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Abstract: The formation of a rigid, tough interface based on a nacre-like structure in carbon fiber
(CF) composites is a promising way to eliminate low delamination resistance. An effective method
of coating CFs is electrophoretic deposition (EPD), which, in the case of dissimilar components like
graphene oxide (GO) and polymeric glue, usually requires chemical bonding/strong interactions. In
this work, we focus on chitin nanocrystals (ChNCs), leading to an excellent mechanical performance
of artificial nacre, where favorable interactions and bonding with GO are controlled by degrees of
deacetylation (5, 15, and 30%). We prepared coatings based on GO/ChNC adducts with 95/5, 90/10,
50/50, and 25/75 ratios using optimized EPD conditions (pH, concentration, voltage, and time). The
prepared materials were characterized using FTIR, TEM, XPS, SEM, DLS, and XRD. SEM evaluation
indicates the formation of a homogeneous interlayer, which has a fair potential for chemical bonding
with the epoxy matrix. Short-beam testing of epoxy matrix composites indicates that the coating does
not decrease stiffness and has a relatively low dependence on composition. Therefore, all coatings are
promising for a detailed study of delamination resistance using laminate samples. Moreover, facile
EPD from the water solution/suspension has a fair potential for industrial applications.

Keywords: graphene oxide; chitin nanocrystals; delamination resistance; tough interface; electrophoresis;
carbon fiber composite

1. Introduction

It is now well accepted that combinations of carbon nanoplatelets (CN) with small
amounts of various polymers [1-3] and polysaccharides [4] may form nature-mimicking
materials with unique compact structures and impressive mechanical parameters, which
can exceed those of nacre, that is, the natural ‘gold standard’ of strong, tough material [5,6].

It was recently demonstrated that analogous materials with unique performance (de-
formation mechanism) can be obtained by combining CN with suitable organic anisotropic
nanoparticles, mostly nanofibrils /whiskers. An example is a system containing reduced
graphene oxide (GO) and covalently linked cellulose nanofibrils (CNC) [7] with a typical
composition for nacres (80-97% GO), some other nanoplatelet/ CNC combinations [7-12]
or the nanofibrillated cellulose/CN/diblock protein system [13]. Other high-performance
nature-mimicking materials are based on different silk fibroin/GO combinations [14,15].

So far, only one study has reported the application of chitin nanocrystals (ChNCs) in
a system combining silk nanofibril, hydroxyapatite nanocrystals, and ChNCs [16]. These
results are consistent with the fact that nacre is a ternary composite consisting of aragonite
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platelets, nanofibrillar chitin, and protein [5]. In this respect, considering the prime impor-
tance of interactions/linking between components [7,10], we can consider the promising
potential of nanosized polar amino-functionalized ChNCs with a favorable aspect ratio
(AR) to form GO-based nacre analogs. Furthermore, ChNC preparation is easier than
nanofibrillated cellulose, with further benefits in using waste material [17,18].

ChNCs, mostly prepared from chitin, is a rigid crystalline nanofiber with Young’s mod-
ulus at 40-80 GPa. It comprises repeating units of glucosamine and N-acetylglucosamine
that contain reactive groups, i.e., amines. Thus, chitin has more significant potential for
chemical modifications than cellulose. Chitin nanocrystals can be produced in a rela-
tively wide range of lengths, diameters, charge densities, types of charge, and crystallinity
through various top-down procedures [17-20].

In the area of fibrous composites, different nanoparticles, mainly CN and CNT, are
applied to modify the interface as a single coating. This includes electrophoretic deposition
(EPD) [21,22] and carbon vapor deposition [23], components of sizing [24], or even direct
linking to CF to form hierarchical hairy fibers [25-27].

In the case of cellulose nanocrystals (CNC) and microfibrils [28-30] or silane-modified
CNC [30], various dip coatings of glass fibers and carbon fibers (CFs) are reported, while
aramid fibers were coated with aramid microfibers by EPD [30,31] or by the dip coating of
the aramid microfibers/graphene combination [32]. This modification of the fiber surface
provides the benefit of enhanced roughness, increasing frictional adhesion components, and
higher interphase modulus. At the same time, an important deficiency of composites with
low resistance against impact-delamination [33] (interlaminar cracking) can be eliminated
by a tough, usually low-modulus interface [34] due to an increase in impact energy release.
However, this leads to a significant reduction in stiffness [35].

Fair mechanical properties, including increased interlaminar shear strength (ILSS),
were found with a more rigid coating by CNC [28,29]. At the same time, the solution by
various methods that improve the toughness of the matrix brings processing limitations
and a reduction in resistance against fiber buckling [36]. On the basis of the above facts, we
consider the important role of the tough, rigid interfaces using nature-mimicking nacre-like
structures. So far, rigid-soft structures based on carbon nanotubes (CNTs) modified with
the poly(ethylene glycol)methylether [37] and CNT/polyetherimide combination [37] have
been reported. However, unlike the comparable effect on a single coating using neat GO
or CNT [38] to enhance interfacial properties, the ability of tubular nanoelements to form
effective complex structures with polymers and excellent mechanical properties is limited.
In the case of 2D platelets, the potential to create effective ordered nacre-mimicking “brick
and mortar” structures and, thus, a rigid, tough interface is more marked [5,38].

So far, only some layer-by-layer deposition of alternating polymer/nanoparticle
(NP) layers has been reported. Examples are layers of polydopamine (PDA)/GO [39,40],
PDA /polyhedral silsesquioxane (POSS) [41], or PDA /NiOH platelets [42]. The grafting of
nanoparticles to the deposited polymeric layer [43] has also been reported.

Recently, we prepared CF coatings using nacre-like interlayers by EPD of PDA-coated
GO or some polymer-grafted GO combinations, showing an excellent ability to enhance
ILSS without loss of stiffness [37]. To control the composition of EPD coatings in the
two-component system, the grafting of an aminated polymer to GO or borate-mediated in-
teractions/bonding of hydroxyl-containing poly(vinylalcohol) and carboxymethylcellulose
was necessary. Therefore, this study is aimed at highlighting the potential of alterna-
tive nacre-like coatings of carbon fibers based on GO with attached chitin nanocrystals
(GO/ChNC adducts) to upgrade epoxy/fiber composites together with a thorough study of
the effect of ChNCs parameters and adduct composition on the electrophoretic deposition
of the multiscale rigid tough hierarchical interphase.
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2. Experimental Part
2.1. Materials

Epoxy resin LG700 based on diglycidyl ether of bisphenol A (DGEBA) + hardener
HG737 (GRM Systems, s.r.0.). Chitin flakes, 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (EDC), and N-hydroxysuccinimide (NHS) were purchased from Sigma
Aldrich (Praha, Czech Republic); graphite flakes were from (Graphite Tyn, Tyn nad, VI-
tavou, Czech Republic); and the carbon fiber (CF) roving yarn filament Torayca T700SC 12 k
was from GRM Systems, s.r.o. (Olomouc, Czech Republic).

2.2. Preparation of Graphene Oxide (GO)

The modified Hummer’s method [44] was used; briefly, 95 mL of concentrated sulfuric
acid and 2 g of NaNO3 were added to 4 g of graphite flakes in an ice bath. In total, 12 g of
KMnO;, was slowly added, and the mixture was stored at 35 °C for 100 min. Then, 184 mL
of water was added while the temperature increased to ~95 °C. After 15 min, 420 mL of
water with 5 mL of 30% H,O, was added. The residue was washed with a mixture of water,
35% HCI, and ethanol by centrifugation. The oxygen content was ~40%, as evaluated using
elemental analysis. The final ~2% water suspension was delaminated using a Bandelin
200 W sonicator with 30% amplitude for 15 min.

2.3. Preparation of Chitin Nanocrystals (ChNCs)

Chitin nanocrystals (ChNC) with different degrees of deacetylation (DDA) were pre-
pared according to our previous works [18,45]. Briefly, chitin nanocrystals were synthesized
by an acid hydrolysis process using HCI (5 M) for 6 h at 90 °C, and the solid-to-medium-
solution ratio was approximately (1/100). The nanocrystals were obtained after centrifuga-
tion at 7500 rpm for 30 min at room temperature. ChNCs were dialyzed using a cellulose
membrane cut (12-14 KDa) for one week at room temperature using deionized water, which
changed every 12 h until the pH reached 4.5. ChNCs were stored at 4 °C in a refrigerator un-
til further use. The DDA of ChNCs was 5, 15, and 30% DDA from 3C-CP/MAS NMR [18],
respectively. The degree of deacetylation was also confirmed by FTIR spectroscopy in
combination with XRD [45]; see Figure Sla,b.

2.4. GO/ChNC Adduct Synthesis

A certain amount (0.5%) of GO was dispersed in deionized water. Then, 50/25 mM of
EDC/NHS was added to the GO while stirring for 2 h at room temperature to activate the
carboxylic and epoxide groups of the GO. ChNCs with different degrees of deacetylation (5,
15, 30% DDA) were added to the GO suspension drop by drop with stirring for 5 h at room
temperature to obtain the GO/ChNC adduct. The prepared materials were coded according
to DDA (GO/ChNCss, GO/ChNCs;5, and GO/ChNCsjg adducts). The materials obtained
were dialyzed for 3 days at rt using deionized water.

2.5. Electrophoretic Coating

Oxidized carbon fibers (OCFs), prepared with nitric acid at 22 °C for 120 h according
to our previous work [46], were fixed between two stainless steel electrodes with a distance
of ~10 mm. Electrophoretic deposition (EPD) proceeded according to the details in Table 1,
also showing the composition of the respective adducts. The applied voltage was 5, 10, and
20V, respectively, and three concentrations of GO/ChNC adducts (5, 10, and 15 mg/mL)
were applied. Moreover, coating was performed at various pHs (3.5, 7.5, and 11) and
times of 10 and 20 min. After washing and drying, the composite bar was prepared (see
Section 2.5). According to the literature, surface oxidation of CF has a negligible effect on
the mechanical parameters of CF [47].
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Table 1. Composition of GO/ChNC adducts used for CF coating.

GO ChNCs DDA of ChNCs *

Number % wt) % wi) %) Abbreviation
1 95 5 5 GO/ChNCss adduct
2 920 10 5 GO/ChNCss adduct
3 80 20 5 GO/ChNCss adduct
4 50 50 5 GO/ChNCss adduct
5 95 5 15 GO/ChNCs;5 adduct
6 90 10 15 GO/ChNCs;5 adduct
7 80 20 15 GO/ChNCsy5 adduct
8 50 50 15 GO/ChNCs;5 adduct
9 95 5 30 GO/ChNCsjg adduct
10 20 10 30 GO/ChNCszg adduct
11 80 20 30 GO/ChNCszg adduct
12 50 50 30 GO/ChNCsjg adduct

* degree of ChNCs deacetylation.

2.6. Characterization of OCF Coated with a GO/CHNC Adduct

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was
carried out using a Bruker Vertex V70 FTIR spectrometer and a Bruker Platinum ATR
accessory (Bruker GmbH, Ettlingen, Germany) with a single reflection diamond crystal
mount (Bruker Optik GmbH, Ettlingen, Germany). Samples were clamped directly against
the diamond crystal using the platinum ATR sample clamp mechanism, ensuring consistent
pressure per sample. Spectra were collected in the wavenumber region 3900-650 cm L.
Four data sets per sample were recorded, adding 128 interferograms per set. Spectra
were measured at a resolution of 4.0 cm~!, and 128 background scans per sample were
collected. The averaged spectra per sample were generated using the Bruker OPUS version
7.2 software, where all spectra were corrected for ATR.

Short-beam strength (SBS), also called interlaminar shear strength (ILSS), if applied
to laminate samples, was determined according to ASTM D2344/D2344M using beam
samples 3 X 6 x 18 mm. These samples were cut from unidirectional composites prepared
by the manual impregnation/mixing of a bundle of a weighed amount of CF (0.52 g) with
epoxy in a silicone mold. The dimension of mold was 3 x 6 x 60 mm; the length of CF
was ~60 mm. The three-point short-beam bending test (span length 12 mm, span length to
thickness ratio of 4) was performed with Instron 5800 apparatus using 1 mm /min crosshead
speed. The morphology of native GO, ChNC, and GO/ChNC adduct with different DDA
(%) was visualized by transmission electron microscopy (TEM). The experiment was carried
out with a Tecnai G2 spirit 12 electron microscope (FEI, Brno, Czech Republic). The surface
of the fibers and fracture surfaces was observed using a scanning electron microscope
(SEM) using a, Maia apparatus(FEI, Brno, Czech Republic) at 3 kV.

The rheological characterization of water suspensions (5 mg/mL) of native GO,
ChNCs, and the GO/ChNC adduct was conducted at room temperature using the ARES
G2 Rheometer (TA Instruments, New Castle, IN, USA). Parallel plates with cone/plate ge-
ometry (cone angle of 2°, diameter of 40 mm) were used. Frequency sweep measurements
were made in the range from 0.05 to 100 rad/s at a 1% strain amplitude.

The X-ray photoelectron spectroscopy (XPS) of oxidized CF (OCF), neat ChNW, GO,
and coated OCF was carried out with the Kratos Analytical Axis Ultra DLD system (Kratos
Analytical, Manchester UK) using a monochromatic Al K« (hv = 1486.7 eV) operating at
75 W (5 mA, 15 kV). Spectra were obtained using an analysis area of ~300 x 700 um. The
Kratos charge neutralizer system was used for all analyses. The high-resolution spectra
were measured with 0.1 eV step size and 20 eV pass energy. The instrument base pressure
was 2-10-8 Pa. Spectra were analyzed using the CasaXPS software (version 2.3.15) by
applying a Gaussian-Lawrence line shape for fitting and the ORIGIN 2016 software.

X-ray diffraction patterns were collected using a D-8 Advance diffractometer (Bruker
AXS, Karlsruhe Germany) with a Bragg-Brentano (6-6) goniometer (radius 217.5 mm)
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equipped with a secondary beam curved graphite monochromator and Na (T1) I scintillation
detector. The generator was operated at 40 kV and 30 mA.

3. Results and Discussions
3.1. Effect of DDA on GO/ChNC Adduct Formation

The degree of deacetylation (%) affected the morphology of the ChNCs, as is clear from
(Figure 1a—c), showing the STEM of the ChNCs with different DDAs. At a lower DDA %,
ChNCs show high aggregation with short crystal length (Figure 1a,f); when increasing the
DDA from 15 to 30%, the nanocrystals are slightly longer compared to 5 DDA (Figure 1b,c,f).
Figure 1d shows the FTIR of ChNCs with different DDAs. The peak intensity ratio between
the amino-to-acetamide groups increased with an increase in the amino group content from
5 to 30 DDA. Figure 1e shows the XRD of native chitin and ChNC within different DDAs (5,
15, 30%). From XRD, all the pristine chitin and ChNCs with different DDAs exhibited six
diffraction peaks at 26 = 9.5°, 12.8°, 19.2°, 20.71°, 23.4° and 26.4°, indexed as (020), (021),
(110), (120), (130) and (013), respectively (Figure le), suggesting the crystalline structure of
the «-chitin [18,48,49]. From Figure le, DDA did not significantly affect the crystallization
of the ChNCs.
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Figure 1. Representative STEM ((a—c,a’—¢")), FTIR (d), XRD (e), and his-tograms (f) of ChNCs (see
subfigures inside (a’—c") with different DDAs (5, 15, 30%). The dashed areas are magnified in (a’-c’).
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Our preliminary results indicate that different charge densities and mobility /dimensions
of both GO and ChNCs practically exclude the control of electrophoretic deposition (EPD) of
these two-component systems, similar to other GO/ polymer combinations [46]. Therefore,
mutual bonding between components, using their functionality enabled by EDC/NHS, was
applied to prepare the GO/ChNC adduct. When optimizing the EDC/GO/ChNCs/NHS
ratio, amide and ester bonds between GO and ChNCs were created (Scheme 1a).
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Scheme 1. Proposed chemical bonding and interaction between GO and the ChNC and the
coating of OCF using the GO/ChNC adduct. (a) Linking GO with ChNCs using EDC/NHS
as the crosslinker and catalyst, respectively; (b) the coating of OCF using the GO/ChNC
adduct (GO/ChNC adduct@OCEF).

From Figure 2, it follows that the formation of a GO/ChNC polyelectrolyte complex
and crosslinking reduced absorption for the OH and NH/NH; stretching vibration peaks.
Furthermore, a new peak in the 1718 cm™! region showed the esterification reaction between
the -COOH of graphene oxide (GO) and -OH of ChNCs. The band in the spectrum of native
GO at 1729 cm™ was naturally broad due to the presence of various types of “carbonyls”
and was sharper after the ester bond formed after grafting with ChNCsg (Figure 2a). The
strong ionic interaction between carboxylic/epoxide GO and amino/hydroxyl ChNCs in
the presence of an EDC/NHS crosslinker agent (Figure 2a) caused the peak intensity of the
free amino groups at 1553 cm ™! to weaken.
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Figure 2. FTIR (a), XRD (b), and DLS (c) of native components and their adducts.
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Figure 2b shows the XRD patterns of the GO, ChNCsjy, and GO/ChNC adducts.
The diffraction peak of GO appeared at 20 = 11.5°, which was associated with the char-
acteristic peak (001 plane) of the interlayer structure of the GO nanosheets [50-52]. The
ChNCsg diffraction peaks exhibited six diffraction peaks at 20 = 9.5°,12.8°,19.2°, 20.71°,
23.4° and 26.4°, indexed as (020), (021), (110), (120), (130) and (013), respectively. GO
grafted with ChNCs3zg showed only broader diffraction peaks at 26 = 20-30°, attributed to
the presence of GO and ChNCs. Chitin nanocrystals are considered to be intercalated in
the layered GO nanosheets.

Figure 2c shows the DLS of the native GO, GO/ChNCss adduct, and GO/ChNCsg
adduct. The size distribution of the native GO was about 90 nm, whereas, for the GO/ChNCs5
adduct, it decreased to 55 nm. At higher DDA, the size distribution of the adduct was about
150 nm. This corresponds to the size of the ChNCs increasing with increased DDA from 5 to
30% (Figure 1).

Interestingly, the rheological characterization of water suspensions (Figure S2a) indi-
cates substantially improved viscosity for adducts compared to both constituents, with the
highest value for adducts containing 75% ChNC. This indicates the important effect of the
adduct composition on its size, shape, and interactions.

Figure 3 shows fine ChNCs (Figure 3a,b) and a very thin layer of GO with a smooth
surface (Figure 3c,d). The GO/ChNC adduct showed a layered structure with a larger
thickness against GO, indicating adduct formation (Figure 3e,f).

Figure 3. Representative SEM images of native ChNCs (a), the GO (c) and GO/ChNCsg (e) adduct
after freeze-drying. Dashed areas are magnified in figures below (b,d,f).

From the XPS analysis of the adduct composition (Figure 4), it follows that only C,
O, and N were detected from the broad spectra of oxidized carbon fibers (OCF). OCF C
1 showed different binding energies of -C=C, -C-C, -C-OH, -C-O, -COO, at 284.26 284.96,
286.03, 286.9 and 288.2. Ev. From the C 1s and O 1s data, we can confirm that due to the
nitric acid used to oxidize the carbon fiber, a partial nitration reaction was observed in
N 1 (Figure 4). The broad XPS spectrum of native ChNCs showed expected signals for



J. Compos. Sci. 2024, 8, 163

8 of 16

GO-g-ChNWs

GO coated OCF  Native ChNWs Native OCF

coated OCF

C, O, and N. The C 1s of native ChNCs showed that the binding energy of 289.33 and
290.62 belongs to the carbonate region. The C 1s spectrum showed the bonds of carbon
with nitrogen. The binding energies of 289.33 and 290.62 belong to the region of carbonyl
groups coordinated with water molecules. The binding energy at 288.18 relates to amide
bonds, and 286.32 is connected to C-N bonds (primary amino groups). The O 1s of native
ChNCs were observed only at 532.9 and 531.5 eV in relation to the -C-O and —C=0 groups
in the chemical structure. Partially deacetylated ChNCs show two binding energies at
400.01 and 402.14 that correspond to amide (N-C=0) and positively charged nitrogen
(Figure 4).
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Figure 4. XPS of OCFE, ChNCs, and OCF coated by the GO and GO/ChNCsjg adduct The EPD
conditions were as follows: adduct concentration at 5 mg/mL, time of 10 min, voltage at 5V,
pH 3.5 and temperature at 23 °C.

From the wide spectrum of native graphene oxide, as shown in the figure above, only
O and C are observed. C 1s of GO@OCF show carbon in the hybridization state sp3 (285 eV)
and sp2 (284.5 eV). The peak of carbon in the sp2 state indicates a strong asymmetry, as
expected, with a high proportion of C-O bonds. The different binding energies at 284.5,
286.67, 288.24, and 285 eV correspond to C=C, C-O, COOH, and C-C/C-H, respectively.
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Oxidized carbon fibers coated with native graphene oxide (GO@OCEF) are shown in
Figure 4. As expected from the wide-spectrum data, C, O, and Na peaks were observed.
The presence of a sodium hydroxide peak was due to the neutralization of OCF with NaOH
after the oxidation step, which resulted in a salt form (-COONa). The C 1s spectrum shows
carbon in two hybridization states as in the native GO spectrum. However, the contribution
of C-O bonds decreases in comparison to that of pure GO. The spectrum contains the bonds
C=0 and ester groups. A new ester group appeared in the C 1s spectrum of GO@OCF at
288.42 eV, belonging to carbon in the ester groups, due to the esterification reaction between
GO and OCE. The intensity of C-O groups of GO@OCF was decreased compared to native
GO due to the interaction between OCF and GO.

From the wide spectrum of GO/ChNC adduct@OCF, only C, O, and N peaks ap-
peared, and these peaks were peaks for Na as well. C 1s of GO/ChNC adduct@OCF show
different binding energies at 284.24, 285, 285.6, 286.62, 288.07, 289.41 corresponding to C=C,
C-C/CH, C-OH, C-O-, N-C=0-/COO- and carbon binding with water molecules. From
the C 1s spectrum, we could conclude that an esterification/amidation reaction could occur
between the functional group of the GO/ChNC adduct and groups of OCFE. From the N 1s
spectrum of the GO/ChNC adduct@OCF, only the N-C=0 peak appeared, and no C-N
peak appeared for free amino groups of partially deacetylated ChNCs. From both C 1 and
O 1 of GO/ChNC adduct@OCEF, both esterification and amidation reactions could occur
between the GO/ChNC adduct and OCF (Figure 4). Unfortunately, the high complexity of
the whole system [46] did not allow for the precise calculation of the GO/ChNC ratio. To
conclude, both XPS and FTIR indicated interactions/bonding between components in the
GO/ChNC adduct.

3.2. Effect of the GO/ChNC Adduct Composition and EPD Variations on the Structure of
the Coating

The systematic evaluation of the degree of ChNC /GO interactions/bonding on the
OCEF coating was combined with variations in the EPD conditions to obtain complete
information about this process, which, up to now, has not been studied. Figures 5, S3
and 54 follow the marked effect of pH, voltage, and GO/ChNC adduct concentration on
the homogeneity and thickness of the coating. Figure 5 shows the important effect of pH;
at a lower pH, the OCF was coated with compact homogeneous layers using adducts of
all DDAs (Figure 5a—c). At neutral pH, the compact layer of the adducts showed a small
aggregation on the OCF surface, which was different for respective DDAs (Figure 5d—f). At
pH 11, the thickness of the coating was small compared to pH 3.4, with high aggregation
on the OCF surface, mainly for 5 and 30% DDA (Figure 5g-i).

The most homogeneous coating for the GO/ChNC;i5 adduct at all pHs (Figure 5b,e,h)
confirmed the effect of DDA on the structure of the adduct. This fact was also indirectly
indicated by the rheology of the water suspensions as well; the differences in G’ of the
adducts with different DDAs can be observed (5, 30%, Figure S2b).

Due to the relatively large size of the adducts and the expected high charge density
together with the related slower assembly/ordering, unlike the GO-g-polymer chain or
polydopamine-coated GO, the best deposition occurred at a lower voltage [46]. As we can
see, the lower applied voltage (5 V) led to more homogeneous and compact layers of the
GO/ChNC adduct (Figure S3) compared to the highly applied voltage (20 V). Figure S4
shows the effect of adduct concentration on the homogeneity of the OCF coating. As we
can see, at lower concentrations, the coating had a heterogeneous distribution on the fiber
surface up to (1 mg/mL). A more compact and homogeneous layer was obtained on the
OCEF surface at higher adduct concentrations.

From Figure 6, it follows that the effect of DDA and, thus, the structure, size, and
charge density of the adduct strongly influenced the thickness of the EPD layer; its growing
tendency with DDA can be observed, marking its most considerable thickness for 30%
DDA with about 120-160 nm.
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Figure 5. SEM images showing the effects of pH and DDA percentages on the OCF coating efficiency
using the GO/ChNC adduct. EPD proceeded at 23 °C with voltage at 5 V; the adduct concentration
was 5 mg/mL, and coating time was 20 min.
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Figure 6. Effects of the DDA of ChNCs on the coating thickness of the GO/ChNC adduct with an
80/20 composition. The EPD conditions were an adduct concentration of 5 mg/mL, time of 10 min,
voltage of 5V, pH 3.5, and temperature of 23 °C.
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3.3. Short-Beam Testing (SBS)

Based on the systematic evaluation of EPD conditions on the homogeneity and com-
position of the coating (see above), we used fibers with the most ‘compact’ coating, i.e.,
prepared using the GO/ChNC adduct with a concentration of 5 mg/mL, pH ~3.5, voltage
of 5V, and coating time of 10 min for the preparation of the composite short-beam sam-
ples. The GO/ChNC ratios were 95/5, 90/10, 80/20, and 50/50, which were used with
different DDAs of ChNCs (5, 15, 30%), respectively. The thickness of the coating ranged
between 40 and 120 nm (Figure 6); due to the very low effect of the coating thickness in
this range on composite parameters, indicated both experimentally and by FEA modeling
in our previous paper [46], we did not focus on achieving an identical coating size for
the respective adducts in this study. Here, it is important to note that the testing of beam
samples made from a ‘bundle’ of fibers, unlike those from plies (laminate samples), has
low relevancy to interlaminar shear strength (ILSS). The main purpose of this test was
to evaluate the possible unfavorable effect of the coating on basic mechanical properties,
which is a limiting factor in most existing solutions using tough coatings [34,53]. At the
same time, the first results of a laminate plate made from 30 layers of carbon cloth with an
interlayer based on the EPD of (relatively rigid) polydopamine PDA-coated GO indicate a
positive effect on delamination resistance. Therefore, we can expect a similar performance
for the system studied.

Figure 7 and Table 2 show the results of the SBS testing following the relatively marked
effect of DDA of ChNC on the modulus with a strong dependence on the GO/ChNCs
ratio, which is reflected in various trends for each composition. In the case of nacre-like
composition, that is, 95/5 and 90/10 GO/ChNCs ratios, we can see the most marked
modulus increase against the samples with GO-coated fibers. Therefore, with all DDAs, we
can undoubtedly expect the formation of favorable brick-and-mortar structures, as reported
by others in the case of planar samples (films) [1,3,4,6]. Interestingly, in the case of the 95/5
composition, the modulus decreased with DDA, whereas with the 90/10 ratio, it slightly
increased.
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Figure 7. Three-point short-beam bending test of composite samples. (a—d) Show the effect of
CF coating with GO-g-ChNCs with different GO/ChNC ratios on the modulus, (e-h) show the
analogous effect on SBS (numbers in brackets inside of charts indicate the GO/ChNCs ratio in the
GO-g-ChNCs-based coating of CF). Coating conditions: pH ~3.5, voltage 5 V, time 10 min, adduct
content of 5 mg/mL.
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Table 2. Effect of coating composition on modulus and SBS strength of composite bars. Coating
conditions: pH ~3.5, voltage 5V, time 10 min, adduct content of of 5 mg/mL.

Adduct GO ChNCs DDA * Modulus SBS
(% wt) (% wt) (%) (MPa) (MPa)

GO 100 - - 6640 == 950 51.8 + 1.1
GO/ChNCss 95 5 5 8460 + 450 478 +15
GO/ChNCs1s 95 5 15 8000 + 50 5224+ 15
GO/ChNCsgg 95 5 30 7750 + 250 474 +£20
GO/ChNCss 90 10 5 8490 + 120 467 £ 4.0
GO/ChNCs1s 90 10 15 8400 + 240 524425
GO/ChNCsgg 90 10 30 9100 + 460 475+ 15
GO/ChNCss 80 20 5 7100 + 150 518 £ 1.5
GO/ChNCsis 80 20 15 8930 + 850 519 £ 1.0
GO/ChNCsgg 80 20 30 6900 == 100 5214+ 45
GO/ChNCss 50 50 5 7250 + 550 532+ 1.0
GO/ChNCs1s 50 50 15 6750 = 100 549 + 1.0
GO/ChNCsg 50 50 30 7890 = 120 572 +3.0

* degree of ChNCs deacetylation.

For 80/20 and 50/50 GO/ChNC ratios, we can see more marked modulus variations
with DDA, that is, the maximal value (exceeding GO) at 15% DDA and 30% DDA, respec-
tively. Especially in the case of 50/50 adducts, the relatively higher content of ChNC amines
at the interface with a higher potential for bonding with the matrix may be of importance.
This is confirmed by the most marked matrix layer attached to the OCF, which is also coated
with the GO/ChNCsjz 90/10 adduct (Figure 8). At the same time, the effect of DDA on the
short-beam strength (SBS) was less pronounced, with values comparable to those of the
GO coating. Slightly higher values against GO were found for 95/5 and 90/10 interlayers
containing ChNCs with 15% DDA. This also indicates a similar brick-and-mortar structure.
Figure 6 further follows practically no effect of DDA for an 80/20 ratio, while a slight
enhancement with 30% DDA for a 50/50 ratio may correspond to the highest potential for
bonding with the epoxy matrix (Figure 7). The short-beam testing results indicate that all
coating types do not cause an unbearable decrease in composite parameters, so they can be
used for further research focused on revealing their effect on delamination resistance using
planar multilayered laminates.

Finally, from the observation of fracture surfaces of composites with OCF coated
with GO and GO/ChNC 90/10 adducts (Figure 8), there follows practically no matrix
presented on the surface of GO-coated OCF whereas the relatively marked matrix layer on
GO/ChNC adducts with coated OCF indicate the expected bonding of ChRNW amines to
the epoxy matrix. An increase in the size and thickness of the attached matrix fragments
with ChNC with higher DDAs and, thus, the content of primary amines corresponds to the
higher reactivity of primary amines with epoxy groups of the epoxy resin in comparison to
secondary amines [54]. At the same time, practically no correspondence of this bonding to
SBS strength indicated that the effect of the EPD coating on strength dominated.
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GO@OCF |y

Figure 8. SEM of fractured composite with OCF coated with native GO (a,b); the GO/ChNCss adduct
(c,d); GO/ChNCs;5 adduct (e,f) and GO/ChNCs3y adduct (g,h). GO-ChNCszg (90/10 GO/ChNC
ratio in all cases). The dashed areas are magnified in the figures in right.

4. Conclusions

Chitin nanocrystals (ChNCs) with different DDAs were prepared and used for the
preparation of adducts with graphene oxide (GO) at different GO/ChNCs ratios. Their
structure was confirmed using different techniques, such as FTIR, XRD, XPS, and DLS.
The results indicate that the formation of the GO/ChNC adduct enables an effective
electrophoretic coating of the OCFs to form a rigid, tough interface. We have revealed
crucial parameters controlling the EPD and homogeneity of the coatings (pH, concentration,
voltage) with comparable mechanical parameters, which were also confirmed by the
negligible effect of such an interface on the SBS and the modulus of composites. We expect
that especially coating with a nacre-like composition, i.e., using the GO/ChNC adduct with
a 95/5 and 90/10 ratio, can provide a rigid, tough interface with fair potential to increase
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delamination resistance; moreover, the low effect of coating composition on mechanical
properties of the composite allows its optimization in the case of laminates.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcs8050163 /s1, Figure S1: (a) FTIR and (b) XRD of ChNCs with
different degree of deacetylation; Figure S2: Rheological characterization of water suspensions
(5 mg/mL) of single components and adducts; Figure S3: Effects of voltage and DDA percentages on
OCEF coating efficiency Conditions: 10 min; 5 mg; pH 3.5, rt.; Figure S4: Effect of concentration of
GO/ChNCs3g adduct suspension on OCF coating structure Conditions: 10 min, 5 V, DDA 30%, pH
3.5, different concentration of GO-g-ChNCs (0.01 to 15 mg/mL)., rt.
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