifesp.br (M.G.); fabio.passador@unifesp.br (E.P.)
Ganesha Institute of Innovation Science and Technology, Sao José dos Campos 12230-085, SP, Brazil

*  Correspondence: thais.ferreira-silva@unesp.br; Tel.: +55-(12)-98700-2005

Abstract

Hybrid buckypapers (BPs) composed of graphene nanoplatelets (GNPs) and carbon nan-
otubes (CNTs) hold great potential for applications in flexible electronics, electromagnetic
shielding, and energy storage. In this study, hybrid BPs were fabricated and characterized
to evaluate their structural, thermal, and electrical properties. Hybrid BPs with vary-
ing GNP/CNT mass ratios (0/100, 25/75, 50/50, 75/25, 85/15, 90/10, and 95/5 wt%)
were prepared via vacuum-assisted filtration of well-dispersed aqueous suspensions sta-
bilized by surfactants. The resulting hybrid GNP/CNT BPs were dried and subjected
to post-treatment processes to enhance structural integrity and electrical performance.
Characterization techniques included scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), Fourier transform infrared (FT-IR), Raman spectroscopy, thermogravimetric
analysis (TGA), nitrogen adsorption/desorption isotherms, and impedance spectroscopy
(IS). The hybrid GNP /CNT BPs exhibited electrical conductivities comparable to conven-
tional CNT-based BPs. At GNP concentrations of 25 to 50 wt%, electrical conductivity
values approached those of CNT-based BPs, while at GNP concentrations between 75 and
90 wt%, a slight increase in conductivity was observed (171%). These results highlight a
synergistic effect at lower CNT concentrations, where the combination of CNTs and GNPs
enhances conductivity. The findings suggest that optimal conductivity is achieved through
a balanced incorporation of both materials, offering promising prospects for advanced
BP applications.

Keywords: hybrid buckypaper; graphene nanoplatelets; carbon nanotubes; flexible
electronics applications

1. Introduction

In recent years, significant progress has been made in the development of new materi-
als and structural designs for various applications, including the oil and gas, aerospace,
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medical, and automotive industries, among others [1-3]. Within this context, carbon is a
highly versatile element capable of forming a wide range of structures with diverse proper-
ties. Advances in materials science, particularly in fabrication techniques and production
technologies, have driven the emergence of novel carbon-based materials such as carbon
nanotubes (CNTs), graphene, graphene nanoplatelets (GNPs), and graphynes, expanding
beyond traditional forms such as graphite, which have garnered increasing attention [4-9].

Fullerenes, discovered in 1985, are spherical or ellipsoidal molecules composed of
carbon atoms in sp? hybridization. Their discovery paved the way for the synthesis of CN'Ts
in 1991. CNTs are hollow cylindrical structures formed by sp?-hybridized carbon atoms
arranged in a uniform hexagonal lattice, consisting of one or more layers of graphene. These
nanostructures exhibit exceptional chemical and physical properties, including high tensile
strength, elastic modulus, low density, and remarkable thermal conductivity and stability.
Furthermore, their hydrophobic nature makes them highly promising for applications in
separation sciences, electrochemistry, and various fields of materials science [6-12].

Buckypaper (BP) is a thin, porous film composed of carbon-based nanomaterials,
typically fabricated through the filtration of well-dispersed suspensions [10-16]. CNTs
are widely employed in BP production due to their outstanding mechanical, electrical,
and thermal properties, as well as their ability to form interconnected networks. During
fabrication, CNTs self-assemble into highly entangled structures, resulting in lightweight,
flexible, and conductive films. These characteristics make CNT-based BPs highly promis-
ing for applications such as electromagnetic shielding, energy storage, sensors, and
composite reinforcement [16-22].

The development of hybrid BPs incorporating GNPs offers significant advantages
by combining the unique properties of CNTs and graphene-based materials [20-26]. The
inclusion of GNPs enhances the structural integrity of BP, improving mechanical strength,
electrical conductivity, and thermal stability. Additionally, the synergistic interaction
between CNTs and GNPs facilitates the formation of an interconnected network, optimizing
electron transport pathways and enhancing overall performance [20-30].

Graphene-based materials, such as GNPs, have been widely studied due to their excep-
tional physical properties, enabling the development of materials with superior mechanical
strength, electrical conductivity, and thermal efficiency [28-34]. In ideal graphene layers,
sp?-hybridized carbon atoms are highly organized, promoting efficient electron transport
and storage [32-36].

In this study, CNTs and GNPs were used to fabricate hybrid BPs. The preparation
process was designed to integrate these nanomaterials, leveraging their complementary
properties while overcoming the limitations of single-material BPs. Hybrid BPs provide
greater control over porosity and density, making them highly suitable for applications in
filtration, sensors, and energy storage. The synergistic combination of CNTs and GNPs
also reduces aggregation and improves dispersion, resulting in more homogeneous and
well-structured materials [20-25].

Another key advantage of hybrid BPs is their multifunctionality, including flexibility,
lightness, and chemical resistance. These attributes make them highly versatile for a
range of applications, including electromagnetic shielding, supercapacitors, batteries, and
biomedical devices, while also contributing to cost reduction in material production [20-30].

Common BP fabrication techniques include vacuum filtration [34-37], inkjet print-
ing [35-38], dip coating [36-39], and chemical vapor deposition with floating cata-
lysts [37-41]. Among these, vacuum filtration is the most widely employed method.
It involves dispersing nanofillers in solution, followed by filtration through a suitable
membrane. As the suspension passes through the filter, the nanomaterials gradually de-
posit to form thin films with high porosity. The resulting BPs exhibit a highly macro-
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porous structure, with pore sizes ranging from 10 to 15 um, low density, and high
electrical conductivity [33-36].

Several studies have investigated hybrid BP preparation. Dichiara et al. [21-24]
explored the interaction between GNPs and CNTs for the development of adsorbents,
demonstrating that CNTs form an extensive network in which GNPs are embedded. This
arrangement increases the distance between nanoparticles, enhancing adsorption by en-
larging the contact area between the solute and nanoparticles.

Patole et al. [22-25] investigated hybrid BP composed of 50 wt% CNTs and 50 wt%
GNPs, fabricated via a wet filtration-zipping process using GNPs with fewer than 10 layers
and multi-walled CNTs. Their study reported a 247% increase in electrical conductivity
compared to pure CNT-based BP. Additionally, the inclusion of GNPs in the CNT network
resulted in increased transverse expansion under load, leading to a negative Poisson’s ratio.

In this study, hybrid BPs were prepared using GNPs with four graphene layers.
This specific geometry was selected to enhance interactions with CNTs, promoting better
dispersion and integration between the two materials. The study focuses on examining how
this GNP structure influences the structural, electrical, and thermal properties of hybrid
BPs, intending to maximize their potential for a wide range of applications.

2. Materials and Methods
2.1. Materials

The following materials were used to prepare the hybrid BPs in this work:

Multi-walled carbon nanotubes (CNTs) with an average length of 1.5 pm, an average
diameter of 9.5 nm, purity of 90%, and an average aspect ratio of 158, specifically grade NC
7000 from Nanocyl S.A. (Sambreville, Belgium); Graphene nanoplatelets (GNP) supplied
by CheapTubes (Grafton, VI, USA), with a number of layers of 4, an average thickness of
less than 4 nm, a lateral size ranging between 1 and 2 um, and a purity greater than 99%.

The surfactant Triton X-100%® (Dinamica Quimica Contemporanea Ltd., Indaiatuba,
Brazil) was used in the dispersion of carbon materials. It has a critical micelle concentration
ranging from 0.22 to 0.24 mmol/L (0.02 wt%) and a molecular weight of 646.87 g/mol. To
remove the surfactant, acetone with a purity of 99.63% (also supplied by Dinamica Quimica
Contemporanea Ltd., Indaiatuba, Brazil) was used. For the preparation of hybrid BPs, it was
necessary to use a sacrifice woven blanket. In this case, a polyacrylonitrile (PAN) blanket,
prepared by electrospinning, was used. For this purpose, PAN (Mn = 267,000 g/mol)
supplied by Radici Group (Sumaré, SP, Brazil) was selected. To remove the PAN blanket
after the BP formation, N,N-dimethylformamide (DMF) with a purity of 99.65%, supplied
by Dinamica Quimica Contemporénea Ltd. (Indaiatuba, Brazil), and isopropyl alcohol with
a purity of 99.8%, also supplied by Dinamica Quimica Contemporanea Ltd. (Indaiatuba,
Brazil), were used.

2.2. Experimental Characterization of the CNT and GNP

Raman spectroscopy analyses of the CNTs, GNPs and BPs were conducted to assess
their structural characteristics. A HORIBA Scientific instrument LabRAM HR Evolution,
coupled to a CCD detector (Horiba, Kyoto, Japan) was used, employing a He-Ne laser
(532 nm), using a grating of 600 g-mm~!. The 100x objective was used, and the data
acquisition conditions were: ND filter was set to 10%. Peak positions of the spectra
were obtained by fitting a Lorentzian function using LabSpec 6 software. The Raman
microscope is equipped with a motorized stage for automated XYZ movement, allowing
Raman mapping.

X-ray measurements of the CNTs, GNPs and BPs were conducted using a Rigaku
diffractometer (Ultima IV model) operating at 40 kV and 30 mA, with copper K« radiation
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(A = 1.54056 A) and a nickel filter to block K@ radiation. A 20 range of 5° to 90° was
scanned at a rate of 10° per minute. The average thickness of CNTs was estimated using
Scherrer’s equation (Equation (1)), while the average number of walls was determined
as a ratio of the average thickness to the inter-tube distance, calculated using Bragg’s law
(Equation (2)) [42,43].
. Kx*A
B *cos®

1)

where 7 is the mean size of the ordered (crystalline) domains; K is a dimensionless shape
factor (0.9); A is the X-ray wavelength; j is the line broadening at half the maximum
intensity and 0 is the Bragg angle.

nA = 2dsinf 2

where A is the wavelength, 6 is the glancing angle and d is a grating constant.

Morphological characterization of the CNTs and GNPs was performed using field
emission gun scanning electron microscopy (FEG-SEM). The images were obtained with a
TESCAN MIRAS3 operating at 5 kV. The carbon materials (CNT and GNP) were mounted
on a stub with carbon tape and coated with a thin layer of gold for 90 s using a Quorum
Q150RS Plus sputtering device.

2.3. Preparation of Sacrifice Woven Blanket

The preparation of PAN electrospun nanofibers (PEN) blankets was carried out ac-
cording to Oliveira Junior et al. [44]. The process began with solubilizing 1.5 g of PAN in
13.5 mL of DMF on a magnetic stirring plate at 120 rpm for 1 h at 100 °C. Subsequently, the
solution was placed in an ultrasonic bath for 30 min to ensure homogeneity. It was then
transferred to a 20 mL glass syringe fitted with a 30 mm X 0.8 mm needle.

During the electrospinning process of PAN blankets, the following parameters were
applied: temperature of (25 + 5) °C, relative humidity of (55 £ 5)%, infusion rate of
1.5 mL/h, working distance (syringe tip to collector) of 80 mm, collector rotation speed of
1000 rpm, and voltage of 14 kV.

2.4. Preparation of Hybrid BPs

The preparation of BPs (Figure 1) was carried out according to Rojas et al. [13]. Table 1
presents the nomenclature and compositions of the hybrid BPs. The preparation process
involved dispersing different concentrations of GNP/CNT (0/100, 25/75, 50/50, 75/25,
85/15,90/10, and 95/5 wt%) in 200 mL of distilled water and 2 g of Triton-X100® surfactant
using high-power sonication with an ultrasound tip (Sonics, Newtown, CT, USA, Vibra-
Cell VCX750, 20 kHz, 750 W). The dispersion was performed in an ice bath to maintain a
temperature below 25 °C and prevent overheating. The ultrasound parameters included a
total processing time of 40 min at 40% amplitude, with a pulse cycle of 5 s on and 3 s off.

Table 1. Nomenclature and composition of BPs.

Samples GNP (wt%) CNT (wt%)
GNP/CNT 0/100 - 100
GNP/CNT 25/75 25 75
GNP/CNT 50/50 50 50
GNP/CNT 75/25 75 25
GNP/CNT 85/15 85 15
GNP/CNT 90/10 90 10

GNP/CNT 95/5 95 5
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Figure 1. BP production process: (A) materials used in production, (B) ultrasound tip and centrifuge,
(C) vacuum filtration process and (D) BPs.

After sonication, the suspension was centrifuged (KASVI K14-4000) (Sao José dos
Pinhais, Brazil) at 4000 rpm for 30 min to separate aggregates from the dispersed particles.
The supernatant was then vacuum filtered through a Nylon® membrane (45 mm diameter,
0.45 pm pore size) with four PAN blankets (each measuring 45 mm x 45 mm) stacked
perpendicularly on the membrane.

The surfactant was removed by washing with acetone. Finally, the BP was carefully
removed from the filtration membrane and dried at room temperature for 15 h. Each side of
BP/PEN was sequentially immersed in 25 mL of DMF at 60 °C using a Corning® PC-420D
hot plate (Corning, NY, USA) for 10 min. It was then immersed in 25 mL of isopropyl
alcohol for another 10 min and subsequently dried at room temperature for 15 h.

2.5. Experimental Characterization of the Hybrid BPs
2.5.1. FEG-SEM Analysis Procedure

Morphological characterization of the hybrid BPs was conducted using FEG-SEM.
Images were acquired with a TESCAN MIRA3 (TESCAN Group, Brno, Czech Republic)
operating at 5 kV. Sample preparation involved mounting on carbon double-sided tape and
sputter-coating with a thin gold layer to enhance electrical conductivity.

2.5.2. Fourier Transform Infrared (FT-IR)

FT-IR was conducted using a PerkinElmer Spectrum 2000 spectrophotometer (PerkinElmer,
Inc., Waltham, MA, USA). Scanning was performed in the range of 3700 to 700 cm ! with a
resolution of 4 cm ™! after averaging 20 scans.

2.5.3. Thermogravimetric Analysis (TGA) Procedure

Thermogravimetric analysis was performed on a Netzsch Iris® TG F1 instrument
(NETZSCH-Gerdtebau GmbH, Selb, Baviera, Germany) with a heating rate of 20 °C/min
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under nitrogen and synthetic air flow at 50 mL/min. The temperature range analyzed was
40-800 °C and the mass of samples was 0.01 g.

2.5.4. Nitrogen Adsorption Isotherms Methodology

Nitrogen adsorption/desorption isotherms were obtained using a Quantachrome
Nova-e series instrument. Sample preparation involved degassing under vacuum at 80 °C
for 5 h. The surface area was determined by the BET equation [45], while total pore volume
was calculated at P/P0 = 0.98 using NovaWin® 11.01 software.

2.5.5. Impedance Spectroscopy (IS) Methodology

Electrical characterization was conducted via IS measurements using a Solartron SI
1260 Impedance/Gain-phase Analyzer (Solartron Analytical, AMETEK, Farnborough,
Hampshire, UK). A 0.5 V alternating current was applied over a frequency range of
1-10° Hz. To ensure electrical contact, a thin layer of gold/palladium alloy was deposited
on both sides of the samples using a metallizer (Bal-tec, MEDO020, Bal-tec, MEDO020, Bal-Tec
AG, Balzers, Liechtenstein), forming a metal-composite-metal structure. The AC electrical
conductivity (c4c) of the materials was calculated based on the sample thickness (I), contact
area (A), and impedance modulus (| Z1), as described in Equation (3).

I
gAC = W 3)

3. Results
3.1. Results of Characterization of the CNT and GNP

The Raman spectrum of carbon materials with sp? hybridization exhibits three charac-
teristic bands. The G band appears at approximately 1580 cm~! and corresponds to the
C=C stretching mode in sp?-hybridized carbon structures. The position and intensity of
this band depend directly on the degree of graphitization, which reflects the structural
perfection of the sp? domains. As graphitization increases, the G band narrows and shifts
to lower wavenumbers. The D band occurs at approximately 1350 cm~! and is associ-
ated with structural defects in the sp? carbon network, frequently designated as disorder,
or vibrational modes related to edge atoms, typically observed in smaller graphitic do-
mains. These assignments and interpretations are consistent with previously reported
studies [46,47]. The intensity ratio between the D and G bands (Ip/Ig) serves as an indica-
tor of the degree of disorder in the sample. The 2D (or G’) band, appears at approximately
2700 cm~! and is related to the structural organization within the bi-dimensional plane of
graphitic materials [48].

Figure 2A presents the Raman spectra of CNT and GNP samples, where the three pre-
viously discussed bands are observed in all spectra. In the Raman spectrum of GNP,
two well-defined main bands are present: The G band (IG) at 1561 cm ™! and the D band
(ID) at 1337 cm~!. The Ip/Ig ratio obtained was approximately 0.81, and the full width at
half maximum (FWHM) of the 2D band was 43 cm ™.

The crystallite size (La), the distance between defects (LD), and the defect density (nD)
were calculated according to Cancado et al. [49,50], using Equations (4)—(6), respectively.

-1
La(nm) = (2.4 * 10_10) Al % (;g) 4)

-1
LD? x (nm?) = (1.840.5) % 1077 % AI* % Gg) (5)
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1D (e = ((LB£02)210%)  (1D) .

where ID and IG are the intensities of the D and G peaks, respectively, and Al is the laser
wavelength in nanometers (nm).
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Figure 2. (A) Raman spectra showing the D, G, and 2D bands, (B) Lorentzian fitting curve applied to
the 2D band into four components (peaks 1-4), and (C) X-ray diffraction patterns of CNT and GNP.

The crystallite size (La) calculated using Equation (4) was approximately 250 nm. The av-
erage distance between defects and the defect density, calculated using Equations (5) and (6),
were 49 nm and 1.19 x 10'°cm 2, respectively. These results are consistent with those
reported by Cangado et al. [49,50] in their studies.

The G band corresponds to the interaction of an E;g phonon in the stretching of
sp? bonds within the graphene planes of the GNP structure, indicating regions of high
structural crystallinity in graphene layers. In contrast, the D band is associated with
sp3-hybridized carbons at the edges, structural defects, or amorphous regions. This band
primarily corresponds to the pre-existing defects in the graphene layers, especially at the
edges of the graphene sheets in GNP.

In addition to the results presented above, it is possible to infer the number of layers
present in the samples through the analysis of the 2D band using Lorentzian curve fitting.
Figure 2B shows this fitting performed for the GNP sample. It can be observed that
the best fit was achieved with four curves, which is typically associated with bilayer
graphene [51-54]. This result is consistent with the material specifications, which state that
it has a number of layers of four.

The four components of the 2D peak in bilayer graphene can, in principle, be attributed
to two distinct mechanisms: the splitting of phonon branches or the splitting of electronic
bands [51-54]. In bilayer graphene, interaction between the graphene layers causes the 7t
and 7t* bands to split into four, with different splittings for electrons and holes. The incident
laser light can couple only two pairs among these four bands [51-54]. On the other hand,
the two nearly degenerate phonons from the highest optical branch can couple all electronic
bands with one another. The four resulting processes involve phonons with momenta q;®,
q1?, q2®, and q®, each corresponding to phonons with different frequencies due to the
strong dispersion of the phonon branches near the K point. These phonons give rise to the
four peaks observed in the Raman spectrum of bilayer graphene.
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However, phonons q;” and q,*, which scatter between bands of the same type, are
associated with more intense processes than g, and q?, since the portion of phase space
where the double resonance condition is satisfied is larger [51-55].

For CNTs, the Raman spectrum exhibited D and G bands at 1344 and 1577 cm™ !,
respectively. The D band is associated with carbons near vacancies, defects, or structural
disorder, while the G band corresponds to E;g phonon interaction modes in the parallel
plane between nanotube layers, reflecting structural integrity [55]. Moreover, CNTs consist
of concentric graphene sheets cylindrically rolled up. Their Raman spectra are similar to
those of defective pyrocarbons, exhibiting significantly more intense D and 2D bands than
those observed in GNP, indicating a higher degree of disorder [53].

Figure 2C presents the X-ray diffraction (XRD) patterns of CNT and GNP, further
supporting the findings from Raman spectroscopy. In the XRD pattern of GNP, a char-
acteristic peak at 26.52° and a minor peak at 54.5° are observed, corresponding to the
(002) and (004) planes, respectively, consistent with similar observations in other stud-
ies [56,57]. The crystallographic reference used was JCPDS 00-012-0212. These peaks are
associated with the d-spacing between graphene sheets in GNP [58,59]. The interplanar
distance, calculated using Bragg’s Law, was 0.337 nm, a value similar to that of graphite
(d002 = 0.336 nm) [60,61].

To further analyze the GNP diffractogram and determine the number of GNP layers,
the Scherrer equation was applied, resulting in a value of approximately 0.85 nm for the
GNP thickness and 3.4 A for the interwall distance. Based on this thickness, the GNP can
be classified as ordered graphene nanoplatelets (number of layers = 4).

In the XRD pattern of CNT, the most intense peak was observed at 25.81°, corre-
sponding to the diffraction of the (002) planes, which is related to the interlayer spacing
of the multi-wall carbon nanotubes (MWCNTSs) [62]. The interlayer spacing of 3.45 A
was determined from the 20 value of this peak. Furthermore, using this peak, the Dyy
value was determined to estimate the average diameter and the number of layers. The
obtained Dy value was approximately 29 A, indicating that the MWCNTs used have an
average of eight layers. These results are consistent with findings from other studies in
the literature [58,63].

Figure 3 presents the FEG-SEM images of the CNT and GNP samples. In Figure 3A,
the CNTs appear as single graphene sheets rolled into cylindrical shapes, with a length
significantly greater than their diameter. Due to their high aspect ratio, CNTs tend to cluster
and intertwine along their length axis, driven by strong Van der Waals interactions [24].

Figure 3. FEG-SEM images of (A) CNT and (B) GNP.

In Figure 3B, the FEG-SEM image reveals the presence of GNPs. This GNP has an
average thickness of less than 4 nm and consists of four graphene layers. The sheets stack
closely into aggregates due to interplanar 7—m interactions [26-28].
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3.2. Characterization Results of the Hybrid BPs
3.2.1. FEG-SEM Results

Obtaining BPs composed entirely of GNP was not feasible, as at this concentration
made the BP was highly extremely brittle and unable to form free-standing films. To
address this, CNTs were added as secondary phase, allowing the successful fabrication of
BPs with up to 95 wt% GNP.

Figure 4 presents the FEG-SEM images of hybrids BPs with GNP/CNT compositions
of 0/100, 25/75, 50/50, and 95/5. The morphologies of CNT and GNP are clearly dis-
tinguishable. In the CNT-based BP (Figure 4A), only entangled nanotube cylinders are
visible, showing a more uniform morphology with greater interaction among the CNTs. In
Figure 4B, small amounts of GNP are visible within the CNT entanglements. While GNPs
interacted with CNTs and contributed to hybrid BP formation, they made the BP more
fragile and less uniform, likely due to their larger dimensions. These observations became
even more evident when attempting to remove the produced BP from the filter, as manual
handling alone caused its fragmentation. As the GNP content increases, more GNP sheets
and fewer entangled CNTs are visible, with this trend most evident in Figure 4D, which
has the highest GNP content.

Figure 4. FEG-SEM images of (A) GNP/CNT 0/100, (B) GNP/CNT 25/75, (C) GNP/CNT 50/50,
and (D) GNP/CNT 95/5 BPs.
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3.2.2. Structural Characterization: XRD, FI-IR, and Raman Spectroscopy

Figure 5A presents the XRD spectra of GNP/CNT 0/100 BP and hybrid BPs with dif-
ferent GNP and CNT concentrations. The spectrum of GNP/CNT 0/100 closely resembles
that of neat CNT, showing only the intense peak at 25.81°. In the hybrid BPs, the CNT peak
weakens and broadens due to the hybrid interaction. As GNP concentration increases, the
intensity of the 26.52° GNP peak rises, and a new peak at 54.5° emerges, characteristic of
GNP. These results align with FEG-SEM observations and previous studies [28-30].
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Figure 5. (A) XRD patterns, (B,C) FT-IR spectra of GNP/CNT 0/100 BP and hybrid GNP/CNT BPs
with different GNP and CNT contents.

Figure 5B,C presents the FT-IR spectra of GNP/CNT 0/100 BP and hybrid BPs with
different GNP and CNT contents. In the case of GNP/CNT 0/100, two weak bands
appeared at 3430 cm~! (O-H stretching vibration from surface groups) and 1600 cm ™!
(conjugated —-C=C- bonds) [64]. Consistent with XRD and FEG-SEM results, characteristic
CNT and GNP peaks coexist in the FT-IR spectra of the hybrid BPs [65,66]. The peaks
observed in the hybrid BPs can be attributed to the O-H stretching vibrations of intercalated
water molecules and structural OH groups (3430 cm 1), skeletal vibrations of non-oxidized
graphitic domains (1600 cm™1), and C-OH stretching vibration (1214 cm 1) [67,68]. The
GNP /CNT interaction requires further investigation using Raman spectroscopy. Similar
results have been reported by other authors [25].

Surface mapping of the BP was carried out to detect the presence of GNP and CNT
and to observe their distribution. Figure 6A shows a typical optical microscopy image of
the surface of a CNT/GNP 50/50 sample. The GNP smooth surface is highly reflective
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and is observed as bright spots in the microscopy image. The spatial resolution does not
allow to acquire the Raman spectra of single GNP platelets; however, the Raman spectrum
reflects the presence of the two nanomaterials, measuring the intensity of the 2D peak.
Figure 5B shows the map of the distribution of GNP and CNT across the sample for the BP
with a 50/50 composition.

Extralmage - N100P__ s

Video - N1D0

CNT/GNP 0/100
C

'l CNT/GNP 95/5
,‘ CNT/GNP90/10

CNT/GNP 85/15

CNT/GNP 75/25

Intensity (u.a.)

CNT/GNP 50/50

CNT/GNP 25/75

T T T T 1
500 1000 1500 2000 2500 3000

Raman shift (cm™)

Figure 6. (A) Micrograph and (B) mapping of the CNT/GNP 50/50 sample, and (C) Raman spectra
for CNT/GNP 0/100 BP and hybrid CNT/GNP BPs with different GNP and CNT contents.

The Raman spectra of the compositions studied in this work are presented in Figure 6C.
In the CNT/GNP 0/100 sample, which corresponds to the buckypaper composed only
of CNTs, the relatively weak ID and IG peaks are mainly due to the morphology of the
CNT network and the orientation effects during Raman measurement. The dense and
entangled CNT bundles in the buckypaper can lead to partial laser absorption and multiple
scattering, reducing the effective Raman signal intensity. Additionally, local heating and
light shielding effects between overlapping nanotubes may further attenuate the detected
signal. No discernible changes are observed in the spectra after increasing the CNT /GNP
ratios. Only the two peaks corresponding to the D band (1350 cm~!) and the G band
(1580 cm 1) are detected, and their relative intensities remain almost constant up to the
50/50 ratio. However, after the addition of higher GNP concentrations, a spectral change
occurs: the D band shows a noticeable increase in intensity. This is a typical characteristic
of CNTs, as they contain more defect sites [69,70].
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The structural quality of the carbon-based materials was further assessed by analyzing
their Raman spectra, particularly the Ip /Ig ratio, which reflects the relative intensities of
the disorder-induced D band and the graphitic G band. This parameter is widely used
as a measure of defect density and structural disorder in sp? carbon materials. As shown
in Table 2, the BP samples exhibited I /I ratios greater than 1, which is indicative of a
high degree of disorder and the presence of numerous structural defects, such as vacancies,
edges, dopants, or distortions in the carbon lattice. These results also suggest a reduction
in the size of graphitic domains, implying that the well-ordered sp? regions are fragmented
into smaller domains. Notably, the CNT sample displayed a higher Ip /I ratio compared
to the GNP, further confirming its greater structural disorder. These findings are consistent
with the morphological and compositional characteristics previously discussed [51-54].

Table 2. Intensities of the D and G bands (Ip and Ig) and the corresponding Ip /I ratios for the
analyzed materials.

Sample ID IG ID/IG
CNT powder 1562.00 1568.59 1.00
GNP powder 465.00 573.00 0.81

GNP/CNT 0/100 1137.79 1113.87 1.02
GNP/CNT 25/75 6468.02 5911.99 1.09
GNP/CNT 50/50 5046.12 4714.48 1.07
GNP/CNT 75/25 3811.82 3590.93 1.06
GNP/CNT 85/15 3754.66 3617.14 1.04
GNP/CNT 90/10 4089.98 3952.23 1.03
GNP/CNT 95/5 417713 3997.87 1.04

3.2.3. Thermogravimetric Analysis (TGA) Results

Figure 7A,B show the TGA and first derivative (DTG) curves of the BPs heated under
nitrogen. Figure 7A presents the thermal degradation behavior of BPs under an inert
atmosphere (nitrogen), presenting the weight loss as a function of temperature. The
degradation of GNP/CNT 0/100 begins at approximately 360 °C, which is attributed to
the thermal degradation of the CNT graphene walls with structural defects [71]. All the
compositions follow a similar thermal degradation trend; however, as the GNP content
increases, the thermal stability increases as well. The second thermal degradation process
starting near 500 °C is common to all BP; however it presents higher thermal decomposition
rates for the CNT-dominant compositions. The BP GNP/CNT 25/75 exhibits a similar
behavior compared to GNP/CNT 0/100, likely due to the higher CNT content of its
composition, while higher GNP compositions show higher thermal stability. The residual
mass at 800 °C is approximately 80% for GNP/CNT 0/100 and between 90 and 94% for
hybrid BPs. By the end of the analysis, the BP degradation process is not fully completed,
likely due to the stable carbon sp? configuration and minimum structural defects of CNTs
and GNP materials.

Figure 7C,D show the TGA and first derivative (DTG) curves of the BPs heated under
an oxidizing atmosphere (synthetic air). According to the literature, the decomposition
temperature of Triton is around 300 °C [72]. In Figure 7C,D, a slight downward trend in the
thermal curve can be observed starting at this temperature, suggesting the onset of Triton
degradation in the sample. Although the change is not very pronounced, likely due to
the small amount of residual surfactant, the data indicate that some degradation is indeed
taking place in this temperature range.
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Figure 7. (A) TGA curves in nitrogen, (B) DTG curves in nitrogen, (C) TGA curves in synthetic air
atmosphere, and (D) DTG curves in synthetic air atmosphere for GNP/CNT 0/100 BP and hybrid
GNP/CNT BPs with different GNP and CNT contents.

Due to the strong affinity of carbon and oxygen [73-75], CNTs and GNPs react with
oxygen at temperatures near 500 °C, leading to combustion. Therefore, these materials
should be used under oxidizing atmospheres at temperatures well below 500 °C to maintain
structural integrity [76,77]. The TGA curves of the BPs reveal a steep weight loss process
constituted by two distinct mass loss events for all compositions, as observed on the
corresponding DTG curves. The two peaks of the DTG curve, representing the maximum
rate of thermal decomposition of two processes (Tmax1 and Tmaxz) are observed at different
temperature ranges, depending on the GNP and CNT content. It is interesting to note
that the BP with a lower GNP contents (25 and 50%) present Tpax2 at lower temperatures
near 550 °C, higher GNP contents (75-95%) present Tp,ax» near 600 °C, while CNT alone
shifts the Taxp towards 675 °C, the latter exhibiting the greater thermal stability of all BP.
These observations are summarized in Table 3, presenting the temperature at the onset
of degradation (Tonset), Tmax1, Tmax2, and the residual mass remaining at 800 °C for all
BPs. The results indicate that the starting degradation temperature, or thermal degradation
onset temperature, is also affected by the GNP content. This effect is particularly evident
for the GNP/CNT 0/100 BP in synthetic air, where thermal degradation begins around
411 °C, with maximum decomposition rates at 643 °C and 675 °C, resulting in a residual
mass of approximately 4.5%. This residual mass is attributed to the presence of catalytic
metals and impurities in the CNT [78]. For hybrid BPs analyzed in synthetic air, the total
mass loss ranges from approximately 2.5% to 4.5%.
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Table 3. Thermal degradation onset temperature (Tonset), maximum decomposition rate temperatures
(Taxa and Traxo), and residual mass for BPs.

Residual Mass

Samples Tonset (W(®) Tmaxl O Tmaxz O at 800 °C (%)
GNP/CNT 0/100 411 643 675 4.5
GNP/CNT 25/75 359 543 569 4.5
GNP/CNT 50/50 343 538 555 2.9
GNP/CNT 75/25 331 550 609 4.3
GNP/CNT 85/15 326 546 604 3.5
GNP/CNT 90/10 342 544 602 2.6
GNP/CNT 95/5 332 534 606 24

3.2.4. Nitrogen Adsorption Isotherms Results

Information on the surface area and total pore volume of the BPs was obtained through
the analysis of nitrogen adsorption/desorption isotherms. Figure 8 presents the nitrogen
adsorption/desorption isotherms obtained for all the BPs studied. All the isotherms can
be classified as type II, characteristic of non-porous materials, and type IV, exhibiting
hysteresis at higher relative pressures, according to IUPAC [79]. Above a relative pressure
of 0.9, a sharp increase in the adsorbed amount occurs, accompanied by a well-defined
hysteresis loop, which is associated with the presence of mesoporosity. The isotherm
for the GNP/CNT 0/100 BP closely resembles those previously reported for other BPs
prepared using the same type of CNT and low molecular weight dispersants [80]. The
GNP/CNT 0/100 BP exhibits a higher amount of nitrogen adsorption at a relative pressure
of 0.8, indicating a more prominent presence of mesoporosity compared to the hybrid
GNP/CNT BPs. This enhanced mesoporosity can be attributed to the blocking effect of the
CNT mesoporosity by the GNP. These results suggest notable differences in the internal
morphologies between the hybrid GNP/CNT BPs and the CNT-based BP. Additionally, the
layer-like structure of the GNPs creates tortuous and complex pathways for gas molecule
diffusion, which can be associated with the reduction in the measured permeated volume
as the GNP content increased [81].
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Figure 8. N, adsorption and desorption isotherms of GNP/CNT 0/100 BP and hybrid GNP/CNT
BPs with different GNP and CNT contents.

The surface area and total pore volume of the BPs are important characteristics that
influence permeability performance. The surface area results obtained using the Brunauer,
Emmet and Teller (BET) method and the total pore volume determined at a relative pressure
of 0.95 (V0.95) are presented in Table 4.
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Table 4. Surface area (Spgr) and total pore volume (Vj.95) values for the BPs.

Samples SpeT (M?/g) V.95 (cm®/g)
GNP/CNT 0/100 205 0.52
GNP/CNT 25/75 210 0.55
GNP/CNT 50/50 191 0.48
GNP/CNT 75/25 112 0.27
GNP/CNT 85/15 110 0.29
GNP/CNT 90/10 75 0.18
GNP/CNT 95/5 76 0.20

The surface area for the GNP/CNT 25/75 was 210 m? /g, which is similar for the CNT-
based BP (205 m?/g). Nevertheless, GNP has a significantly larger width, which may have
contributed to the reduction in surface area observed in the hybrid BPs compared to the
CNT-based BP. As the GNP content increases in the BP compositions, the Sppt value tends
to decrease, likely due to the larger size of the GNPs compared to the CNTs. Due to their
higher surface area, CNTs exhibit stronger interactions among themselves, resulting in BPs
that are less brittle and more flexible, as evidenced by their morphological characteristics.

In summary, the hybrid BPs exhibit a more compact structure with reduced porosity,
attributed to the shape characteristics of both carbon nanomaterials, which interact synergis-
tically to form a more efficiently packed and closed structure. The space between the CNT
and GNP aggregates is almost eliminated, indicating that incorporating GNP enhances the
dispersion of CNTs within the resulting network, as evidenced by the FEG-SEM images
and supported by other studies [82-84].

3.2.5. Impedance Spectroscopy (IS) Results

Impedance spectroscopy (IS) is a good method to evaluate the complex electrical
behavior of BPs, providing valuable insights into their morphology [85]. The electrical
conductivity (o) response depends on the formation of conductive paths that involve
physical contact, as well as the proximity and continuity of these paths throughout the
sample. These conductive paths must be capable of polarizing and interacting with the
incident electric field to generate an electric current.

The volumetric conductivity (AC) was measured through IS analysis of the BPs, and
the results are illustrated in Figure 9. For all compositions, the BPs exhibit similar trends of
the logarithmic plots of AC versus frequency. The GNP/CNT 0/100 exhibited AC electrical
conductivity comparable to that of the hybrid samples. This behavior can be attributed to
the saturation of the percolation threshold in the CNT network, combined with compensat-
ing effects introduced by the GNPs, such as enhanced packing density and larger interfacial
contact area. Although GNPs tend to reduce the number of conductive CNT-CNT junc-
tions, their incorporation can improve overall charge transport uniformity by decreasing
local resistance variations. As a result, both pure CNT and hybrid buckypapers display
similar levels of AC conductivity in the order of 1072S/cm.

The synergistic effect of the incorporation of GNP/CNT is evident in Figure 9. The
composition of 25 to 50 wt% of GNP in the BP maintains the electrical conductivity com-
parable to that of CNT-based BP. Higher GNP concentrations ranging from 75 to 90 wt%
induce a slight increase in electrical conductivity relative to the GNP/CNT 0/100 composi-
tion. These results suggest that low amounts of CNT may be sufficient to form conductive
pathways, as reported in the literature [43,86]. However, when the GNP content reached
95 wt%, the AC conductivity decreased from approximately 10~! S/cm (CNT-based BP)
to ~1073 S/cm (GNP/CNT 95/5). The predominance of GNP in the BP, interrupting the
CNT network, affects the electrical conductivity, hindering the flow of electric current. This
reduction may relate to the distinct morphology of the GNP compared to the CNT. The 1D
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shape of CNT and their small size result in a large number of CNT, even at low weight
content, facilitating the formation of an entangled network and establishing conductive
pathways. In contrast, the large lateral size and conductivity of the 2D GNPs will contribute
to the formation of conductive paths; however, this requires the presence of a CNT network
that extends these conductive pathways throughout the BP.
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Figure 9. AC volumetric conductivity of 0/100 GNP/CNT buckypaper and GNP/CNT buckypapers
with varying GNP and CNT contents.

4. Conclusions

This study demonstrates the feasibility of producing hybrid buckypapers (BPs)
with tunable properties by varying the ratio of carbon nanotubes (CNTs) to graphene
nanoplatelets (GNPs). The presence of CNTs, even in small amounts, was crucial to main-
tain the structural integrity of the BPs, enabling the fabrication of flexible and homogeneous
hybrid membranes. The GNP/CNT ratio significantly influenced the thermal stability,
electrical conductivity, surface area, and porosity of the materials. Notably, hybrid BPs
exhibited enhanced thermal stability under an inert atmosphere and maintained high elec-
trical conductivity across a broad range of compositions, with synergistic effects observed
at intermediate GNP contents (75-90 wt%). These findings highlight the potential of hy-
brid BPs as lightweight, multifunctional materials for applications requiring customizable
thermal, electrical, and barrier properties.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Volumetric conductivity

BET Brunauer, Emmet and Teller
BP Buckypaper

CNT Carbon nanotube

DMF N,N-dimethylformamide
FEG-SEM  Field emission gun scanning microscopy
FT-IR Fourier transform infrared
GNP Graphene nanoplatelets

IS Impedance spectroscopy
PAN Polyacrylonitrile

PEN PAN electrospun nanofibers
SEM Scanning electron microscopy
TGA Thermogravimetric analysis
USA United States of America
XRD X-ray diffraction
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