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ABSTRACT: Electromagnetic  interference  (EMI)  shielding  in
high-frequency range, especially the rapidly growing terahertz
(THz)  frequency  range,  attracts  increasing  attention  due  to
the  potential  application  of  terahertz  in  6G  wireless
communication,  and security inspection.  However,  traditional
conductive  EMI  films  typically  achieve  high  shielding
effectiveness  through  strong  reflection,  which  may  cause
secondary  pollution  to  other  devices.  Here,  a  gradient
structure  strategy  was  proposed  to  construct
Ti3C2Tx/hydroxypropyl methyl cellulose (HPMC) film, in which
the content of Ti3C2Tx gradually increases along the thickness
direction, resulting in different conductivity of the two surfaces
(surface-M and surface-H) for the film. The obtained gradient-
film exhibits an EMI shielding efficiency of over 48.5 dB in the
THz range (0.2–1.6 THz) at a thickness of 40 μm. Especially,
as the THz waves incident from the surface-H to the film, the absorption effectiveness reaches 48.2 dB (average absorbed
power loss up to 91.4%), and the reflection effectiveness is only 0.3 dB. In additions, the gradient-film also demonstrates a
high absorption rate of 95.5% in the infrared band (2.5–16.7 μm). Moreover, the gradient-film exhibits an excellent tensile
stress and Young’s modulus value of 173.1 MPa and 2.8 GPa, respectively. Therefore, the gradient-film proposed in this
work, with excellent electromagnetic absorption in both THz and infrared band, provides a promising candidate for the next-
generation EMI shielding applications.
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1    Introduction
In  recent  years,  terahertz  (THz)  technology  (within  0.1–10  THz)
has attracted increasing attention due to its potential applications in
radar systems, 6G wireless communication, and security inspection,

T= 1−R−A

etc.  [1−5].  With  the  rapid  development  of  terahertz  electronic
devices,  there  is  an  increasing  demand  for  THz  electromagnetic
interference  (EMI)  shielding  films  to  deal  with  electromagnetic
radiation, interference, and information leakage [6−10].  According
to  transmission  line  theory,  EMI  shielding  films  mainly  achieve
shielding  and  isolation  of  incident  electromagnetic  waves  through
surface  reflection  and  internal  absorption  [11−15].  The
transmittance  (T)  of  electromagnetic  wave  is  the  deduction  of
reflection (R) and absorption (A) by the total power, as is expressed
in  equation: [16].  For  the  high  conductivity
electromagnetic  shielding  films,  such  as  graphene,  carbon
nanotubes  (CNTs),  and  MXene,  it  usually  reflects  most  of  the
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power loss of the incident electromagnetic wave onto the surface to
achieve high EMI shielding efficiency (EMI SE), due to the surface
impedance mismatch [17−19]. For example, the 40-μm MXene film
reflected more than 97% of the electromagnetic waves, reaching an
impressive  EMI  SE  of  up  to  116.2  dB  [19].  And  a  4-μm  MXene-
based  film  was  provided  with  more  than  95%  reflection  loss,
achieving a high EMI SE of 71.4 dB in the frequency of 0.2–1.6 THz
[8].  However,  these  high-conductivity  two-dimensional  (2D)
nanosheets shielding films have achieved excellent EMI SE through
strong  reflection,  the  reflected  electromagnetic  waves  may  cause
secondary pollution to other devices.

In order to ensure high EMI SE while reducing R, it is necessary
to improve the A of electromagnetic waves by the shielding film. At
present, assembling 2D nanosheets into films with porous network
or gel structure is an effective strategy to improve their absorption
for  electromagnetic  wave  [11, 20−25].  For  example,  the  MXene-
based  shielding  films  with  porous  network  structure  exhibited  an
EMI SE  of  51  dB for  THz wave  at  a  thickness  of  85  μm.  But,  the
refection  loss  (RL)  is  only  10  dB  [10].  A  130-μm  hydrogel-type
MXene-based shielding film showed an EMI SE of over 45.3 dB in
the  0.2–2.0  THz,  and  refection  loss  of  23.2  dB  [9].  The  1.0-mm
MXene-based hybrid aerogels film was able to dissipate nearly 99%
of  the  energy  of  the  incident  electromagnetic  wave  inside  the
shielding  film,  resulting  in  an  EMI  SE  value  of  57.5  dB  in  the
ranging from 0.5  to  3.0  THz [26].  However,  the  strategies  such as
pore-forming  or  gels  inevitably  increase  the  thickness  of  the
shielding  film,  which  restricts  its  application  in  electronic  devices
with high integration. In addition, constructing shielding film with
metasurface can enhance absorption loss within a limited thickness,
but  only  at  special  frequencies  and  a  narrow  bandwidth  [27−31].
For  example,  the  carbon-based  film  with  three-dimensional  (3D)
metasurface microstructures demonstrated a RL of 43.7 dB only at
1.06 THz [32]. A metamaterial layer with H-shaped arrays exhibits
sharp resonance at about 1.4 THz with the absorption of 70% [33].
Therefore,  it  is  still  challenging  to  greatly  improve  the  wide-band
absorption of shielding film with limited thickness.

Here,  a  gradient-film  is  prepared  by  continuously  varying  the
mass  ratio  of  Ti3C2Tx nanosheets  and  hydroxypropyl  methyl
cellulose  (HPMC) along the  film thickness  direction,  in  which the

content of Ti3C2Tx nanosheets gradually increases from one surface
(0  wt.%)  to  the  opposite  surface  (100  wt.%),  giving  rise  to  a
discernible  longitudinal  gradient  in  conductivity,  as  illustrated  in
Fig.  1(a).  Therefore,  the  gradient  film  exhibits  two  surfaces  with
completely  different  properties,  namely  the  highly  conductive
Ti3C2Tx MXene  surface  (surface-M)  and  the  insulating  HPMC
surface  (surface-H).  These  two surfaces  exhibit  different  responses
to  the  incident  THz  electromagnetic  waves,  as  illustrated  in Fig.
1(a).  The  longitudinal  gradient  in  electrical  conductivity  plays  a
pivotal role in enabling the gradient film to attain high EMI SE and
broadband  absorption  of  THz  waves.  Consequently,  the  gradient-
film delivered an average EMI SE of 48.5 dB for THz waves within
the  frequency  range  of  0.2–1.6  THz  at  a  thickness  of  40  μm.
Additionally, the film exhibited a remarkable absorption capability,
reaching  an  absorption  rate  of  91.4%  for  incident  electromagnetic
wave  energy.  Furthermore,  the  gradient-film  also  possessed  an
absorption  rate  of  95.5%  in  the  infrared  spectral  band  (2.5–
16.7 μm). Notably, HPMC not only participates in the regulation of
the  film’s  longitudinal  conductivity  but  also  forms  bonding
interactions with MXene nanosheets. As a result, the tensile stress of
the gradient-film increases by 400% compared to the MXene film.
Therefore,  the  gradient  structure  design  provides  an  effective
method  for  preparing  robust  EMI  shielding  materials  with  strong
EM field absorption. 

2    Results and discussion
 

2.1    Fabrication and characterization of gradient-film
Figure 1(b) illustrates the longitudinal cross-section of the gradient-
film. As a comparison, we also prepared mixed-film and partially-
gradient-film.  In  the  gradient-film,  the  content  of  Ti3C2Tx
nanosheets  increases  from  0  wt.%  in  surface-H  to  100  wt.%  in
surface-M,  and  the  increase  rate  is  related  to  total  weight  ratio  of
Ti3C2Tx nanosheets/HPMC.  M1H1,  M1H5,  M1H10,  and  M1H15
gradient-films correspond to different total weight ratios of Ti3C2Tx
nanosheets/HPMC, namely 1:1, 1:5, 1:10, and 1:15, respectively. In
the mixed-films, the Ti3C2Tx nanosheets are uniformly mixed with
HPMC,  resulting  in  a  uniform  distribution  of  Ti3C2Tx nanosheets
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Figure 1    Structural  and  micromorphology  characterization  of  the  gradient-film.  (a)  Schematic  diagram  of  the  interaction  between  gradient-film  and  electromagnetic
waves:  (i)  The content  of  Ti3C2Tx in  the  film varies  continuously  from surface-H to  surface-M; (ii)  as  the  terahertz  waves  incident  from the surface-H,  it  exhibits  low
reflection  and  strong  absorption;  (iii)  as  the  terahertz  waves  incident  from  the  surface-M,  it  exhibits  strong  reflection  and  low  absorption.  (b)  Schematic  diagram
illustrating the cross-section of the Ti3C2Tx nanosheets proportions for the internal structure of gradient-film (i), mixed-film (ii), and partially-gradient-film (iii). (c) Cross-
sectional SEM image of gradient-film. (d) Liner EDS results of the cross-section of H1M1 gradient-film. (e) EDS results of surface-M, interior, surface-H of gradient-film.
(f) XPS results of surface-M, surface-H, HPMC and Ti3C2Tx nanosheets.
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throughout the films with a weight percent of  16.6%. The internal
structure  of  the  partially-gradient-film  is  similar  to  that  of  the
gradient-film,  where  the  content  of  Ti3C2Tx nanosheets  also
gradually increases.  However,  unlike the gradient-film, the content
of  Ti3C2Tx nanosheets  in  surface-H  does  not  increase  from  0,  but
rather from a specific value (such as 20 wt.% in Fig. 1(b)(ⅲ)). More
details  of  preparation  methods  for  all  films  are  shown  in
experimental section.

The  Ti3C2Tx nanosheets,  obtained  through  solution  etching,
exhibit  a  diverse  range  of  functional  groups  on  their  surfaces,
facilitating  effective  bonding  with  HPMC  (Fig.  S1(a)  in  the
Electronic  Supplementary  Material  (ESM)).  The  crystal  structures
of  gradient-film  and  Ti3C2Tx film  were  determined  by  X-ray
diffraction (XRD) in Fig. S1(b) in the ESM, the characteristic peak
(002) of Ti3C2Tx film signifies that the Al layer has been successfully
etched  away  from  the  Ti3AlC2 (MAX)  to  obtain  the  Ti3C2Tx
nanosheets.  Compared  with  Ti3C2Tx film,  when  combined  with
HPMC, the (002) peak of the gradient-film is shifted from 2θ = 7.7°
to  6.4°,  indicating  that  HPMC  has  been  intercalated  between  the
Ti3C2Tx nanosheets,  and  the c-lattice  parameter  has  been  enlarged
[34]. In addition, a narrower full-width at half-maximum (FWHM)
indicates a more orderly arrangement of Ti3C2Tx nanosheets in the
gradient-film. The typical  characteristic peaks of 199 and 283 cm–1

in the Raman spectra further indicate the successful preparation of
Ti3C2Tx nanosheets  [35].  The  ordered  arrangement  of  Ti3C2Tx
nanosheets  at  a  thickness  of  approximately  40  μm  is  directly
observed  in  the  cross-sectional  scanning  electron  microscopy
(SEM)  images  of  the  gradient-film  (Fig.  1(c) and  Fig.  S2  in  the
ESM).

Linear-scanning energy dispersive spectrometer (EDS) is used to
investigate  the  element  content  along  the  cross-section  of  the
gradient-film  and  mixed-film.  The  EDS  results  corresponding  to
the  cross-section  of  the  gradient-film  are  shown  in Fig.  1(d).  The
proportion of Ti element increases linearly with the film’s thickness,
indicating  that  the  Ti3C2Tx/HPMC film has  a  continuous  gradient
variation in the content of Ti3C2Tx nanosheets. The increase rate is
related to weight ratio of Ti3C2Tx nanosheets/HPMC (Fig. S3 in the
ESM). The proportion of Ti element in the surface-M is more than
80  wt.%,  indicating  that  the  surface-M  is  composed  of  high-
conductivity Ti3C2Tx nanosheets. On the contrary, the Ti peak does
not appear in the EDS from the surface-H, verifying that the surface-
H  is  composed  of  insulating  HPMC  (Fig.  1(e)).  Furthermore,  the
EDS mapping images of gradient-film further indicate the uniform
distribution of Ti3C2Tx nanosheets in the surface-M (Fig. S4 in the
ESM). However, the proportion of the Ti element remains relatively
constant  throughout  the  entire  mixed-film,  indicating  a  uniform
blending of Ti3C2Tx and HPMC (Figs. S5 and S6 in the ESM).

Figure 1(f) provides the X-ray photoelectron spectroscopy (XPS)
results  of  pristine HPMC, pristine Ti3C2Tx film,  and gradient-film.
The  XPS  spectrum  of  the  surface-M  resembles  that  of  pristine
Ti3C2Tx film,  while  the surface-H and the pristine HPMC are also
similar  with  each  other.  Meanwhile,  the  Ti–C  doublet  peak
(454.5 and 460.4 eV) and Ti–O doublet peak (458.8 and 463.5 eV)
are detected in the Ti 2p spectra of surface-H (Fig. S7 in the ESM)
[36]. The results from both EDS and XPS confirmed the successful
preparation  of  Ti3C2Tx/HPMC  gradient-film,  showing  two
markedly  distinct  surfaces.  More  importantly,  the  content  of
Ti3C2Tx nanosheets directly affects the longitudinal resistance of the
gradient-film.  The  conductivity  of  the  gradient-film,  which  is
crucial for improving impedance matching to induce and dissipate

THz  electromagnetic  waves  within  the  gradient-film,  also  varies
with the Ti3C2Tx nanosheets content.  As shown in Table S1 in the
ESM,  the  sheet  resistance  of  the  surface-M  is  about  300  mΩ/□,
whereas  that  of  the  surface-H  surpasses  the  measuring  device’s
range limit. This confirms a longitudinal increase in resistance from
the surface-M to the surface-H of the gradient-film. 

2.2    EMI shielding performances of the film
To understand the  influence  of  the  longitudinal  impedance  of  the
gradient-film  on  the  THz  EMI  shielding,  the  THz  waves
illuminated  from  different  surfaces  of  the  gradient-film  are
analyzed.  The  average  EMI  SE  values  in  the  frequency  range  of
0.2–1.6 THz of the surface-M and the surface-H of M1H5 gradient-
film are 48.9 and 48.5 dB, respectively (Fig. S8 in the ESM). These
results  show that  the  incidence direction of  electromagnetic  waves
has  no  significant  effect  on  EMI  SE.  Moreover,  when  THz  waves
incident  from  surface-H,  the  EMI  absorption  effectiveness  (SEA)
and  reflection  effectiveness  (SER)  of  gradient-film  are  48.2  and
0.3 dB, respectively (Fig. 2(a)). The values of EMI SE, SER, and SEA
illustrate  the  incident  THz  electromagnetic  wave  has  almost  no
reflection  loss  and  transmission,  which  means  that  the  power  of
THz electromagnetic  waves  is  dissipated by the  gradient-film.  The
average  absorbed  power  loss  of  surface-H  is  91.4%,  much  higher
than the value of 25.5% of the surface-M (Fig. 2(b)). The absorption
process  can  be  described  as:  Firstly,  the  incident  THz
electromagnetic  waves  penetrate  surface-H  without  loss  due  to  an
undifferentiated  matched  impedance  between  the  surface  and  air.
Subsequently,  the  THz  waves  are  gradually  absorbed  within  the
gradient film. Finally, the unabsorbed THz waves are transmitted to
the surface M and reflected. And the reflected THz waves could be
dissipated again inside the gradient-film. The THz electromagnetic
wave  consumption  process,  called “absorb–reflect–reabsorb”
process,  is  based  on  the  mechanism  of  gradual  conductivity  to
achieve  high  absorption  of  THz  electromagnetic  waves.  However,
when  THz  electromagnetic  waves  incident  from  surface-M,  it  is
reflected  directly  on  the  surface,  resulting  in  similar  EMI  SE,  but
with a low absorption loss.

The  relationships  between  the  EMI  SE  and  the  Ti3C2Tx
nanosheets content in different Ti3C2Tx/HPMC gradient-film of the
same thickness are shown in Fig. 2(c) (more detailed EMI SE curves
are shown in Fig. S8(b) in the ESM). Specifically, the EMI SE values
of  gradient-film with different  ratios  are 53.0 dB (M1H1),  48.5 dB
(M1H5),  33.2  dB  (M1H10),  and  25.4  dB  (M1H15),  respectively.
The EMI SE value depends on the overall conductivity of the films
(Fig. S9 in the ESM). For M1H1, M1H5, M1H10, and M1H15 film,
the  average  absorbed  power  losses  are  78.1%,  91.4%,  95.3%,  and
97.2% respectively, much higher than that of the THz wave incident
from surface-M (Fig. 2(d)). Detailed absorption curves of gradient-
film with different ratio are shown in Fig. S10 in the ESM.

Despite  a  gradual  increase  in  absorption  loss  against  a  higher
proportion of HPMC, the EMI SE value of gradient-films decreases
more significantly. To further verify the EMI shielding performance
of the gradient-film in the GHz band, the illumination frequency is
reduced to 8.2–40.0 GHz, including the X band, Ku band, K band,
and Ka band (Fig.  S11 in the ESM). The M1H1 gradient-film also
exhibits a highest EMI SE value of 57.1 dB, significantly higher than
31.5  dB  of  mixed-film  with  the  same  thickness  (Fig.  S12  in  the
ESM). The EMI SE, SEA, and SER for surface-M were 39.2, 26.2 and
13.0 dB within the range of 8.2–12.4 GHz, respectively. The 26.2 dB
SEA means that only 5.0% of the incident EM wave is absorbed by
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the film (Fig. 2(e)). Both surface-M and surface-H of the gradient-
film mainly reflect GHz electromagnetic waves to achieve high EMI
SE  (Fig.  S13  in  the  ESM).  Finally,  to  highlight  the  superior  THz
electromagnetic  wave  absorption  loss  of  the  gradient-film,  the
absorbed power loss value as a function of thickness in this work is
compared  with  those  of  other  currently  reported  THz  shielding
materials (Fig. 2(f)) [9, 22, 26, 37−42]. Obviously, the gradient-film
exhibits  excellent  absorption  loss  (91.4%  of  M1H5)  with  the
thickness  of  40  μm,  which  is  much  better  than  other  THz
electromagnetic  wave  shielding  materials,  such  as  MXene  films,
CNTs films, and graphene films.

To  gain  a  more  intuitive  understanding  the  effect  of  gradient-
film  on  GHz  and  THz  electromagnetic  fields,  the  interactions
between  the  incident  electromagnetic  wave  at  different  ports  and
gradient-films were simulated by COMSOL. The simulation model
is  shown  in  the Fig.  3(a),  and  the  specific  parameters  can  be
checked in  the  ESM,  where  it  can  be  seen that  the  shielding  films
divide  the  rectangular  waveguide  cavity  into  two  regions.  The
surface-H  is  positioned  towards  the  port  1,  while  surface-M
towards  the  port  2.  The  port  1  serves  as  the  transmitting
electromagnetic wave port, and the electromagnetic wave will enter
the  gradient-film  from  the  surface-H,  and  port  2  serves  as  the
receiving port to capture the transmitted electromagnetic wave. The
modeling  results  clearly  showed  that  the  transmitting  region
exhibits a high electric field intensity (deep red area), while there is
no  signal  in  the  receiving  region  (deep  blue  area),  further
confirming  that  both  THz  and  GHz  electromagnetic  wave  will  be
blocked by the gradient-films (Fig. 3(b)). Moreover, within the THz
band,  the  electric  field  intensity  in  the  gradient-films  gradually
degrades from the surface-H to the surface-M, indicating the energy
of  THz  electromagnetic  waves  is  consumed  in  the  gradient-films.
The  power  of  incident  THz  electromagnetic  waves  decreases
continuously inside the gradient-film after penetrating the surface-

H without damage, resulting in high absorption, low reflection, and
low  transmittance  of  THz  electromagnetic  waves.  In  addition,  the
simulated absorption,  transmission,  and reflection in the ranges of
GHz  and  THz  bands  are  consistent  with  the  real  values  obtained
from the experiment, further validating the reliability of the results
(Fig.  3(c)).  Moreover,  according  to  the  results  of  simulations  and
experimental  measurements,  the  higher-frequency  electromagnetic
waves are more easily absorbed by the gradient-film, owing to that
electromagnetic waves with shorter wavelengths are more easily to
interact with the Ti3C2Tx nanosheets.

On the contrary, when port 2 serves as the electromagnetic wave
transmitting port, the electromagnetic wave will enter the gradient-
films  from the  surface-M (Fig.  3(d)).  The  transmitting  region  also
exhibits a high electric field intensity. Conversely, both the receiving
region  and  the  interior  region  within  the  gradient  film  do  not
exhibit such intensity (Fig. 3(e)). This observation further validates
that  the  THz waves  will  be  reflected  on surface-M and obstructed
by  the  films.  However,  regardless  of  the  direction  of  the  incident
GHz  electromagnetic  wave,  the  gradient-film  does  not  exhibit
excellent  absorption  properties,  verifying  previous  conclusion  that
the EMI SE of gradient-films are dominated by reflection loss (Fig.
3(f)).  The  reflection  power  loss  (R)  of  GHz  and  THz
electromagnetic  waves  on  surface-M  and  surface-H  can  be
calculated using the Eqs. (1) and (2)

ηc =

√
μ0

ε− jσ
2π f

(1)

R=

∣∣∣∣ηc −η0

ηc +η0

∣∣∣∣2 (2)

ηc η0

μ0

where  is  the surface impedance of film,  is  the impedance of
air,  is the permeability of the film, ε is the dielectric constant of
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Figure 2    Electromagnetic  interference  shielding  performance  of  the  gradient-films  (all  the  tested  samples  had  a  thickness  of  40  μm).  (a)  Total  EMI  SET,  SER,  SEA of
gradient-film in the frequency range of 0.2–1.6 THz (the SET includes the reflection and absorption parts). (b) The absorption loss of M1H5 mixed-film, surface-M, and
surface-H  of  M1H5  gradient-film.  (c)  The  average  values  of  total  EMI  SE  (SET)  in  gradient-film  with  different  Ti3C2Tx/HPMC  ratios  in  the  frequency  range  of  0.2–
1.6 THz. (d) The average absorption loss values of surface-M and surface-H in gradient-film with different Ti3C2Tx/HPMC ratios in the frequency range of 0.2–1.6 THz.
(e) The absorption loss of surface-M and surface-H of M1H5 gradient-film in the frequency range of 8.2–12.4 GHz, inset showing total EMI SE, SER, SEA of gradient-film.
(f) Comparison of the absorption loss vs. thickness between gradient-film, and other THz shielding materials (detailed data thereof are listed in Table S2 in the ESM).
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σthe  film,  is  the  surface  conductivity  of  the  film,  and f is  the
frequency  of  the  electromagnetic  waves  (10.0  GHz  or  1.0  THz).
According  to Eqs.  (1) and (2),  the  reflection  power  loss  (R)  of
gradient  films  for  THz  and  GHz  electromagnetic  waves  mainly
depends on the surface conductivity of  the film and the frequency
of  the  electromagnetic  waves.  According  to  the  simulation  and
experimental results, the equivalent conductivity of the surface-M is
defined as 20,000 S/m, while that of the surface-H is 200 S/m. The
calculated absorption losses of the gradient-film are lower than 0.15
in  the  GHz,  which  is  consistent  with  the  experimental  data  and
simulation  result.  However,  in  the  THz  band,  the  calculated
absorption loss of the gradient-film is 0.83, much higher than 0.14
of surface-M, further validating the previously proposed concept of
the “absorb–reflect–reabsorb” process.

The  M1H5  gradient-films  exhibit  the  excellent  EMI  SE  with  a
high  absorption  loss,  making  them  suitable  for  exploring  other
properties of gradient-film. As shown in Fig. 4(a), the EMI SE value
of gradient-film increases with the thickness (Fig. S14 in the ESM),
reaching  a  high  EMI SE  up  to  58.5  dB at  the  thickness  of  55  μm.
Detailed EMI SE curves within the 0.2–1.6 THz range of gradient-
films  of  various  thicknesses  are  provided  in  Fig.  S15  in  the  ESM.
Furthermore,  the absorption value also increases  with thickness  of
gradient-films,  while  that  associated with  the  surface-M shows the
opposite trend (Fig. 4(b)). As a result, with the increasing thickness
of  the  gradient  film,  the  disparity  in  the  response  to  THz  waves
between  the  two  surfaces  becomes  more  noticeable.  This  means
that  increasing  the  thickness  of  the  gradient-film  is  a  simple

approach  to  fabricating  an  excellent  EMI  SE  shielding  film  with
high absorption loss. The EMI SE values of partially-gradient-films
decrease  with  the  proportion  of  Ti3C2Tx nanosheets  on  the  initial
surface, which is related to the overall electrical conductivity of the
partially-gradient-film  (Fig.  4(c)).  As  shown  in Fig.  4(d),  the
reflection  of  the  incident  THz waves  increases  from 60% to  100%
(the initial content of Ti3C2Tx nanosheets on the surface of surface-
H  is  60  wt.%)  partially-gradient-film,  preventing  them  from
entering  the  interior  of  the  partially-gradient-film.  However,
reducing the Ti3C2Tx nanosheets content in the surface of surface-H
of  the  partially-gradient-film  can  reduce  the  impedance  mismatch
and enhance THz wave absorption loss. 

2.3    Infrared emission performances of the film
To  explore  the  comprehensive  characteristics  of  the  various
fabricated  films  over  a  wide  infrared  wavelength  range  (2.5–
16.7  µm),  their  thermal  emission  properties  were  evaluated  using
Fourier transform infrared (FTIR) spectrometers equipped with an
integrating  sphere  (Fig.  5(a)).  According  to  previous  report  [43],
Ti3C2Tx film  is  provided  with  a  high  damping  constant  and  low
refractive  index,  similar  to  metallic  materials,  resulting  in  the  high
infrared  light  reflection  over  a  wide  wavelength  range.  The
aforementioned  experimental  results  demonstrate  that  the
absorption  value  of  gradient-film  in  surface-H  is  95.5%,  much
higher than that of the surface-M (43.2%), confirming that gradient-
film is  also  provided with  high absorption in  the  infrared band of
2.5–16.7 µm (Fig.  5(b)).  The terminal active groups on the surface
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of Ti3C2Tx nanosheets, such as –F, –OH, and –O, demonstrate the
ability to absorb infrared electromagnetic waves [43]. Additionally,
the molecular chains of HPMC can achieve strong absorption losses
for  infrared  electromagnetic  waves  through  various  functional
groups, including –OH, C–O–C, and C–H [44]. Unlike the Cu film
or  pristine  Ti3C2Tx film,  the  gradient-film  can  absorb  most  of  the
energy  of  infrared  waves,  similar  to  a  black  absorber  made  up  of
CNT film. Moreover, the average absorption values of the gradient-
films  (the  surface-H  and  surface-M)  with  varying  thicknesses
including  20,  40,  and  55  µm  are  shown  in Fig.  5(c).  Clearly,  the
absorption of the gradient-films is independent of the film thickness
within  the  considered range.  In  addition,  after  the  gradient-film is
divided into two halves,  the surface-H and surface-M were heated
to  50,  100,  and  150  °C  and  held  there  for  5  min  using  a  thermal
stage. The temperatures of the thermal stage, the surface-H, and the
surface-M  are  shown  in Fig.  5(d).  The  temperatures  of  surface-H
measured  at  49.0,  98.5,  and  149.3  °C,  corresponding  to  thermal
stage  of  50,  100  and  150  °C,  respectively.  However,  the
temperatures  of  the  surface-M  are  31.5,  45.5,  and  78.0  °C,  much
lower than that of the thermal stage. The result further verifies that
the surface-H of gradient-film possesses the high-absorptivity in the
infrared  band  ranging  from  2.5  to  16.7  μm,  while  the  surface-M
reflects most of the infrared wave. The infrared radiation images for
gradient-films, mixed-films, CNT film, and Cu film at 50, 100, and
150  °C  were  captured  by  an  infrared  thermal  camera  (Fig.  5(e)).
The  surface-H,  like  the  CNT  film,  can  be  detected  at  higher
temperatures  of  all  testing  temperatures,  intuitively  demonstrating
the surface-H is  equipped with high absorptivity  of  infrared band.
While  the  surface-M,  mixed-film,  and  Cu  metal  remain  notably
cooler  than  the  surface-H  and  CNT  film,  this  temperature
difference  makes  them  less  detectable  by  the  infrared  thermal
camera  imaging,  primarily  due  to  their  limited  thermal  radiation.
Most  interestingly,  gradient-film  could  not  only  be  used  as  an
infrared  absorption  device  (high-absorptivity,  surface-H),  but  also
effectively  hide  itself  from  infrared  detection  (limited  thermal
radiation, surface-M).

Mechanical properties serve as crucial indicators in determining
the extensive applicability of gradient-films. The tensile stress–strain
curves  of  gradient-film  are  shown  in  Fig.  S16(a)  in  the  ESM.  The
M1H5,  M1H10,  and  M1H15  gradient-film  exhibit  remarkable
tensile stress and tensile strain separately of 173.1, 183.1, 167.8 MPa,
and  6.9%,  9.2%,  12.5%  at  the  film  thickness  of  approximately
40 μm, which are superior to the M1H1 gradient-film and pristine
Ti3C2Tx film.  These  results  confirm  that  the  HPMC  has  the
capability  to  enhance  the  arrangement  of  Ti3C2Tx nanosheets  and
form  hydrogen  bonds  with  them.  This  interaction  contributes  to
the improvement in the mechanical properties of the gradient film,
as illustrated in Fig.  S16(b) in the ESM. In addition, the calculated
Young’s modulus and toughness versus Ti3C2Tx nanosheets content
in different Ti3C2Tx/HPMC gradient-film are shown in Fig.  S16(c)
in the ESM. The highest Young’s modulus of 2.8 GPa and highest
toughness  of  17.05  MJ/m3 were  attained with  M1H5 and M1H15.
Obviously,  the  addition  of  HPMC  comprehensively  improves  the
mechanical  properties  of  the  gradient-film,  enabling  its  flexibility
and applicability. 

3    Conclusions
In  summary,  we  report  a  novel  assembly  process  to  construct
Ti3C2Tx/HPMC  gradient-films  with  longitudinal  gradient
conductivity  for  electromagnetic  interference  shielding.  The

“absorb–reflect–reabsorb” process  exhibited  by  the  gradient-films
greatly  improved  the  absorption  loss.  After  undergoing  the
“absorb–reflect–reabsorb” process,  the  gradient-film  achieved  a
power loss coefficient of A close to 0.91 within the frequency range
of  0.2–1.6  THz.  Furthermore,  the  gradient-film  demonstrated  an
absorption loss value of 95.5% in the infrared band of 2.5–16.7 µm.
Additionally,  the  tensile  stress  value  of  the  M1H5  gradient-film  is
an excellent 173.1 MPa,  400% higher than that of  pristine Ti3C2Tx
film.  Thus,  the  ultra-thin  and  high-EMI  SE  gradient-film  hold
tremendous potential  for  applications in the fields  of  sophisticated
and miniaturized THz electronic devices. 

4    Experimental section
 

4.1    Preparation  of  Ti3C2Tx  nanosheets  and  HPMC
solution
Ti3C2Tx nanosheets  were  obtained  by  etching  the  Ti3AlC2 (MAX)
precursor powder. Firstly, 2 g LiF was dissolved in 30 mL 9 M HCl
solution in a polytetrafluoroethylene container and stirred for 0.5 h
at  35  °C.  Then,  the  2  g  MAX  powder  was  slowly  added  to  the
mixing  solution  and  continuously  stirred  for  24  h  for  etching  Al
from  Ti3AlC2.  The  rinsed  reactants  were  freeze-dried  for  24  h  to
obtain Ti3C2Tx/Ti3AlC2 sediment powder. Finally, sediment powder
was  added  to  deionized  water,  centrifuged  at  8000  rpm  after
ultrasound, and the Ti3C2Tx nanosheets powder was obtained after
freezing.  HPMC solution  was  obtained  by  adding  HPMC powder
to  deionized  water  and  stirring  continuously  for  12  h  at
60 °C. 

4.2    Preparation  of  Ti3C2Tx/HPMC  gradient-film,  mixed-
film, and partially-gradient-film
For  the  preparation  of  gradient-film,  the  Ti3C2Tx nanosheets
powder  (9.4–75  mg)  was  dispersed  in  deionized  water,  ultrasonic
for  30 min,  and then poured into the vacuum filtration container.
During  the  filtration  process,  40  mL  HPMC  solution
(concentration 1.75–3.5 mg/mL) was continuously injected at a rate
of  2  mL/h  into  the  Ti3C2Tx nanosheets  solution  using  a  syringe
pump. The gradient-films were obtained by directly stripping from
the  filter  paper.  These  gradient-films  exhibited  increasing  Ti3C2Tx
nanosheet concentration from the surface-H to the surface-M.

For  the  preparation  of  mixed-film,  10  mL  Ti3C2Tx nanosheets
solution (0.94–7.5 mg/mL) was added into 40 mL HPMC solution
(1.75–3.5 mg/mL) with ultrasonic stirring for 30 min. Subsequently,
the  mixture  was  treated  by  a  vacuum  filtration  for  fabricating  the
mixed-films. Partially-gradient-films were achieved by adjusting the
proportion of Ti3C2Tx nanosheets/HPMC and the injection rate of
HPMC  solution.  The  fabricating  method  for  partially-gradient-
films followed a similar approach to that of gradient-films, with the
difference  being  the  replacement  of  the  surface-H  with  a  surface
featuring a different proportion of nanosheets/HPMC content. The
80  wt.%  to  100  wt.%,  60  wt.%  to  100  wt.%,  40  wt.%  to  100  wt.%,
20  wt.%  to  100  wt.%,  and  0  wt.%  to  100  wt.%  partially-gradient-
films  corresponded  to  films  where,  in  addition  to  the  Ti3C2Tx
nanosheets  content  on  the  surface-M  remaining  at  100  wt.%,  the
contents  on  the  initial  surface  were  80  wt.%,  60  wt.%,  40  wt.%,
20 wt.%, and 0 wt.%, respectively. 

4.3    Characterization
The micromorphology of the Ti3C2Tx nanosheets, mixed-film, and
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gradient-film  were  investigated  by  field-emission  SEM  (FE-SEM,
Hitachi,  S-4800).  The  element  contents  of  the  surface-M  and
surface-M  of  gradient-film  and  mixed-film  were  investigated  by
EDS  equipped  on  SEM  systems.  XRD  (Bruker,  D8  ADVANCE)
with Cu Kα radiation was used to measure the structures of Ti3C2Tx
nanosheets  and  gradient-film.  The  chemical  bonds  and  chemical
states of the samples Ti3C2Tx nanosheets, Ti3C2Tx film and gradient-
film  were  analyzed  by  Raman  spectrometry  (HORIBA,  LabRAM
HR) and XPS (Thermo Scientific,  ESCALAB 250Xi).  The EMI SE
in  the  GHz  band  (8.2–40.0  GHz)  and  THz  band  (0.2–1.6  THz)
were  measured  in  air  using  a  network  analyzer  (N5232,  VNA,
Keysight),  and  a  fiber-coupled  THz  time-domain  spectroscopy
system  (THz-TDS;  BATOP,  TDS  1008),  respectively.  In  the  THz
shielding test,  the air absorption loss of THz electromagnetic wave
was  first  tested  and  set  as  a  reference  value.  The  actual  THz
shielding  effectiveness  of  samples  was  obtained  by  deducting  the
reference  value  from  the  measured  THz  shielding  results.  The
COMSOL  software  was  used  to  carry  out  the  simulation  of  the
electromagnetic  wave  shielding  process.  The  temperatures  were
determined,  and  the  infrared  images  were  captured  by  infrared
thermal imager (Hikmicro, K-20). The absorption of samples in the
infrared  band  was  measured  evaluated  using  FTIR  spectrometers
equipped  with  integrating  spheres  (Bruker,  Vertex,  70).  The
mechanical  properties  were  tested  on  a  universal  testing  machine
(Instron,  5943).  Detailed  sample  parameters,  test  methods,  and
calculation  formulas  of  all  characterizations  were  shown  in  the
ESM. 

Electronic  Supplementary  Material: Supplementary  material
(detailed  sample  parameters  and  test  methods  for  GHz  and  THz
wave;  the  specific  parameters  and  methods  of  electromagnetic
simulation  by  COMSOL  software;  micromorphology
characterization  of  the  Ti3C2Tx nanosheets,  mixed-film  and
gradient-film)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907041. 
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