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ABSTRACT: Integrating carbon nanotubes (CNTs) in carbon-fiber-reinforced-
polymer (CFRP) composites enhances structural and functional properties;
however, it often involves chemical functionalization or processes that lead to
inhomogeneous dispersion and nonuniform distribution of CNTs that impair
the final properties and hinder manufacturing scalability. Herein, we present a
novel and scalable processing technique to integrate pristine CNTs (pCNTs)
into CFRP composites without the need for chemical functionalization or
addition of surfactants. We use cellulose nanocrystals (CNCs) as assisting
nanomaterials to uniformly disperse and stabilize pCNTs in water, and then we
coat carbon fibers (CFs) with CNC-pCNT prior to resin infusion. Two coating
methods are used: simple immersion (I-coating) and simultaneous immersion
and sonication (IS-coating). The surface chemistry of coated CFs reveals that I-
coating provides a higher quantity of polar oxygen groups in coated CFs
containing CNC-pCNT compared to IS-coating. We show that fabricating
hybrid CFRPs by incorporating 0.2 wt % CNC−0.2 wt % pCNT in CFRP composites using this simple technique enhances the
flexural strength by 33% and the interlaminar shear strength (ILSS) by 35% compared to those of neat CFRPs. Significantly,
0.2CNC-0.2pCNT-CFRPs show ∼25% higher flexural strength and ILSS compared to the largest enhancement in composites with
individual functionalized CNTs (fCNTs) or CNCs, demonstrating a synergistic effect of CNC-pCNT in enhancing properties.
Moreover, our results indicate that incorporating CNC-pCNT increases the thermal stability of CFs compared to those of fCNTs.
These are specifically crucial in composites used in structural applications. These results highlight that the introduced CNC-enabled
processing technique is a potential scalable path toward the fabrication of hybrid composites that can enhance properties higher than
individual CNTs or CNCs, avoiding costly and/or time-inefficient functionalization processes.

KEYWORDS: polymer composites, carbon nanotube, cellulose nanocrystal, processing, enhanced properties

1. INTRODUCTION

Carbon-fiber-reinforced-polymer (CFRP) composites have
reached a plateau in their performance because carbon fibers
(CFs) cannot reach beyond 30% of their theoretical values,
and delamination has remained a major threat to composite
life.1 Theoretical and experimental studies suggest that
integrating nanomaterials in CFRP composites can overcome
these limitations because they transfer their outstanding
properties to the composite. Owing to their superior
mechanical and functional properties, carbon nanotubes
(CNTs) have been applied in CFRP composites as fillers in
resin matrixes or as a coating on fibers to improve the
strength,2 interfacial properties,3−5 interlaminar strength,6−8

electrical and thermal conductivities,9−11 damage tolerance,
and fatigue behavior.12,13 The main routes to dispersing CNTs
in polymer composites have remained unchanged for almost a
decade, i.e., (i) interlayering/interleaving, where a thin layer of
CNT/polymer is integrated in the midplane of the
laminate,14,15 (ii) dispersing a CNT in polymer by chemical
functionalization, the addition of surfactants, or polymer

wrapping,16−19 (iii) attaching CNT directly to the CF that
includes functionalization and/or charging of the surface of
nanoparticles,20−23 or wrapping of CNT into the CF,24 (iv)
electrophoresis,12,19,25−30 (v) chemical vapor deposition
(CVD),3,31 and (vi) coating by grafting, spraying, or
immersing.32−40 Although extensive effort has been spent on
processing techniques to integrate CNTs in polymer
composites, these techniques often involve time/cost-ineffi-
cient processes and face a number of hurdles such as
inhomogeneous dispersion of CNTs,41 weak interfacial
bonding across fiber/CNT/polymer,42 damage on the side-
walls of CNTs that impair their intrinsic properties,43−46 and
nonscalability.
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Alternative nanoparticles that have high potential for
increasing the properties of polymer composites are cellulose
nanomaterials (CNs). CNs are generally grouped based on the
cellulose source and extraction methods, leading to various CN
types, including cellulose nanocrystals (CNCs), cellulose
nanofibrils, algae cellulose, and bacterial cellulose. CNCs are
cellulose-based (linear-chain glucose units, C6H10O5, extracted
mainly from trees and plants by acid hydrolysis), spindle-
shaped nanoparticles (3−20 nm in width and 50−500 nm in
length) with high mechanical properties (∼5 GPa strength,
∼150 GPa modulus, and stability of up to 300 °C), low density
(1.5 g/cm3), high aspect ratios (10−100), accessible hydroxyl
side groups (−OH), and low toxicity.47 Similar to CNTs,
obtaining a good CNC dispersion in polymer systems is
challenging.48,49

There are studies showing that using binary nanomaterials in
polymers, e.g., graphene nanoplatelets (GNPs) and CNs,50−54

CNTs and zirconium phosphate,55,56 CNTs/GNPs and
nanoclay,57 and GNPs and cellulose nanofibers, can enhance
the properties compared to systems containing a single
nanomaterial.58 In addition, there are scattered reports on
using assisting nanomaterials to better disperse CNTs in
polymer systems such as exfoliated zirconium phosphate
nanoplatelets,59,60 and zirconium oxide9 and attaching metallic
particles to the CNT surface;61−63 however, the final
properties of these composites did not improve compared to
the polymer systems containing only functionalized CNTs
(fCNTs). A few reports are also available on using CNCs to
disperse graphene and CNTs in water without further using
them in composites.64−72

In this study, we aim to develop a scalable process to
accelerate the manufacturing of hybrid composites with
enhanced properties suitable for structural applications. We
introduce a novel processing−manufacturing method to
produce hybrid (micro/nano) composites, in which we utilize
CNCs as assisting nanomaterials to integrate pristine CNTs
(pCNTs) into CFRPs without the need for chemical
functionalization or the addition of surfactants. CNCs are
used to disperse and stabilize pCNTs in water to provide the
coating suspension for CFs prior to resin infusion via vacuum-
assisted resin-transfer molding (VaRTM). We show that the
presence of a hybrid nanomaterial system, i.e., CNC-pCNT,
enhances the flexural and interlaminar properties as well as
thermal stability higher than composites containing only CNC
or fCNTs. These results highlight the role of CNCs in process
scalability and synergistic improvement of the final properties
of hybrid composites.

2. EXPERIMENTAL SECTION
2.1. Design of the Experiments. Avoiding time- and cost-

inefficient functionalization steps for both CNCs and CNTs and
finding the optimum nanoparticle concentration and ratio promote
the scalability, reduction in materials usage, and economic viability of
a CNC-assisted processing technique. As a result, it is important to
compare the properties of hybrid composites containing individual
CNCs and fCNTs, and combinations of CNC-pCNT with different
concentrations and ratios. It is noted that individual pCNTs are not
used in our experiments because it is not feasible to disperse pCNTs
in water without grafting chemical groups or using dispersants.
Instead, fCNTs are used because they are the mainstream CNTs
integrated in polymer composites due to their stability in solvents and
compatibility with most polymer systems. We used only acid-treated
fCNTs in this study for simplicity.

Table S1 shows different ratios of CNC to pCNT tested for
stability in water as well as the selected ratio as the appropriate recipe
for coating the CFs. Section 3.1 discusses the ζ-potential and dynamic
light scattering (DLS) data that led to this selection. Table 1 presents

all of the coating suspensions with different concentrations used for
coating, as well as the fabricated hybrid CFRP composites. We used
two coating methods: simple immersion (I-coating) and simultaneous
immersion and bath sonication (IS-coating). Initially, we prepared all
coated CFs through I-coating. Then, those nanomaterial concen-
trations that resulted in the highest properties in the produced
composites were selected for IS-coating to compare the effect of the
coating method in enhancing properties.

The preparation of coating suspensions, coating process, and
manufacturing of hybrid composites are discussed in sections 2.3.1,
2.3.2, and 2.3.3, respectively. The corresponding labeling scheme used
to describe the coated CFs and hybrid composites is lCNC, mfCNT,
and nCNC-spCNT. l, m, n, and s represent the concentration of
nanomaterials in the coating suspension. Composites prepared via IS-
coating include IS in their labels.

2.2. Materials. The CF used in this work is plain woven, with a
tow size of 3K (U.S. Composites Inc., West Palm Beach, FL). The
resin is a bicomponent epoxy resin consisting of diglycidyl ether of
Bisphenol A (635 thin epoxy) and 556 slow polyamide hardener (U.S.
Composites Inc., West Palm Beach, FL). The CNCs are NCV-100
(CelluForce, Windsor, Quebec, Canada) with diameters of 2.3−4.5
nm and lengths of 44−108 nm. The multiwalled pCNTs are NC7000
(Nanocyl, Sambreville, Belgium) produced via catalytic CVD with
∼90% carbon purity, an average diameter of 9.5 nm, a length of 1.5
μm, and a number of walls of 10.

2.3. Processing−Manufacturing of Hybrid Composites. The
major steps of the processing−manufacturing method of the CNC-
pCNT-CFRP hybrid composites are shown in Figure 1, which
includes the preparation, coating, and manufacturing, as detailed
below.

2.3.1. Preparation of a Coating Suspension. Three different
coating systems, i.e., CNC, fCNT, and CNC-pCNT aqueous
suspensions, were prepared as follows.

CNC Aqueous Suspension. As-received CNCs with 0.2, 0.5, 1, and
1.5 wt % concentrations were dispersed in 250 mL of deionized water
(DI-H2O) using probe sonication (Qsonica Q125 equipped with a
sonotrode of 6 mm) for 15 min at a frequency of 20 kHz and 75%
intensity.

Table 1. List of Manufactured Composites

coating
nanomaterial

concentration
(wt %) coating technique

naming scheme of
the manufactured
CFRP composite

none N/A N/A uncoated CFRP

CNC 0.2 (1) immersion (I-coating);
(2) immersion and bath
sonication (IS-coating)

0.2CNC-CFRP

0.5 0.5CNC-CFRP

1 1CNC-CFRP

1CNC-IS-CFRP

1.5 1.5CNC-CFRP

fCNT 0.01 0.01fCNT-CFRP

0.05 0.05fCNT-CFRP

0.2 0.2fCNT-CFRP

0.2fCNT-IS-CFRP

0.4 0.4fCNT-CFRP

0.5 0.5fCNT-CFRP

CNC-pCNT 0.2−0.2 0.2CNC-
0.2pCNT-CFRP

0.2CNC-
0.2pCNT-IS-
CFRP

0.5−0.5 0.5CNC-
0.5pCNT-CFRP
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fCNT Aqueous Suspension. A total of 250 mg of multiwalled
pCNTs was oxidized in a mixture of sulfuric and nitric acid (H2SO4/
HNO3 with 45/15 cubic centimeters) inside a bath sonicator (Cole-
Parmer) for 2 h at 25 °C and 40 kHz. A total of 190 mL of DI-H2O
was added to the suspension, stirred in an oil bath, and sonicated for
another 5 h at 60 °C. After oxidation, it was isolated with a
poly(vinylidine fluoride) filter membrane under vacuum and washed
four times with DI-H2O during the filtration process to remove any
trace of acid residue. fCNTs with 0.01, 0.05, 0.2, 0.4, and 0.5 wt %
concentrations in water were used for coating CFs.
CNC-pCNT Aqueous Suspension. pCNTs were separately

dispersed in a CNC aqueous suspension prepared according to the
above procedure with various ratios and then probe-sonicated for 2 h
at a frequency of 20 kHz and 75% intensity. CNC-pCNT systems
with concentrations of 0.2−0.2 and 0.5−0.5 wt % were used for
coating CFs.
2.3.2. Coating. Coating CFs with the prepared nanomaterials was

carried out in two different methods: (i) immersion of CF in a bath
filled with an aqueous suspension of CNC, fCNT, and CNC-pCNT
for 15 min (I-coating); (ii) simultaneous immersion and bath
sonication of CF with aqueous suspensions of CNC, fCNT, and
CNC-pCNT for 5 min at 40 kHz (IS-coating). The coating duration
was selected by testing different coating times (5, 10, 15, 20, and 25
min) on the control samples. Thermogravimetric analysis (TGA) data
revealed that the content of nanomaterials on CF does not
significantly increase after 15 min. The coated CFs were dried at
room temperature for 12 h, followed by placement in an oven (Across
International AT09) at 80 °C for 30 min.
2.3.3. Manufacturing. The hybrid composites were manufactured

using eight coated CF layers by a VaRTM process. The CF layers
were stacked and placed over a Mylar sheet on the surface of a
rectangular mold. A peel ply was added on top of the CF layers to
prevent sticking. Two pieces of infusion mesh were put at the top and
bottom of the mold to promote resin flow. The entire package was
enclosed in a vacuum bag and sealed with two-sided butyl tape. Two
external hoses were connected to the inlet of the resin and vent to the
vacuum pump. Prior to resin infusion, the inlet was closed, and the
vacuum pump was turned on to draw out the air trapped inside the
mold. After the vacuum was established, degassed resin was infused
from the inlet. Excess resin was removed from the vent, the inlet was

closed, and the vent was left open for 24 h until the resin was cured.
Different types of samples, i.e., tensile, flexural, and short beams, were
cut from the fabricated plates using a waterjet (waterjet system X-5;
Jet Edge Inc., St. Michael, MN).

2.4. Characterization Techniques. 2.4.1. ζ Potential and DLS.
The ζ potential and particle size distribution of CNC, fCNT, and
CNC-pCNT aqueous suspensions were measured at 25 °C using a
Malvern Zetasizer Nano ZS. All of the suspensions were diluted to
0.01 wt % in DI-H2O and stirred for 15 min at 200 rpm. The same
instrument was used to measure the hydrodynamic diameters of the
nanoparticles at a fixed angle of 90° at 25 °C. All experiments were
carried out for at least six samples, and the average was reported.

2.4.2. X-ray Photoelectron Spectroscopy (XPS). XPS (Omicron
XPS/UPS system with an Argus detector) was performed to analyze
the quantitative chemical compositions on the surfaces of CNC-,
fCNT-, and CNC-pCNT-coated CFs. Both I-coated and IS-coated 5
× 5 mm2 CFs were analyzed by a monochromatic Mg Kα (hv =
1256.6) X-ray source of 300 W operating at 15 kV. The peak analysis
and quantitative elemental composition were determined by using
CasaXPS software. All of the recorded peaks were shifted with
references of 284.8 eV (C−C/CC bond) and 532.0 eV (OC
bond) in C 1s and O 1s, respectively. Prior to XPS analysis, all of the
samples were conditioned in a vacuum oven for 4 h to reduce the
outgassing.

2.4.3. Transmission Electron Microscopy (TEM). A JEOL 2010
transmission electron microscope was used at 200 kV to study the
morphology of CNC-pCNT with a concentration of 0.01 mg/mL.
The wet samples were stained for 1 min with uranyl acetate and dried
in open air.

2.4.4. Scanning Electron Microscopy (SEM). JEOL JCM-5000
(NeoCcope Tabletop) and Tescan LYRA3 scanning electron
microscopes at an acceleration of 10 kV were used to study (1) the
quality of the coating on the surface of CF fabrics and (2) the fracture
surface of the hybrid composites. A plasma sputterer (Ted Pella Inc.,
Redding, CA) was used to apply gold coating on the surface of the
fractured samples prior to SEM imaging to minimize charging.

2.4.5. Specific Density. A water displacement method was used to
measure the specific density of the hybrid composites according to
ASTM D792 to record the effect of coating on the density of the

Figure 1. Processing and manufacturing of CNC-pCNT-CFRP hybrid composites: (1) Preparation of aqueous suspension of CNC-pCNT using
probe sonication; (2) coating process to deposit CNC-pCNT on CF; (3) VaRTM manufacturing with coated CFs.
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samples. Each density data point is an average of at least 10
measurements.
2.4.6. TGA. A thermogravimetry analyzer (TA Instruments Q500)

was used to determine the thermal stability of coated CFs. The
samples were heated from 50 to 900 °C at 15 °C/min in an air
atmosphere. Each TGA data point is an average of at least five
measurements.
2.4.7. Dynamic Mechanical Analysis. A dynamic mechanical

analyzer (DMA Q800; TA Instruments, New Castle, DE) in a dual
cantilever mode was used to measure the effect of coating on the
storage modulus, glass transition temperature (Tg), and tan δ of the
samples. The temperature ramp for the test was 3 °C/min from 30 to
120 °C at a frequency of 1 Hz. A preload of 0.01 N and a maximum
strain of 0.05% were applied on rectangular 60 × 13 × 2.1 mm
samples. Each data point is an average of at least three measurements.
2.4.8. Mechanical Testing. The tensile properties of the hybrid

composites were determined according to ASTM D638 using a
Universal United STM testing system equipped with a 10 kN load cell
for dog-bone samples with a gauge length of 50.8 mm, a width of 13.2
mm, and a thickness of 2.1 mm at a displacement rate of 2 mm/s. An
extensometer (Instron 2630-106) with a gauge length of 25 mm was
used to record the axial strain. The modulus was calculated between
the axial strain values of 0.05% and 0.2%. The flexural properties were
measured using a three-point bending test with the same machine
according to ASTM D790 for rectangular samples with a support span
of 80 mm, a width of 13.2 mm, and a thickness of 2.1 mm at a
displacement rate of 2 mm/s. Short-beam-shear tests were carried out
to measure the interlaminar shear strength (ILSS) of hybrid
composites using an ASTM D2344 standard with a span of 25.4
and 2.1 mm thickness. Each tensile, flexural, and ILSS value is an
average of at least 10 measurements.

3. RESULTS AND DISCUSSION

3.1. CNC-pCNT Dispersion and Stability in Water.
Figure 2a shows the efficacy of CNC in dispersing and
stabilizing pCNT in water after 6 months. CNCs are dispersed
in water because of its abundant hydroxyl (−OH) groups that
form hydrogen bonds with water molecules.73−77 Especially,
CNCs treated with sulfuric acid (our case) consist of
negatively charged sulfate half-ester groups that leads to
colloidal stability.78 In the absence of CNC, pCNTs will settle
in a few minutes after sonication is stopped and only fCNTs
remain stable in water because of the presence of hydroxyl and
carboxyl groups that can make hydrogen bonds with water
molecules;79 however, their preparation requires an intensive
process that might damage the CNT sidewalls because of
longer exposure to an acidic environment at high temperatures
and lead to low final properties in the composites.80,81

Figure 2b shows the ζ-potential and DLS data of CNC,
fCNT, and CNC-pCNT suspensions in water with different
mass ratios. The ζ-potential value for CNC-pCNT (1:1 and
2:1) is 51.5 mV, much higher than that of fCNT (25.4 mV)
and on the order of that of CNCs (50.3 mV), implying the
effectiveness of CNCs in dispersing pCNTs. In addition, DLS
analysis shows that the average hydrodynamic diameter of
CNC-pCNT (1:1) is 140 nm compared to 120 nm of CNCs
and 125 nm of fCNTs. Increasing the CNC-pCNT ratio to 4:1
does not affect the ζ-potential value; however, it increases the
DLS to 200 nm, implying larger aggregates. These results
indicate that CNC-pCNT (1:1) is the most stable and well-

Figure 2. (a) Dispersion and stability state of the pCNT and fCNT in water with and without CNC. n:m on the vials indicates the mass ratio of
CNC to CNT. (b) ζ-potential (left, black) and DLS (right, red) data of CNC-CNT suspensions in water. The concentration of each of the samples
is 1 mg/mL.

Figure 3. TEM micrographs of (a) pCNT, (b) CNC, and (c−e) CNC-pCNT.
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dispersed colloid in water; therefore, it was chosen for coating
and manufacturing.
3.2. Morphology of CNC-pCNT. Figure 3 shows the TEM

images of pCNT, CNC, and CNC-pCNT. The lengths of the
pCNTs are in the range of a few hundred nanometers with an
average diameter of 9 nm (Figure 2b), while the average length
and diameter values for spindle-shaped CNCs are 150 and 8
nm, respectively (Figure 3b). CNCs tend to approach pCNTs
and infiltrate them because of their smaller length scales.
Although CNCs are aligned along the pCNT sidewalls, it
appears that CNCs mainly tend to attach to pCNTs by their
tips, as shown in Figure 3c−e, implying stronger CH−π
interactions between the tip of the CNC and the sidewalls of a
multiwalled CNT (MWCNT). It is noted that CNCs are more
concentrated in some regions, and the higher magnification in
Figure 3e suggests that these regions might be the defects on
the sidewalls of pCNTs. It has also been shown in the literature
that hydrophobic interactions between CNCs and the sidewalls
of MWCNTs do not occur along the MWCNTs’ sidewalls
because of the presence of defects associated with hydrophilic
groups that hinder effective hydrophobic interaction.82,83 In
contrast to MWCNTs, CNCs prefer to align along the
sidewalls of single-walled CNTs (SWCNTs) because of
hydrophobic interactions between the SWCNT surface and
the hydrophobic (200) crystalline plane of the CNC possibly
due to higher curvature.64 The individual CNCs do not tend to
agglomerate once they attach to pCNTs, suggesting that the
binding between CNC and pCNT is stronger compared to that
of individual CNCs. This has been further supported by XPS
results in Table S2. The overall percentage of O 1s to C 1s in
CNC-pCNT demonstrates a significantly higher ratio

compared to CNC, fCNT, and CNC-fCNT. The higher O
1s to C 1s ratio suggests that a more active surface is available
on the coated fiber for binding/bonding with epoxy, and thus
better adhesion across the fiber and matrix, better stress
transfer efficiency, and higher strength can be achieved. In the
case of fCNT, studies have shown that although acid treatment
creates chemical groups that are compatible with the polymer,
leading to an improvement of interfacial adhesion, it causes
damage to the sidewalls of CNTs that impairs their intrinsic
properties.41−44 Deteriorating effects of sulfonitric acid treat-
ment on the exterior wall of CNTs have been studied and
proven in the literature.46 Also, in the TEM images, some
CNTs show open ends due to the higher oxidation on the
CNTs tips, which indicates CC bond breakages. These
findings imply that acid treatment results in chemical
modification and morphological changes on the sidewalls of
CNTs.

3.3. Surface Chemistry of Coated CFs. Figure 4a shows
the overall percentage and elemental composition of various
combinations of CNT, pCNT, and fCNT in the form of
powder, which is also quantitatively depicted in Table S2. In
the overall view, the C 1s peaks were fitted to a binding energy
of 284.8 eV, whereas the O 1s peak exhibits a binding energy
of 532 eV. Moreover, CNC-pCNT powder contains the
highest O/C ratio with 71.32%. followed by CNC powder with
61.69%. The O/C ratio of fCNT is 26.19% compared to
pCNT’s ratio of 13.45%, indicating the contribution of
functionalization. The high-resolution spectra of the powders
can be found in Figure S1.
Figure 4b shows the survey spectra of uncoated and I- and

IS-coated CFs with 1 wt % CNC, 0.4 wt % fCNT, and 0.2 wt %

Figure 4. (a) XPS survey spectra of CNC, pCNT, fCNT, and CNC-pCNT in powder form before the coating process. (b) General view of
uncoated CF, I-coated/IS-coated CNC-, fCNT-, and pCNT-CNC-CFs. (c) Atomic ratio (O/C) calculated from XPS survey spectra for coated
CFs.

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c00785
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00785/suppl_file/an0c00785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00785/suppl_file/an0c00785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00785/suppl_file/an0c00785_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00785?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00785?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00785?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00785?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c00785?ref=pdf


CNC-0.2 wt % pCNT. The plots indicate that the addition of
CNC I-coating and CNC-pCNTs I-coating to CFs increases
the polar oxygen groups by 47% and 38%, respectively,
compared to that of uncoated CFs, delineating more active
surfaces for CFs and thus larger numbers of sites for strong
bonding/binding with the polymer matrix.84 Furthermore,
Figure 4b and Table S2 demonstrate that a CNC-based IS-
coated CF has lower oxygen on the surface compared to an I-

coated CF. Figure 4c summarizes the overall atomic ratio (O/
C) of coated CFs. The graph shows that there is a noticeable
decrease in the O/C ratio for IS-coated CFs in CNC-based
suspensions. We hypothesize that IS-coating causes CNC
agglomerates or disturbs the repulsive forces of CNC colloids
because of the high amount of energy or excessive heat
generated through ultrasonication.

Figure 5. Effects of CNC, fCNT and CNC-pCNT in the coating suspension on: (a) flexural properties of CFRP composites with CFs coated via I-
coating; (b) flexural properties of CFRP composites with CFs coated via I-coating and IS-coating; (c) tensile properties of CFRP composites with
CFs coated via I-coating; (d) tensile properties of CFRP composites with CFs coated via I-coating and IS-coating.
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Figure S2 compares the C 1s peaks of I-coated, IS-coated,
and uncoated CFs. The reference uncoated CF (Figure S2a) is
primarily composed of graphite (284.8 eV) with 77.9%, polar-
oxygen-containing groups including both alcohol, C−O
(∼286.2 eV), and carbon in carboxyl or ester groups, CO
(∼288.8 eV), occupying approximately 22%, and finally a slight
π−π binding (∼290.5 eV). Parts b and c of Figure S2 show
that I-coated CNC-CFs does not change the surface chemistry
of CFs compared to uncoated CF; however, oxidative sites
decrease in IS-coating (i.e., coating in an ultrasonic bath)
where carboxyl groups completely vanish, indicating the
effectiveness of the I-coating method for higher surface activity
for CNC-coated CFs compared to that the IS-coating method.
For the case of fCNT, this trend is reverse; i.e., the fCNT IS-
coated CF surface has more polar oxygen groups compared to
the fCNT I-coated CF, as shown in Figure S2d,e, which is
consistent with previous reports where an ultrasonic bath
provides an efficient dispersion for CNT-based solutions.85

Also, the fractions of sp2 (graphite) and sp3 (diamond), which
have been seen in fCNT-coated CFs, affect the materials’
electronic and optical properties, so we combine them as a C−
C group in this paper.86 A comparison of parts f and g of
Figure S2 reveals that the CNC-pCNT I-coated CF surface
contains approximately 35% polar oxygen groups, compared to
2.23% of the CNC-pCNT IS-coated CF. In addition, the
unsymmetrical-shaped plot of the CNC-pCNT I-coated CF
compared to both the fCNT IS-coated CF and CNC-pCNT
IS-coated CF plots implies an improvement in the number of
polar oxygen groups on the surface of CF. Increasing the polar
oxygen groups provides an active surface for epoxy to bond
that results in enhanced interfacial and mechanical properties
of the composites.87,88

3.4. Mechanical Properties. 3.4.1. Flexural and Tensile
Properties. Figure 5 shows the flexural properties of the hybrid
composites made with CF coated with fCNT, CNC, and
CNC-pCNT through two coating methods. Figure 5a shows
that, compared to uncoated composites, the addition of fCNT
in the range of 0.2−0.4 wt % slightly increases the strength by
5% and addition of fCNT lower than 0.2 wt % or higher than
0.4 wt % reduces the strength. The decrease in strength can be
attributed to (1) the introduced damages to the CNT sidewalls
because of the intense functionalization process45,80 and (2)
weak interfacial binding across the fiber and matrix due to
agglomeration at higher concentration. For composites
containing CNC, the addition of 1 wt % CNC enhances the
strength by ∼12% compared to that of uncoated CFRP. The
larger enhancement of the strength in CNC-CFRP compared
to fCNT-CFRP is attributed to more effective interfacial and
interlaminar adhesion within and across the layers. Further-
more, the XPS results (Figure 4) show that the CNC I-coated
CF has a higher quantitative polar oxygen group (46.64% for
CNC in comparison to 29.43% for fCNT) compared to that of
the fCNT I-coated CF, creating stronger physical binding and
covalent bonds with epoxy chemical groups and thus
enhancing the adhesion across CF/CNC/epoxy and between
neighboring layers. For 0.4fCNT-CFRP and 1CNC-CFRP
composites, the strain at failure values are 36% and 21% and
the toughness values are 40% and 32%, respectively, higher
than those of uncoated CFRP. Multiple fracture mechanisms
such as crack bridging in the presence of nanomaterials can
increase the toughness, as discussed in the Fracture Surface
Morphology section. Adding only CNC or fCNT does not

significantly alter the flexural modulus compared to that of
uncoated composites.
Integrating CNC-pCNT improves the flexural strength

higher than those composites containing only fCNT or
CNC. For CNC-pCNT, 0.2−0.2 and 0.5−0.5 wt % were
selected as these concentrations to provide a direct comparison
to 0.4fCNT and 1CNC containing CFRPs that exhibited the
highest property enhancement. The flexural strength of
0.2CNC-0.2pCNT-CFRP composites is 33% higher than that
of uncoated composites. It is noted that this enhancement is
20% and 30% higher than the maximum improvement in
strength by CNC and fCNT, respectively. Because the flexural
properties are a combination of in-plane and out-of-plane
properties, this enhancement reflects that the created synergy
by CNC-pCNT enhances both the interfacial and interlaminar
adhesion more effectively than only CNC or fCNT. In
addition to the polar oxygen groups provided by CNCs as
supported by the XPS results, pCNTs have also contributed to
interlaminar adhesion, acting as nanopins between the adjacent
layers in CNC-pCNT-coated CFRP. The combination of these
effects is likely to synergistically enhance the flexural strength.
It is noted that this improvement cannot be because of the
higher content of nanomaterials in 0.2CNC-0.2pCNT as it is
equal to 0.4fCNT-CFRP and smaller than 1CNC−CFRP, both
representing the largest enhancements in their group. More-
over, in contrast to CNC and fCNT, incorporating 0.2CNC-
0.2pCNT increases the modulus by 15%, suggesting that the
presence of CNC-pCNT at the interface can result in an
increase in the stiffness of the fiber/matrix interphase,89 i.e., a
faster rate of stress transfer across the fiber/matrix and thus a
higher modulus for the composite.90 Although this hypothesis
could not be validated in this study, Gao et al. showed that
increases in the apparent modulus at the GF/epoxy interphase
increase the composite macroscopic modulus.91 Another
potential reason can be related to the thickness of the
interface. According to the DLS results (Figure 2b), the
hydrodynamic diameter of CNC-pCNT (1:1) is slightly larger
than that of fCNT. Assuming similar conditions for coating,
the thickness of the coating for 0.2CNC-0.2pCNT must be
accordingly larger compared to that of 0.4fCNT because the
amount of nanomaterials is similar. Previous reports show that
increases in the thickness of the interphase up to 2 μm
enhances the interfacial shear strength (IFSS) value.42 In
contrast, there are studies suggesting that reducing the
thickness of the interphase increases the IFSS.92 Although
the interface strength is usually related to the tensile strength
(and not the flexural strength), these studies indicate that there
should be an optimum value for the thickness of the interphase
that depends on the coating process, agglomeration degree,
and type of nanomaterials. In our case, 0.2CNC-0.2pCNT
provides the optimum value for maximum enhancement of the
properties. Increasing CNC-pCNT to 0.5−0.5 wt % decreases
the flexural strength, as seen in Figure 5a. The strain at break
for CNC-pCNT composites is similar to that of uncoated
composites, and the toughness has increased because of the
increase in the strength.
The flexural properties of hybrid composites fabricated via I-

coating and IS-coating are compared in Figure 5b. It should be
noted that only composites with the highest properties (Figure
5a) have been selected for Figure 5b. IS-coating has enhanced
the flexural strength of 0.4fCNT-CFRP composites by 8%,
while it has reduced the strength of 1CNC-CFRP and
0.2CNC-0.2pCNT-CFRP composites by 8% and 17%,
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respectively. These observations show that, contrary to fCNT-
coated CFs, the quality of the coating is adversely affected by
IS-coating when CF fabrics are coated with CNC and CNC-
pCNT. In other words, IS-coating reduces the dispersion and
uniformity of the distribution on CF fabrics coated with CNC
and CNC-pCNT. This is consistent with the surface chemistry
of the coated CFs shown in Figure 4 and Table S2, where
CNC and CNC-pCNT I-coated CFs contain higher active
oxygen groups than IS-coated CFs, while fCNT I-coated CFs
possess lower active oxygen groups than IS-coated CFs. The
plausible mechanisms can be related to the disturbance of
favorable bonds of CNC with pCNT and CF due to the
ultrasonication energy that will be further discussed.
As seen in Figure 5c, the addition of CNC, fCNT, and

CNC-pCNT does not statistically affect the tensile properties
of composites fabricated via the I-coating process. The effects
of IS-coating and I-coating on the tensile properties are
compared in Figure 5d. It is observed that IS-coating has
improved the tensile strength of 0.2fCNT-CFRP composites
by 8% compared to neat composites, but this is not statistically
significant because of the overlap of the error bars. I-coating
did not change the tensile strength of 0.2fCNT-CFRP
composites relative to neat composites. In general, coating
CFs did not drastically change the tensile properties because
the CFRPs usually possess high in-plane properties without the
addition of nanomaterials. Generally, coating fibers with CNTs
enhance the out-of-plane properties because they act as
nanopins between neighboring layers that can, in turn, retard
delamination. Although delamination is a major damage mode
that can lead to catastrophic failure in both tensile and flexural
loading types, in flexural loading, delamination usually occurs
concurrently with other damage modes such as matrix cracking
and thus is more susceptible to interlayer adhesion compared
to tensile loading, where delamination usually appears at the
final loading stages.93,94

3.4.2. Interlaminar Strength. The effects of the fCNT,
CNC, and CNC-pCNT contents on the interlaminar proper-
ties of the hybrid CFRP composites are plotted in Figure 6.
Coating the CF layers with 1 wt % CNC or 0.2−0.5 wt %
fCNT increases the ILSS by 23% and 9%, respectively, as seen
in Figure 6a. The trend is similar to that of the flexural
properties: There is an optimum condition for both CNC (1
wt %) and fCNT (0.5 wt %) after which the ILSS reduces,
possibly due to the agglomeration of nanoparticles, leading to
slipping and poor binding across the layers.95 The hybrid
CFRP composites containing CNC-pCNT show a higher ILSS
value compared to those with only CNC or fCNT. Coating the
CF with 0.2CNC-0.2pCNT increases the ILSS value by 35%
compared to that of uncoated composites and 12% and 24%
compared to those of CFRP with 1CNC and 0.2−0.5fCNT,
respectively. These results demonstrate that CNC-pCNT
synergistically creates a stronger interlayer adhesion across
the layers compared to that of only CNC or fCNT, as
discussed in flexural strength. Figure 6b compares the ILSS
values of hybrid composites coated via I-coating and IS-coating
methods. Despite the variations not being significant, the trend
is similar to that observed in flexural properties comparing I-
coating and IS-coating: in IS-coating, when CNC is present
either as the sole nanoparticle or with pCNTs, the out-of-plane
properties decrease by 7% in contrast to those of I-coating.
The interlaminar properties correlate with the XPS results

where CNC and CNC-pCNT I-coated CFs have more active
surfaces compared to IS-coated CFs as well as pCNTs acting as

nanopins between the layers, resulting in a better interlaminar
performance.96

3.5. Quality of the Coating. Figure 7 shows the SEM
micrographs of the CFs coated with CNC, fCNT, and CNC-
pCNT with I-coating and IS-coating. Interestingly, the quality
of the coating depends on both the type of nanoparticle and
the method of coating. When CNC is used in the coating
suspension, either as the sole nanomaterial or in company with
pCNT (CNC-pCNT), the IS-coating deteriorates the quality
of the coating and results in the formation of scattered
agglomerates on the surface of the CF, as shown in parts b,c
and d,e of Figure 7, respectively, which can further negatively
affect the strength of the produced composites by reducing the
adhesion across the fiber/matrix and between adjacent layers

Figure 6. Effects of CNC, fCNT, and CNC-pCNT in the coating
suspension on: (a) ILSS of CFRP composites with CFs coated via I-
coating; (b) ILSS of CFRP composites with CFs coated via I-coating
and IS-coating.
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of composites, as depicted in the flexural and ILSS properties
in Figures 5b and 6b. This is also consistent with the XPS
results, where the CNC I-coated CF has more polar oxygen
groups than the CNC-IS coated CF (Figures 4 and S2 and
Table S2), indicating that in the I-coating a better state of
dispersion and a more uniform and broader distribution are
achieved compared to those in IS-coating. For fCNT, the IS-
coating exhibits a better dispersion and a more uniform
distribution of nanoparticles, as shown in Figure 7e,f, reflected

in higher flexural, tensile, and interlaminar properties
compared to those of the I-coating, as shown in Figures 5b,d
and 6b. This has been also confirmed by the XPS results in
Figure S2, in which fCNT IS-coated CFs have approximately 3
times higher carboxyl groups compared to I-coated CFs in
high-resolution C 1s spectra. It is worth noting that, although
the optimum ratio of CNC to CNT has been measured to
create hybrid nanomaterial systems with maximum possible
distance and minimum possible size, the formation of

Figure 7. SEM images of (a) uncoated CF, (b) 0.2CNC-0.2pCNT-CF, (c) 0.2CNC-0.2pCNT-IS-CF, (d) 1CNC-CF, (e) 1CNC-IS-CF, (f)
0.2fCNT-CF, and (g) 0.2fCNT-IS-CF. The scale bars are 100 μm.
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aggregates is inevitable because the coating bath volume and
nanomaterial concentrations have not been optimized. Overall,
concurrent sonication and immersion provides better dis-
persion and distribution state for fCNTs but deteriorates the
dispersion and uniform distribution on the CFs when CNCs
are present in the coating suspension. A plausible explanation
can be inherent in the binding mechanism between CNC and
pCNT.
Because pCNTs contain no grafted chemical groups and the

number of defects will possibly be equal on pCNT and fCNT,
the binding mechanisms between CNC and pCNT are (1)
polar−π interactions between the CH group in cellulose and
the carbon rings of pCNT and (2) electrostatic attraction
specifically in water due to fluctuation of the counterions on
CNCs that further interact with the carbon atoms and induce
local charges on the surface of pCNTs, as shown in Figure
8a.72 When CNCs are present, they disperse and stabilize
pCNTs in water. As CFs are introduced to the IS-coating
process, it is plausible that sonication disengages the polar−π
interactions and disrupts the favorable electrostatic attraction
between CNC and pCNT. The disengaged CNCs tend to
approach the CF, on which there are abundant carbon rings
and defects for interactions compared to those of pCNTs, as
illustrated in Figure 8b. In addition, the migrations of CNCs
toward CF induce electrostatic charges similar to the
mechanism explained for pCNT. Because these locations
vary throughout the CF fabric, the CNC concentration will
vary within the CF fabric, resulting in agglomeration and
inhomogeneous distribution of CNCs and CNC-pCNTs onto
the CF and thus lower mechanical properties compared to
those of I-coating.
3.6. Thermomechanical Properties. The thermome-

chanical properties including the glass transition temperature
(Tg), tan δ, and storage moduli below and above Tg (elastic
response to energy absorption) of the CFRPs coated with
CNC, fCNT, and CNC-pCNT with various contents are
presented in Table S3. At 25 °C below Tg, the storage moduli
of the 0.2CNC-0.2pCNT-CFRP and 0.2fCNT-IS-CFRP
composites are in the range of neat composites delineating
that, for CNC-pCNT-containing composites, I-coating is more
efficient and, for fCNT containing composites, IS-coating is a
better method in yielding higher storage moduli at the glassy
state region. IS-coating has decreased the storage modulus of
0.2CNC-0.2pCNT-IS-CFRP by ∼20% compared to that of
neat CFRP, indicating that the sonication energy interrupts the

created bonds between CNC and pCNT, creating agglomer-
ates and possibly preventing energy-favorable interactions
between oxygen-containing functional groups of CNCs and
CF/epoxy matrix. Above Tg, almost all of the composites show
similar storage moduli, which is expected because the
nanoparticles exist on the surface of fibers and cannot restrain
the chain segmental motion. Integrating the nanomaterials
does not affect Tg and tan δ of hybrid composites.

3.7. Fracture Surface Morphology. Figure 9 shows the
SEM images of the fractured surfaces failed under a short beam
test for the hybrid composites. Coating the CFs via I-coating
and IS-coating has different effects on the morphology.
Compared to neat CFRPs, composites coated with CNC-
pCNT or CNC via I-coating exhibit a rigged fracture surface
with shear cusps and shorter broken fibers, as shown in Figure
9b,d. A similar morphology is observed for fCNT-CFRP
prepared via IS-coating, as shown in Figure 9g. In addition,
these images show that the presence of nanoparticles
suppresses crack propagation at different locations and deviates
its path, suggesting that matrix crack propagation has been
delayed and converted to a tortoise path compared to a
straight matrix crack in neat CFRPs shown in Figure 9a. These
mechanisms can increase the strength of the composites, as
indicated in Figures 5a,b and 6a,b. In contrast, when CNC and
CNC-pCNT are used in IS-coating (Figure 9c,e) or fCNT is
used in I-coating (Figure 9f), the fracture surface morphology
is altered: the cracks propagate through the depth and breadth
of the sample, the number of shear cusps and plastically
deformed areas of the matrix decrease, the number and length
of debonded fibers devoid of a matrix increase, and sharp edges
increase. These observations suggest that the adhesion
between the fiber and matrix is weaker in IS-coated CNC
and CNC-pCNT and I-coated fCNT composites, which
ultimately affects the final strength. These schemes are
consistent with the quality of the dispersion and uniformity
of the distribution (Figure 7), ILSS values (Figure 6), and XPS
results (Figure 4).
Figure 10 shows the SEM images of fractured surfaces that

failed in tensile tests. Although the tensile properties of coated
composites did not differ from those of uncoated composites,
the fracture morphology can reveal information on enacting
failure mechanisms. The general trend is similar to that of the
fractography results in Figure 9 and consistent with the coating
quality in Figure 7. In composites coated with CNC and CNC-
pCNT through I-coating, the matrix surfaces are rougher

Figure 8. Schematic of interactions (a) between CNC and pCNT in water and (b) among CNC, pCNT, and CF in water during IS-coating.
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compared to those in composites prepared via IS-coating
(Figure 10b,d), where more pulled-out/detached fibers often
devoid of a matrix exist (Figure 10c,e). These mechanisms
suggest that I-coating provides better adhesion across the fiber
and matrix for CNC-containing composites. However, for
composites containing fCNT, this trend is reversed; i.e., IS-
coating results in rougher fracture surfaces, shear cusps, and
plastic deformation (Figure 10g), suggesting higher energy
absorption before failure compared to that of I-coating (Figure
10f).

3.8. Thermal Stability and Specific Density. The
density for all composites is 1.45 ± 0.03 g/cm3 independent
of the coating materials and coating method, indicating that
the presence of CNC and/or CNT on the CF did not alter the
resin infusion or add weight to the produced composites.
Figure 11 reports the TGA and differential thermogravim-

etry (DTG) curves obtained from TGA of CFs coated with
CNC, fCNT, and CNC-pCNT using both coating techniques
of I-coating and IS-coating. The TGA and DTG curves are
superimposed to facilitate analysis.

Figure 9. SEM images of fractured surfaces of samples that failed in short beam tests: (a) neat CFRP; (b) 0.2CNC-0.2pCNT-CFRP; (c) 0.2CNC-
0.2pCNT-IS-CFRP; (d) 1CNC-CFRP; (e) 1CNC-IS-CFRP; (f) 0.2fCNT-CFRP; (g) 0.2fCNT-IS-CFRP. The scale bars are 20 μm.
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To study the thermal stability of coated CFs, those that
resulted in the highest mechanical properties were selected.
The onset of degradation and decomposition temperatures of
uncoated CFs are 790 and 900 °C, respectively. The onset of
degradation temperature for both 0.2fCNT-CF and 0.2fCNT-
IS-CF is ∼750 °C, which is lower than those of CNC-CF (810
°C) and CNC-pCNT-CF (830 °C). For fCNT-IS-CF, the
onset temperature is slightly higher than that of fCNT-CF by
10 °C, indicating that simultaneous sonication and immersion
during coating has increased the thermal stability of fCNT-

coated CFs because of the better dispersion and distribution
state, as previously discussed. Compared to uncoated CFs,
adding fCNT lowers the thermal stability of the fibers by
reducing the onset temperature from 790 to 750 °C and
accelerates the rate of decomposition because fCNT-CF
reaches a plateau at 800 °C compared to 900 °C of uncoated
CFs. The decrease in the thermal stability is a major concern in
aerospace composites. Despite the contradictory results in the
literature on the effect of CNT on the improvement or
deterioration of the thermal stability of composites containing

Figure 10. SEM images of fractured surfaces of samples that failed in tensile tests: (a) neat CFRP; (b) 0.2CNC-0.2pCNT-CFRP; (c) 0.2CNC-
0.2pCNT-IS-CFRP; (d) 1CNC-CFRP; (e) 1CNC-IS-CFRP; (f) 0.2fCNT-CFRP; (g) 0.2fCNT-IS-CFRP. The scale bars are 50 μm.
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CNTs,97−101 it has been shown that the type of metal catalysts
on CNTs can accelerate or decelerate thermal degradation.100

In our study where the metal catalysts are aluminum and
cobalt, thermal degradation of fCNT-CFs is accelerated,100 as
shown in Figure 11.
When CFs are coated with 1 wt % CNC and 0.2CNC-

0.2pCNT, the onset temperature increases to 810 and 830 °C,
respectively, compared to 790 °C of uncoated CFs.
Specifically, for 0.2CNC-0.2pCNT, the coated CFs reach a
plateau at 900 °C similer to that of uncoated CFs, highlighting
that the combination of CNC-pCNT increases the thermal
stability of CFs. Although both CNC and pCNT start to
degrade at lower temperatures (300 and 600 °C, respectively)
than that of neat CFs (790 °C), a very low thermal
conductivity of CNCs (∼5.7 W/mK47) seems to delay the
transitioning of heat to CFs and thus retards the decom-
position process. When IS-coating is applied, the onset
temperature decreases for CNC- and 0.2CNC-0.2pCNT-IS-
coated CFs, which is consistent with the discussion on the
effect of bath sonication on the formation of agglomerates on
the CFs and thus the uneven distribution of nanoparticles that
can accelerate thermal decomposition.

4. CONCLUSION
In this study, we used CNCs to disperse and stabilize pCNTs
in water to coat CFs prior to manufacturing hybrid CFRPs
without the need for time/cost-inefficient chemical function-
alization. Two coating methods, i.e. immersion (I-coating) and
simultaneous immersion and bath sonication (IS-coating),
were examined. Our results show that I-coating is more
effective in dispersing and uniformly depositing CNC and
CNC-pCNT, whereas IS-coating is a better technique for
depositing fCNT onto the CFs. Adding CNC-pCNT by I-
coating increased the flexural modulus and strength of hybrid
CFRPs by 15% and 33% and ILSS by 35% compared to those

of neat composites. In particular, CNC-pCNT-CFRP
composites exhibited ∼25% higher flexural strength and ILSS
compared to the highest values of CFRPs containing fCNT.
The combined effect of CNC in increasing polar oxygen
groups on the surface of CFs and pCNTs acting as nanopins
results in better adhesion across the fiber and matrix and
between neighboring layers, leading to synergistic enhance-
ment of the flexural and interlaminar strength. Moreover,
adding CNC-pCNT increased the onset temperature of
thermal degradation of CF by 40 °C, in contrast to a 40 °C
decrease in the onset temperature of CF when fCNT was
added. These results indicate that the introduced CNC-
assisted processing technique is effective in manufacturing of
hybrid CNT-CFRP composites with enhanced properties and
thermal stability, highlighting a path forward in scalable
processing of hybrid composites for structural applications.
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