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ABSTRACT: Cellulose nanocrystals (CNCs) enable the effective
coating of carbon fibers (CFs) with pristine carbon nanotubes
(CNTs) and graphene nanoplatelets (GnPs). Herein, we articulate
the mechanisms that form the interface of CNC-bonded CNT and
CNC-bonded GnP-CF reinforced polymer (CFRP) composites
that are suitable for structural applications. We show that CNCs
provide a suitable platform to engineer the interface of hybrid
composites. We demonstrate that the hybrid nanomaterials, i.e.,
CNC and CNT/GnP, alter the chemical composition of the
interface and its properties, and despite the similar elemental
composition of the CNT and GnP, the mechanical properties of
the produced composites differ. Our results show that the presence
of CNC—CNT and CNC—GnP creates a 4 um interfacial region
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that leads to a 200 and 145% increase in interfacial shear strength and a 46 and 28% enhancement in interlaminar shear strength,
respectively. Furthermore, density functional theory calculations show that the binding energy between the CNC—CNT and CF
sizing agent is 14% higher than that of CNC—GnP underlining the effect of chemical and physical interactions in the observed
difference in mechanical properties. The understanding gained from this study highlights a path forward bottom-up manufacturing of
hybrid composites with an engineered microstructure and properties from the molecular level and nanoscale to higher scales.
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1. INTRODUCTION

A strong adhesion at the interfacial and interlaminar regions in
carbon fiber (CF)-reinforced polymers (CFRPs) is key to
maintaining an efficient load transfer between the fiber and
matrix and enhancing interfacial pro7perties,l_6 interlaminar
strength, and delamination resistance, = and final strength.lo
To achieve this, introducing nanomaterials (NMs) onto the
surface of reinforcing fibers has been widely practiced to
improve the interfacial properties of polymer composites."'~
The NMs are integrated onto the fiber surface by using several
techniques including electrophoretic deposition,”*'>'>'® dip/
immersion coating on fibers,""'”'® dispersion in the sizing
agent,'””" grafting the fiber surface,’ and layer-by-layer
assemblies.”’ Among these approaches, the dip/immersion
coating is a simple and scalable technique, which enables the
physical absorption of NMs on reinforcing fibers."**

To enhance the mechanical and functional properties of
composites, carbon-based NMs such as carbon nanotubes
(CNTs).! 737823729 graphene nanoplates (Gnps)>752030733
and their combinations'>**** have been widely used in
CFRPs. Although the results of these studies serve well for
their purpose, most of these processes rely on the chemical
functionalization of CNTs and GnPs, which is an effective
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method, but it adds costs and causes damage to the CNT and
GnP structure that deteriorates their intrinsic properties.””*> To
lower the manufacturing costs of hybrid composites, it is ideal
to use pristine CNTs and GnP; however, due to their strong
Van der Waals attraction, homogeneous dispersion of pristine
CNTs and GnPs is very challenging.*

In the last decade, cellulose NMs (CNs) have been
increasingly used in applications such as manufacturing of
composites with enhanced properties,""'>'”?° drug delivery,*
electronics,”” and polymer composites.' "' ' *33¥~** Being the
most abundant polymer on the planet, CNs can be in the form
of cellulose nanocrystals (CNC), cellulose nanofibrils/nano-
fibers (CNF), algae cellulose, and bacterial cellulose. Among
CN types, spindle-shaped CNCs (3—20 nm in width, S0—500
nm in length) possess high mechanical and thermal properties
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Scheme 1. Illustration of Hybrid CFRP Fabrication: (1) Preparation of Homogeneous CNC—CNT and CNC—GnP
Suspensions by Probe Sonication Treatment, (2) Immersion Coating of CFs to Integrate CNC—CNT and CNC—GnP on CF
Surface, and (3) Manufacturing of Coated CFs by VaRTM Method
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(~5—7.5 GPa strength and ~150 GPa modulus and stability
up to 320 °C), low density (1.5 g/cm?), and high aspect ratio
(10—100), with abundant hydroxyl side groups (—OH), which
can facilitate chemical/physical bonding with neighboring
species.”” The presence of abundant —OH groups and
negatively charged sulfate half-ester groups (if hydrolyzed
with the sulfuric acid) leads to the high colloidal stability of
CNCs in water.”>* ™"

There are many reports on integrating carbonaceous
NMs,2’7’16’22’42’48 CNs,""" and their combinations** in fiber-
reinforced polymer composites. Using hybrid carbonaceous
NMs and CNs as a coating on the CF enables transferring their
unique properties to CFRPs. This study attempts to unravel
the underlying mechanisms behind the enhancement of the
mechanical properties of CFRP composites for structural
applications enhanced by hybrid CNCs and two different
pristine carbonaceous NMs, i.e., CNT and GnP. CNCs are
utilized to disperse and stabilize pristine CNTs and GnP in
water without the need for any functionalization or dispersant.
We then capitalize on understanding how CNC—CNT/GnP
alters physical and chemical attributes of the interface and why
the enhancement of mechanical properties differs for CNC—
CNT- and CNC—GnP-coated CFRP composites. We probe
the surface chemistry, morphology, and chemical composition
of the interface at the nano- and micro-level and correlate them
with macro-scale mechanical properties, such as tensile,
flexural, and interlaminar shear strength (ILSS). Moreover,
we employ density functional theory (DFT) calculations to
capture the interactions of CNC—CNT and CNC—GnP with
the sizing agent of the CF to unravel the effect of the geometry
and morphology of hybrid NMs on the formation of the
microstructure at the interface.

2. MATERIALS AND METHODS

2.1. Materials. Unidirectional (UD) Hexcel IM2 CFs (12 k tow
size) are used as received. Epoxy INF-114 and INF-211 hardeners are
supplied from Pro Set (USA). NCV-100 CNCs (CelluForce, Canada)
with a diameter of 2.3—4.5 nm and length of 44—108 nm are used as
received. Pristine multi-walled CNTs produced via catalytic CVD
with 95% carbon purity and average outer and inner diameters of S—
1S nm and 3-S5 nm and length of ~10 um are purchased from
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USNano (USA). GnPs (EGO016) are supplied from Celtig (USA) with
2—S5 pm dimensions measured by scanning electron microscopy
(SEM).

2.2. Fabrication CNC—CNT/GnP-Coated CFRP. Three coating
suspensions with a concentration of 0.2 wt % including CNC, CNC—
CNT 4:1, 6:1, 8:1, 10:1, and 12:1, and CNC—GnP 1:1, 2:1, 4:1, and
6:1 are dispersed in deionized water using probe sonication (Qsonica
Q125 and a sonotrode of 6 mm) at a frequency of 20 kHz and 75%
intensity in an ice bath, as illustrated in Scheme 1. The corresponding
labeling scheme used to describe the coated CFs and hybrid
composites is CNC—CNT and CNC—GnP m:n, where m and n
represent the mass ratio of CNC and CNT/GnP, respectively, in the
coating suspension. The wording “hybrid composites” in this study
represent that one substance was integrated as a reinforcing material,
that is, CNCs and CNT/GnP along with the CFs of the CFRPs, in
which a new NM structure/system with new features of the
combination of cellulose (dispersibility due to their hydroxyl groups)
and carbonaceous NMs (stiffness for reinforcing role) is created.

Dry UD 12 in X 12 in CF fabrics are separately immersed in a bath
filled with the prepared aqueous suspensions and left for 20 min at
room temperature (Scheme 1). Then, the coated CFs are dried
overnight followed by drying in an oven at 120 °C for 12 h.

The hybrid composites are manufactured using coated CF layers
with a [0,,90,,0,]; stacking sequence via a vacuum-assisted resin
transfer molding (VaRTM) process (Scheme 1) described in detail in
our previous work.*® Short beam, flexural and tensile samples are cut
from the fabricated plates using a waterjet (Jet Edge waterjet systems
X-S, Minnesota, USA).

2.3. Characterization and Testing. To evaluate the dispersion
stability, {-potential of 0.2 wt % CNC, CNC—CNT 4:1—-12:1, and
CNC—-GnP 1:1—6:1 in water is measured at room temperature in a
Malvern Zeta-sizer Nano ZS. An average of at least five measurements
is reported.

The interfacial properties of CFRPs are measured using in-situ
single fiber fragmentation (SFF) tests in a Kammrath Weiss 10 kN
micro tensile stage under an optical microscope (DXS 500 by
Olympus). The SFF specimens are prepared by embedding a single
filament extracted from a coated CF tow into the dog-bone-shaped
silicone mold filled with an epoxy resin and cured. The dog-bone
shape samples are 50 X 10 mm with a gauge length of 25 mm, as
shown in Figure S1. The interfacial shear strength (IFSS) values are
calculated by the Kelly and Tyson® model in eq 1

_ 4oy
T2l

(1)
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Figure 1. (a) Dispersion state vial photographs and {-potential of CNC, CNC—GnP, and CNC—CNT suspensions. Green circles show the
selected CNC—CNT/GnP for coating and CFRP manufacturing. SEM images are shown in (b) neat CF, (c,d) CNC-coated CF, (e—g) CNC—
GnP-coated CF, and (h—k) CNC—CNT-coated CF. The white scale bar in the black box is 2 um.

where 7 is IFSS, d¢ is the fiber diameter, I is the critical length, and o¢
is the fiber tensile strength at critical length. The critical length, I, is
calculated by I, = 4/3], where 1 is the average fiber length. The video
in the Supporting Information was taken during the SFF under an
optical microscope, and an average of 6 samples is reported. Weibull
distribution used for the CF strength data (according to ASTM
D3822) is applied to obtain Weibull shape parameter and strength as
4.91 and 4038 MPa, respectively. Note that the individual fibers are
pulled out from the NM-coated fabric. Batista et al."' compared the
coated 12 k CF tow with an individual CF and reported that the IFSS
results did not change significantly.

X-ray photoelectron spectroscopy (XPS) is used to quantitatively
analyze the chemical groups on the CNC, CNC—CNT, and CNC—
GnP coated CFs. 5 X S mm CF samples are analyzed by a
monochromatic Mg K (hv: 1256.6) X-ray source of 300 W operating
at 15 kV in XPS (Omicron XPS/UPS system with Argus detector).
Peak analysis and quantitative elemental composition are performed
using CasaXPS software, where the peaks are shifted to 284.8 eV (C—
C/C=C bond) and 532.0 eV (O=C bond) in C 1s and O Is,
respectively. Before the XPS analysis, all samples are conditioned in a
vacuum oven for 12 h to eliminate outgassing.

To visualize the quality of the NM-coated CF surface, SEM
(Tescan FERA-3 Model GMH Focused Ion Beam Microscope) with
an acceleration of 10 kV is used with the same sample dimensions as
in XPS.

The atomic force microscopy (AFM) nano-IR (Bruker Anasys
nano-IR2) is conducted to understand the topological and chemical
evolution at the CF/epoxy interface with the addition of NMs. AFM-
nano-IR simultaneously probes both topology (AFM) and evolution
of the chemical composition of the interface (IR) of CFRP
composites. The specimens are prepared by inserting and taping a
CF tow on the top of a silicone holder 2 X S X 1 cm poured with
epoxy. To obtain a smooth surface, CFRP is ground using 400—7000
grit sandpapers and polished with aluminum nanoparticles of 6 ym
size. The AFM micrographs are collected at the AFM tapping mode
and taken from the top view, and the measurements are conducted for
at least 3 samples for each composite. The IR measurements are
performed in the range of 1800—800 cm™ with 20 nm spatial
resolution. All nano-IR spectra are obtained with 200 cm™' 1/s
scanning speed at a resolution of 2 cm™.

1286

The short beam shear test is performed according to ASTM D2344
standard to report ILSS of neat and coated CFRPs. At least seven
rectangular specimens of 25 X 6 X 3 mm are tested under three-point
bending at a cross-head speed of 1 mm/min until a deflection equal to
the thickness of the specimen was achieved.

For the flexural strength, three-point bending tests are conducted
according to ASTM D790 on specimens with the dimensions of 120
X 12.7 X 1.5-2 mm and in the span to depth ratio of 40:1. The
crosshead speed is adopted as 3 mm/min. The tensile strength is
measured according to ASTM D3039 with dimensions of 165 mm
length, the width of 13 mm, the gauge length of SO mm, and the
thickness of 2.5 mm. The crosshead speed is S mm/min.

2.4. DFT Calculations. Although the experiments report the
effects of CF coating on the interfacial and mechanical properties,
DEFT calculations are used to reveal the interactions of NMs with CFs
and the mechanism behind the enhancement of interfacial properties.
DFT calculations are performed using the Gaussian 16 suite of
programs at Texas A&M high-performance research computing. The
B3LYP-GD3BJ functional®® with Pople style 6-31G(d’,p’)”" double-¢
quality basis was used. The SMD implicit solvation model** is used to
include the bulk interaction of the solvent with dissolved molecules.
CNCs added to the single vacancy (sv)-defected sites of arm-chair
single-walled CNT and GnP NM model systems with a sv, as
observed in Figure S2, were computed and the binding energy
between the NMs and the model sizing agent of CF were calculated.
As the sizing of Hexcel IM2 is proprietary data, we used a known CF
sizing agent [hydrophobic bisphenyl A and hydrophilic polyethylene
glycol (PEG)] available from the literature and compatible with
epoxy53 (see Figure S3).

3. RESULTS AND DISCUSSION

3.1. Dispersion Quality of CNC—CNT/GnP and Coated
CFs. The agglomerate-free NM coating on CFs is essential to
enhance the interfacial and macroscopic properties.'”” CNCs
are hydrophilic nano-spindles dispersed in aqueous media with
colloidal stability as their negative sulfate groups create
electrostatic repulsion. We show that the CNC is able to
disperse and stabilize highly hydrophobic pristine CNTs and
GnPs in water. Figure la displays the photographs of stable

https://doi.org/10.1021/acsanm.1c03860
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Figure 2. XPS analysis of (a) neat CF, (b) CNC-coated, (c) CNC—CNT-coated, and (d) CNC—GnP-coated CF.

dispersions of CNC, CNC—GnP, and CNC—CNT hybrids
and their {-potential values. Transparent suspension of CNCs
without any agglomeration is a visual indication of a good
dispersion state. By the incorporation of CNTs/GnPs into the
CNC aqueous suspension, the color is changed to grey/black.
The increase of the CNC ratio in CNT/GnP suspension leads
to a more transparent suspension [both CNC—CNT (12:1)
and CNC—GnP (8:1)] without any visual sign of agglomer-
ation.

To further examine the dispersion quality of CNC—CNT/
GnP, {-potential (Figure 1a) is conducted for different mass
fractions of hybrid NMs. The {-potential values of the CNC—
GnP suspensions increase gradually with the addition of
CNCs, which are 20, 45, 61, and 58 mV for CNC—GnP 1:1,
2:1, 4:1, and 6:1, respectively. These values are in the order of
{-potential of CNCs (53.5 mV), implying the effectiveness of
CNCs in dispersing GnPs in water. Moreover, the {-potential
of CNC—CNT 4:1, 6:1, 8:1, 10:1, and 12:1 is measured as ~0,
40, 52, 54, and 53 mV, respectively, indicating that CNCs
assist in detaching CNTs as well as enhancing the colloidal
stability. The mass ratios of 8:1, 10:1, and 12:1 CNC—CNT
and 2:1, 4:1, and 6:1 CNC—GnP are used in the coating
process and CFRP manufacturing, which are selected
according to the highest (-potential values (Figure la).
Overall, these results suggest that CNCs successfully disperse
hydrophobic pristine CNTs and GnPs in water without using
any additives because of (i) the presence of strong negatively
charged surfaces of sulfonated CNCs that stabilize CNCs in
water, (ii) electrostatic repulsion and stabilization with the
higher surface charge of CNCs,>* and (iii) strong interactions
between CNCs and carbonaceous NMs.”> Our experiments
indicate that CNCs can overcome the strong Van der Waals
interaction between CNTs (or GnPs) and act as a stabilizer for
them in aqueous media.

{-Potential values of CNC—GnP and CNC—CNT suspen-
sions range between 45—61 and 40—54 mV, respectively. A
similar {-potential value allows balancing the cost-performance
of the suspension. CNTs/GnPs can be dispersed even at low
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CNC concentrations i.e., CNC—GnP 2:1 and CNC—CNT 6:1
lead to the reduction in the amount of material used and cost.
This also enables the control of the interfacial properties. The
interactions between the CF and epoxy are enhanced with
integrated high concentration CNCs, whereas mechanical and
electrical conductivity properties can be tailored by introduc-
ing a high amount of CNTs/GnPs. Hence, these materials are
suitable not only for reinforcing CFRPs but also for surface
coating applications such as thin films.

SEM images of neat CF (Figure 1b), CNC (Figure lc,d),
CNC—GnP (Figure le—g), and CNC—CNT (Figure 1h—k)-
coated CFs are displayed to ensure that NMs are successfully
transferred onto CFs by the immersion coating process.
Compared to the neat CF surface (Figure 1b), the deposition
of CNCs increases the surface roughness of the CFs (Figure
Ic,d). A similar trend is observed in the CNC—GnP-coated CF
surface (Figure le). Closer examinations of CNC—GnP
coating display that the GnP layers are attached to the CF
surface from their largest surfaces (Figure 1f), and CNCs are
attached to the surface of micron size GnP (Figure 1g). Similar
to CNC—GnP (Figure le), the CNC—CNT deposition
increases the surface roughness of CFs, as shown in Figure
1h. The hybrid CNC—CNT acts as a binder between CFs
(Figure 1i—k), where CNC—CNTs are entangled and create
an intertwined network. Yet, no entanglement is observed in
CNC—GnP-coated CFs as the CNCs attach to the GnP
surface individually or in small clusters (Figure 1g). From these
experiments, it is concluded that CF surfaces are effectively
coated with hybrid CNC—CNT/GnP through a facile and
simple immersion coating process without the use of chemicals
or additives.

3.2. Surface Chemistry of CNC—CNT/GnP-Coated CFs.
XPS analysis (C 1s peaks) is conducted to analyze the effect of
hybrid NMs on the chemical groups created on the CF surface
by the immersion coating process (Figure 2 and Table S1).
The surface modification results in changing the surface
chemical properties and relative amount of C 1s components.
These are mainly manifested by the types and contents of the

https://doi.org/10.1021/acsanm.1c03860
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Figure 3. AFM-nano IR analysis of neat CF, CNC-coated, CNC—GnP 4:1-coated, and CNC—CNT 10:1-coated CFRPs. (a) The schematic of
procedure and selected S points and the sample. The AFM micrographs of (b) neat CF, (c¢) CNC-coated, (d) CNC—GnP 4:1-coated, and (e)
CNC—CNT 10:1-coated CFRP for an area of 30 X 30 ym and (f—i) the corresponding height-lateral plots showing height variation from epoxy to
CF regions (from points 1—5) and the interface in between. The color scale of dark brown to beige presents the height difference (dark brown is
the lowest and beige is the highest). (j—m) IR spectra are in the range of 1800—900 cm™" with highlighted peaks at C=0 (1660 cm™"), C—C

(1508 cm™), and C—O (1040 cm™).

active groups such as the oxygen-containing group on the CF
surface' that enhances the chemical affinity of CFs with the
polymer matrix.">"""*

The neat CF has four peaks C—C (71.55%), C—O
(24.80%), C=0 (2.77%), and n—r (0.87%) (Figure 2a).
With the deposition of CNCs with abundant —OH groups, the
relative amount of C—O increases to 31.54% while the C=0
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content remains unchanged (Figure 2b). Also, the increase in
oxygen-containing groups confirms that CNCs are successfully
transferred on the CF surface™® during the immersion coating
process. Having polar oxygen-containing groups on the CF
surface is crucial for creating potential sites for physical and
chemical bonding with epoxy during curing. This contributes
to achieving strong interfacial interactions between the CF and

https://doi.org/10.1021/acsanm.1c03860
ACS Appl. Nano Mater. 2022, 5, 1284—1295
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the bulk epoxy matrix. Figure 2c¢ shows that on the CNC—
CNT-coated CF surface, both oxygen-containing groups, i.e.,
C—0O and C=O0, increase by 5 and 100%, respectively,
compared to that of neat CF. This indicates that CNC—CNT
coating contributes to the chemical attributes of the CF
surface. For CNC—GnP-coated CF (Figure 2d), the C=0
increases by 23% and C—O remains constant compared to neat
CF. This also indicates that the addition of CNC—GnP
promotes C=O groups attached on the CF surface as a
chemically active group to enhance interfacial adhesion."* The
contribution of 7—n bonding is very weak and ranges from
0.59 to 0.87%, which is related to the interactions between
sizing molecules (phenyl groups) and carbonaceous NMs.
Overall, XPS results reveal that CNCs not only act as a
dispersing agent in water to form a homogeneous coating
suspension but also provide chemically active components on
the surface of the CF that can increase the adhesion of the
carbonaceous NMs to the CF and potentially increase the
wettability of the fibers with epoxy during manufacturing.'

3.3. Interfacial Region (Interphase) Characteristics of
CNC—-CNT/GnP-Coated CFRPs. The chemical composition
and topology of the modified CFRP interface with different
coatings are studied by AFM nano-IR (Figure 3). IR
spectroscopy is commonly used to investigate the chemical
composition and structure of materials. However, because its
spatial resolution is at several micrometers, it is difficult to
capture the variation of chemical composition at the interface.
On the other hand, the AFM-Nano IR technique has enabled
IR analyses with a spatial resolution of 20 nm or higher, thus
making it a powerful tool for studying the chemical
composition of the interface at a nanoscale resolution for
adhesion studies.”” Herein, to investigate the variation of the
chemical composition at the interfacial region, five distinct
points (1—5) from epoxy to the CF with a 2 ym distance are
selected on the interfacial region of CFRP, on which the IR
spectra are collected (see Figure 3a).

The thickness of the CFRP interphase plays an important
role in creating an efficient stress transfer from epoxy to the CF
that defines the overall composite properties. The thickness of
the interfacial zone (interphase) increases with the addition of
NMs.*® This can be attributed due to the presence of
functional groups that bind to the polymer matrix as well as the
increased mechanical interlocking of the CF with epoxy
because of protruded NMs. Figure 3 also displays the AFM
micrographs of neat CF (Figure 3b), CNC-coated (Figure 3c),
CNC—GnP 4:1-coated (Figure 3d), and CNC—CNT 10:1-
coated (Figure 3e) CFRP with five distinct points from epoxy
(point 1) to CF (point S), the corresponding lateral height
versus distance (Figure 3f—i), and IR spectra (Figure 3j—m).
In the neat CFRP (Figure 3b), a sudden rise from ~0 to ~600
nm occurs between points 3—5, as depicted in the AFM
height-distance plot in Figure 3f. This indicates the presence of
a minimal gradual transition at the interface. Yao et al>’
showed that the span of the interface in neat CFRP composites
is 210 nm using AFM force modulation images and stiffness
distribution. In contrast, for CNC—CFRP (Figure 3c), there is
a relatively a gradual change from point 2 (0 nm) to point 3
(400 nm) and point 4 (600 nm) before rising to 1000 nm at
point S (CF surface) (Figure 3g). This indicates that a ~2 ym
gradient interfacial region (interphase) is formed in CNC—
CFRP composites. The gradient interface becomes more
pronounced in CNC—GnP-coated CFRP. The AFM image
(Figure 3d) and height-distance plot (Figure 3h) show that
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ground point 1 locates around 0 nm. The height gradually rises
from point 1 to point 2 (250 nm), point 3 (450 nm), and point
4 (650 nm), referred to as an interfacial region, and finally
reaches point S (CF surface) at 950 nm (Figure 3h). The
measurements reveal that there is a 4 ym interfacial region in
CNC—-GnP-coated CFRP. A similar trend is observed in
CNC—CNT-coated CFRP (Figure 3e), where the height plot
(Figure 3i) jumps from 0 (point 1) to 100 nm (point 2), ~300
nm (point 3), 400 nm (point 4), and finally 600 nm at point S.
Herein, the interfacial region for CNC—CNT-coated CFRP
around is also measured as 4 gm. The size of the interface is in
accordance with other research works.'®** Srivastava et al.*®
reported that GnP deposition onto CFs results in the
formation of an interface up to 3 pm revealed by energy-
dispersive system linear scanning. The created 4 ym interface
in this study is possibly the contribution of a hybrid CNC—
CNT/GnP material system. In conclusion, the stiffened and
broadened interfaces at CNC—CNT/GnP relieve the stress
concentration that facilitates a smoother stress transfer from
the matrix to fiber, which is essential to enhance the interfacial
properties of CF and epoxy.

The transition layer in CNC and CNC—CNT/GnP-coated
composites indicates that NMs enhance the fiber-resin
connection and mechanical engagement at the interface region,
which was also seen in amide acid/silicon oxide,®" CNTs,*>%*
OCNTs,** and graphene®-reinforced CFRPs. The interfacial
transition layer theory indicates that the interface load transfer
capacity can be significantly enhanced by a transition layer
between the reinforcing material and the matrix.’® The
platform-like transition at point 4 (Figure 3h,i), where the
sizing agent interacts with the NMs, in CNC—GnP and CNC—
CNT-coated composites indicates the improved molecular
compatibility of the sizing agent and epoxy. A similar trend was
also reported in amide acid/silicon oxide’’ and TEMPO-
modified CNC®’-reinforced composites. This suggests that the
interactions of the sizing agent and NMs play an important
role in the formation of the transition layer.

IR spectra between 1800 and 900 cm™ are presented in
Figure 3j—m, and the IR peaks at 1660 cm™ (C=0), 1508
ecm™ (C—C), and 1040 cm™ (C—0) are investigated to reveal
the interaction between epoxy and the NM-coated CF.
Stretches in the aromatic ring (C—C peak) at points 3 and 4
indicate the interactions of CFs with the epoxy. The intensity
of C=0 and C—O groups of neat CFRP (Figure 3j) slightly
increases when approaching the CF (from points 1—4), which
might be the contribution of the sizing layer of CFs. In
contrast, CNC coating (Figure 3k) increases the relative C—O
peak especially at the interface region (between points 3 and
4) and the CF surface (point 5). This implies that CNC
interacts with both hydrophilic sizing PEG and the epoxy. The
abundant —OH group in the cellulose structure™ leads to
creating a peak at C—O stretching at 1040 cm ™', which is also
confirmed in Figure 2b. In CNC—GnP-coated CFRP (Figure
31), the C—C peak relatively increases at points 3 and 4. Also,
the CNC—GnP coating leads to a slight increase of C—O and
C=0O0 peaks at the interface between points 2 and 4 (Figure
31). Similarly, in CNC—CNT-coated CFRP (Figure 3m), C—O
and C==0 peaks are dominant at points 2, 3, and 4, suggesting
the formation of stronger bonds at the interface possibly due to
the synergistic effect of hybrid NMs that enhances the
interactions with epoxy and CFs. The increase in the C—C
peak at points 2, 3, and 4 is distinct, which indicates the
enhanced interactions of epoxy and CF as a result of the

https://doi.org/10.1021/acsanm.1c03860
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Figure 4. (a) Tensile and flexural strengths and (b) IFSS and ILSS of neat, CNC, CNC—GnP, and CNC—CNT-coated CFRPs. The arrows
indicate the best ratio of CNC—CNT/GnP according to the mechanical properties. The reinforcing mechanism of (c) neat, (d) CNC—CNT, and

(e) CNC—GnP-coated CFRPs.

CNC—CNT coating. Moreover, they also correlate with the 4
pum interfacial region in AFM images where the gradual
transition is observed between points 2 to 4. Overall, both
CNC—-CNT and CNC—GnP-coated CFRP increase polar
bonding (C—O and C=0) at the interface region along with
the gradual interface formation, indicating the formation of
strong interfacial adhesion in CF and epoxy.

3.4. Mechanical Properties of CNC—CNT- and CNC—
GnP—CFRPs. The mechanical properties of CNC, CNC—
CNT, and CNC—GnP-coated CFRP composites are evaluated
by flexural and tensile strengths, as shown in Figure 4a. The
mass fractions of CNC—GnP (2:1, 4:1, and 6:1) and CNC—
CNT (8:1, 10:1, and 12:1)-coated CFRPs are selected based
on the highest {-potential (Figure la) and agglomerate free
state of suspensions. Integrating NMs at the interface of CFRP
contributes to the flexural strength of CNC, CNC—CNT, and
CNC-GnP-coated CFRPs. CNC coating increases the tensile
strength by 23% compared to that of neat CFRP. This
enhancement is attributed to the abundant polar groups
(Figure 2b), leading to stronger physical binding and covalent
bonding with epoxy.'>*® The most dominant enhancement is
achieved in CNC—CNT 10:1 coated CFRP, on which the
flexural strength increases by 55% compared to those of neat
CFRP. Also, note that this enhancement is ~48 and 42%
higher than those of CNC and CNC—GnP 2:1 coated CFRPs,
respectively. As the flexural properties are related to a
combination of in-plane and out-of-plane performance of
composites, this improvement is attributed to the synergistic
effect of hybrid CNC—CNT that enhances both interfacial and
interlaminar properties of CFRP. Interestingly, although both
CNC-GnP and CNC—CNT enhance the tensile strength of
the composites, CNC—GnP improves the tensile strength
higher than that of CNC—CNT. This is especially observed in
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CNC—GnP 2:1 and CNC—GnP 6:1-coated CFRPs with 33
and 28% higher tensile strength in comparison to neat CFRP,
respectively, whereas the contribution of CNC—-CNT
integration ranges between 15 and 19% for CNC—CNT 8:1
and 12:1, respectively. These results imply that CNC—CNT
improves the combined in-plane and out-of-plane (flexural
strength) properties of CFRP better, whereas CNC—GnP
enhances the in-plane properties (tensile strength) more
effectively. The potential reason might be attributed to the
geometry, morphology, and molecular interactions of CNC—
GnP-coated and CNC—CNT-coated CFs, in which the
nanosheet-shaped GnPs prefer to be aligned with the CF
orientation in the in-plane direction (see SEM images Figure
le—g), whereas tube-shape CNTs create an intertwined
network in-plane and out-of-plane directions (Figure 1h—k).
The mechanical performance of CFRPs is closely related to
the interlaminar and interfacial properties.”'”®® Integrating
CNC—GnP 4:1 and CNC—CNT 10:1 increases the ILSS by
28 and 46%, respectively, compared to those of neat CFRP
(35.52 MPa) (Figure 4b). The interfacial properties of neat
and NM-coated CFRPs are also presented in Figure 4b.
Overall, the integration of CNC, CNC—GnP, and CNC—-CNT
in CFRPs enhances the IFSS. The maximum IFSS enhance-
ment is noted in CNC—GnP 4:1 and CNC—CNT 10:1 with
145 and 200%, respectively. The nano-scale improvement
modifies the mesoscale properties of the CFRP interface, and
this enhances the macro-scale properties such as tensile and
flexural strength. There is a linear correlation between bulk
properties and IFSS and ILSS. This can be attributed to the
CNC—CNT/GnP suspensions successfully penetrating the CF
tows and creating physical and chemical bonds with CF and

epoxy.
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The formation and size of the interfacial region play a key
role in the interfacial properties of CFRPs. The gradient and
smooth change in the interphase facilitates the efficient stress
transfer from epoxy to CF. The largest enhancement in IFSS is
achieved in CNC—CNT 10:1 and CNC—GnP 4:1-coated
CFRP (Figure 4b), which is attributed to the enlarged
interfacial span (4 um) compared to that of CNC-coated
CFRP (2 ym) and neat CFRP (~0) (Figure 3). Moreover, the
stiff and high aspect ratio of CNTs and GnPs act as a binder at
the interface that results in a stronger interface with improved
damage resistivity.'>°> The proposed reinforcing mechanism is
sketched in Figure 4c—e. The interface region of neat CFRP
cannot be captured in AFM-nano IR analysis (Figure 4c). In
contrast, integrating CNC—CNT/GnP (Figure 4d,e) creates a
4 pm interfacial region as a result of a hybrid NM system. Also,
a platform-like transition layer at the interface indicates
enhanced interactions with the sizing agent and the epoxy
due to the presence of NMs. In conclusion, broadened
interfaces at CNC—CNT/GnP facilitate a smoother stress
transfer from the matrix to fiber.

Overall, the improvement in IFSS can also be attributed to
the synergy between several mechanisms including (i) increase
of the wettability of reinforcing fiber with epoxy due to the
presence of abundant —OH groups from CNCs,”*®" (i)
increase of the surface roughness of CFs by the coating that
leads to mechanical interlocking,"'"***” (iii) physical and
chemical bonding between CE-NMs-epoxy,'”*® and (iv)
uniform dispersion and distribution of NMs and stability of
the coating suspensions. The introduction of the —OH group
via CNCs makes the CF surface attractive for chemical bonds
to the epoxy and CF sizing agent. As expected, the trend in
IESS is similar to that of ILSS properties because of the dual
reinforcing phenomena, that is, oxygen-based functional
groups (CNC) and mechanical interlocking (CNT/GnP) at
the interface that promote ILSS. Despite the increase of IFSS
and ILSS in both CNC—CNT/GnP coated CFRPs, Figure 4b
shows that the IFSS and ILSS values of CNC—CNT-coated
CFRP are higher than that of CNC—GnP.

Our results show that CNC—CNT/GnP coating enhances
the IFSS, ILSS, flexural and tensile strength. Despite the similar
size order (~5—10 um) and NM content in coating
suspension (0.2 wt %) as well as similar interfacial region
size (4 pum, see Figure 3) for both CNC—CNT and CNC—
GnP-coated CFRP, the enhancement of IFSS, ILSS, and
mechanical strength is dissimilar. This can be due to the
difference in surface chemistry and at the interface dictated by
CNC-CNT and CNC—GnP, as shown in Figures 2 and 3. To
probe the underlying mechanisms, we conducted quantum
level calculations to understand how GnP and CNT contribute
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to the formation of the interfacial region and its chemical
composition/bonding.

3.5. DFT Calculations. We implement quantum level DFT
calculations to investigate the interactions between the hybrid
NMs and the CF surface/sizing layer and to understand the
platform-like transition reported in AFM-nano IR (Figure 3).
DFT calculations are to test the potential binding between
CNC and CNT/GnP as well as the effect of the difference in
geometry and morphology CNC—CNT and CNC—GnP (i.e.,
nanotube and nanosheet structures) on binding energies,
which might influence the mechanical properties, IFSS, and
ILSS of CNC—CNT- and CNC—GnP-coated CFRPs.

Particle—particle interaction in hybrid systems affects the
interfacial properties that define the mechanical performance
of composites. Hence, the formation of strong bonding
between CNC and CNT/GnP is crucial for enhancing the
interfacial properties of CFRPs. Shishehbor and Pouranian®
reported the importance of non-bonding interactions between
CNC and CNT on adhesion energy (or binding energy), in
which the effect of the thickness of CNC layers wrapped on
the CNT under various loading conditions was articulated by
MD simulations. It was shown that the rise in cellulose content
increased the adhesion energy of CNT-wrapped CNCs almost
2-fold due to the hydrogen bonding.””’® Along with the non-
bonding interaction between CNC—CNT/GnP, covalent
bonding formation may occur through the defected sites of
carbon structures. The carbonaceous NMs, ie, CNTs and
GnPs are synthesized with inherent manufacturing defects
including single vacancy (sv), double vacancy (dv), and Stone
Wales (sw).”' The sv is one of the most common carbon
defect types’” which contains one unsaturated carbon that
makes it more reactive than the other type of defects.
Therefore, in this study, the sv type of the carbon defects is
used in CNT and GnP models (Figure S2). Figure S displays
highly reactive sv defected sites of the CNT and GnP in the
electrostatic potential (EPS) maps. The absence of a carbon
atom results in highly electropositive sites on the CNT/GnP
structure, where hydroxyl groups of CNCs replace water
molecules and covalently bond (C—O) to the defected sites.
We hypothesize that the energy barrier of this covalent
bonding is overcome during ultrasonic treatment. Therefore,
the bonding between CNC and CNT/GnP is not merely a
physical interaction and rather primary bonds, that is, covalent
bonding also exists. In our DFT calculations, we use hybrid
nanostructures, i.e., CNC—CNT and CNC-GnP, in which
CNCs are covalently bonded to CNTs/GnPs from their sv-
defected sites. To omit the size effect, the CNT is constructed
as 10 A long and 7 A diameter and GnP as 10 X 15 A with the
chirality of n = m = 5, as shown in Figure Sa,b, respectively.

https://doi.org/10.1021/acsanm.1c03860
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The chemical interactions of the CFs with epoxy can be
enhanced with the introduction of oxygen-containing groups at
the interface.”>'>'>*® Our results (see Figures 2 and 3) show
that introducing CNC—CNT and CNC—GnP increases the
oxygen-containing groups at the interface of CFRPs. Although
these experiments suggest that hybrid NMs enhance the
interactions of CF and epoxy, the formation of the interface
and the mechanism of binding of hybrid NMs to the CF
surface are still unraveled.

To understand the binding of hybrid NMs and CF sizing
agents, we conduct low energy configuration DFT calculations.
In this work, the sizing agent is composed of hydrophobic
bisphenyl A and hydrophilic PEG groups with 10 repeated
units (Figure S3) adopted from ref 53. The free binding energy
of the CF sizing agent with CNC, CNC—GnP, and CNC—
CNT with and without water is presented in Table 1. The

Table 1. Binding Energy of CNC, Water—CNT, CNC—
CNT, Water—GnP, and CNC—GnP Combined with a Sizing
Agent of CF Calculated by DFT

molecules

binding energy (kcal/mol)

CNC-sizing agent 24.05
Water—CNT-sizing agent 51.74
CNC—CNT-sizing agent 66.15
Water—GnP-sizing agent 47.61
CNC-GnP-sizing agent 58.94

higher free binding energy indicates a higher tendency to make
bonds. The structures of CNC, water-CNT, and water-GnP
with sizing molecules used in our computational study are
displayed in Figure 6. To simulate the real conditions, the
reference CNT and GnP are bonded to water molecules
because their highly electropositive defected sites immediately
react with water molecules in an aqueous suspension (see
Figure 5). In the case of CNC-bonded CNT/GnP, the
hypothesis is that water molecules are replaced with CNCs
during ultrasonic treatment. Table 1 displays that the binding
energy of the CNC sizing is 24.05 kcal/mol, where hydrogen
bonds form between the PEG and hydroxyl groups of CNCs
(Figure 6a). To understand the effect of the CNC presence in
hybrid NMs, the binding energies of water-CNT/GnP-sizing
(Figure 6b,c) are calculated. According to Table 1, the binding
energy of water-CNT sizing is 51.74 kcal/mol, which is lower
than that of CNC—CNT sizing (66.15S kcal/mol). This
difference in binding energy indicates that the hybrid CNC—
CNT creates stronger bonds with the CF sizing agent
compared to that of water-CNT, which is in accordance with
the previous study® that the addition of CNCs increases the
binding energy of the system. A similar trend is observed for
GnP in water, where the binding energy of water-GnP-sizing
(47.61 kcal/mol) is lower than that of CNC—GnP-sizing

(58.94 kcal/mol). These DFT calculations conclude that both
hybrid CNC—CNT and CNC—GnP show higher binding
energy to the sizing agent compared to those of individual
CNC, CNT, and GnP. It is also reported that the binding
energy of CNC—CNT with the sizing agent is 14% higher than
that of CNC—GnP, which can be related to their shape effect,
i.e., nanotube and nanosheet.

To capture the difference in binding energies, we investigate
the optimized structures (conformations) of CNC—CNT/GnP
with the sizing agent as an output of low energy configuration
calculations (Figure 7). In CNC—CNT, multiple interactions
such as 7—n between CNT and the phenyl groups of the sizing
as well as hydrogen bonding between CNC and the oxygen
atoms of the PEG groups are created (Figure 7a). In CNC—
GnP, CNC interacts with the PEG groups of the sizing;
however, phenyl groups of the sizing have a distant and limited
interaction with the GnP surface due to its sheet shape (Figure
7b). This leads to ~14% weaker binding energy of CNC—GnP
sizing (58.94 kcal/mol) compared to that of CNC—CNT
sizing (66.1S kcal/mol).

DFT calculations show that the morphological differences
result in 3D spatial flexibility of CNC—CNT, leading to a
conformation that allows multiple interactions with the CF
sizing molecule, including 7—7z and hydrogen bonds (Figure
7a). Conversely, the 2D geometry of CNC—GnP limits its
interaction with sizing molecules to hydrogen bonds (Figure
7b), which results in 14% lower binding energy. We conclude
that the multiple interactions of CNC—CNT with the sizing
agent due to the shape and 3D spatial flexibility of CNC—CNT
is a contributing factor to enhance the interfacial properties of
CFRP higher than that of CNC—GnP (see Figure 4b).

5. CONCLUSION

We explain the synergistic effect of hybrid CNC bonded-
CNT/GnP on the formation of the interface, its chemical
composition, and the mechanical properties of a hybrid CFRP
composite for structural applications. We show that CNC
provides a platform that enables engineering the chemical
composition of the interface and its mechanical properties. We
report a 200% rise in IFSS for 10:1 CNC—CNT-coated CFRP
and 145% for 4:1 CNC—GnP-coated CFRP. Although both
CNC—-CNT and CNC—GnP enhance IESS, ILSS, and tensile/
flexural strength of composites, CNC—GnP improves tensile
strength higher (by 33%) and CNC—CNT enhances the ILSS
(by 46%) and flexural strength (by 55%) better in comparison
to neat CFRPs. Our results show that introducing CNC—
CNT/GnP on the CF surface increases the polar oxygen
groups (C=0 and C-0) at the CF/epoxy interface that
promotes interfacial adhesion and creates a 4 um interfacial
region. In addition, the DFT calculations reveal that CNC—
CNT has stronger free binding energy with the CF sizing
compared to CNC—GnP. DFT results also reveal that
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Figure 6. DFT models of (a) CNC—sizing, (b) water-CNT-sizing, and (c) water-GnP-sizing. The defected sites of CNT and GnP are saturated
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compared to the 2D geometry of CNC—GnP, the 3D spatial
conformation of CNC—CNT creates multiple types of
bonding with the sizing agent including hydrogen bonding
and the 7—r interactions that result in higher binding energy.
Our results layout the foundation to understand the
mechanisms that form interfacial and interlaminar regions of
hybrid nanostructured composites and provide a path forward
to bottom-up manufacturing of composites with tailorable
properties.
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