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Dynamic control of electromagnetic wave jamming is anotable
technological challenge for protecting electronic devices working at

gigahertz frequencies. Foam materials can adjust the reflection and
absorption of microwaves, enabling a tunable electromagnetic interference
shielding capability, but their thickness of several millimetres hinders

their applicationinintegrated electronics. Here we show a method for
modulating the reflection and absorption of incident electromagnetic
waves using various submicrometre-thick MXene thin films. The reversible
tunability of electromagnetic interference shielding effectiveness is realized
by electrochemically drivenion intercalation and de-intercalation; this
resultsin charge transfer efficiency with different electrolytes, accompanied
by expansion and shrinkage of the MXene layer spacing. We finally
demonstrate anirreversible electromagnetic interference shielding alertor
through electrochemical oxidation of MXene films. In contrast with static
electromagnetic interference shielding, our method offers opportunities to
achieve active modulation that can adapt to demanding environments.

Dynamic control of interactions between electromagnetic (EM) waves
and matter across the visible, infrared and terahertz regions of the
EM spectrum has been extensively explored for various applications,
such as electrochromic windows, adaptive thermal management,
wearable electronics and so on'®. Tuning the response of EM waves
with thin films of nanomaterials/nanostructures, aimed at develop-
inghighly integrated and adaptive shielding, is of particular interest.
This tunability, however, is challenging when the wavelength (1) of
EM waves is muchlonger than the size scale of nanomaterials, that s,
microwaves (1>1mm).

Electromagneticinterference (EMI) shielding is essential for pro-
tecting electronic components against EM jamming, as the number
of wireless communication devices, particularly those operating at
gigahertz frequencies, inindustrial and private spaces hasincreased by
orders of magnitude. Foam materials were developed to mechanically
control the reflection and absorption of microwaves, which enables an
adjustable EMI shielding capability with deformation”®. However, the
thickness of several millimetres hinders the application of porous struc-
tures in integrated electronics. To date, thin EMI shielding coatings

offer only ‘static’ protection. Alternatively, electrical control of the
interactions between EM waves and materials has been proven effective
in optoelectronicand infrared devices’ ' Yet, a key feature of current
EMIshielding materialsis high conductivity, like in conventional metals
(Al,Ni, Cuandsoon)and carbon materials (graphene, nanotubes, fibres
and so on), which leads to reflection of incident EM waves. Generally,
theelectrical conductivity of metalsis not affected by external stimuli.
The charge density canbe adjusted ingraphene through the insertion
of ionsinto the interlayer space but is limited in the microwave range
for EMI shielding due to the graphene’s inert surface chemistry and
electrical double-layer (EDL) charge storage mechanism®. Oxida-
tion of graphene quickly decreases its conductivity and EMI shielding
capability. Hence, active manipulation of the interaction between
centimetre-scale microwaves and thin films remains elusive due to
these fundamental challenges at gigahertz frequencies.

MXenes, a large family of two-dimensional (2D) transition metal
carbides and nitrides, have emerged as promising EMI shielding
materials with a higher shielding effectiveness (SE) than metals and
carbons and the ability to produce micrometre-thin free-standing
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films" 7. The transition metal core layers in MXenes with 2D morphol-
ogy facilitate electron transport. Moreover, the high conductivity and
large redox-active surface of MXenes enable high-rate redox (pseu-
docapacitive) energy storage with high volumetric capacitance°.
In comparison with EDL capacitors, the surface redox reaction with
ionintercalation leads toelectrontransfer and achange of the surface
layer oxidation state accompanied by the change of the interlayer
spacing, which further affects the electrical conductivity of MXene elec-
trodes**. Hence, the combination of metallic conductivity and redox
charge storage renders MXenes unique in their response to incident
EMwaves and offers a possibility to regulate EMI shielding behaviour.

Herein we introduce electrochemically modulated EMI shields
made from MXene films with aqueous gel electrolytes (Fig. 1a), which
enable reversible modulation of the EMI shielding capability. We sys-
tematically performed in situ measurements with different MXenes
and electrolytes to verify the effects of the EDL and redox behav-
iours on the reflection and absorption of EM waves. Furthermore,
an electrical ‘switch’ with a transition from an EMI shielding film to
an EM-wave-transparent film is achieved through electrochemical
oxidation of MXenes. The demonstrated control of reflection and
absorption of centimetre-scale EM wavesin the X band (8.2-12.4 GHz)
by micrometre-thin MXene films provides arealistic approach towards
adaptive EM protection.

Electrochemically modulated EMI shielding with
MXenes

The electrochemically modulated EMI shields were assembled with
aMXene-coated EM-wave-transparent poly(ethylene terephthalate)
(PET) working electrode, a Ti;C,T,-coated counter electrode, an
electrolyte-containing membrane and a Ag wire as a quasi-reference
electrode (Fig.1a). Totrack theinteractions of the MXene film with the
incident EM waves under applied potentials, we selected five common
MXenes (V,CT,, Ti,CT,, Ti,C,T,, V,C,;T,and Nb,C,T,; T, represents the
surface groups). They cover the three typical MXene structures (Fig.
1b and Supplementary Fig. 1) and contain V, Ti and Nb. They cover a
broad range of electrical conductivity values (Supplementary Table
1) and have surface redox and EDL electrochemical behaviours in the
selected electrolytes™. AllMXenes were produced through acid etching
of the corresponding MAX phases (Supplementary Fig. 2) and con-
sequent delamination (details are provided in the Methods). Typical
few-layer flakes after delamination are shown in Supplementary Fig.
3.The delaminated MXene colloidal solutions were spray coated onto
the PET substrate to obtain MXene coatings, which were sequentially
assembled into shields (Supplementary Fig. 4a-c). To avoid the influ-
ence of the highly conductive counter electrode on the scattering (S)
parameter measurementin the waveguide cavity, aframed Ti,C,T, coat-
ing with ablank centre was used (Supplementary Fig. 4b). A15 x 15 cm?
flexible MXene-based shield (V,CT,working electrode; Ti,C,T,counter
electrode) was fabricated to show scalability (Supplementary Fig. 4d).
Theintercalation of ions into MXene layers was achieved by applying a
small potential (under1V)tothe MXeneelectrodes (Fig. 1c). Conversely,
theionsde-intercalated during discharge, making the operation revers-
ible and cyclic. A cross-sectional scanning electron microscopy (SEM)
image of a MXene film shows the well-aligned flakes (Fig. 1d).

EMI shielding was measured in situ on the shields with different
MXene electrodes in various electrolytes. The cyclic voltammogram
(CV) of the V,CT,electrode in1 M H,SO, gel electrolyte at a scan rate
of 3mV s?wasrecordedinavoltage window of 0.8 V(0.7 to 0.1V ver-
sus Ag wire; Fig. 1e). During the charging process, the EMI SE slightly
increases from 23.5 dB to 24.3 dB when the potential changes from
0.1Vto-0.3V.Remarkably, the EMI SE has a sharp drop from 24.3 dB
to 18.1dB when the potential is increased to —0.7 V, particularly from
-0.3Vto-0.5V. This process corresponds to the pseudocapacitive
peaks in the CV, which were ascribed to the oxidation state change
of the transition metal around -0.5 V. The EMI SE value returns to its

initial value with the discharge process, indicating the reversibility of
this feature. Moreover, in contrast to the slow intercalation of ions in
other layered materials, even at a high scan rate (50 mVs™), the EMI
shielding change of the V,CT, electrode is fast (10 s switching time)
and fully reversible, demonstrating the feasibility of instant regulation
(Supplementary Video1). It is possible to develop a shield with a quicker
response, considering the outstanding electrochemical performance
of MXene at high scan rates'. During this charge-discharge process,
the change of EMISE isindependent of the frequency (Supplementary
Fig.5a,b),implying auniformredox reaction and layer spacing change
fromionintercalation/de-intercalation. EMISE values of reflection (SEy)
and absorption (SE,) show the same trend as the total EMISE (Supple-
mentary Fig. 5¢), unlike when the control of reflection and absorption
is done by mechanical deformation of foams’.

The Ti,C,T, electrode within the same potential window in the
protic electrolyte (Fig. 1f), from 0.1V to —0.4 V, has a notable obvious
increase of EMISE from 35.4 dB t0 39.5 dB (by a factor of -5), implying
asubstantialincrease in the electrical conductivity of the Ti,C, T, film
during electrochemical reduction. From -0.4 V to -0.7 V, the EMI SE
decreases from 39.5 dB to 36.6 dB, which is similar to the V,CT,-based
shield and canbe explained by the expansion of the interlayer spacing.
During the discharge, a symmetric change is observed, correspond-
ing to a pair of coupled redox peaks in the CV. The total EMI SE is also
frequency independent (Supplementary Fig. 6a,b) and has the same
change with SEg and SE, with the applied potential (Supplementary Fig.
6c). Compared with the V,CT, shield, Ti,C,T,shows the same two stages
of EMI shielding change (an increase followed by a small decrease)
but no hysteresis. Similar behaviour can be found in the Ti,CT,-based
shield (Supplementary Fig. 7a), while there is an almost monotonous
changeintheV,C,T,(Supplementary Fig.7c) and Nb,C,T,shields (Sup-
plementary Fig. 7e). These differences are determined by the different
electrochemical behaviours of MXenes in different electrolytes, which
will be discussed later. V,CT,, Ti,CT, and Ti,C,T, have obvious redox
peaks due to the protonation of surface groups, while only a pair of
broad and weak redox peaks appears for V,C;T,and Nb,C;T, in the
proticelectrolyte®.

We further investigated the EMI shielding performance of MXenes
inawater-in-salt electrolyte (19.8 m LiCl), which was recently demon-
strated to provide a desolvation-free Li* insertion/deinsertion process
for Ti,C,T,MXene under positive potentials®. For the V,CT, electrode,
EMI SE values monotonously increase/decrease in a range of 29.7-
31.5 dB with the applied potential between 0.4 and —0.9 V versus Ag
wire, and the CV shows a typical EDL charge storage behaviour (Fig.
1g). Ti,CT,and V,C;T, electrodes in the water-in-salt electrolyte show
asimilar trend of EMI SE change because of the EDL charging mecha-
nism (Supplementary Fig. 7b,d). However, for the Ti,C,T, electrode,
EMI SE values have a fast drop between 0.2 Vand O V during charging
from0.6to-0.8 V. The discharge process shows an opposite trend and
an abrupt increase of EMI SE between 0.3V and 0.5V (Fig. 1h). These
two anomalous changes correspond to a pair of strong peaks at-0.1V
and ~0.5V in the CV, which are related to the (de)intercalation of the
solvated Li* ions, (Li(H,0),)" accompanied by a large change of the
spacing, d, between MXene sheets®.

The mechanism of tunability for reflection and
absorption

Tounderstand the fundamental EMwave responses to the electrochemi-
cal stimulus, we calculated the reflection and absorption ratios of the
incident EMwaves for V,CT,-based and Ti,C,T -based shieldsin1 MH,SO,.
The reflection ratios of both V,CT, and Ti,C,T, show the same trend as
thetotal EMISE, while the absorption ratios have opposite changes with
theapplied potentials (Fig.2a,b). In particular, the maximum gap of the
reflection/absorptionratios reaches ~0.1, whichis a substantial change
atgigahertzfrequencies forathin film. By contrast, the absolute change
ofreflection/absorptionratiosinthe Ti,C,T,electrodeis slight, whichis
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Fig.1|Electrochemically modulated EMI shielding behaviours of MXene
films. a, Schematic of the shield, which consists of MXene electrodes on a PET
substrate and an electrolyte-containing polymer membrane.M,,,,C,T,: Mis
atransition metal (Ti, V or Nb), Cis carbon and T,is the surface termination.
b, Digital photos of the MXene electrodes used in this work. ¢, Illustration of
ionintercalation between MXene layers for tuning EMI shielding. V, applied
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voltage. d, SEM image of the cross-section of a MXene film, showing the aligned
layers. e-h, Potential-dependent EMI SE and the CVs of the device usinga V,CT,
electrodein1 M H,SO, (e), Ti,C,T,electrodein1 M H,SO, (f), V,CT,electrode in
19.8 m LiCl(g), and Ti,C,T, electrode in 19.8 m LiCl (h), showing the bidirectional
tunability of EMI SE with different MXenes in different electrolytes.

distinct from the EMISE values. This is dictated by the electrode’s high
electrical conductivity (>10,000 S cm™), which accounts for the domina-
tion of reflection (>90%). In other words, moderate conductivity canlead
to alarger modulation of the reflection/absorption ratio. Considering
awide range of electrical conductivities and surface compositions of
MXenes*, the control of reflection/absorption in MXenes can certainly
be further optimized for practical applications.

For further insights into the relationship between EM response
and electrochemical reactions, we performed insitu X-ray diffraction
and Raman spectroscopy measurements for Ti,C,T,-based shields
during cyclic voltammetry. When Ti,C,T,in 1 M H,SO, was charged,

the dspacing decreased from13.75 At013.54 A from 0.1Vto-0.3 Vand
then increased to 14.01 A between 0.3 V and -0.7 V (Fig. 2c and Sup-
plementaryFig.8a). The discharge process shows areversible d spacing
change. We also recorded microscopic shrinkage and expansion of
the V,CT,electrode during charge and discharge using laser scanning
confocal microscopy (Supplementary Video 2). The focus shift where
the blurry image turns clear indicates film expansion. This demon-
strates that EMI SE increases with the shrinkage of the MXene film
and decreases with its expansion upon protonation/deprotonation®.
Raman spectra show a shift of the A,, (C) peak, which is assigned to
out-of-plane vibrations of carbon, especially with an applied potential
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the dspacing (c) and Raman shift (d) of the A, (C) peak of the Ti,C,T,electrodein
1MH,SO,.e, lllustration of the mechanisms for electrochemically modulated EMI
shielding: the charge transfer resulting from electrosorption of ions, M element
oxidation state change and layer spacing change between MXene sheets. R is
reflection, and Ais absorption.

from-0.3V to -0.7 V (Fig. 2d and Supplementary Fig. 8a)’®. In agree-
ment with the change of d spacing, adrastic peak shiftstartsat-0.3 V,
whichis ascribed to the oxidation state change of titanium. Similarly,
fortheTi,C,T,electrodein19.8 mLiCl, the A,; (C) peak downshifts from
~728 cm™to -720 cm™ upon charging (Supplementary Fig. 9). Larger
peak shifts occurat~0.2 V (charge) and -0.3 V (discharge), which cor-
respond to the pair of peaks in the electrode’s CV.

According to the above in situ analysis, we propose interaction
mechanisms of MXene films with incident microwaves based on the
distinct electrochemical behaviours (Fig. 2e). First, in the case of the
EDL process, theintercalation of cations between negatively charged
MXene layers under an applied potential reduces the interlayer spacing

duetotheincreased electrostatic attraction, whichleadstoanincrease
inelectrical conductivity and EMISE. Second, the insertion of partially
desolvated cations between MXene sheets occurring in water-in-salt
electrolytes resultsin a decrease of EMISE with the increase of d spac-
ing. Third, the redox behaviour in MXenes continuously changes
the oxidation state of the transition metal on charge-discharge and
thereby gives rise to the expansion of the interlayer spacing and a
changeinsurface chemistry and film conductivity. Thus, the decreased
EMI SE accompanied by the increase in absorption is achieved as a
consequence of adecrease in conductivity. Since electrolyte confine-
ment changes with applied potentials, thereisa continuous transition
between EDL capacitance and Faradaic intercalation (surface redox)?.
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Thisfeature facilitates the fast directional modulation of reflection and
absorption in MXene films upon charge-discharge.

Thickness-dependent behaviour and cycling
stability

Given the importance of the ion confinement between MXene layers
and the notable change of EMI SE for the V,CT, electrode, we investi-
gated the effect of film thickness on changes in the EMI shielding of
V,CT,in1MH,SO, (Fig.3a). The EMISE of all films increases with increas-
ing thickness from-100 nmto~-600 nm, and the same trend is observed
for the EMI SE change with the applied potential, independent of the
thickness. However, the variationamplitude of EMISE increases when
the filmisthicker. For example, the difference between the maximum
value (31.5dB at—0.3 V) and the minimum value (25.2 dBat-0.7 V) for
the ~600 nm film is 6.3 dB compared to 3.5 dB for an ~100-nm-thick
V,CT, electrode. This demonstrates that the number of MXene layers
notably influences our ability to control the EM wave response due
to the varying degrees of intercalation and film property changes.
However, the excessive film thickness may lead to a strong reflection,
which weakens the change of EMI SE. The long-term stability of the
V,CT, device in1M H,SO, was evaluated by in situ EMI measurement

with cyclic voltammetry at20 mV s™. This shows that the device oper-
ates steadily after 500 cycles with almost unchanged CVs and has a
stable andreversible change of EMISE (Fig. 3b and Supplementary Fig.
10a,b) during charge-discharge. The Ti,C,T, shieldin 1M H,SO, was
also stable for over 500 cycles, in agreement with its electrochemical
stability (Supplementary Fig.10c,d).

MXene-based EMI shielding ‘alertor’

We further applied positive potentials to the Ti,C,T, shields in aque-
ous electrolytes to investigate their EM wave response to the anodic
oxidation of MXene. When the positive potential exceeds 0.1V versus
Ag wire, the EMISE value of the Ti,C, T, electrode in1 M H,SO, shows a
fast and continuous drop from 32.98 dB (0.1 V) to 12.45 dB (2.0 V; Fig.
4a). Moreover, the trends of EMI SE values with increasing frequency
become different (Supplementary Fig. 11a), which may be ascribed to
EM wave scattering from nonuniform oxidation of the Ti,C,T, film.
Notably, the average ratios of absorption, reflection and transmission
of the device at 2.0 V were 0.49, 0.43 and 0.08, respectively, while the
ratios of absorption and reflectionat 0.1V were 0.23 and 0.77, and the
transmission was negligible. Ramanspectrashow that the relative inten-
sity of the A, (C) peak at-723 cm™ decreases and abroad peak appears

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-022-01308-9

ataround 1,378 cm™ (Fig. 4b), when the applied potentialis 2.0 V. This
is due to the formation of amorphous carbon upon the surface oxida-
tion of Ti,C,T, (ref. 29). X-ray diffraction patterns recorded in situ show
two broad peaks at -6.0° and -7.3°, which are assigned to the Ti,C,T,
counter electrode and the working electrode, respectively (Fig. 4c).
Notably, the peak intensity of the working electrode decreased with
the applied potentials whereas no obvious change could be observed
forthe counter electrode. Thisindicates that the degree of disorder of
stacked Ti;C,T, sheets increases during the oxidation process under
positive potentials. The oxidation of the Ti,C,T,electrode in 19.8 m
LiCl shows a similar phenomenon where the EMI SE value decreases
from22.33 dB (0.6 V) t014.28 dB (1.5 V; Supplementary Fig.12). These
results indicate that the MXene films can convert from EMI shielding
to quasi-EM wave transmission by electrochemical oxidation of the
MXenes. The MXene film can potentially serve as adynamic EMI shield-
ing switch, although the oxidation processisirreversible. The applica-
tion of asmall voltage can unseal the protected electronic device and
allow communication with it. This MXene-based ‘alertor’ can protect
electronic devices from undesired access or damage during trans-
portation and storage. Furthermore, the sensitivity of the shields can
be tuned for specific scenarios by controlling the anodic oxidation of
different MXene compositions in different electrolytes.

Thecorrelationbetween the electrochemical behaviour of MXenes
and their interaction with EM radiation needs more profound under-
standing, given that the MXene family offers a large variety of com-
positions, structures and surface groups*°. Moreover, the size and
arrangement of MXene flakes could also affect their electrochemical
performance. This means that the control of the EM wave response at
gigahertz frequencies can be further optimized by modification of
MXenes and confined electrolytes. The combination of varied electrical
conductivities and redox-active transition metal atoms makes elec-
trochemically modulated MXene shields promising for fundamental
studies aimed at understanding the interaction of nanometre-scale
MXene sheets with centimetre-scale EM waves®. This combination
of properties is also of great potential for the adaptive EM protection
of electronics in practice®. For example, for electronic devices over-
heating the shield after a long time running or operating in extreme
environments, the EMIshielding performance canbe controlled with
tunable MXene shields. Also, object identification can be achieved
withthe detection of active MXene shields that have varied EM signals,
especially for the highly integrated system. Furthermore, we envision
that our concept can be combined with metasurfaces by patterning
MXene electrodes to achieve precise local control of the reflection,
absorption and transmission of microwaves in thin films, which could
be an exciting direction to explore.

Conclusions

In summary, we have demonstrated electrochemically modulated
MXene shields, which canmodulate the response to incident EM waves
and EMIshielding effectiveness at gigahertz frequencies. Bidirectional
tunability of the EMI SE is achieved with a continuous transition from
the EDL toredox charge storagein MXene electrode films withaqueous
electrolytes. Particularly, the surface redox processes in MXene elec-
trodes, accompanied by achangein the oxidation state of the transition
metal, ionintercalation and interlayer spacing expansion/contraction,
change the ratio of absorption to reflection and the total EMISE. An EMI
shielding switch has been designed by using the anodic oxidation of
MXenes. Our results offer insight into the fundamental understanding
oftheinteractions of microwaves with thin films and build a platform
for developing adaptive EMI shields with dynamic regulation.
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Methods
Materials
For the synthesis of the MAX phases, Ti (99.5%, Alfa Aesar), V (99.5%, Alfa
Aesar), Nb (99.99%, Beantown Chemical), Al (99.5%, Alfa Aesar), graph-
ite (99%, Alfa Aesar) and TiC (99.5%, Alfa Aesar) powders were used.
For the topochemical synthesis of MXenes, hydrofluoric acid
(HF, 48.5-51%, Acros Organics), hydrochloric acid (HCI, 36.5-38%,
Fisher Chemical), lithium chloride (LiCl, 99%, Acros Organics), lithium
fluoride (LiF, 98.5%, Alfa Aesar) and tetramethylammonium hydroxide
(TMAOH, 25 wt%, Acros Organics) were used.
For the fabrication of the shields, sulfuricacid (H,SO,, 98%, Fisher
Chemical), polyvinylalcohol (PVA, Alfa Aesar) and PET (100 pm thick,
TruLam) were used.

Synthesis of MAX phases

Prior to synthesis, all precursor powders (Table 1) were weighed and
then ball-milled with zirconia balls for 18 h. The powder mixture
was then transferred to alumina crucibles, which were placed into a
high-temperature furnace. Argon was flowed through the furnace for
1hbefore heating, then was kept flowing through the furnace during
synthesis. The heating rate was 3 °C min™. Depending on the chemistry
and composition, different temperatures and annealing times were
used (details in Table 1). After cooling, the samples were milled and
thensieved to <75 pm.

Synthesis of Ti,C,T,and Ti,CT,

Ti,C,T,and Ti,CT, were synthesized by etching the corresponding
MAX phase powders (Ti,AlC, and Ti,AIC) with HF and HCI. Typically,
12 ml of HCI, 2 ml of HF and 6 ml of deionized (DI) water were mixed
with stirring first. After that, 1g of MAX powder was gradually added
to the mixed solution and it continued to be stirred for 24 h at room
temperature. After the etching was done, the reacted solution was
washed by centrifugation at 2,550g for 2 min. This washing process
was repeated until the pH value was >6. The centrifuged sediment
was added to a solution of LiCl (1g) in DI water (50 ml). The mixture
was shaken for 30 min at room temperature. After that, the solution
was washed by centrifugationat2,550gfor 10 min. The centrifugation
wasrepeated until the pH value was >6. After the sediment swelled, the
solution was finally centrifuged at 7,230g for 3 min. The supernatant
was used for the preparation of MXene electrodes.

Synthesis of V,CT,, V,C,T, and Nb,C,T,

V,CT,,V,C;T,and Nb,C,T, were synthesized by etching the correspond-
ing MAX phases (V,AIC, V,AIC; and Nb,AIC;) with HF. Typically, 1g of
V,AIC powder was added to 20 ml of HF. The mixture was stirred at 35 °C
for 48 h. After etching, the reacted solution was repeatedly washed with
DI water through centrifugation at 2,550g for 2 min until the pH was
>6. After washing, the sediment was dispersed in amixture of 10 mi DI
water and 0.5 g TMAOH and then stirred for 24 h. After that, the mixture
was washed repeatedly with Dl water by centrifugation at 12,850g for
10 min until the pH was <8. At last, the supernatant was collected after
centrifugationat2,550gfor 10 min. For V,AlIC;and Nb,C;T,, the etching
and delamination procedures were similar to those of V,CT,, except
the etching time was seven days and the delamination time was 48 h.

Fabrication of MXene shields

MXene films were fabricated by a spray-coating method. First,a PET
sheetwas cutinto4.5 cm x 3 cm pieces and cleaned by bath sonication
(Branson 2510 Ultrasonic Cleaner, 100 W) in DI water for 15 min and
then dried with compressed air. The cleaned PET pieces were plasma
treated (Tergeo Plus, Pie Scientific) at 100 W with Ar/O, (3/5 sccm) for
5 mintomakethesurface hydrophilic. The pretreated pieces were spray
coated using amanual spray gun filled with dilute MXene colloidal solu-
tion in water (1-2 mg ml™) at room temperature. To accelerate drying
and ensure auniformsurface, a hair dryer was used to dry each sprayed

Table 1| The synthesis conditions of the MAX phases used in
this work

Type MAX Precursors  Atomic Annealing Annealing

phase ratio temperature time (h)
(°c)

21 Ti,AlC Ti/Al/C 2:11:0.9 1,550 2
V,AlC V/Al/C 2:11:0.9 1,550 2

312 Ti;AlC, TiC/AlY/Ti 2:2.2:1.25 1,380 2

13 Nb,AIC;  Nb/Al/C 411:27 1,650 4
V,AIC, V/Al/C 4:1.5:3 1,500 2

layer. For the spray-coating process of the counter electrode, asquare
mask (2.5 cm x 1.2 cm) was applied to the middle of a PET piecetogeta
framed Ti,C,T,coating. After spray coating, MXene films were dried in
avacuum oven overnight before performing experiments.

EMIshields were fabricated using different MXene films as working
electrodes, silver wire asareference electrode and Ti,C, T, films witha
blankregioninthe middleas counterelectrodes. Electrolyte-containing
membrane (MCE Membrane, Thermal Scientific, 0.22 pm pore size)
was used as aseparator between electrodes. A copper foil was used to
connect the electrodes and potentiostat. The acidic electrolyte was
fabricated by mixing10 ml1MH,SO, and 0.5 gPVA with stirringat 80 °C
for 12 h. The water-in-salt electrolyte was fabricated by mixing 10 ml
19.8 mLiCland 0.5 g PVA with stirring at 80 °C for 12 h.

Characterization

X-ray diffraction patterns of MAX phases and MXene films were
measured using a Rigaku SmartLab operating at 40 kV/30 mA with
Cu Ka radiation. Raman measurement was carried out with an
inverted reflection mode Renishaw (inVia) instrument, equipped
with x63 (numerical aperture, 0.7) objectives and a diffraction-based
room-temperature spectrometer. The laser wavelength was 785 nm,
the acquisition time was 40 s and the laser power was kept around
0.1 mW. Three-dimensional laser scanning confocal microscopy (Key-
ence, VK-X1000) was used to observe the surface of MXene electrodes
and measure the thickness. The cross-section of the MXene film was
observed using SEM (Zeiss Supra 50VP). The electrical conductivity
of MXene films was measured using a four-point probe instrument
(ResTest,Jandel Engineering), witha probe distance of 1 mm. An aver-
age value was taken from three different locations on the film. The
in situ Raman and X-ray diffraction measurements were carried out
using the multiple potential step chronoamperometry method. The
electrochemical tests were conducted at room temperature using a
BioLogic SP150 potentiostat.

A vector network analyser (8720ES, Agilent) with a WR-90 rec-
tangular waveguide in the frequency range of 8.2-12.4 GHz was used
tomeasure the S parameters of MXene shields during the CV scanning
at3mVs™. The shield was mounted onto the sample holder and then
tightly fixed with clamps.

The EMISE was calculated based on the S parameters (S;;and S,,).
The transmission power (T; T =|S,,|%), reflectivity power (R; R=1S,,*) and
absorption power (A) arerelatedasA + R + T=1.The total EMI shielding
effectiveness (SE,,), reflection effectiveness (SEz) and absorption
effectiveness (SE,) associated with the incident wave and transmitted
wave are calculated as follows:

1
SEcora = 10l0g, (T) 0
SE; = 10log,, (ﬁ) @)
SE, = 10log,, <¥) (3)
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