Volume 1, Issue 1, 2024

International Journal of

Crystalline Materials

G

STM JOURNALS

January—June
DOI (Journal): 10.37591/IJCM

https://journals.stmjournals.com/ijem

Direct Synthetic Routes of Mxenes and Their
Application in Carbon Fiber Reinforced Plastics (Cfrps)
As Supplementary Sizing Layer

Suresh Selvaraj*, Dev Patel’, Meetkumar Joshi’, Yashraj Joshi”* Indra Neel Pulidindi’

Abstract

Sized carbon fibers with a supplementary sizing layer of MXenes (synthesized via traditions MAX
phases), bonded to carbon fibers (CFs) as well as the resin matrix via different kinds of physicochemical
(van der Waals force, hydrogen bonding, covalent bonding) interactions enhanced the performance of
the resulting carbon fiber reinforced plastic materials. This is because of the strong interface generated
due to the appearance of MXene at the interface of the CF and the resin matrix. Excellent enhancement
in the interfacial and mechanical properties of the CFRPs with MXene modified interfaces were
highlighted. Use of new two dimensional (2D) layered crystalline MXene phases and morphologies,
that were made possible with the advent of the new synthetic strategies (solid state as well as chemical
vapour deposition) excluding the use of MAX phases, need to be exploited for the forming the
supplementary sizing layer over the CFs for a breakthrough in the CFRP technology, The
supplementary sizing layer of MXenes, synthesized through traditional MAX phases, not only reinforces
the bond between the CFs and the matrix but also contributes to improved durability and mechanical
properties. The unique properties of MXenes, including their high electrical conductivity and chemical
stability, further amplify the functionality of CFRPs. Future research should focus on exploring novel
MXene phases and morphologies, synthesized via innovative methods like solid-state techniques and
chemical vapor deposition, to optimize the interfacial properties and achieve unprecedented
performance in CFRPs. This approach holds promise for the next generation of high-performance
composite materials, pushing the boundaries of current CFRP technology.

Keywords: MXenes, transition metal carbides/nitrides/carbonitrides, carbon fibers, sizing layer, carbon
fiber reinforced plastics

INTRODUCTION
A google scholar search crossing the keywords, namely, MXenes and CFRPs yields 1140 results (as
on 31% July 2024) indicating that the research area,
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though fertile, remained unexplored [1-10]. The
advent of nanoscience has revolutionized every
sphere of human activity, ranging from, agriculture,
industry, health, climate, communications, security
and energy needs. Innovation in nanoscience is
huge with immense benefits to mankind.
Nanomaterials play a vital role in improving the
interfacial strength and the mechanical properties of
the CFRP’s increasing the sphere of their utility
many a fold. Carbon nanomaterials like CNT’s and
oxygen functionalized CNT’s were used for
improving the polarity and chemical reactivity of
CF’s[11, 12, 13]. Modifying the sizing composition
with COOH functionalized CNT lead to 9.5 %
enhancement in IFSS [11]. Modification of vinyl
sizing agent with NH; functionalized CNT
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enhanced the ILSS and impact toughness of CF-unsaturated polyester composite by 32.2 and 55.2 %
respectively [12]. Novel carbon materials like carbon dots are yet to be exploited as in situ fluorescent
sensor to probe the CFRP interface as well as for the surface modification of CFs for improving the
compatibility of CF’s with resin matrix [14, 15]. Unconventional inorganic nanomaterials like Mxene
nano compounds are being used to engineer the interface and for enhancing the mechanical performance
of CFRPs [16]. Mxenes are inorganic analogues of graphene with 2D nano sheet like structures. Mxenes
are 2D transition metal carbides and/or nitrides with the general formula of My+1X, Ty, where M - early
transition metal, X - C and/or N, and T — terminating group (O, OH and F). Owing to their unique
structure and properties (electrical, thermal and mechanical), Mxene nanomaterials are applied in the
fields of energy storage, adsorption and catalysis. Zhao et al., made a remarkable study on the use of
Mxene nano compound (Titanium carbide with terminal functional groups, TiCT) as sizing compound
to improve the interfacial adhesion of CFs with epoxy composite. As a result significant enhancement
in the mechanical properties, namely, tensile, flexural, shear and impact strength were achieved [16;
17]. Systematic methodology employed for the amine functionalization of CF’s with aminopropyl
triethoxy silane and the subsequent self-assembly of NH,-CF and Mxene nanomaterial wherein the
Mxene compound form a supplementary sizing layer on the CF for better adhesion with the epoxy resin
matrix is depicted in Fig. 14. Systematic method of synthesis of titanium carbide Mxene compound
with terminal functional groups (T-O, OH and F) is shown in Figure 1 [16].

Uniform distribution of the terminal functional groups F, OH and COOH is visualized by the
elemental mapping on the surface of Mxene compound, titanium carbide (TizC,Tx nano sheets). Surface
morphology and shape of the TisC,Tx hano sheets were characterized by SEM analysis. EDAX spectrum
and elemental composition deduced from EDAX spectrum showed the presence of terminal functional
groups, namely, F and O (OH) and C (COOH) [16].

Synthesis of mxene Ti3C2 TX

Ti2 AIC Tic

1:1 mole ratio

Ball milling, 8 h
1350 °C, 2 h, Ar, tube furnace

TBAIC2

Ball milling,8 h,5000rpm

l TBAIC2 powder

‘ TiC2Tx

Sonicated with deionized water
vacuum drying at 100 °C for 24h

’ Ti3C2TX nanosheets

Figure 1. Method of synthesis of Mxene compound, TisC,Tx (T-terminal functional groups like H,
OH and F) [16].
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Schematic steps involved in the sizing of CFs with Mxene is shown in Figure 2. The use of amine
functionalized Mxene sized CFs as reinforcement in the epoxy matrix is depicted in Figure 3 [16].

Mxene Sized CFs

Amine functionalized CFs(T700)

Amine functionalized CFs sizing with mxene
Crude CF, T700

, HCLHNO3-1:3 (V/V)

Ti3C2TX M xene solution NH2-CF
1h,90 °C !
Oxidised CF
1:99, Immersion for 24h
Immersioh inl.5 wt% Washing and dryingat 100 ° C

APTES for 24h at RT
NH2 — CF/M xene

Treated CF

Vacuum filtration
drying

NH2-CF
Figure 2. Schematic steps involved in the sizing of CF’s with Mxene [16].

NH,-CF/Mxene/EP composite

Epoxy resin LY 556 Methy| tetrahydro phthalic anhydride curing
agent/hardner

100:32 (mass ratio)

Resin mixture applied to NH.-CF/mxene to form
resin micro droplet

CF to EP wt. ratio 30

Curing process 90°C, 2 h; 120°C, 2 h; 150°C, 4 h

Cooling to RT

L 4

NH,-CF/Mxene/EP composite

Figure 3. Method of synthesis of amine functionalized Mxene sized CF reinforced epoxy composite
[16].

Because of the formation of supplementary interface by Mxene in the reinforcement, the mechanical
properties of Mxene sized CF reinforced epoxy composite were improved. Tensile, flexural, shear and
impact strengths of the resulting composite were enhanced by 40.8, 45.9, 74.4 and 38.5 % compared to
crude CF-EP composite [16].

ADVANCES IN THE INTERFACE CHARACTERIZATION METHODS

Liu et al., reviewed the state of the art methods for characterizing the interface of CFRP’s owing to
the significance of such a study [18]. Conventional analytical methods are indispensable. XRD is the
fundamental and primary analytical tool at the disposal of a chemist to know the bulk structure of solids,
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as in the present instance of CFRP’s. The crystal plane spacing of carbon fiber changes as a result of
the residual stress at the CFRP interface. This change in the interlayer spacing of carbon fiber is
deduced from the famous Bragg diffraction equation: A = 2dsinf. The strain along the fiber axis is given
by the following eq (1):

d,—d?
E, = ng z (1)

Where, d, = crystal place spacing perpendicular to the fiber axis in the CFRP d.° = interplanar spacing
perpendicular to the fiber axis of the free carbon fiber (measured on the free carbon fiber). & is the
measured strain when the crystal diffraction is measured parallel to the direction of the carbon fiber
axis.

Likewise, the surface topology and roughness is deduced from the AFM analysis in various modes,
namely nano indentation, force modulation and phase imaging. The chemical composition at the
interface of the CFRP is examined by FT-IR, XPS, Auger electron spectroscopy (AES), secondary ion
mass spectrometer (SIMS), electron energy loss spectroscopy (EELS), micro Raman spectroscopy
(MRS) and extended X-ray absorption fine structure spectroscopy (EXAFS) [18]. Fluorescence
microscopic methods need to be developed for viewing the interface structure using fluorescent probes
like carbon dots [19]. Liu et al., could enlarge the region of interface in the CFRPs by 1.2 um by doping
sizing agent with upconversion luminescent nanoparticles [20]. The enlargement of interface of the
CF/epoxy interface matrix was attributed to the inter diffusion between sizing layer and epoxy matrix.
Luminescent nanoparticles resulted in a positive effect on the interfacial adhesion of CF/epoxy
composites through chemical bonding among the luminescent nanoparticles, sizing layer and matrix
[20]. Rather than using the expensive rare earth based upconversion luminiscent materials, strategies
based on using carbon dot containing sizing agents for funtionalising and armoring the CF surface need
to be developed, so that the adherence of the CFs with the polymer matrix is enhanced. Strategies like
sonochemical deposition of carbon dots on CF makes the surface of CF’s polar and fluorescent. Such a
strategy not only enlarges the interface width but also improves the desired mechanical properties of
strength, modulus and shear at the interface of the CFs and polymer matrix. These are only a
representative examples of possible analytical methods to probe the interface and many more methods
can be developed depending on the specific problem or material at hand. For instance, an unexplored
analytical method EPR can be used both quantitatively and qualitatively to know the nature and
magnitude of interaction and bonding of the CFs surface with the polymer matrix. Carbon materials
owing to surface unsaturation have a specific concentration free electrons and so they show a very
characteristic EPR signal. The area under the EPR signal is a measure of the free electron concentration.
Once the CFs are bonded to the polymer resin matrix, there will be significant decrease in the
concentration of the free electrons [21]. Such a change in free electron concentration can be a measure
of bonding strength and adhesion of CFs to the resin matrix.

Future directions

As early as 1971, Jeffries has pointed out that cellulosic fiber derived carbon fibers are of no real
value for CFPF production as such carbon fibers are either not strong or stiff. However, so as to have
a sustainable and economically viable production process for CF’s for the exponentially growing
demand and applications of CFs as CFRPs, there should be a paradigm shift in the choice of the
precursor for CF production. Currently, commercial CF production processes use either PAN or pitch
as raw material. As almost all chemicals that are derived from fossil resources can be produced from
biomass, methods should be developed for lignin biopolymer based CF production for CFRP
application [22, 23]. In addition, developments took place for the synthesis of MXene compounds in
direct routes [24, 25] which is elaborated in the subsection 3.1 below.

Simple and direct route for the synthesis of MXene compounds [24, 25]
Direct and clean synthetic routes for producing MXene compounds, excluding the traditional path of
MAX phase, made possible the formation of new phases and morphologies (as exemplified in the
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specific case of Ti,CCl,). Such an advance facilitated surmounting the challenges of scalability and the
use of hazardous chemicals. Robertson and Tolbert provided insights into such new pathways for the
production of MXene compounds [24]. Conventionally MXenes have been synthesized from MAX
phases, where A is typically aluminum (Al) with other possibilities as well. The element A is often
removed with the use of hazardous chemicals in a process called etching. Owing to the generation of
large amounts of chemical wastes, the large scale manufacturing of MXenes through the conventional
route is limited. Recently, Wang et al., reported a clean, scalable and direct method of synthesis for
MXene compounds without the use of MAX phases and thereby avoiding the step of etching with harsh
chemicals used in the traditional route. Two methods of synthesis of MXene type compounds (Ti.CCly),
namely, the solid state synthesis and the chemical vapour deposition, were developed. Such an
approach opened new avenue for the synthesis of these novel 2D layered crystallite materials with wide
range of applications (energy storage, shielding material from electromagnetic interference, transparent
conducting materials, biomedical applications) [25]. The use of such MXene compounds prepared in
clean and direct routes with new phases and morphologies as sizing compounds for the functionalization
of carbon fibers for application in advanced carbon fiber reinforced composites is awaited [26-29].
Unlike graphene, as MXene clays are hydrophilic these material finds enormous applications in
materials science and technology.

CONCLUSION

99 is not 100. In no way the present review on understanding the interface of carbon fiber reinforced
composites (CFRP’s) is complete. However, a new and fresh perspective on the properties of carbon
fibers, surface modification of carbon fibers by the process of sizing, the role of sizing process in
forming the strong interface between CF and polymer matrix, methods of characterization of the
interface of CFRP and the growing usefulness of CFRPs in high technology sectors is provided.
Emphasis was laid on the potential of MXene compounds as supplementary sizing layer on the carbon
surface resulting in a strong interface with the epoxy resin leading to improved performance of the
CFRPs. Recent advances in the synthesis of MXene phases, without the use of MAX phases, in a clean
and direct way were discussed.
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