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Next-generation wearable electromagnetic interference (EMI) materials need to be provided with oxidation
resistance, lightness, and flexibility. In this study, a high-performance EMI film with synergistic enhancement
of Zn?*@TizC,T,x MXene/cellulose nanofibers (CNF) was found. The unique Zn@TizsC,T, MXene/CNF
heterogeneous interface facilitates the loss of interface polarization, making the total electromagnetic
shielding effectiveness (EMI SE1) and shielding effectiveness per unit thickness (SE/d) of the films reach
60.3 dB and 5025 dB mm™, respectively, in the X-band at the thickness of 12 pm + 2 um, significantly
exceeding that of other MXene-based shielding materials. In addition, the coefficient of absorption
gradually increases with the increasing CNF content. Moreover, under the synergistic effect of Zn?*, the
film shows excellent oxidation resistance (maintaining stable performance after 30 days), greatly
exceeding the previous test cycle. Furthermore, the mechanical performance and flexibility of the film
are greatly enhanced (tensile strength at 60 MPa, and maintaining stable performance after 100 times
bending tests) due to the CNF and hot-pressing process. Therefore, with the enhancement of the EMI
performance, high flexibility and oxidation resistance under high temperature and high humidity
conditions, the as-prepared films have wide practical significance and broad application prospects in
a series of complex applications, such as flexible wearable fields, ocean engineering fields and high-

rsc.li/rsc-advances power device packaging fields.

1. Introduction

With the economic growth over the past several decades, it has
become an increasingly common phenomenon to use wireless
communication and intelligent electronic devices, conducing
an invisible electromagnetic wave around us.*™ The electro-
magnetic radiation that is inevitably produced can bring harm
because not only is the normal function and service life of
electronic instruments badly affected, but the radiation is also
a hazard to human health. To sort out the above issues, elec-
tromagnetic interference (EMI) shielding materials with good
performance are urgently needed.>® As a rule, reflected radia-
tion is achieved only if typical EMI shielding materials directly
interact with the electromagnetic fields and absorbing EM
waves by internal electric and magnetic dipoles. Although
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traditional metal shielding materials possess excellent EMI
shielding performance, they are limited in applications due to
the inherent high density and corrosion susceptibility in harsh
environments.** Recently, carbon nanotubes, graphene,
MXene, and other related materials have been reported as
potential alternatives for EMI shielding applications by virtue of
their high aspect ratio, which can be used to fabricate highly
flexible shielding films for flexible wearable fields.'>°

MXenes are two-dimensional (2D) nanosheets extracted by
selectively etching the A-element from ternary transition metal
carbides.”*** M,,,;AX,, is the general formula, where M is the
symbol of an early transition metal, A represents a group of XIII
and XIV elements, and X is C and/or N. On the strength of the
large specific surface area and high electrical conductivity,
MXenes have exhibited lightweight and superior EMI shielding
performance in previous research studies.”” Through electro-
static adsorption, Song et al. generated honeycomb structural
rGO-MXene/epoxy nanocomposites that showed an outstanding
EMI shielding performance of 55 dB.** Ultra-light MXene
aerogel/wood-derived porous carbon composites prepared by
Liang et al. have been reported as achieving the optimal EMI SE
value of up to 71.3 dB at a density as low as 0.197 g cm ™ >.** Zeng
et al. developed nanocellulose-MXene biomimetic aerogels, in
which the EMI shielding effectiveness (SE) of the aerogels
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reaches 74.6 or 35.5 dB at a density of merely 8.0 or 1.5 mg
ecm ™, respectively.?® These lightweight three-dimensional
network skeleton MXene-based composites are considered to
have broad application prospects in the field of electronic
material packaging, artificial intelligence and flexible equip-
ment. However, in the practical application process, electro-
magnetic shielding materials usually face the high temperature,
high humidity and high pressure. In addition, the materials
would undergo various bending and deformations on the
surface of the flexible equipment. These pose a challenge to the
performance stability of the composites under a harsh external
environment and in the process of use. In the MXene-based
composites, the MXene usually tends to degrade gradually in
humid air, water or at high temperature, and these three-
dimensional skeleton structures are not beneficial to the
performance maintenance after bending and deformation.>**
Furthermore, previous studies on electromagnetic shielding
materials have rarely studied the oxidation resistance and
flexibility of the materials at the same time. Therefore, it is
valuable to comprehensively consider the electromagnetic
shielding performance, oxidation resistance and flexibility of
the MXene-based composite materials.

In order to solve the oxidation problem of MXene nanosheets
under high temperature and humid environment, positive
metal ions are usually introduced between the MXene sheets,
and then metal ions bond with the oxygen-containing groups on
the MXene nanosheets, thus inhibiting the oxidation of MXene
nanosheets. Compared with Co and Ni, which are commonly
used in the field of electromagnetic shielding, Zn has lower cost
and high metal activity, making it easy to ionize in water to
produce Zn**. In addition, in order to enhance the flexibility of
the MXene-based composites, reinforcing materials with excel-
lent mechanical properties are usually introduced. As a one-
dimensional material, cellulose nanofibers are often used as
a reinforcing component of composites due to its inherent
excellent biocompatibility, simple preparation and high tensile
strength.?'-*

In this work, a high-performance EMI film material of multi-
layer structure was found. Electrostatic adsorption, vacuum-
assisted filtration, and hot-pressing are the three major
methods used to prepare this Zn@Ti;C, T, MXene/CNF EMI film
with mechanical tensile strength, flexibility, and great electrical
conductivity. Evidence shows the fabricated multi-layer struc-
ture composite film possesses excellent electromagnetic
shielding performance, improved mechanical properties and
strong oxidation resistance. This article provides a new concept
for flexible wearable fields, ocean engineering fields, and high
power device packaging fields that is advanced with enhanced
EMI shielding and oxidation resistance, and will broaden the
application of the layered structure to some extent.

2. Experiment
2.1 Materials

Ti3;AlC, MAX was purchased from Yiyi Technology Co., Ltd
(Jilin, China). Cellulose nanofibers (CNF, 0.8-2.0 um length)
were purchased from Tianjin WoodeIF Biotechnology Co., Ltd.
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Zinc power was purchased from Aladdin. Lithium fluoride (LiF,
A.R.) was provided by Macklin. 37% hydrochloric acid (HCI,
A.R.)was contributed by Aladdin. Absolute ethanol (EtOH, A.R.)
was obtained from Fuyu Fine Chemistry Co., Ltd (Tianjin,
China). Deionized water was used for all experiments. All of the
reagents were used as received.

2.2 Preparation

Fig. 1 shows the preparation process of the flexible electro-
magnetic shielding film, including the etching and stripping of
TizAlC, MAX, self-assembly of Zn*" and Ti;C,T, MXene nano-
sheets, and the preparation of the Zn@Ti;C,T, MXene/CNF film
by vacuum-assisted filtration and hot-pressing.

2.2.1 Preparation of Ti;C,T, MXene. Ti;C,T, MXene was
prepared on the basis of the LiF and HCI mixture. Firstly, 2 g of
LiF was added to 30 mL 9 M HCI to prepare the aggregate
solution. The LiF was gradually dissolved into the pellucid
solution on stirring. Secondly, 3 g Ti;AlC, MAX was deliberately
added to water with vigorous stirring. Then, the compound was
reacted at 25 °C for 36 hours. The resulting amalgam was
centrifuged at 4000 rpm for 10 minutes. After that, the super-
natant was poured off and the debris was re-dispersed by
deionized water. Then, the suspension was centrifuged at
4000 rpm for 10 minutes repeatedly until the pH of the
suspension liquid became about six. At last, the supernatant
was resolutely stirred for 5 min, and centrifuged at 4000 rpm for
20 minutes. The supernatant was collected and named as
Ti;C,T, MXene.

2.2.2 Preparation of Zn@Ti;C,T, MXene. Firstly, 200 mg of
metallic zinc powder was added into 10 mL Ti;C,T, MXene
solution, followed by ultrasonic treatment for 60 s. After that,
the Ti;C,T, MXene and hydrolyzed zinc ions were stuck
together by electrostatic self-assembly, and rapidly settled down
at the bottom as showed in Fig. S4.1 Thereby, 20 mL of HCI was
added to wipe off the redundant zinc powder. Finally, the
precipitate was obtained through vacuum filtration and freeze-
dried for future preparation.

2.2.3 Preparation of the Zn@Ti;C,T, MXene/CNF film. The
obtained Zn@ Ti;C,T, MXene was dissolved in 10 mL deionized
water, and an appropriate amount of cellulose nanofiber was
added for ultrasonic treatment for 10 minutes. Then, the
compound was stirred for 6 hours at 40 °C. The resulting mixed
solution was filtered through a vacuum filtration device to form
a film. The Zn@ Ti;C,T, MXene/CNF composite film was ob-
tained with an average thickness of 12 um + 2 um by hot-
pressing at 80 °C and 5 MPa for 2 hours. The samples with
different CNF content were named as Z@MC-x, where x is the
mass percent of CNF in the composite (x = 10, 15, 20, 25, 30). As
a comparison, we prepared the Zn@MXene and MXene/CNF
composite by the same method.

2.3 Characterization

Scanning electron microcopy (SEM) pictures of the Zn@MXene/
CNF film were taken by field emission SEM (FESEM, Sirion200)
with 10 kV accelerating voltage. High-resolution TEM (HRTEM)
images of MXene were taken by transmission electron

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The experimental process of preparing the Zn@MXene/CNF film.

microscope (TEM, JEM-2010, JEOL). The energy dispersive
spectrometer (EDS) mapping pictures of the Zn@MXene/CNF
film were obtained with a Schottky field emission scanning
electron microscope (Gemini SEM 500) instrument. X-ray
diffraction patterns were performed by X-ray diffractometer
(XRD, Rigaku SMARTLAB 9 KW) of Ti;AIC, MAX, Ti;C,T,
MXene, Zn@Ti;C,T, MXene and Zn@MXene/CNF in the range
of 5°-20°. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed by a Thermo Scientific Escalab Xi" X-ray
photoelectron spectrometer. The EMI shielding performance
was investigated through a vector network analyzer (Anritsu
MS46322B) equipped with two waveguide-to-coaxial adaptors
connected face to face. Electrical conductivity of the film
samples was measured by a four-point probes electrical resis-
tivity measurement system (RTS-9). The mechanical properties
(e.g., tensile strength) were evaluated by a tensile machine
(CMT, SANS) according to ASTM D3039 at room temperature,
and the splines used for characterization were cut to a size of
1 cm by 3 cm. The 100 bending tests for characterization of
variations in the electromagnetic shielding properties of the
composites were performed manually. The oxidation resistance
of the composites is demonstrated by running a constant
temperature and humidity chamber (WHTH-80-70-80) at 25 °C
and 95% humidity for 30 days.

3. Results and discussion
3.1 Characterization of MXene and Zn@MXene/CNF films

Fig. 2a is the schematic diagram of the MXene layer spacing
change. With the doping of Zn®*" and the introduction of CNF,
the layer spacing between the MXene sheets gradually
increases. Fig. 2b shows the XRD patterns of the MXene,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Zn@MXene, and Z@MC-10 samples. It can be read that the
(002) diffraction peak of MXene downshifts from 7.0° for pure
MXene to 6.8° for Z@M and 6.5° for Z@MC-10, indicating
a growth of interlayer spacing. In addition, manifested from the
XPS spectra in Fig. 2c-e and S5,7 C, the O, Ti and Zn elements
coexist in the film. Triple doublets (Ti 2ps,/Ti 2pi,) that
include Ti-C (461.1/455.0 eV), Ti(u) (462.7/456.1 eV) and Ti-O
(464.4/458.3 eV) can be fitted by the high-resolution Ti 2p XPS
spectrum of the Z@MC composite shown in Fig. 2c. As indi-
cated in Fig. 2d, the C 1s core-level XPS spectrum can split into
five peaks, namely C-Ti (281.8 eV), C-C (284.6 eV), C-Ti-O
(282.3 eV), O-C-O (288.5 eV), and C-O (286.3 eV). Furthermore,
from Fig. 2e of the core-level O 1s XPS spectrum, it reaches the
peak at 530.2 eV with the Zn-O bond.** Zn** interplayed the
oxygen-containing groups on MXene and CNF. This conse-
quently spoiled the charge balance of the colloidal suspension.
In that case, self-assembly occurs between the positively charge
zinc ions and negatively charged MXene, as well as CNF.
Fig. S11 shows the SEM image of Ti;C,T, MXene within the red
region, which reveals that the pure Ti;C,T, MXene nanosheets
illustrate a 2D lamellar structure with a flat and smooth surface.
As determined from the HRTEM images in Fig. 2f, the interlayer
spacing of the (002) crystal face of MXene is a 1.26 nm lattice
fringe, which is in accordance with the result calculated by
Bragg equation shown in Fig. S3.f In addition, as shown in
Fig. S27 of the XRD patterns for TizAlC, MAX and TizC,T,
MXene, we can learn that the peaks of the (004), (101), (104),
(105) crystal plane disappear, indicating the successful removal
of Al and stripping of the MXene nanosheets. Fig. 2g, S6 and 2h,
S71 show the SEM images of the composite films before hot-
pressing and after hot-pressing. To further characterize the
Z@MC composite, EDS element analysis was performed and is

RSC Adv, 2023, 13, 6619-6629 | 6621
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(a) The schematic diagram of the TizC,T, MXene nanosheets with increasing lamellar spacing. (b) XRD patterns of the TizC,T, MXene,

Zn@TizC,T, MXene, and Zn@TizC,T, MXene/CNF-10 samples. (c)—(e) XPS of the Zn@TizC,T, MXene/CNF-10 sample. (f) The HRTEM analysis of
TizC,T, MXene. (g) SEM image for the cross-section of the film before hot-pressing. (h) SEM image for the cross-section of the film after hot-
pressing. (i) Elemental mapping for C, O, Ti and Zn of the Zn@TizC,T, MXene/CNF composites.

shown in Fig. 2i. The corresponding mapping images show the
uniform distribution of the C, Ti and O elements. Moreover, as
suggested from the even distribution of the Zn element
throughout the whole field of vision, the Zn element exists in
the form of Zn>" playing a role in crosslinking CNF and MXene
nanosheets rather than aggregation state of Zn particles.

3.2 Electromagnetic shielding properties of the composite
films

With the purpose of studying the effect of the microscopic layer
spacing for the composite film on the performances, we
explored the electrical conductivity and electromagnetic
shielding performance of the Zn@MXene/CNF film with
different CNF contents. As the XRD in Fig. S8 demonstrated,
when the CNF content increased to 10% and 15%, the charac-
teristic peak (002) of MXene located between 5-10° gradually
moves to the left position. This phenomenon proves that the
MXene lamella spacing was gradually enlarged as the CNF
content is enhanced, in accordance with the result calculated by
the Bragg equation shown in Fig. S9.f Interestingly, a slight
improvement in the electromagnetic shielding performance
and electrical conductivity for the composite films can be found
from the results of Fig. 3a and S10.1 This phenomenon can be
explained by the formation of an insulating layer between the
nanosheets from the inherent low electrical conductivity when

6622 | RSC Adv, 2023, 13, 6619-6629

introducing CNF. When the CNF content is relatively low, 10%
for example, the insulating layer is extremely thin and bridges
the MXene sheets. Carriers and electron holes efficiently
migrate onto the MXene sheets in such a case. Thus, it indicates
that an ultra-thin layer plays a role in promoting the electrical
conductivity of the film. However, the interlayer spacing
between the MXene expands more with further increase of CNF.
In particular, when the CNF content is increased to higher than
20%, the insulating layer is thick enough to exceed the perme-
ation threshold, inhibiting the migration of carriers and elec-
tron holes.

When testing the EMI shielding performance, the samples
were a circle with a diameter of 3 mm in X-band (8-12 GHz). The
total SEr of the EMI shielding materials was determined by
reflection efficiency (SEg), absorption efficiency (SE,) and
multiple reflection efficiency (SEy). The EMI SEr can be
expressed as:

SET = SER + SEA + SEM (1)

However, the multiple reflections can be ignored (SEy; ~ 0)
when the SEr of the EMI shielding composite is more than 10
dB. The EMI SEr can be expressed as:**

SEr = SEg + SEa (2)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Electromagnetic shielding performance of Zn@MXene and Zn@TizC,T, MXene/CNF samples. (b) SEt, SE5 and SEg of Zn@MXene and

Zn@TizC,T, MXene/CNF samples. (c) A, R, T of Zn@MXene and Zn@TizC,T, MXene/CNF samples. (d) Comparison of EMI SEt per unit thickness
among different MXene-based composite films in previous studies and this work. (e) Electromagnetic shielding mechanism.

The power coefficients of transmissivity (7), reflectivity (R),
and absorptivity (4) can be calculated from the measured S-
parameters, and their relationship is described asR+ T+ A = 1.
Furthermore, the SE; and SE, can be expressed in the form of
reflectance (R = |S11|?) and transmittance (T = |S21%) as:*

SEg = —101log(l — R)

T

(3)
(4)

The above-mentioned type of extremely thin insulating layer
is also beneficial to promoting the electromagnetic shielding
properties of the film. For example, the total EMI SE of the film
can reach up to 60.3 dB with a 15 wt% increase of the CNF
content. First, the maintained high conductivity level facilitates
the reflective contribution of the electromagnetic shielding
performance. Moreover, the electromagnetic shielding perfor-
mance has an absorption efficiency at 51.3 dB, as shown in
Fig. 3b. Owing to the existence of the insulating layer, more
heterointerfaces are formed, leading to an enhanced interface
polarization because of the large impedance mismatch. Corre-
spondingly, the absorption contribution of the film to the
incident waves gets reinforced. By and large, under the
circumstance of the low CNF content, the insulating layer
advances the electromagnetic shielding performance of the
film. The electromagnetic shielding performance decreased to
38.4 dB when the CNF content reached 30 wt%. This drop
suggests that the electromagnetic shielding properties of the
composite films can be impaired by an excessive introduction of
CNF. In addition, it can be found that the rather high ratio CNF
of the film ineluctably reduced the conductivity and number of

© 2023 The Author(s). Published by the Royal Society of Chemistry

charge carriers. The EMI SE will be greatly ruined in this case.
Simon formalism can be used to represent the EMI SET from
formula (5), and the positive correlation between the EMI SET
and conductivity is indicated from this Simon formalism:**
SE = SEgr + SEA =50+ 10 log((fz) +1.76\/af (5)
where ¢ is the electrical conductivity, and f is the frequency.
Consistent with the aforementioned data analysis, the decrease
of electrical conductivity of the composite can cause a perfor-
mance drop of the electromagnetic shielding in the X-band.
Analysis towards the values of SE; and SE, in the X-band was
made to further study the electromagnetic shielding mecha-
nism. As observed from Fig. 3b, SEr is much lower than SE,,
indicating SE, (rather than SEg) contributes to the electro-
magnetic shielding performance. When the CNF content is in
the range of 15 wt%, the increase of the CNF content leads to an
increased contribution made by SEr and SE,. Conversely, when
the CNF content is over 15 wt%, the contribution of SEr and SE,
changed to a falling trend. The above data analysis is consistent
with the electromagnetic shielding performance and electrical
performance. The reflectivity (R) and absorptivity (A) are quan-
titative characteristics of the power balance when an electro-
magnetic wave is incident on a shielding material. Fig. 3c shows
the values of R, A, and T of the composite in a certain frequency.
The value of R is much larger than that of A when the CNF
content was lower than 15 wt%. This indicates the mechanism
of the EMI shielding of reflection losses. On the other hand,
once the CNF content was higher than 15 wt%, the value of A
exceeds that of R, and the absorption loss mechanism of the
EMI shielding is denoted. A small amount of cellulose can help

RSC Adv, 2023, 13, 6619-6629 | 6623
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the conductivity of the composites maintain a high-level
stability. First, the introduction of a small amount of CNF can
form an ultra-thin insulating layer between the MXene nano-
sheets. This sandwich structure can be seen as a micro-
capacitor, in which electrons can be rapidly transported.*® The
micro-capacitor plays a certain role in promoting the conduc-
tivity of the composites. In addition, the sandwich structure
composed of MXene and CNF is conducive to the multiple
reflections of the incident electromagnetic wave in the shielding
body. More importantly, the heterogeneous interface between
MXene and CNF also benefit the polarization loss of the elec-
tromagnetic waves. Therefore, in this case, the shielding
mechanism of the composite is mainly reflection. When the
content of cellulose increases to more than 15 wt%, the CNF
insulation layer becomes thicker, which will inhibit the trans-
mission of electrons and reduce the conductivity, resulting in
a significant reduction in the reflection coefficient of the
composites for electromagnetic waves. Therefore, in this case,
the shielding mechanism of the composite is mainly absorp-
tion. In addition, as learned from the above Simon formula,
a higher conductivity can effectively optimize the reflection loss
of the composite material. There is a tremendous drop of the
electrical conductivity that occurs when the cellulose content is
higher than 20 wt%, damaging the conductive paths. Under this
circumstance, a large number of heterogeneous interfaces
stand between the cellulose nanofibers and Zn@MZXene that
exist in the composite material, and the polarization effect of
the heterogeneous interfacial between the heterogeneous
interfaces is profitable to the absorption loss of the composite
material. Formulas (6) and (7) of the conductive monolithic
materials can be used to determine the reflection losses and

absorption losses, respectively, of the layered structure
materials:**

SEr =168 — 10log(fu,0;,) (6)

SEA = 131.4dfu,0, (7)

where ¢, is the electrical conductivity of the shield relative to
copper, u, is the magnetic permeability of the shield relative to
free space (o = 4™ x 1077 H m™ '), fis the frequency of the
electromagnetic wave, and d is the shield thickness. It found
that the reflection contributions increased with increasing
conductivity. However, the absorption contributions are related
to conduction, interfacial polarization, and magnetization.

To visually research the EMI shielding, various shielding
mechanisms have been proposed, including the eddy current
effect theory, electromagnetic field theory, and transmission
line theory.”*** Among those studies, the transmission line
theory is most widely recognized. According to the transmission
line theory, electromagnetic waves that pass through the
shielding materials will be affected by the three shielding
mechanisms of reflection, absorption and multiple reflection.
Fig. 3e exhibits the shielding process that occurs when the film
interacts with the electromagnetic waves. When the electro-
magnetic waves were directed to the shielding material surface,
the multi-layered structure and the hybridization of the zinc
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ions were synergistically enhanced. A portion of the electro-
magnetic waves is reflected because of the impedance
mismatch between the shielding material. Electromagnetic
waves that are not reflected enter the shielding material and are
continuously attenuated. In the beginning, with the premium
electrical conductivity, the films convert the penetrated elec-
tromagnetic waves into heat through ohmic loss. Ohmic loss
connects to the energy attenuation that occurs via conduction,
hopping and tunneling mechanisms, which advances the
microwave absorption contribution. Moreover, with the enor-
mous gap of conductivity between the Zn@MXene and CNF,
considerable heterogeneous interfaces appeared as a result.
Eventually, inside the composites, the electromagnetic waves
undergo reflection multiple times, leading to energy dissipa-
tion. Based on the above outcome, the outstanding electrical
conductivity of Z@MC and the multi-layered structure both
support the improvement of the EMI shielding properties.

In order to compare the electromagnetic shielding perfor-
mance of different systems, considering the low thickness of the
film, the EMI SE of the composite films per unit thickness (SE/d)
was calculated for comparison with other typical shielding
materials, as shown in Fig. 3d and Table 1. The SE/d value in
this work exceeds that of most reported MXene-based shielding
materials. The information in Table 1 shows the effective
comparison of the EMI shielding performance of these EMI
shielding materials. For example, even at a high EMI SE of 60.3
dB, the SE/d value of the film is 5025 dB mm ™', two orders of
magnitude higher than most aerogel materials, and higher than
that of most film materials. In addition, compared with the
oxidation resistance characterization of MXene, this work has
tested the oxidation resistance of the film for up to 30 days,
greatly exceeding the previous test cycle. All of these observa-
tions indicate the superiority of the prepared film materials.

In addition, the effect of the macroscopic interlayer spacing
on the performance of the composite film was explored. The
effect of hot pressing on the material properties was explained
in this work. As shown in the SEM images in Fig. S6 and S7,f
after hot pressing, the interlayer spacing of the composite
immensely diminished. As shown in Fig. 4a, the red and blue
dotted lines indicate the tensile strength of the film before and
after hot-pressing, respectively. It can be seen that the tensile
strength of the film was significantly improved after hot-
pressing. This is mainly due to the inherent excellent tensile
strength and flexibility of CNF. During the hot-pressing process,
the spacing between the multilayer structures in the film
decreases, and CNF and the MXene sheets were combined more
closely. These changes greatly promoted the tensile strength of
the film. Moreover, with the increase of the CNF content, the
tensile strength of the film increased more effectively by hot-
pressing, which also shows the toughening effect of CNF as
the adhesive among MXene sheets. From Fig. 4b, we defined the
enhancement (%) as

Ts(after hot-pressing) — TS(before hot-pressing)

enhancement (%) =

)

Ts(before hot-pressing)
where TS is the tensile strength of the composite films. Inter-
estingly, when the amount of CNF exceeds 20 wt%, the
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Table 1 Comparison of theEMI SEt per unit thickness among different MXene-based composite films in previous studies and this work

Thickness SE/d
Composites EMI SE; (dB) (mm) (dB mm™) Oxidation-resistance
MXene/Al aerogel®” 80 1.35 59.3 —
MXene/SA aerogel®® 70.5 2 35.25 —
MXene/ANF 65.5 2 32.75 2 hours
aerogel®®
MXene film*° =70 =0.06 ~1167 —
MXene/ANF film** 28 0.02 1400 —
MXene/CNF film** 40 0.035 1142.9 —
MXene/CNT film*? 70 0.028 2500 7 days
This work 60.3 0.012 5025 30 days

enhancement (%) of the film gradually decreases, which indi-
cates that CNF has the best effect on improving the tensile
strength of the film with 20 wt% load. This phenomenon is
mainly related to the combination of CNF and MXene. In the
process of preparation, the hydroxyl groups on the surface of
CNF and the hydroxyl groups on the surface of MXene combine
to form hydrogen bonds. CNF could enhance the interaction
and promote the stress transfer, further leading to uniformly
distributed stress in the composite film.** When the content of
CNF is low, CNF can be uniformly distributed on the surface of
MXene, which has a great positive impact on the enhancement
of the tensile strength. However, when the content of CNF
exceeds 20 wt%, there are also redundant self-tangled CNF,
except for the CNF distributed on the surface of MXene nano-
sheets. This results in an uneven distribution of CNF, which has
a certain inhibition effect on the enhancement of the tensile
strength. Therefore, CNF has the best effect in improving the
tensile strength of the film at 20 wt% loading.

Fig. 4c demonstrates that the EMI performance of the
composite was greatly strengthened after hot pressing. The red
and blue dotted lines in Fig. 4c represent the electromagnetic

shielding performance of the pure MXene film before and after
hot pressing, respectively. It can be observed that the electro-
magnetic shielding performance of the pure MXene film
significantly drops from 24.7 to 18 dB after hot pressing. This is
due to the Ti element on the surface of MXene oxidizing to form
TiO,, owing to the temperature and moisture. The intrinsically
non-conductive TiO, hinders the electron migration between
the MXene sheets, thereby reducing the conductivity and elec-
tromagnetic shielding performance of the film. The electro-
magnetic shielding performance is notably improved after hot
pressing occurs in the thin film containing Zn*', as the Zn**
ions work to bridge the MXene sheets and electrostatically
absorbed onto the active sites on the surface of MXene, and
then Ti is restricted from oxidation during hot pressing. The
dramatic interfacial interactions after hot pressing explains the
enhanced electromagnetic shielding performance of the film. It
can be seen from Fig. 4c and d that introducing CNF into
Zn@MX and hot pressing can effectively promote the electro-
magnetic shielding performance of the film. What is interesting
is that promotion of the electromagnetic shielding performance
was gradually enhanced after hot pressing with increasing CNF
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(a) Variation in the conductivity of the Z@MC-15, MC-15, and pure MXene samples after 30 days. (b) Variation in the electromagnetic

shielding performances of the Z@MC-15, MC-15 and pure MXene samples after 30 days. (c) Tensile strengths of the composites with different
contents of CNF; the illustration shows the photograph of the tensile strength test of the composites and digital photograph of the composite
film bending on the surface of the sample bottle. (d) Variation in the electromagnetic shielding performance of the Z@MC-15, MC-15 and pure
MXene samples after 100 bending tests. (e and f) Oxidation mechanism and oxidation resistance mechanism of the MXene composite films and

Z@MC composite films by oxygen and water.

content. There are two possible reasons for this result: the
interfacial interaction between CNF and MXene becomes
stronger, and the -OH groups on the surfaces of CNF and
MXene form hydrogen bonds. This further minimizes the active
sites on the MXene surface and prevents Ti from oxidation. In
addition, with CNF as the binder, stacking between the faces of
the MXene sheet decreases significantly during the interface
reorganization.

To further explain the phenomenon of performance
enhancement during hot-pressing, we propose a possible
interface recombination mechanism as follows (Fig. 4e). It
presumes that moisture has a hand in plasticizing to soften
fiber and makes the composite material more easily compacted.
At the start, mutual diffusion movement between Zn@MXene
and CNF was gradually enhanced. Until the hydrogen bond
breaks, the separation between the interfaces of Zn@MXene
and CNF was completed. Accompanied with water evaporation
and the slow cooling of the board after hot-pressing,
Zn@MXene united CNF again to finish the intermolecular
recombination process, and use of the cross-linking reagent was
avoided in this way. The cross-linking effect of CNF explains the
property improvement.

3.3 Oxidation resistance and flexibility of the film
composites

To function normally and effectively, it is vital for electromag-
netic shielding films to characterize the oxidation resistance
under extreme conditions. That the composite material with
Zn”" hybridization possesses excellent oxidation resistance can
be learned from Fig. 5a and b. This was proved by the absence of

6626 | RSC Adv, 2023, 13, 6619-6629

any tremendous reduction in the conductivity and electromag-
netic shielding performance of Z@MC film when it was placed
in a humid environment. Nevertheless, the pure MC film in
humid surroundings had a sharp drop in conductivity and
electromagnetic shielding performance. The high-density
MXene films have good conductivity. As shown in Fig. 5e, the
Ti on the surface of the MXene nanosheets will undergo
oxidation reaction under the action of oxygen and water in the
composite films without Zn>". The generated TiO, is not
conductive at room temperature, thus reducing the conductivity
and electromagnetic shielding performance of the films.*
However, as shown in Fig. 5f, the combination of Zn*" and
oxygen-containing groups on the surface of the MXene nano-
sheets can effectively minimize the oxygen-containing terminal
groups on the surface and edge of MXene in the composite films
with Zn**. The reduction of oxygen-containing groups inhibits
the oxidation reaction of Ti. More importantly, Zn** ions occupy
the active sites on the surface of the MXene nanosheets, which
hinders the nucleation of TiO, and further inhibits the oxida-
tion reaction of Ti on the surface of the MXene nano-
sheets.'®***” Therefore, compared with the result in Fig. 5e, the
introduction of zinc ions plays a significant role in the oxidation
resistance of the films.

To be qualified as an ideal substitute of EMI shielding and
applied in next-generation smart protection equipment, the
composite film materials require marvelous flexibility proper-
ties. Evaluation of the effect of applying composite materials for
flexible materials in the future is essential. Along with intro-
ducing CNF, the tensile properties of the composite materials
show a significant improvement. This is illustrated in Fig. 5c,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where the pure MXene film at 12 MPa is transferred to the
Z@MC composites film at 60 MPa. By reorganizing the process
of interfaces between MXene and CNF during hot-pressing
along with CNF working as a connecting agent, the tensile
strength of the composite material is evidently enhanced.
Furthermore, the fatigue-proof property of the composite
material in practical applications was simulated. Bending
experiments performed 100 times were used to characterize the
alternation in electromagnetic shielding properties of the
composites. Fig. 5d shows that the shielding properties of the
prepared composites were still maintained at quite a high level
after the bending experiments. Compared to composites
without CNF dropping to about 20 dB in bending experiments,
the composites prepared in this work achieved stability on
performance and excellent flexibility.

4. Conclusions

An oxidation resistant, ultra-thin and flexible Zn@MXene/
cellulose nanofibers electromagnetic shielding film, composed
of Zn*', MXene sheets and CNF, was manufactured by self-
assembly, vacuum-assisted filtration and hot-pressing
methods. The ingenious design of components and multilayer
structure leads to great electromagnetic shielding performance,
improved tensile strength and flexibility, and excellent oxida-
tion resistance of the film. Owing to the unique Zn@Ti;C,Ty
MXene/CNF heterogeneous interfaces, Zn@MXene sheets and
cellulose nanofibers, excellent EMI shielding performance was
achieved. The composite films exhibited an X-band EMI SE of
60.3 dB at the thickness of 12 um + 2 um. The SE/d value of the
films reached 5025 dB mm™', significantly exceeding that of
other MXene-based shielding materials. As a case in point, the
Zn@Ti;C,T, MXene/CNF-15 composite features a total EMI
shielding value of 60.3 dB and absorption efficiency of 51.3 dB,
and also demonstrates an electric conductivity of 235.1 S cm ™.
Due to the multi-layer conductive structure of MXene and CNF
and the synergistic enhancement of the hybrid zinc ions, the
composite material prepared in this work exhibited excellent
oxidation resistance for 30 days under 95% humidity and 25 °C,
and improved tensile degree up to 60 MPa in the Zn@Tiz;C,Ty
MXene/CNF-30 composite. In addition, the electromagnetic
shielding performance of the materials is still stable after 100
bending tests, which indicates the great flexibility of this film.
The Zn@MXene/CNF composite films have broad prospect in
flexible wearable fields, ocean engineering fields and high-
power device packaging fields.
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