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A B S T R A C T   

In this work, a new type of carbon fiber reinforced polymer (CFRP) composite was fabricated by introducing 
MXene nanoparticles onto the surface of carbon fibers (CF) via electrophoretic deposition (EPD) followed by 
thermal annealing. The MXene-reinforced CF/epoxy composites displayed enhanced mechanical properties and 
electrical conductivity as well as in-situ damage sensing capability. The uniformly deposited MXene nano
particles contributed to a considerable enhancement of the flexural strength of CFRPs through hydrogen bonding 
and mechanical interlocking. The thermal annealing treatment reduced the amount of oxygen groups on the 
surface of MXene nanoparticles and enabled a 66 % increase of the out-of-plane electrical conductivity and a 20 
% improvement of the electromagnetic interference (EMI) shielding effectiveness. The exceptional EMI perfor
mance of the core-shell hierarchical microstructure can be ascribed to the polarization of the inhomogeneous 
interfaces, the dipole polarization, and the conductive loss effect as a result of the presence of annealed MXenes 
on the surface of CFs.   

1. Introduction 

Electromagnetic pollution and electromagnetic interference (EMI) 
have become growing concerns in both aerospace and electronics fields 
due to the rapid development of electronic telecommunication tech
nology [1–4]. High-performing, multifunctional EMI shielding materials 
are required to separate sensitive electronic instruments from mutual 
interference and protect humans from electromagnetic (EM) pollution. 
Conventional metals (e.g., Ag, Ti, and Cu) are widely used to shield 
against EM interference and pollution, due to their high electrical con
ductivity; however, they display several drawbacks such as difficulties in 
processability, susceptibility to corrosion, high-density-induced added 
weight, and rigorous coating techniques [5,6]. Quite significantly, the 
reflection-dominated EMI shielding mechanism of metals leads to a 
complete reflection of the incoming radiation. The inevitable subse
quent production of secondary EM radiation then interferes with the 

regular operation of equipment that are present in the vicinity of the 
metal-based coatings [7–11]. Under such circumstances, it is critical to 
develop novel, high-performing EMI shielding materials to replace 
current metal materials used in such applications [12]. 

For applications within the aircraft, aerospace and other highly 
technical industries, light-weightiness is a prerequisite for employing 
materials as efficient EMI shields in an attempt to attribute energy ef
ficiency and cost-effectiveness to the final structures [13,14]. It is well 
known that electrical conductivity is a key factor determining the EMI 
shielding property [15–18]. Consequently, low-density conductive 
polymer composites (CPCs) are ideal candidates to replace metals for 
EMI shielding applications. Porous polymer nanocomposite foams can 
achieve excellent EMI shielding effectiveness (SE) [19]. However, the 
majority of these conductive polymer foams are reinforced with high 
filler loadings, which commonly leads to severe nanoparticle aggrega
tion, and ultimately to weak mechanical properties [20]. Intrinsically 
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conducting polymers (ICPs) can be also used for EMI shielding, owing to 
their low density and the highly desirable absorption-dominant shield
ing mechanism. However, the weak mechanical and thermal perfor
mance and poor processability, alongside their large costs, severely limit 
their practical application [2,17,21]. 

Considering that CF display low density (1.75 g/cm3), high tensile 
modulus (700 GPa), superior chemical stability, outstanding thermal 
(1000 W/mK) and electrical conductivity (1.5 × 106 S/m) [22–24], 
CFRP composites should be used as lightweight structural materials that 
display excellent mechanical properties and outstanding EMI shielding 
performance [25]. Unfortunately, the inferior through-thickness prop
erties of CFs currently limit significantly the application of CFRPs in 
multiple structural and EMI shielding operations [26]. In terms of 
structural behavior, the resin-rich regions that commonly exist between 
the fiber laminates weaken the mechanical properties of CFRPs, since 
stress is commonly concentrated at these areas where cracks initiate and 
then propagate without any obstruction [27–29]. In terms of the elec
trical properties of CFRPs, the insulating resin between CF layers inhibits 
the conductive path of fillers in the out-of-plane direction and sub
stantially reduces the electrical conductivity [30]. Therefore, the 
fiber-matrix interface not only has a crucial impact on the mechanical 
performance of CFRP composites by transferring the stress efficiently, 
but it is key to the implementation of CFPRs in multifunctional appli
cations [31–33]. 

In-situ damage sensing is also crucial for the CFRP composites. 
Although the commonly used acoustic emission and C-scan techniques 
are effective in detecting some parts of the damaged area (mainly close 
to the surface of the composite), the inability to differentiate between 
defects, the need for surface preparation and the high costs sometimes 
render them unsuitable for practical applications [34]. In comparison, 
internal embedded sensors that display continuous monitoring abilities 
and longer service life can be more effective. Electrical signal sensing 
can be optimized to could evaluate CFRP damage according to resistance 
or voltage changes. More interestingly, internal sensing accuracy could 
be enhanced by introducing conductive fillers into an 
electrically-insulating matrix or on the surface of anisotropically 
conductive reinforcements. In recent years, carbon nanotubes and 
graphene-related materials have been successfully incorporated into 
CFRP composites to realize damage detection [35,36]. However, the use 
of conductive MXene nanoparticles for the same purpose has not been 
investigated in detail. MXenes have proven to be highly promising ma
terials for flexible strain sensors due to their properties [37]. Primarily, 
their high specific surface area enhances their ability to detect changes 
in their surroundings, concurrently affording substantial surface area for 
the accommodation of target loading [38]. Additionally, MXenes offer 
flexibility in surface functionalization, as they have a rich surface 
chemistry that can be easily modified with various functional groups. 
This allows enhancement of their interactions with specific types of 
damage (such as tensile damage [39,40], low-velocity impact and high 
velocity impact damage [41], shockwave damage [42] et al.), facili
tating selective target detection [43,44]. MXenes can display metal-like 
electrical conductivity, reaching levels as high as 24,000 S/cm [45]. 
This conductivity can be finely tuned by adjusting MXene composition 
and surface functionalization, which are highly important features for 
designing sensors with customized sensitivity thresholds [46,47]. 
Finally, MXenes exhibit remarkable chemical stability, granting them 
resilience in challenging detection environments and in the presence of 
potentially corrosive substances [48]. While carbon nanotubes and 
graphene also offer distinct benefits towards multifunctionality, MXenes 
possess a significant advantage in the field of damage detection appli
cations due to their adjustable electrical conductivity and flexibility in 
surface functionalization. 

Electrophoretic deposition (EPD) is of the most effective strategies to 
improve the mechanical properties [30,49] and electrical conductance 
[50,51] of fiber-reinforced composites by optimizing the interface be
tween the fiber and the matrix. However, most literature works have 

focused on the deposition of carbon nanotubes and graphene nano
platelets on fibers [52,53]. The influence of high performing, multi
functional MXene nanoparticles on the mechanical and electrical 
properties of CFRP composites via the EPD method is still in its infancy. 

This present work is focused on the fabrication of a highly conductive 
and mechanically robust CFRP composite for effective in-situ damage 
sensing and EMI shielding by homogeneously coating MXene nano
particles onto the CF surface. The effect of a post-EPD thermal annealing 
process on the mechanical and electrical properties of CFs was also 
analyzed. Vacuum-assisted resin infusion (VARI) was adopted to inject 
the epoxy resin into the MXene/CF preform and fabricate multifunc
tional CFPR structures. Mechanical tests, electrical conductivity mea
surements, and EMI shielding experiments were conducted to 
characterize the related mechanical, electrical, and electromagnetic 
properties. 

2. Materials and methods 

2.1. Materials 

The CF fabric (T300, 12K, plain woven) was purchased from Toray. 
Epoxy 5015 resin and curing agents were obtained from Sino Composite 
Co., Ltd. Ti3AlC2 powders of 400 mesh were bought from Fo Shan Xin Xi 
Technology Co., Ltd. Lithium fluoride (LiF) and magnesium chloride 
hexahydrate (MgCl2•6H2O) were purchased from Aladdin Biochemical 
Technology Co., Ltd. Nitric acid and hydrochloric acid were provided by 
Sinopharm Chemical Reagent Co., Ltd. All chemicals were directly used 
without further purification. 

2.2. Preparation of Ti3C2Tx and pretreatment of CF 

The synthesis of Ti3C2Tx took place according to the process 
described by Chae et al. [54]. Desizing and oxidizing treatments were 
sequentially employed to remove impurities from the CF surface and 
introduce active functional groups. For the desizing process, the CFs 
were washed in boiling acetone continuously for 48 h at 60 ◦C. The 
oxidization process was conducted by soaking the desized CF in nitric 
acid for 6 h at 80 ◦C. The desizing and oxidizing processes were followed 
by repeated washing with deionized water to remove the residual 
acetone and nitric acid. Finally, drying was conducted under vacuum at 
100 ◦C for 2 h. From this point onwards, the CF materials in this paper 
refer to the carbon fibers pretreated sequentially by desizing and 
oxidizing processes. 

2.3. Electrophoretic deposition of TI3C2Tx onto CFs 

A schematic of the EPD setup is shown in Fig. 1. The CF fabric had 
copper glued on its four edges and acted as the cathode. A plate of 
graphite was used as an anode. The EPD suspension was fabricated by 
dispersing the MXene nanoparticles and magnesium chloride hexahy
drate into deionized water, followed by agitation and ultrasonication. 
The magnesium chloride hexahydrate was used to enhance the con
ductivity of the suspension and produce the positively charged MXene 
nanoparticles. The final suspension concentration was 0.125 mg/mL 
with equivalent MXene and magnesium chloride hexahydrate content. 
The distance between the cathode and anode was set at 2 cm. The 
applied voltage between the two electrodes was 20 V, and the electric 
field was kept constant for 30 minutes to complete the EPD process. The 
optimization of the EPD process took place in our previously published 
work [56]. Furthermore, ultrasonication was adopted to remove bubbles 
produced during electrolysis and prevent agglomeration of MXene 
nanoparticles. An ice bath was also used to protect MXenes from 
oxidation due to the heat produced during ultrasonication. The fabric 
weight was measured before and after the EPD process and the MXene 
mass fraction on the CF fabric was found to be 13 wt%. 
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2.4. Thermal reduction of MXene-deposited CFs 

The rMXene-CFs (where r stands for reduced) were pretreated via a 
thermal annealing process to enhance the electrical conductivity of 
MXene nanoparticles by reducing the oxygen-containing functional 
groups and ultimately improve the EMI shielding ability of the core (CF)- 
shell (MXene) structure. The annealing was conducted at 350 ◦C under 
an inert atmosphere of continuous nitrogen flow for 6h in a tube furnace 
[55]. The obtained product was termed rMXene-CF (Fig. 1). 

2.5. Preparation of CF/Epoxy resin composites by liquid composite 
molding 

The core-shell CFRP composites were prepared by vacuum assisted 
resin infusion (VARI). The mold was first cleaned with alcohol, and then 
the layered CF fabric structure was built up step by step using a CF mat 
comprised of 6 CF layers to create the stacked preform. After that, a 
vacuum bag was utilized to seal the whole structure. A defoaming resin 
and curing agent compound with a 100:30weight ratio was introduced 
into the fabric under vacuum. Finally, the mold was moved into an oven 
to cure the resin at 90 ◦C for 8h. 

2.6. Characterization 

The topography of CF and MXene nanoparticles was studied by 
scanning electron microscopy (SEM, FEI Inspect-F). The surface 
morphology and thickness of the MXenes were measured by atomic 
force microscopy (AFM, Park XE7). The crystal structures of the MAX 
phase of Ti3AlC2 and the MXene Ti3C2Tx nanoplatelets were studied by 
X-ray diffraction (XRD, Shimadzu-7000), while the chemical composi
tions of CF and MXenes were characterized by Fourier Transform 
Infrared (FTIR) spectroscopy. Raman spectroscopy data were collected 
using a Renishaw inVia confocal Raman Microscope in a backscattering 
configuration. The Raman signal was recorded from a 785 nm edge laser 
with a grating of 1200 grooves/min and at a laser power of 1 %. The 
surface chemical structure and functional group content were investi
gated by X-ray photoelectron spectroscopy (XPS). The wettability of 
carbon fibers was characterized via a dynamic contact angle analyzer 
(DCAT 21, Germany). Deionized water and glycerol were selected as 
solvents to calculate the polar portions, dispersion components and 

surface energy by using the Owens-Wendt method [56]. 
The three-point bending tests were performed according to the ASTM 

D790 standard, and the loading rate was 2 mm/min. Five specimens 
were tested for each set of samples. The electrical conductivity mea
surements were conducted using the four-probe method to remove the 
influence of the contact/conductor resistance [57]. Samples with a size 
of 22.86 × 10.16 mm were silver coated before the test to ensure better 
contact with the electrode. A Keithley multimeter was utilized to 
monitor the resistance changes and the related values was recorded in a 
LabView program. 

The electromagnetic interference (EMI) shielding performance of the 
core-shell CFRP composites in the X-band (8.2–12.4 GHz) region was 
evaluated by a Vector Network Analyzer (VNA,CETC, AV3629D). The 
samples were rectangular (22.86 × 10.16 mm) and were fixed into the 
waveguide holder. Five specimens were prepared for testing and the 
final results were averaged from all the specimens. The main EMI 
shielding mechanism consisted of reflection (SER), absorption (SEA), and 
multiple reflections (SEM). The shielding effectiveness (SET) was calcu
lated using Eq. (1). Generally, when the SEA surpassed 15 dB, the SEM 
could be neglected, and Eq. (2) is the one that is most commonly used 
[58,59]. The power coefficients of the reflection coefficient (R), trans
mission coefficient (T) and absorption coefficient (A) can be acquired by 
S parameters (S11, S12, S21, S22) according to Eq. (3), Eq. (4) and Eq. (5). 
Then the SER and SEA can be calculated by the obtained power co
efficients according to Eq. (6) and Eq. (7) [60]. 

SET(dB)= SER + SEA + SEM (1)  

SET(dB)= SER+SEA (2)  

T = | S12|
2
= | S21|

2 (3)  

R= | S11|
2
= | S22|

2 (4)  

A= 1− R − T (5)  

SER= − 10log(1 − R) (6)  

SEA= − 10log
(

T
1 − R

)

(7)  

Fig. 1. Illustration of the modification of CF fabric via EPD of MXenes and the following thermal annealing treatment as well as the VNA test process.  
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3. Results and discussion 

3.1. Morphology and chemical composition of MXenes 

The morphology transition from the dense multilayer state of the as- 
received MAX phase (Fig. 2a) to the loose accordion-like MXene phase 
presented in Fig. 2b proves that the etching and intercalation processes 
were successful. Fig. 2c presents the typical Tyndall effect of the MXene 
colloidal solution, which is further proof that the MXene nanosheets 
were well dispersed in the aqueous solution. The XRD results in Fig. 2d 
reveal that the (002) peak shifted from 9.48◦ for Ti3AlC2 to 6.62◦ for 
Ti3C2Tx, which indicates that the interlayer spacing increased from 
0.468 nm to 0.668 nm, further confirming the successful intercalation 
process. The Raman spectra of Ti3C2Tx and Ti3AlC2 are shown in Fig. 2e; 
the spectrum of Ti3C2Tx displays two sharp peaks of A1g(Ti, O, C) at 200 
cm− 1 and A1g(C) around 725 cm− 1, which demonstrates the successful 
etching of Ti3AlC2 and the presence of the functional groups on the 
synthesized Ti3C2Tx product [61]; The appearance of D band at 1360 
cm− 1 confirmed the presence of graphitic carbon on the Ti3C2Tx and 
Ti3AlC2 surfaces [62]. The FTIR spectrum of the synthesized MXene is 
presented in Fig. 2f. The typical peaks at 589 cm− 1 and 3430 cm− 1 

correspond to the stretching vibration of Ti–O bonds and the 
hydrogen-bonded –OH, which confirms that Al atoms were replaced by 
–OH functional groups [63].The results from the XPS analysis of MXene 
nanoplatelets are illustrated in Fig. 2g-i; the Ti and O elements appeared 

in the survey spectrum while the corresponding Ti–O and C–OH fitting 
peaks that are present in the Ti1s and O1s spectra fully confirm the ex
istence of –OH and –O functional groups, endowing MXene nano
particles with hydrophilic properties, in agreement with previous 
literature reports [64,65]. 

3.2. Surface morphology of CF 

SEM was utilized to evaluate the surface morphology of the core- 
shell MXene-CF structures after the EPD process and the thermal 
annealing treatment. As shown in Fig. 3a and e, the pretreated CF pre
sented a relatively smooth surface morphology and many grooves can be 
observed, indicating that the desizing process successfully removed the 
sizing agents from the CF. Fig. 3b and f reveal a typical core-shell 
structure. The CF can be considered as the core, while the flower- 
shaped MXene shell was self-assembled during the EPD process due to 
electrostatic effects. The CF are highly electronegative as they possess 
abundant oxygen-containing functional groups such as hydroxy and 
carboxyl. On the contrary, the MXene nanoparticles display electro
positive properties after mixing with magnesium chloride hexahydrate. 
Thus, a self-assembly behavior can be observed during the EPD process. 
The electric field applied during the EPD process facilitates the elec
trostatic assembly. Consequently, the flower-like MXene shell was suc
cessfully and homogeneously deposited on the surface of the inner CF 
core as can be realized from the SEM images. The EDS elemental maps of 

Fig. 2. SEM images of (a) Ti3AlC2, (b) Ti3C2Tx; (c) Tyndall effect of 0.125 mg/mL Ti3C2Tx in a water suspension; (d) XRD patterns comparison between Ti3AlC2 and 
Ti3C2Tx; (e) FTIR spectrum of Ti3C2Tx; (f) Raman spectroscopy of Ti3C2Tx; XPS spectra of Ti3C2Tx (g) survey scan, (h) Ti2p spectrum, (i) O1s spectrum. 

Y. Hu et al.                                                                                                                                                                                                                                       



Composites Science and Technology 246 (2024) 110356

5

the MXene coated fibers collected from the SEM and presented in 
Fig. 3h-k also reveal the homogenous distribution of the Ti, C, O ele
ments on the surface of CFs. 

3.3. Raman analysis of CF 

Raman spectra were collected from the MXene-deposited nano
particles onto the CF fabric. As shown in Fig. 4, two broad peaks were 
observed in all three CF fabrics. The peak observed at 1330-1350 cm− 1 is 
related to the D band, which indicates disordered carbon and/or crystal 
defects present in the CF structure, while the peak observed at 1580- 
1600 cm− 1 corresponds to the G band, representing the graphitic lattice 
[66]. As a result, the intensity ratio of the D band to G band (ID/IG) can 
be used as an indication of the amount of structural defects [67]. In 
comparison with the spectrum of the MXene shown in Fig. 4 the 
newly-appeared characteristic peaks located at 200 cm− 1 and 725 cm− 1 

at the MXene-CF and rMXene-CF spectra are evidence that the MXene 
nanoparticles were successfully deposited onto the surface of the CF 
fabrics [61]. It is noteworthy that the ID/IG ratio fluctuated, increasing 
from 1.09 to 1.4 for neat CF and the MXene-CF samples respectively, and 
then decreasing to 1.11 for the rMXene-CF sample. During the EPD 
process, the positively-charged MXene nanoparticles self-assembly onto 
the negatively-charged CF surface under the electric field and due to the 
electrostatic adsorption effect. As a consequence, the increased ID/IG 
ratio corresponds to the increased defects as a result of hydrogen 
bonding between the MXene nanoparticles and the CF [67]. However, 
after the thermal annealing process, the defect content of the rMXene-CF 

structure decreased, due to the subsequent destruction of the hydrogen 
bonds and the removal of the oxygen-containing groups. Likewise, the 
observed trend of an initial increase followed by a decrease in the ID/IG 

Fig. 3. SEM morphologies of (a) CF, (b) MXene-CF, and (c) rMXene-CF. Figures (e)–(g) are magnified images of (a)–(c). Figures (d) and (h) are the cross-sections of 
Fig.(a) and Fig.(b). Figures (h)–(k) show the EDS mapping results of MXene-coated CF. 

Fig. 4. Raman spectra of the MXene, CF, MXene-CF, and rMXene-CF samples.  
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ratio, from CF to MXene-CF and rMXene-CF aligns well with the C:O 
ratio in the XPS analysis and the surface energy values obtained from the 
contact angle tests, as detailed in Section 3 and Section 6 of the Sup
porting Information. 

3.4. Mechanical properties of CF/EP composites 

3.4.1. Flexural properties 
The three-point bending method was employed to assess the flexural 

properties of the CFRPs (Fig. 5a). The stress-strain curves are presented 
in Fig. 5b and as can be seen from Fig. 5c, a 26 % enhancement of 
flexural strength was recorded; the untreated CF/EP composite dis
played a strength of 511.3 ± 21.7 MPa that increased to 642.4 ± 15.2 
MPa after the introduction of the MXene nanoparticles. However, the 
subsequent thermal annealing treatment seems to reduce the flexural 
performance of the MXene-CFRP composites, by reducing the bending 
strength to 569.6 ± 14.9 MPa. A comparison of flexural strength 
improvement as a function of the suspension concentration between this 
work and other EPD-based modification methods is presented in Fig. 5f 
and Table 1 and further demonstrates the superiority of both the pro
posed EPD process and the produced core-shell MXene/CF structure, 
towards improvement of the mechanical properties of nanoparticle- 
modified CFRPs. 

3.4.2. Mechanical strengthening mechanism 
The SEM images of the fractured surfaces as well as the possible 

mechanical strengthening mechanism was illustrated in Fig. 6. The 
failure of the untreated CF/EP composite takes place via debonding of 
the CF from the matrix, leading to brittle failure. On the contrary, the 
fracture mechanism transforms to ductile in the case of the MXene-CF/ 
EP composites. The simultaneous failure of the CF and the epoxy matrix 
took place thanks to the effective stress transfer from the epoxy to the CF 
as a result of the presence of the MXene nanoparticles at the interface of 
the two materials. The oxygen-containing functional groups (e.g., hy
droxyl groups) interacted with similar carboxyl and hydroxy ones on the 
CF surface to construct hydrogen bonds as can be realized from the 
respective FTIR spectra presented in Fig. S1 of the Supporting 

Information. The mechanical interlocking effect can also be regarded as 
another crucial factor; the stiff MXene nanoparticles (a single layer of 
Ti3C2Tx displays a Young’s modulus of 0.33 ± 0.03 TPa [68]) inserted 
into the resin inhibited the propagation of the cracks. Consequently, 
more energy was needed to pull the nanoparticles out from the interface 
or fracture them. The conducted fractography analysis (Fig. 6a–c) 
further revealed the above-mentioned failure mechanisms. Compared to 
the smoother fracture surface of the CF/EP composites corresponding to 
the weak fiber/matrix interface shown in Fig. 6a and d, the micrograph 

Fig. 5. (a) The test setup, (b) stress strain curves and (c) results on the flexural properties of the CF/EP, MXene-CF/EP, and rMXene-CF/EP composites, respectively; 
(d–e) mechanical-electrical response of MXene-CF/EP composites; (f) comparison of flexural strength improvement between our works and related literature. 

Table 1 
Literature comparison of CFRP flexural strength improvement, where the CFs 
were coated by nanoparticles via electrophoretic deposition.  

Polymer Fillers EPD 
conditions 

Suspension 
Concentration 
(mg/mL) 

Flexural 
strength 
Improvement 
(%) 

Ref 

EP G-OH/CF 5A, 30min 1 5.1 [69] 
EP G-COOH/ 

CF 
5A, 30min 1 9.6 [69] 

EP GO/CF 5A, 30min 1 6 [69] 
EP CNF/CF 5A, 30min 0.5 4.2 [70] 
EP Graphene/ 

CF 
5A, 30min 0.5 6.5 [70] 

EP CNT/CF 5A, 30min 0.5 9 [70] 
EP CNT- 

COOH 
5A, 30min 1 10 [71] 

EP CNT-OH 5A, 30min 1 3 [71] 
EP O-CNTs/ 

CF 
24V, 5min 0.3 9.46 [72] 

Vinyl 
ester 
resin 

CNT/CF 5A, 30min 0.5 10.3 [73] 

Vinyl 
ester 
resin 

CNT- 
COOH/CF 

5A, 30min 0.5 13.8 [73] 

EP GO/CF 1V, 30min 0.5 14 [74] 
EP MXene-CF 20V, 

30min 
0.125 25.7 This 

work 
EP rMXene- 

CF 
20V, 
30min 

0.125 11.4 This 
work  
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of the MXene-CF/EP composites in Fig. 6b presented a considerable 
amount of debris from the epoxy matrix which is indication of higher 
force needed to induce fracture and improved interfacial strength under 
the effect of hydrogen bonding between CF and MXene (Fig. 6e). A 
similar observation can be made for the rMXene-CF/EP composites in 
Fig. 6c, with some pronounced matrix cracks; however, a larger amount 
of rMXene agglomerates were witnessed, which may be ascribed to the 
thermal de-functionalization effect that induced shrinkage and possible 
detachment from the CF surface [50]. These observations are in good 
agreement with the corresponding flexural properties since the reduc
tion in the flexural strength and modulus after thermal annealing could 
be ascribed to the decomposition of the oxygen-containing groups at 
elevated temperatures and the subsequent destruction of hydrogen 
bonding (Fig. 6f) as well as weakening of the interface. 

3.4.3. In-situ damage sensing 
In-situ damage sensing was employed to detect the initiation and 

propagation of cracks during loading. The three-stage load-displace
ment-resistance curves of the MXene-CFRP composite are shown in 
Fig. 5d. The first stage corresponds to the elastic deformation area, 
where the crack was stationary and the load increased linearly. The 
resistance remained constant at this stage as no significant damage 
happened. A sudden drop of load can be observed at the second stage, 
denoting the initiation of matrix cracks and the propagation of cracks to 
the MXene-coated fibers. At this stage the phenomena of fiber-matrix 
debonding, nanoparticle pull-out, alongside possible fiber fracture 
starts to take place. Accordingly, the resistance increased unevenly due 
to the uneven separation of the upper and lower laminates [35]. The last 
stage displays a rapid decrease of load as a consequence of acute crack 
growth and delamination until failure. As a result, the resistance in
creases pronouncedly. The resistance change over the relative intrinsic 
resistance change (ΔR/R0) was also studied (Fig. 5e), and the results 
displayed excellent coherence both in terms of time of damage occur
rence and electrical signal differences. As soon as the matrix cracks, the 
fiber break and debonding takes place, the corresponding voltage al
terations are able to be detected simultaneously and with high accuracy 
due to the breakdown of the MXene-CF conductive path. Interestingly, 
the corresponding curves of the pristine CFRP composites shown in 
Fig. S5 indicate that the MXene-CFRP composites witnessed smaller 
resistance-change (around 18 % difference) than the CFRP composites 
(nearly 60 % difference). Such a result can be attributed to fractured 
MXene nanoparticles that were able to form new conductive paths 

during the tests to retain a relatively small resistance variation (ΔR/R0). 
This is in agreement with the electrical conductivity measurements re
ported in the next section, since improvement of conductivity was 
observed in both the in-plane and out-of-plane directions after the 
introduction of the MXenes into the CFRP composites. As a result, the 
MXene-CFRP composites clearly display the potential for highly accu
rate in-situ damage inspection and structural health monitoring. 

The possible mechanism behind the damage sensing capability was 
analyzed and illustrated in Fig. 7. 

It is well known that CFRP composites display weak out-of-plane 
performance, as the insulated resin between CF layers not only hin
ders the transmission of electric signals but shows inferior mechanical 
properties. Hence, the electrical conductivity of CFRP composites in the 
through-thickness direction depends on the direct contact between the 
adjacent CF layer. As shown in Fig. 7a and c, there can be areas within 
the unmodified CFRPs where adjacent CF layers aren’t directly con
nected but they are separated by insulating gaps. In this case, the 
conductive path in the thickness direction was interrupted and resulted 
in the weak conductive performance in the out-of-plane direction, cor
responding to the results shown in Fig. 8. For the case of the MXene- 
CFRP composites, the highly conductive MXene nanoparticles offer an 
opportunity to improve the out-of-plane conductivity of the CFRPs. As 
presented in Fig. 6d, the vertically aligned MXene nanoparticles bridged 
the insulating gaps and constructed a highly effective conductive path 
between layers, which effectively limits the dependence of unmodified 
CFRP composites on the physical contacts for the optimization of the 
stability of the sensing signal [36]. As a result of the EPD process, the 
MXene nanoparticles were uniformly deposited onto the CF surface and 
ensured a good linkage via electrostatic adherence and 
hydrogen-bonding effects [75]. 

3.5. Electrical conductivity of CFRPs 

The four-probe method was utilized to evaluate the electrical con
ductivity of the modified CFRP composites (details on the measurement 
process are presented in Section 4 of Supporting Information). The 
pristine CF/EP composite presented low electrical conductivity values 
due to the non-conductive nature of the epoxy resin. The obvious dif
ferences in the electrical conductivity results both in the through-plane 
and in-plane directions are the direct result of the anisotropic electrical 
properties of CF [76]. The electrical conductivity of the CF/EP sample in 
the through-thickness direction was 38.9 S/m, while the corresponding 

Fig. 6. The SEM morphologies (a–c) characterizations and corresponding interface failure and matrix cracking propagations (d–f) of the CF/EP, MXene-CF/EP, and 
rMXene-CF/EP composites. 
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value in the in-plane direction reached 13615.5 S/m (Fig. 8). After the 
EPD of MXene nanoparticles onto the CF, the electrical conductivity in 
the through-thickness and in-plane directions increased to 58.4 S/m and 
15624.3 S/m, respectively. Such a phenomenon can be ascribed to the 
dual-conductive network formed by the uniformly distributed, 
highly-conductive MXene nanoparticles and the CF-based skeleton, 
which contributed to the optimization of the conductivity of the struc
ture. The thermal annealing treatment enabled a reduction of the 
oxygen-containing functional groups and an improvement of the elec
trical conductivity of MXene nanoparticles; the rMXene-CF/EP com
posite displayed an electrical conductivity of 64.44 S/m in the 
through-thickness direction and of 16292 S/m in the in-plane direction. 
In conclusion, the introduction of MXene nanoparticles onto the surface 
of the CF can be beneficial in ameliorating the electrical performance of 
the CFRPs via the construction of a dual-conductive network, while the 
thermal annealing effect can further optimize the conductivity of the 
core-shell MXene-CF structure. The overall increases correspond to an 

improvement of 66 % in the out-of-plane electrical conductivity and an 
enhancement of 20 % in the in-plane electrical conductivity. 

3.6. EMI shielding performance of CFRPs 

The EMI SE was characterized using the wavelength guide method. 
As shown in Fig. 9 (a) and (b), the neat CF/EP composite samples dis
played a 28.7 dB EMI shielding effectiveness. Once the MXene nano
particles were deposited onto the CF, the EMI SE of the MXene-CF/EP 
composites was improved to a value of 32.9 dB at 12.4 GHz. Ultimately, 
this value was further enhanced to 34.4 dB (a 20 % improvement 
compared to the pristine CFRP composite) after thermal annealing 
(rMXene-CF/EP). The corresponding absorption effectiveness (SEA) and 
reflection values (SER) were 24.6 dB and 9.8 dB, respectively. The co
efficient A (that represents the ability of the shielding materials to 
absorb radiation) displayed a low value of 0.1 while the value of coef
ficient R (that represents the ability of the shielding materials to reflect 

Fig. 7. Schematic diagram of electromechanical-response process for the pristine CFRP composites (a–b) and the MXene-CFRP composites (c–d) as well as their 
corresponding interfacial mechanisms (e). 

Fig. 8. The out-of-plane/in-plane electrical conductivities of the CF/EP, MXene-CF/EP, and rMXene-CF/EP composites.  
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radiation) was high, of the order of 0.9 (Fig. 9c); revealing that the 
dominant EMI shielding mechanism was reflection, which can be 
ascribed to the conductivity of carbon fibers. As shown in Fig. 9d and 
Table 2, compared with other literature values of the EMI SE of fiber 
reinforced composites as a function of the thickness of the structure, the 
materials reported herein, outperform the current state-of-the-art and 
display SE comparable with structures almost 3 times thicker. 

3.7. EMI shielding mechanism of MXene-modified CFRPs 

The proposed EMI shielding mechanism is illustrated in Fig. 10. As 
soon as the incident waves arrive at the CF surface, some of them are 
reflected because of the impedance mismatch between the air and the 
fiber. The remaining waves enter the laminate and are subsequently 
multi-reflected and scattered among different layers due to the "high 
depth" that the laminate possesses as a result of the layer-by-layer as
sembly [77]. The internal scattering further extends the EM propagation 
path length and provides more opportunities for interaction between the 
EM radiation and the shield, leading to an increased attenuation by 
absorption [13]. After the EPD process, the uniformly deposited MXene 
nanoparticles increased the specific surface area and interface area of 
the CF, which consequently accelerated the attenuation of the electro
magnetic wave. Meanwhile, the MXene skeleton acts as a secondary EMI 
shielding layer and is introduced into the 3D CF fabric structure to 
construct a more completed dual carbon-containing 3D framework 
(Fig. 9a upper left) [20]. The MXene/CF hierarchical structure contains 
more abundant free electrons and is able to form a highly-efficient 
conductive network [60], which is beneficial for the production of 
considerable electromagnetic field-induced current or heat and to 
further intensify the conduction loss effect [78]. Multiple heterointer
face polarization also takes place as a result of the CF/MXene/EP 
core-shell microstructures that dissipate the electromagnetic waves by 
dielectric loss and the abundant surface functional groups (Fig. 8b upper 
right). It is well known that dielectric loss is one main dissipation forms 
of the incident magnetic microwaves, which consists of dipole polari
zation and interfacial polarization. The dipole polarization phenomenon 
usually happens in the areas where the functional groups, defects and 
dangling bonds of MXene nanoparticles are located. Therefore, stacking 

Fig. 9. (a) EMI shielding effectiveness transmission (SET) curves; (b) collective EMI SE results (the results are average from 5 measurements); (c) The corresponding 
reflection (R), absorption (A), and transmission (T) values in the X-band; (d) Comparison of EMI shielding performance as a function of thickness with data 
from literature. 

Table 2 
Comparison of the shielding effectiveness (SE) of polymer composites and 
nanocomposites from the literature.  

Matrix Filler Measurement 
method 

Thickness 
(mm) 

SE 
(dB) 

Ref 

EP rGO-CF waveguide 6 37.6 [80] 
PP/ 

EPDM 
Ni-GF waveguide 2 22.2 [81] 

PS CNT-CNF waveguide 1 21.9 [82] 
Cement GO-CF waveguide 5 34 [83] 
EP C-GF waveguide 2 22.5 [84] 
EP CNT-CF waveguide 2.5 22 [85] 
PP CNT-CF coaxial 

transmission 
1 16 [86] 

UP rGO-CF waveguide 10 37.8 [25] 
EP BP-GF waveguide 3.5 28.5 [87] 
EP PANI-CF coaxial 

transmission 
2.5 11.6 [88] 

Phenolic CF waveguide 2.11 23.9 [89] 
EP CF waveguide 2 28.7 This 

work 
EP MXene- 

CF 
waveguide 2 32.9 This 

work 
EP rMXene- 

CF 
waveguide 2 34.4 This 

work  
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defects on the surface of MXene would enhance the EM wave absorption 
effect via dipole polarization losses [13,79]. In conclusion, the high EMI 
SE was ascribed to multiscale EM energy consumption mechanisms from 
the MXene/CF hierarchical microstructure, including polarization from 
multiple inhomogeneous interfaces, the conductive loss effect and the 
possibly dipole polarization.It is important to point out that after the 
thermal annealing process, the conductive loss can be more pronounced 
due to the enhanced electrical conductivity of the rMXene/CFRP com
posite by removing the oxygen-containing groups. Finally, the defects 
also contribute to the dipole polarization loss [25]. 

4. Conclusion 

A set of highly-conductive and mechanically robust MXene@CF core- 
shell composites were fabricated via EPD process in this present work. A 
homogeneous deposition of the MXene nanoparticles was achieved on 
the CF surfaces by electrochemical engineering. MXene nanoparticles 
work effectively towards the creation of a robust and conductive inter
face, where the synergistic effect of mechanical interlocking and 
hydrogen bonding significantly strengthen the attachment between the 
CF and the resin. Consequently, the constructed hierarchical composite 
structure (MXene-CF/EP) displayed exceptional mechanical properties 
as well as superior in-situ damage sensing ability, while the removal of 
the oxygen-containing groups through thermal annealing (rMXene-CF/ 
EP) led to superior conductive properties both in-plane and through- 
plane and exceptional EMI shielding performance. The flexural 
strength, out-of-plane electrical conductivity, and EMI SE increased by 
26 %, 66 %, and 20 %, respectively. This work proposed an attractive 
EPD strategy for effectively manufacturing mechanically robust MXene/ 
CFRP composite and provided valuable insights into developing EMI 
shielding materials. 
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Fig. 10. Schematic of EMI shielding mechanism of the MXene modified CFRP composites. (a) Conductive loss effect thanks to the formation of the dual MXene/CF 
conductive network; (b) Dialectic loss mechanism due to the dipole polarization effect on MXene and CF surfaces. 
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