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ABSTRACT

To address the ever-increasing challenges of electromagnetic pollution, there is a pressing need to develop
lightweight materials with exceptional shielding capabilities. However, while previous studies have predominantly
emphasized enhancing the electromagnetic interference (EMI) shielding effectiveness (SE) value, they have
relatively given less attention to the absorption-dominant shielding mechanism, which holds environmental
advantages by minimizing secondary pollutions. Herein, we synthesized semi-2D reduced graphene nanoribbons
(rGONnR) and 2D TisC,Tx MXene (MX) nanoflakes from the MWCNT and TisAlIC; MAX phase, respectively. We
developed a lightweight, layered structure comprising rGOnR/MX hybridized-polydimethylsiloxane (PDMS)
nanocomposite and a thin MXene film, which exhibited remarkable EMI shielding and ultra-high EM wave
absorption performance. Firstly, we fabricated unidirectionally aligned aerogels of hybridized rGOnR and MXene
using the freeze casting method, followed by PDMS infiltration at a low loading of 1.5 vol%. Subsequently, we
constructed the layered structure by coating the nanocomposite with the MXene film. The resulting 3D
interconnected network of the nanocomposite provided a tuned impedance matching layer with effective dielectric
permittivity and high attenuation capability. This enabled incident EM waves to penetrate the nanocomposite and
attenuate through conduction loss, polarization relaxation, and multiple scattering and reflections. Additionally, the
higher conductivity MXene layer exhibited superior SE with a reflection power close to one, reflecting passed EM
waves back to the nanocomposite for further attenuation. The synergistic effect of the layered structures
significantly increased the total EMI SE to 54 dB over the P-band (12.4-18 GHz) at a thickness of 2.5 mm for the
layered rGOnR15/MX15-PDMS nanocomposite.

1 INTRODUCTION

The rapid progress in portable electronics and telecommunications, especially with the rise of 5G technology, has
significantly simplified daily life by offering faster data speeds and enabling technologies like smart cities,
autonomous vehicles, and virtual and augmented reality. However, like all wireless technologies, concerns exist
regarding the potential negative impacts of EMI on device functionality and human health. To mitigate these
concerns, considerable efforts have been dedicated to developing advanced EMI shielding materials that are
lightweight, durable, cost-effective, and easy to manufacture [1,2]. Conductive polymer nanocomposites (CPnCs)
have emerged as promising materials for EMI shielding due to their lightweight properties, excellent chemical
stability, ease of processing, low cost, and tunable electrical properties. These materials can be further improved
for EMI shielding by enhancing interfacial polarizations, which can be achieved through the creation of varied
hetero-structured surfaces using different nanomaterial combinations [3,4]. To develop EMI shielding materials with
dominant absorption characteristics, it is advantageous to adjust the surface resistivity of CPnCs while reducing their
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dielectric permittivity. This adjustment improves the impedance matching between the surrounding air and the
shielding material, allowing incident EM waves to penetrate the material and dissipate as heat through various
mechanisms such as conduction loss, polarization relaxation, and multiple scattering [5].

This research has focused on developing novel structures and materials to improve absorption dominated EMI
shielding effectiveness (SE). A double-layer shielding structure has been proposed, consisting of a thin layer of highly
conductive MXene film as a reflective shielding layer and a lower conductive rGOnR/MX-PDMS nanocomposite as
an impedance matching layer. This structure provides excellent absorption dominant EMI SE, making it a promising
candidate for future EMI shielding applications.

2 Experimental Section

2.1 Materials

Multiwalled carbon nanotubes (MWCNTs) were obtained from Cheap-Tubes Inc.. TisAlC; MAX phase (size <40 um),
lithium fluoride, hydrochloric acid, hydrogen peroxide, phosphoric acid, sulfuric acid and potassium permanganate
were purchased from Sigma Aldrich and used without further purification. Two-part PDMS (Sylgard 184) including
base resin (part A) and curing agent (part B) was acquired from Dow corning Inc. and were mixed in a manufacturer
recommended A:B mass ratio of 10:1.

2.2 Preparation of unidirectionally aligned aerogel based PDMS nanocomposites

GOnNR and MXene were synthesized according to the procedure explained in our previous works [6,7]. To create 3D
unidirectionally aligned rGOnR/MXene aerogels, a process involving directional freezing of the nanomaterial’s
solution followed by freeze drying was used. In a typical process, 15 mg/ml GOnR and MXene solutions were
prepared and sonicated for 3 hours. The two solutions were then mixed with a total concentration of 30 mg/ml. The
mixture was poured into a copper mold immersed in liquid nitrogen to induce directional growth of ice crystals.
After freeze drying for 72 hours, the resulting aerogels were thermally annealed at 450°C and inert atmosphere.
Similar approach was used to prepare other aerogel compositions, such as rGOnR30, hybridized rGOnR25/MX5, and
rGOnR20/MX10. Aerogel based PDMS nanocomposites were prepared through the impregnation method on
rGOnR/MX aerogels. After full impregnation of PDMS, the samples were placed in a convection oven at 80 °C for 4
hours to cure the polymer.

3 Results and Discussion

3.1 Material characterization

Figure 1a illustrates the large particles of the TisAlC; MAX phase. Figure 1b is presenting exfoliated MXene
nanoflakes after successful etching of the aluminum layers and the layers’ delamination. Figure 1d presents the
longitudinally unzipped GOnRs from their parent MWCNT illustrated in Figure 1c. Lengthwise opening of the
nanotubes resulted in an increased length to width aspect ratio of the nanoribbons.
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Figure 1. SEM images of (a) TisAIC2 MAX phase, (b) TisC2Tx MXene, (c) MWCNT, (d) GOnR, (e) XRD, (f) FTIR, (g) Raman, and (h-l)
XPS spectra of TisC2Tx MXene, GOnR, rGOnR.

The changes in the crystalline structures of the nanomaterials were characterized using XRD, as shown in Figure 1e,
and further analyzed with Raman and FTIR spectroscopy in Figures 1f and 1g to elucidate the integrity of the
crystalline structures and functional groups. The selective removing of the aluminum layers from the MAX phase
caused the characteristic peak at 20 = 39° to disappear, broadened the peak at 26 = 9.5°, and shifted it to a lower
value of 26 = 8°. The presence of chemical functional groups on the MXene surface was confirmed by FTIR [8].
Comparing the XRD spectra of MWCNT and GOnNR revealed that the peak corresponding to the graphitic crystalline
structure at 20 = 26° shifted to a lower 26 value of 10°. This shift indicated partial oxidation and lengthwise opening
of the nanotubes through an unzipping process. The oxidation process introduced oxygen-containing functional
groups, such as carboxyl and hydroxyl groups, to the edges of the opened nanoribbons. This was confirmed by the
presence of a carbonyl stretching vibration bond peak at 1718 cm™ in the FTIR spectrum of GOnR [9]. The chemical
fingerprints of MWCNT, GOnR, and rGOnR were also explored by Raman spectroscopy and are shown in Figure 1g.
The characteristic peaks of carbonaceous materials appeared at 1335, 1580, and 2680 cm™’, corresponding to the
D, G, and 2D modes, respectively. MWCNT showed an Ip/ls ratio of 0.97, indicating lower structural integrity
compared to the reported disorder ratio of other graphitic materials such as GnP [10]. The oxidative unzipping of
the nanotubes increased the Ip/lg ratio to 1.0, and the 2D peak disappeared.

The chemical state and atomic bonding of delaminated MXene, GOnR and rGOnR were explored by the X-ray
photoelectron spectroscopy (XPS) and illustrated in Figure 1h-l. As seen from high resolution Ti 2p XPS spectra in
Figure 1h, the peak at binding energy value of 454.9 eV belong to the Ti-C bond. The peaks at 455.6 and 461.2 eV
were attributed respectively to the 2p3/2 and 2p1/2 of C-Ti-Tx bonds. The presence of these peaks is due to the
formation of Ti3C,0x or TisC2(OH)y of TisC,OH-H,0 [11]. In the Cls region, deconvoluted peaks at the binding energy
values of 291.9, 282.8, 284.3, 285., 286.3, 287.2 and 289.3 eV were assigned to the Ti-C, C-Ti-O, C=C, C-C, C-O, O-
C=0 or C-F and C=0 bonds, respectively [12]. The successful reduction of nanoribbons during thermal treatment
was also studied through comparing the high resolution XPS spectra of C1s regions for GOnR and its reduced rGOnR
counterpart. As illustrated in Figure 1k, the peak for C-C bonds appeared at 284.5 eV. The three distinct peaks at
285.8, 287.9 and 289.7 eV were assigned to the C-O, C=0 and O-C=0 bonds which are indicating the generation of
oxygen containing functional groups during chemical unzipping of MWCNTSs [13]. These peaks were removed after
thermal reduction of rGOnNR.
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3.2 Microstructure of aligned PDMS nanocomposites

Figure 2 illustrates both the top and side view SEM images of rGOnR/MX-PDMS nanocomposites. As it is
unambiguous, all the micro pores of the aerogels were fully filled after impregnation with PDMS and there are not
any remaining pores in the nanocomposites that may act as stress concentration points and impact the mechanical
properties of the final nanocomposites. The lateral cross sectional SEM images of the nanocomposites clearly
indicated that the highly aligned rGOnR/MX nanosheets were evenly dispersed with a particular orientation relative
to the direction of the freezing [14].
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Figure 2. SEM images from the top and side view of the PDMS infiltrated rGOnR/MX aerogels

3.3 Electrical conductivity and EMI SE of nanocomposites

Linear sweep voltammetry of the PDMS nanocomposites was measured and direct current (DC) electrical
conductivity of the nanocomposites were calculated using opc= t/(RxA), where t is the sample thickness, A is the
sample’s surface area and R is the resistivity in Figure 2a. The electrical conductivity of nanocomposites showed an
increasing trend with the addition of MXene nanoflakes in the structure of the aerogels. The higher electrical
conductivity of the rGOnR15/MX15-PDMS nanocomposites was attributed to the synergistic effect of both graphene
nanoribbons and MXene nanoflakes. EMI SE of the nanocomposites were also measured after developing a double
layer structure by coating a layer of MXene film on the nanocomposites.

In theory, electrical conductivity is the key factor influencing EMI SE and the impedance matching between materials
and the medium through which EM waves propagate. There is a balance to be struck between the surface electrical
conductivity of the shielding material and its impedance matching with the EM wave medium. Increasing electrical
conductivity can enhance EMI SE through conduction loss. However, if the electrical conductivity becomes too high,
it leads to significant EM wave reflection due to impedance mismatch, which is undesirable as it may cause
secondary interferences [15].

Figure 3b exhibits the thickness dependency of the average total SET of the rGOnR/MX-PDMS nanocomposites in
the P-band frequency range. The SET of the coated nanocomposites increased with thickness. Furthermore,
hybridizing rGOnR aerogel with MXene nanoflakes further improved the total shielding performance of the coated
nanocomposites possibly due to the higher electrical conductivity devoted by the MXene nanoflakes. The average
total (SEy), reflection (SEg) and absorption (SEa) shielding effectiveness of the coated nanocomposites as a function
of sample thickness are presented in Figure 3c-f. Absorption dominant shielding effectiveness is obtained when SEg
is less than 3.1 dB, which is associated with the absorption of more than 50% of the incident EM waves [16]. The
rGOnR30-PDMS nanocomposite showed absorption dominance at a sample thickness of 3.5 mm. On the other hand,
the hybridization of this material with MXene resulted in a reduction of the critical thickness of absorption
dominance to 2.5 mm for rGOnR25/MX5-PDMS and rGOnR20/MX10-PDMS, and 1.5 mm for rGOnR15/MX15-PDMS
nanocomposites. As the wave propagates within the material, it undergoes multiple reflections from various
interfaces, leading to constructive and destructive interference patterns, depending on the thickness and
composition of the material. These interference patterns ultimately result in the formation of peaks and troughs in
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the reflection coefficient [17]. In addition to the multi-reflection and phase cancellation effect, the multi-reflected
EM waves from the internal surfaces can interfere with the incident EM waves. This interference is due to the
presence of a /2 phase shift between the incident wave and the internal multi-reflected waves [18]. Through tuning
the shielding material thickness, the above mentioned interference could either be weakened or intensified. The
former results in the high reflection and the latter leads to a peak absorption mechanism. The results clearly
revealed that the hybridization led to lower reflection occurring at lower nanocomposite thickness than in the non-
hybridized rGOnR-PDMS nanocomposite, Figure 3g. This can be explained by the tuned surface impedance matching
between the nanocomposite and air, which allows a significant portion of the incident EM waves to penetrate the
material, resulting in a stronger effect of wave interference between surface reflection and rear-interface multiple
reflections.
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Figure 3. (a) DC electrical conductivity, (b) average EMI SE of the rGOnR/MX-PDMS nanocomposites coated with thin MXene
film as a function of the specimen thickness, (c-f) average total, reflection and absorption SE of coated rGOnR/MX-PDMS
nanocomposites, (g) average reflection coefficient of coated rGOnR/MX-PDMS nanocomposites as a function of thickness (h)
schematic of impedance sections in series

Figure 3h depicts the mechanism of EM wave dissipation for the MXene-coated rGOnR/MX-PDMS nanocomposite
developed in this study. The 3D interconnected conductive network with aligned nanomaterials optimizes the
number of surface charge carriers and dielectric permittivity, reducing the impedance mismatch. This reduction
allows incident EM waves to penetrate the nanocomposite rather than being reflected off the surface. Once inside,
the EM waves are attenuated through various dissipation mechanisms, including: ohmic loss, inter-flake electron
hopping among the aligned nanomaterials, and interfacial and dipolar polarizations at different interfaces with
varying relaxation times. Any remaining EM waves reaching the highly conductive MXene layer are fully shielded
and reflected due to the large impedance mismatch. These reflected waves then re-enter the 3D conductive network
and, at an optimized thickness, are fully dissipated by the combined effect of all the aforementioned mechanisms.

4 Conclusions

In this study, graphene nanoribbons and MXene nanoflakes were synthesized. Using freeze casting, 3D conductive
networks of rGOnR/MX aerogels were impregnated with PDMS and double layered with a thin MXene film.
Hybridization of rGOnR with MXene improved the nanocomposites' electrical conductivity and dielectric properties
due to MXene's higher intrinsic metallic conductivity. In double layer structure, the PDMS nanocomposites served
as an absorbent layer, changing the shielding mechanism of a highly conductive MXene sheet from reflective to
absorption-dominant. This hybridization reduced the minimum required thickness for absorption dominancy to 2.5
mm, attributed to tuned impedance mismatch, efficient conduction loss, and multiple reflections within the
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nanocomposites. The study demonstrates how rGOnR/MXene hybridization and engineering design can enhance
EMI shielding performance and change the shielding mechanism.
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