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SUMMARY

MXenes have been proven to be outstanding lossy phase of advanced electro-
magnetic interference (EMI) shielding materials. However, their poor tolerance
to oxygen and water results in fast degradation of the pristine two-dimensional
(2D) nanostructure and fading of the functional performance. Herein, in this
research, natural antioxidants (e.g., melatonin, tea polyphenols, and phytic
acid) were employed to protect the TizC,T, MXene from its degradation in or-
der to achieve a long-term stability of the EMI shielding performance. The re-
sults showed that the synthesized composites comprised of antioxidants and
TizC,T, exhibited a decelerating degradation rate resulting in an improved
EMI shielding effective (SE) stability. The antioxidation mechanism of the
applied antioxidants is discussed with respect to the nanostructure evolution
of the Ti;C,T, MXene. This work contributes to the basic foundations for the
further development of advanced MXenes for stable applications in the EM
field.

INTRODUCTION

The fast proliferation of electronic devices and wide application of wireless communication technology
have drastically increased the electromagnetic radiation (EMR) in our environment.' It was reported
that EMR has become the fourth largest pollution source after noise, water, and air pollution and has
adverse effects on the health of organisms (e.g., malfunctioning the central nervous system and causing
sleep disorder).”” To combat EMR, advanced electromagnetic interference (EMI) shielding materials
that can effectively attenuate electromagnetic waves are becoming increasingly important.'®""" As two-
dimensional (2D) materials, MXenes have attracted great attention in EMI shielding fields due to their
high electrical conductivity (higher than 10000 S/m), large specific surface area, and easy processabil-
ity.'® %% Its structural general formula is M,,,1X, Ty, where M represents early transition metal (e.g., Ti, Zr,
V, Nb, Ta, or Mo), X is carbon and/or nitrogen, and T, is the terminating group (-OH, =0, and -F).
TisCoT,, as a representative member of MXene family, has been the most widely investigated. Both
TisCoT, films™ 2" and foams?®° were reported to exhibit excellent EMI shielding effectiveness (EMI SE).
However, due to the weak carbon-transition metal bonds resulting from the etching of main group (e.g.,
Al and Si) element(s), MXenes unavoidably exhibit poor stability and easy susceptibility even in air,’! lead-
ing to a rapid decline in EMI shielding performance.

Many studies have been conducted to mitigate the oxidation behavior of TisC,T,.*? One possible route is
to control the factors that influence the oxidation rate of the MXene flakes (e.g., temperature and atmo-
sphere).*® The results showed that extremely low temperature or emerging MXene flakes in ethanol could
decelerate the oxidation of MXenes. Another route is to isolate the moisture from the TizC,T, MXene.** 3¢
For example, sodium L-ascorbate was introduced into Ti3C,T, solution to protect the edges of the flakes,
restricting water molecules from otherwise reactive sites.>® Moreover, a continuous zeolitic imidazolate
framework-8 layer was coated on the surface of TisC,T, MXene to prevent the permeation of water mole-
cules.*® However, for most cases, MXene-based materials have to work in the ambient atmosphere, which

'State Key Laboratory of
Solidification Processing,
Center of Advanced
Lubrication and Seal
Materials, School of Materials
Science and Engineering,
Northwestern Polytechnical
University, 710072 Xi'an,
China

2Science and Technology on
Thermostructural Composite
Materials Laboratory,
Northwestern Polytechnical
University, 710072 Xi'an,
China

3Institute of Materials
Science, Technische
Universitat Darmstadt,
Alarich-Weiss-Str. 2, 64287
Darmstadt, Germany

4Lead contact

*Correspondence:
jianxiliu@nwpu.edu.cn (J.L.),
liuxingmin19890101@126.

com (X.L.)
makes the aforementioned methods less effective. In this circumstance, a more efficient antioxidation strat- https://doi.org/10.1016/].isci.
egy for MXenes has to be developed.””* 2023.107176
) o
opcnter iScience 26, 107176, November 17, 2023 © 2023 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:jianxiliu@nwpu.edu.cn
mailto:liuxingmin19890101@126.com
mailto:liuxingmin19890101@126.com
https://doi.org/10.1016/j.isci.2023.107176
https://doi.org/10.1016/j.isci.2023.107176
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.107176&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

(S
LiF/HCI Sonication Melatonin
‘ . [»™
Tea polyphenols
'10,0
Ti3 AlCz(MAX) m-Ti3C2Tx Ti3CzTX Mxene ‘10,% Phytic acid
“,
s v
Blend ' AV
Disperse I WI
Ve / . Adaaa
Dry « O AN A

bl

ki
*, Modification y

Ti;C,Ty/Antioxidant
Foam Composites

Frozen Foam

o

; v & - s A -
b Ti;C, Ty / ML Ti;C,Ty / TP Ti;C,Ty / PA 3

Figure 1. Preparation process and physical view

(A) Schematic diagram of the preparation process and mechanism of the Ti3C,T,/antioxidant foam composites.
(B) Schematic diagram of TizC,T, is linked to the antioxidants via surface hydrogen bonding.

(C) Photo image of the lightweight Ti;C,T,/antioxidant foam composites.

Melatonin (MLT), tea polyphenols (TP), and phytic acid (PA) as natural antioxidants can effectively slow
down the senility of organisms by preventing them from oxidation.>”** Inspired by this fact, natural anti-
oxidants are also expected to be promising antioxidants of MXenes. Moreover, their high solubility in water
facilitates the processing of composites with the MXenes. In this research, MLT, TP, and PA were employed
as antioxidants to prevent the oxidation of Ti3C,T, MXene. TizC,T,/antioxidant foam composites were pre-
pared through the freeze-drying method. The variation in EMI SE of the as-prepared TizC,T,/antioxidant
foam composites as a function of exposure time in air was investigated.

RESULTS AND DISCUSSION

The morphology and composition of Ti;C,T,/antioxidant foam composites

Figure 1A illustrates the fabrication process of the Ti3C,T,/antioxidant foam composites. The abundant
surface groups (-F, -O, and -OH) of MXene facilitated the homogeneous dispersion of TizC,T, in deionized
water and the formation of hydrogen bonds with the antioxidants (Figure 1B), which could lead to a robust
structure of the resultant composites.** Figure 1C shows a photo image of the lightweight TizC,T,/antiox-
idant foam composites, which possesses a low density of 0.03 g/cm?®.

The cross-sectional morphology of the MXene and MXene/antioxidant foam composites before and after
exposing to air was investigated with SEM (Figure 2). The SEM images in Figures 2 and S1 show that both
TisC,T,and TisC,T,/antioxidant foam composites exhibited similar porous structures. Figure 2A shows that
the TizC,Tx foam has a large-scale random structure with apertures of tens of microns in specific small re-
gions. With the addition of antioxidants, the channels between the cellular walls became smaller, and the
cellular structures in the section became intact and compact, which may be resulted from the increased
hydrogen bonds that affect the packing of MXene sheets (Figure 2B). According to the high-magnification
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Figure 2. Cross-section SEM image of as-prepared MXene foam

(A-D) (A) Low and (A"), (A") high-magnification SEM images of fresh Ti3C,T, foam, (B) Low and (B’), (B”) high-magnification
SEM images of fresh Ti3C,T,/TP foam composites, (C) Low and (C'), (C”) high-magnification SEM images of TizC,T, foam
after exposing in the air for 50 days, (D) Low and (D’), (D”) high-magnification SEM images of TizC,T,/TP foam composites
after exposing in the air for 50 days.

SEM images, the surface structures of the Ti3C,T, foam and TisC,T,/TP foam composites are different. A
smoother surface was obtained on the surface of Ti3C,T,/TP foam composites due to the uniform and
dense coating of TP (Figure 2B"). The oxidation of TizC,T, foam in the oxygen-existing environment starts
from the edge. The nucleation of TiO, uniformly dispersed on the Ti3C,T, sheets (Figure 2C). However,
TisC,T,/TP foam composites have a decreased oxidation behavior. Almost no TiO, can be found on the
surface of TizC,T,/TP foam composites (Figure 2D). The microstructures of TisCoT,/MLT and TizC,T,/PA
foam composites after oxidation in Figure S1 show similar results.

The phase and chemical composition evolution of the TizC,T, and TizC,T,/antioxidant foam composites as
a function of exposing time in air were investigated. Figure 3 shows the X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) spectra of the TizC,T, foam and Ti3C,T,/antioxidant foam composites
after exposing in air for 0, 20, and 50 days. Based on Bragg's law (Figure 3A), the interspace of the few-
layered TisC,T, MXene is approximately 1.22 nm through the calculation of the (002) peak at 7.23°.%° After
50 days, the intensity of characteristic peak from TizC, decreased significantly, indicating a fast degradation
of the TisCyT,. For the TizC,T,/TP foam composites, the (002) peak shifted to the low angle range
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Figure 3. Chemical composition of Ti3C,T, foam and Ti3C,T,/antioxidant foam composites after being stored for
different times

(A-F) XRD patterns of (A) TisC,T, and (B) Ti3C,T,/TP foam composites. Full spectrum of XPS in (C) fresh and (D) aged
for 50 days. XPS peak fitting results in the (E) C 1s and (F) Ti 2p regions. Histogram showing atomic percentages of C-Ti,
C-Ti-O, C-C, C-N, C-O, and C-N obtained from the C 1s region and the atomic percentages of Ti-O 2ps3/5, Ti(ll) 2p1/2, Ti(ll)
2p32, Ti-C 2p1/2, and Ti-C 2p3,, obtained from deconvoluted Ti 2p.

(Figure 3B), which predicates that the interspace of the Ti3C,T, sheets decreased.*** In addition, the (008)
peak at 26.63" appeared, which is resulted from change in the crystal orientation of TisC,T,. After exposing
in air for 50 days, the characteristic peak of TisC,T, in Ti3C,T,/TP foam composites is still very strong,
demonstrating a decreased decomposition degree. Meanwhile, the (002) peak shifted to a higher degree
due to the consumption of TP during the oxidation process. Figure S2 shows that MLT and PA can also
effectively slow down the oxidation process of TizC,T,. In Figure S3, the Ti3C,T, and TizC,T,/antioxidant
foam composites exhibited similar Raman spectra, where both characteristic peaks from TisC,T, and
graphitic carbon were detected. After exposing in air for 50 days, the intensity of the corresponding peaks
from Ti3C,T, decreased significantly while signals from graphitic carbon increased accordingly. The ratio of
In/lg increased from 0.929 to 0.967. Notably, the Ip/lg value of TizC,T,/antioxidant foam composites did
not increase since the oxidation process of TizC,T, was inhibited.

To investigate the evolution of the chemical bonds and compositions in the TizC,T,/TP foam composites,
XPS with binding energies ranging from 0 to 800 eV was employed (Figure 3C). Peaks for Ti, C, O, and F
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were observed in all materials. A new peak at ~400 eV corresponding to N 1s appeared in Ti3sC,T,/MLT and
Ti3C,T,/PA, which can be contributed to MLT and PA molecules, respectively (the peak belonging to P ap-
peared in Ti3C,T,/PA). To investigate the oxidation state of the MXene sheets, the XPS spectra of Ti3C,T,
and TisC,T,/antioxidant foam composites after exposing in air for 50 days are plotted in Figure 3D. The
peak at ~284.8 eV related to C 1s is greatly enhanced while the peak intensity of Ti 2s is obviously weak-
ened, which can be attributed to the severe oxidation of TisC,T,.”>? For the Ti;sC,T,/antioxidant foam
composites, the intensity of corresponding peaks did not change obviously, which indicates that the 2D
structure of the TisC,T, sheet did not exhibit obvious change,” and the oxidation degree was weakened,
well consistent with the XRD and SEM results. To further analyze the chemical compositions and atomic
fractions of TizCyT,, TisCoT,/MLT, TizCoT,./TP, and TisC,T,/PA exposed in air for different time, peak fitting
was performed on the C 1s and Ti 2p spectra. For all foams (fresh and 20 and 50 days), five bonds were de-
convoluted from the C 1sregion (Figures S4A-S4D), including C-F (288.8 eV), C-O (286.1 eV), C-C (284.8 eV),
C-Ti-O (283.5 eV), and C-Ti (281.6 eV).>"*° After 50 days in air, TizCoT,, TizCoT/MLT, TizC,T,/TP, and
Ti3C,T,/PA showed different degrees of oxidation, and the peak value of C-Ti decreased generally, and
C-C increased sharply, which should be attributed to the reduction of TisC,T, and the formation of amor-
phous carbon. In particular, C-N (285.4 eV) appeared in the peak fitting of TizC,T,/MLT because the MLT
molecules contained a large number of C-N bonds (Figure S4B), and the addition of TP introduced a large
amount of C-O (Figure S4C). Five bonds were deconvoluted from the Ti 2p region (Figures S4E-S4H),
including Ti(ll) 2p1,2 (462.0 eV), Ti-C 2p1/, (461.2 eV), Ti-O (458.4 eV), Ti(ll) 2p3/, (455.5 eV), and Ti-C 2p3/»
(454.8 eV).>® The sharp increase in Ti-O bond is mainly attributed to the formation of TiO,. Figures 3E
and 3F unambiguously demonstrate the change in atomic percentage of various components with the pro-
longation of oxidation time. The C-Ti bond in Ti3C,T, decreased significantly after exposing in air (from
26.21% to 9.28%) while the C-Ti-O bond decreased greatly from 9.16% to 0.14%, and the C-C bond
increased (from 53.84% to 65.52%), and the Ti-O in the +4 state increased sharply from 5.44% to 10.70%.
The C-N in TizC,T,/MLT remained at approximately 6.5%, the C-Ti did not decrease (from 13.46% to
13.88%), and the C-Ti-O bond decreased, but not all degraded (significantly decreased from 9.79% to
5.69%). The C-C also increased significantly (from 64.01% to 65.95%), and Ti-O in the +4 state increased
slightly from 5.44% to 10.70%. The addition of TP and PA showed the same change rule with MLT, indicating
that the introduction of antioxidants inhibited the oxidation of Ti3C,T,. It can be seen from the SEM that
regardless of the severe oxidation of TisC,T,, the skeleton structure of the foam is always well reserved
(Figure 2C).

The nanostructure evolution of the TizC,T, and TizC,T,/PA foam composites was investigated with trans-
mission electron microscopy (TEM). In the low-resolution TEM image (Figure S5), MXene layers with a diam-
eter of 3 um can be seen. In the high-resolution TEM image (Figure 4A), a uniform crystalline phase of
TisC,T, was observed, consistent with the TEM image of Ti3C,T, MXene on previous.”’ For TEM image
of fresh TisC,T,/TP foam composites, no difference from the pristine TizC,T, was found. After exposing
in air for 50 days, obvious phase evolution resulted from the decomposition of the TizC,T, was observed
on the edge area. Disordered carbon and TiO, nanoparticles were observed in between the TizC,
phase.”®*” The formation of carbon and TiO, phases was resulted from the oxidation reaction of TizC,T,
with O, and H,O molecules.’” However, for the TisC,T/TP foam composites, though the edge of
TisC,T,/TP was also oxidized, the oxidation reaction did not proceed to the deep area of TizC,T, due to
the protection of TP molecules. Figure 4E shows the EDS spectrum of the TizC,T,/PA foam composites af-
ter exposing in air for 50 days. As a characteristic element in PA, phosphate element is uniformly dispersed
on the Ti3C,T, sheet, and the element diagrams of Ti and O prove that the oxidation still started from the
edge. As expected, at the edge of the TisC,T, sheet, TiO, and disordered carbon were formed. It has been
reported that phosphate ions can coat the edges of individual TisC,T,,*” preventing the entering of O, and
water molecules, therefore slow down their oxidation even if placed in air or moisture atmosphere for
several weeks. As far as Ti3C,T,/MLT is concerned, the strong reducibility of MLT is used to protect
Ti3C,T,. After 50 days in air, TiO, crystal phase was hardly found in the TEM image of the TizC,T,/MLT
foam composites, and only a small amount of free carbon appeared, which can be understood that carbon
phase generated during the decomposition of MLT itself (as shown in Figure Sé).

Mechanical properties

The mechanical property of the prepared foam composites is an important factor for the evaluation of
the materials. The compressive resilience and mechanical strength of each batch of foam composites
(Figure S7) was characterized with a computerized universal material testing machine (HZ-10048, 50 N).
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Figure 4. Nanostructure evolution of the Ti3C,T, and Ti;C,T,/PA foam composites
TEM image of TizC,T, foam (A) fresh, (B) 50 days, TisC,T,/TP (C) fresh, (D) 50 days, (E) EDS spectra of TisC,T,/PA after
50 days of aging.

Each sample was measured at a thickness of 2 mm, via the “load-unload” method. Deformation ratios of
25%, 50%, and 75% were used respectively to detect the compression rebound rate of the foams. As shown
in Figure 5A, after the Ti3C,T,-based composites were pressed to deform by 25%, the foam materials re-
turned to the initial position and loads again. When the deformation ratio was 16%, stress was detected.
The rebound rate under 25% deformation was 9%. Similarly, when the deformation rates were 50% and
75%, the rebounding rates were 12% and 15%, respectively, which followed a proportional relationship.
With the addition of antioxidants, the corresponding foam materials still possessed good compression re-
bounding rate (Figures 5B-5D). The strain-stress curves are shown in Figure 5. The compressive strength of
the fresh TizC,T, foam was 4.0 X 1072 MPa, while the compressive strength of the TisC,T,/MLT, TizCoT,/TP,
and TizC,T,/PA treatments increased t0 6.0 X 1072, 1.4 x 10~", and 1.0 x 10~! MPa, respectively. Figure S8
shows that after aging 50 days in air, the compression resilience performance did not change obviously.
The enhancement of mechanical properties can be contributed to the interaction between Ti3C,T, sheets
and antioxidant.””

Electromagnetic interference shielding mechanisms and effectiveness

Figure 6 shows the SEt, SEg, and SE, of all batches of 20%-TisC,T,/antioxidant foam composites as a func-
tion of exposure time (0, 20, and 50 days) in air. As shown in Figure 6A, the SEt of fresh TizC, T, foam (control
test sample) can reach as high as 49.15 dB at a material thickness of 2.0 mm. Meanwhile, the SEt of TisC,T,
foam composites with 20% mass fraction of MLT, TP, and PA was 49.94, 49.54, and 49.72 dB, respectively.
After exposing in air for 20 days, the SEt of the pure Ti;C,T, foam decreased significantly from 49.15 to
40.08 dB due to the fast degradation of TizC,T, in the air, which was confirmed by XRD (Figure 3A), Raman
(Figure S3A), XPS (Figure 3D), and TEM (Figure 4B). However, for the 20%-Ti3C,T,/MLT and 20%-Ti3C,T,/TP
foam composites, the fading rate of SEr was significantly slowed down. For example, the SEt of
20%-TisCoT,/MLT and 20%-TisC,T,/TP slightly decreased from 49.94 to 49.54-44.94 dB and 44.02 dB
due to the protection of antioxidants. However, the SEt of 20%-Ti3C,T,/PA decreased from 49.72 to
39.12 dB, which was even fast than the pure MXene foam. The SEt of 20%-TizC,T,/PA was 43.99 dB at
10 days. With further exposing time in air, the consumption of PA led to the exposure of TizC,T, to air,
and the decreasing of SEt was consistent with that of pure Ti3C,T,. The SEt of each batch of samples
continued to decrease after 50 days of aging (Figure 6C). However, the EMI SE decreasing rate of
20%-Ti3CoT,/MLT and 20%-TizC,T,./TP foam composites was always slower than that of pure TisC,T,
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Figure 5. Mechanical properties of Ti3C,T, foam and TisC,T,/antioxidant foam composites

Stress-strain curves of each batch of fresh foam composites: (A) TizC,T,, (B) TisCoT,/MLT, (C) TisC,T,/TP, and (D) TisCoT,/
PA. The symbol of stars represents the rebound rate under different compressions. 25% (red), 50% (blue), and 75%
(green).

foam. This phenomenon can be explained by the reduced degree of MXene degradation observed in the
XRD, XPS, and TEM results.

Figures 6D-6F present the SEg of all batches of 20%-Ti;C,T,/antioxidant foam composites as a function of
exposing time in air. Among all samples, the pure Ti3C,T, foam exhibited the highest SEg value of 11.82 dB
due to the high conductivity of MXene (Figure 6D). With the improvement of the impedance matching by
incorporation of the polymeric antioxidant, the SEg of the Ti3C,T,/antioxidant foam composites decreased
obviously. For example, the SEg of 20%-Ti3C,T,/PA was 9.95 dB. Due to the oxidation of the TizC,T, in the
foams, the SEg of all composites showed a decreasing trend. As expected, the SEg of the pure MXene foam
showed the largest electromagnetic (EM) performance fading rate and the SEg decreased to 8.50 dB. The
SEa and SEt of all batches of 20%-Ti3C,T,/antioxidant foam composites shared the same varying tendency.
The addition of antioxidants makes the Ti3C,T, foam composites have an increased SE5. We found
20%-Ti3C,T,/TP exhibited the largest SEa, which was approximately 42.28 dB. This phenomenon can be
explained by the SEM results that the 20%-Ti3C,T,/TP foam composites possess a more compact structure.
With the prolonged exposing time, the SEx decreasing rate of 20%-TisC,T,/MLT and 20%-Ti3C,T,/TP foam
composites is always slower than that of pure TizC,T, foam. The 20%-Ti3C,T,/PA foam composites due to
the oxidation of PA, and the SE4 are eventually lower than that of pure TizC,T, foam.

Figure 7 shows the mean EMI SE values of all batches of TizC,T,/TP foam composites as a function of
exposing time in air. For the fresh Ti3C,T,/TP foam composites, the mean value of EMI SE decreased
with increasing TP content in the foams (Figure 7A). After exposure to air for 50 days, the average EMI
SE of control test TisC,T, foam decreased significantly from 49.15 to 36.11 dB due to the severe oxidation
of TizC,T, in air, resulting in an EMI SE loss of 26.53%. For the Ti3C,T,/TP foam composites, the EMI SE
showed a rather slow fading rate within the 50 days due to the protection of TP. However, with the
increasing TP content in the foam, the EMI loss rate increases. It has been reported that the reaction
with H,O in air also leads to the degradation of MXenes,”” besides the oxidation of O,. Based on this un-
derstanding, we propose this is resulted from the reaction of Ti3C,T, with the H,O molecule absorbed by

iScience 26, 107176, November 17, 2023 7
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Figure 6. The EMI shielding performance of the Ti;C,T,/antioxidant foam composites in the X-band
Pure Ti3C,T, and foam composites with 20% antioxidant addition exposed to air (A) fresh, (B) 20 days, (C) 50 days; SEg of samples (D) fresh, (E) 20 days, (F)
50 days; and SE4 of samples (G) fresh, (H) 20 days, (1) 50 days.

hydrophilic TP. For the fresh Ti3C,T,/MLT foam composites, the average value of EMI SE decreased with
increasing MLT content in the resulting foam (Figure S9), and the overall varying tendency is consistent
with that of Ti3C,T,/TP foam composites. Different from the other two foam composites, TisC,T,/PA
showed an inferior EMI SE and larger EMI SE loss rate. Among them, the fresh Ti3C,T,/PA showed the
best EMI SE performance. With increasing PA content, the SEt loss rate increased gradually (Figure S10).
The main reason can be attributed to the addition of PA in the form which delayed the oxidation process. A
large number of water molecules were absorbed at the beginning, and the PA adsorbed between the
Ti3CyTx sheet was oxidized in a relatively short time and lost its protective effect on TizC,T,.

Figure 8Ais a schematic diagram of the electromagnetic shielding mechanism of Ti;C,T,/antioxidant foam
composites. Due to the high electrical conductivity of TisC,T,/antioxidant foam composites, the incident
EM waves are reflected immediately.(’o'm Also, the EM waves that enter the interior of the material can
be further absorbed through the dipole loss and carrier loss caused by positive- and negative-charged
electrons on the Ti3C,T, surface. It is clear that in Ti3C,T,/antioxidant foam composites the porous struc-
ture created by the doping of antioxidants plays a decisive role in the attenuation of electromagnetic waves
through enhanced absorption. The resulting interfacial polarization, scattering effects, and electron band
mixing have a significant impact on the dielectric properties, while the EMI shielding performance of the
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Figure 7. Durability of the antioxidant modified MXenes for EMI SE
(A-D) (A) SET, (B) SE,, (C) SEg, and (D) EMI SE fade rate and fade value of all batches of Ti;C,T,/TP foam composites as a
function of air exposure time.

composite foam is greatly improved by the presence of a large number of interfaces in the pores, which
extend the transmission and attenuation routes through multiple scattering and reflection. In addition,
composite foams can be assembled into porous layered structures that further contribute to the interfacial
scattering effect.® " For the different antioxidant content of the composite foams, the highest EMI SE is
achieved at 20%, 25%, and 16% for MLT, TP, and PA, respectively. Table S1 compares the EMI SE of this
work with other electromagnetic shielding materials.'¢>=7

The degradation behavior of TisC,T, MXene solutions is such that when dissolved oxygen and water are pre-
sent, the former preferably reacts with the most active flake edges, leading to the formation of anatase (TiO,).
The process is shown in Figure 8B, where for Ti3C,T, foams, water and oxygen molecules begin to oxidize the
MXene at the edges and rapidly diffuse to the interior. The reaction led by water could be written as®’

Ti3C202 + 4H20 = 3TIOZ +2C +4 Hy,

In order to avoid degradation altogether, we avoid oxidation by adding antioxidants. Through its XRD and
SEM, we found that Ti3C,T, can still maintain good morphology after a period of oxidation (Figures 2 and
3). The addition of antioxidants effectively seals the edges of the Ti3C,T, sheet and the added antioxidants
can improve the stability of Ti3C,T, MXene in use by their own consumption and protect TizC,T, MXene
from oxidation.

Conclusion

We developed a new strategy to achieve the long-term stability of MXene composite foam based on
Ti3C,Tx modified with melatonin, tea polyphenols, and phytic acid. The composite was analyzed to signif-
icantly reduce the EMI SE fading rates and improve the EMI SE stability. After 50 days of air exposure, the
EMI SE of Ti3C,T, foam decreased from 49.15 to 36.11 dB. When the Ti3C,T, was modified by MLT with
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(A) electromagnetic shielding mechanism and (B) anti-oxidant protection mechanism.

content of 20%, the EMI SE was greatly enhanced to be 42.56 dB after 50 days. For Ti3C,T, containing 25
wt % of TP, the EMI SE amounts 44.90 dB after 50 days. For Ti3C,T, with a content of 16 wt % PA, the EMI SE
remained as high as 49.09 dB after 10 days. Due to the addition of the molecular natural antioxidants, the
Ti3C,T, sheet and edges were sealed by the molecules, which protected the TisC,T, from oxidation by ox-
ygen and from hydrolysis by water. In addition, the compressive strength of the fresh TisC,T, foam was
4.0 x 1072 MPa, while the compressive strength of the TizC,T,/MLT, TisC,T,/TP, and TisC,T,/PA foam com-
posites increased to 6.0 X 1072,1.4%x 10", and 1.0 x 10~ " MPa, respectively, indicating improved mechan-
ical stability of the foams. This work contributes i) to broaden the fundamental knowledge of MXenes and ii)
to further develop the potential application of MXene-based TisC,T, foams in harsh environments.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Lithium fluoride (LiF, >99%) Aladdin Biochemical Polytron Technologies CAS:7789-24-4
Hydrochloric acid solution (HCI, 37 wt.%) Aladdin Biochemical Polytron Technologies CAS:7647-01-0
Melatonin Aladdin Biochemical Polytron Technologies CAS:73-31-4
Tea polyphenols Aladdin Biochemical Polytron Technologies CAS:84650-60-2
Phytic acid Aladdin Biochemical Polytron Technologies CAS:83-86-3
TizAIC; (>98% purity) Beijing Lianlixin Technology CAS:196506-01-1

Deposited data

All data reported in this paper will be shared by the lead contact upon request.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Xingmin Liu (liuxingmin19890101@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Materials

Lithium fluoride (LiF, >99%), hydrochloric acid solution (HCI, 37 wt.%), melatonin, tea polyphenols, and
phytic acid were purchased from Aladdin Biochemical Polytron Technologies, Inc. TizAIC, (=>98% purity)
powders were purchased from Beijing Lianlixin Technology Co., Ltd., China. No further purification of
the chemicals was implemented before the experiments.

Synthesis of few-layered Ti3C,T, MXene flakes

For the preparation of few-layered Ti;C,T, MXene, 1.6 g of LiF was dissolved in 20 m| of HCI (8 M) with the
assistance of magnetic stiring force. After 30 min, 1 g of TisAlC, powder was slowly emerged into the LiF-
HCI solution while maintaining at 40°C to allow for the etching of Al elements from the MAX phase and
exfoliation of the MXene flakes. After 24 h, the suspension was centrifuged at 3500 r/min for 5 min. The sed-
iments from the centrifugation were discarded. The suspension from the first cycle of centrifugation was
then further centrifuged at a higher speed (10000 r/min). After 7 min, the MXene powdere were collected
and washed 5 times with deionized water (DI). Finally, the few-layered TizC,T, powders were freeze-dried.

Preparation of Ti3;C,T,/antioxidant and Ti3C,T, foam composites

To start with, the freeze-dried Ti3C,T, MXene powders were dispersed in deionized water to form a stable
dispersion with a concentration of 30 mg/ml. Antioxidants (i.g., melatonin, tea polyphenols, and phytic
acid) with different mass fractions to MXene (i.g., 16 wt.%, 20 wt.%, 25 wt.%, and 33 wt.%) were then dis-
solved into the MXene dispersion. After stirring for 30 minutes, the resulting dispersions were poured
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into three rectangular molds with dimensions of 33.0%20.0x2.0 mm?® and immediately frozen with liquid
nitrogen. Finally, the samples were freeze-dried and cut into samples with a size of 22.9x10.2x2.0 mm?
for EM measurements. Based on the name of the antioxidants, the composite materials were named as
Ti3CoT./MLT, TisCoT,/TP and TizC,T,/PA. For the composites with identical ingredients while containing-
different antioxidant content, they are differentiated by their mass ratios. For example, 20%-Ti3C,T,/MLT
means that the MLT content is 20 wt.% of the Ti3C,T,/MLT composite material. Meanwhile, TizC,T, foams
without antioxidants were also prepared as control test samples.

Materials characterization

Scanning electron microscopy (SEM) (Hitachi, S-4700, 15 kV) was employed to characterize the morphology
of foam composites before and after exposing to air. The crystalline lattice of the MXene in the composites
was confirmed with transmission electron microscopy (TEM) (FEI Tecnai, F200X, 200 kV). X-ray diffraction
(XRD) (X'Pert Pro, Philips, Netherlands, Cu Ko radiation) was employed to obtain the phase crystallinity.
XPS (Axis Supra, Kratos, UK) was employed to characterize the bonding and element information of
MXene-based materials. Raman spectra were recorded via a micro-Raman HR8000 spectrometer (Ben-
sheim, Horiba Jobin Yvon, Germany, 514.5 nm) to obtain the crystallinity of the carbon phase. The compres-
sion test was performed using a computerized universal material testing machine (HZ-10048, 50 N), and the
size of the tested sample was 22.9%10.2x2.0 mm?>.

Measurement of EMI shielding performance

A vector network analyzer (VNA, Agilent Technologies E8362B) was used to characterize the S-parameters
of foam composites in the X-band (8.2 to 12.4 GHz). TisC, T, foam and TizC,T,/antioxidant foam composites
were cut into rectangular monoliths with 3 dimensions of 22.9x10.2x2.0 mm?®. The EMI SE is defined as the
logarithmic ratio of incident power to transmission power. The total SE (SE7) is the sum of reflection shield-
ing effectiveness (SEg), absorption shielding effectiveness (SEa), and multiple reflection shielding effective-
ness (SEmr).*%%7? SEpmg can be ignored when SE is larger than 10 dB. Scattering parameters (511, S12, S21,
and S22) were obtained directly from VNA and used to calculate SEt, SE,, and SEg according to the

following equations.®'=¢*73
1 .
SEr = 10log| — (Equation 1)
[Sa1 |
1 .
SEr = 10log| ———— (Equation 2)
1T — IS
' 2
SEa = 10log i;' (Equation 3)
|S21]
The absorption (A), reflection (R), and transmission (T) coefficients were calculated as:
T = [Si2f® = [San] (Equation 4)
R = [Snl” =[Szl (Equation 5)
A+R+T=1 (Equation 6)
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