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3D Architectural MXene-based Composite Films for Stealth
Terahertz Electromagnetic Interference Shielding
Performance

Vaskuri C. S. Theja, Dani S. Assi, Hongli Huang, Raghad Saud Alsulami, Bao Jie Chen,
Chi Hou Chan, Chan-Hung Shek, Vaithinathan Karthikeyan,* and Vellaisamy A. L. Roy*

The terahertz frequency range is gaining popularity in security, stealth technol-
ogy, and the future 6G network communication. For the control of severe tera-
hertz electromagnetic interference (EMI) pollution, frequency-selective stealth-
capable shielding materials are being explored to mask terahertz signals.
For the realization of masking terahertz signals, the robustness, lightweight,
and shape-conformable materials with excellent terahertz EMI shield-
ing/absorption are crucial. Here, the study reports the fabrication of 3D sym-
metric pyramidal architectural MXene composite films with frequency-selective
stealth performance characteristics via the facile drop casting method. With
the high absorption capability of 2D MXene layers, the MXene composite films
exhibit substantial terahertz stealth performance. 3D pyramidal microstructure
design leads to frequency selective surface-assisted reflection resonance in the
frequency range of 0.6–1.1 THz. The MXene composite film demonstrates an
outstanding maximum terahertz shielding effectiveness (SE) of up to 70.4 dB
and a specific SE of 0.55 dB μm−1. These terahertz SE values exceed all of those
for MX-based shielding material designs reported in the literature. The inves-
tigation will open a new direction toward developing terahertz EMI shielding
thin films with easy integration into any surface for stealth capabilities.

1. Introduction

The terahertz frequency band of 0.1–10 THz in the electromag-
netic (EM) spectrum is gaining interest in frontier applications
such as security screeners, radar systems, optoelectronic devices,
and the development of future wireless communication.[1–4]
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Wireless transmission of signals in the
0.1–1 THz frequency range, often known
as the terahertz band, has been exten-
sively researched for several applications
such as nondestructive imaging, high-
resolution radar stealth devices, and com-
munication in the 6G era and beyond.[5]

Terahertz technology also plays a ma-
jor role in national security operations,
where terahertz frequency radars are
used to find, locate, and track stealth ve-
hicles and aircraft.[6,7] Unlike the cur-
rent microwave frequency-assisted wire-
less communication networks, the de-
velopment of 6G telecommunication re-
quires terahertz frequency bandwidths
for their high data bit transfer rates.[2]

This rapid development in terahertz tech-
nology urges control measures like ter-
ahertz shielding and stealth capabilities
to secure future intelligent and innova-
tive electronic systems.[4,8–11] The elec-
tromagnetic interference (EMI) shield-
ing materials exhibit the absorption
and reflection of incoming EM waves
by blocking the penetration across the

shielding layers.[12] Thus, achieving state-of-the-art terahertz
shielding requires absorber films of high electrical conductivity,
flexible architectural design, low density, low cost and easy pro-
cessing, corrosion resistance, and excellent thermal and mechan-
ical stability.[3,12,13]
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According to previous reports, traditional EMI shielding ma-
terials can be divided into two main categories, namely, i) metals
and metal matrix composites (MMCs) and ii) polymer-carbon-
based composites.[4,9] However, the main drawbacks of metals
and MMCs are their high specific weight, high density of de-
fects, susceptibility to oxidation and corrosion, high cost, and
low flexibility.[4,9] In this case, polymer-carbon filler composites
are the best choice for vehicles and aircraft with EMI shielding
due to their improved electrical conductivity, flexibility, low den-
sity, high stability (both thermal and mechanical), and interfa-
cial boundary scattering of the incident EM waves.[3] Traditional
polymer-carbon-based composites show high absorption-based
EMI shielding effectiveness (SE); however, they are unfavorable
at terahertz bandwidth absorption, and the processing difficul-
ties of carbon material with solvent cause agglomeration of car-
bon structures and bonding with host due to the lack of func-
tional groups.[3,9] In general, EMI shielding with frequency se-
lective surface (FSS) is a popular design strategy for achieving
strong shielding efficiency in the specific resonance bandwidth
frequency.[1,14] Recently Hlaing et al.[1] designed a carbon-based
3D pyramidal periodic architecture for improved FSS terahertz
shielding with plasmonic enhancements. Choi et al.[14] developed
a slot antenna array filled with MXenes that achieved a strong res-
onance at specific frequencies in the terahertz frequency regime.

2D MXene materials are being exploited consistently for
various electronic applications due to their characteristics of
the layered lamellar structure, good dispersibility, large spe-
cific surface area, high permselectivity, high electrical conduc-
tivity, and tuneable surface chemistry.[8,15–19] Another advantage
is that MXenes have a metallic character due to the transi-
tion metal atoms with partially occupied d-shells.[20] MXene-
based composites are also explored in applications like improv-
ing fire retardancy, mechanical stability, thermoelectric perfor-
mance, and lowering toxic gases.[21–23] Furthermore, MXene
shows better terahertz absorption performance than graphene
due to the distinct electronic density of states around the
Fermi level.[24] MXenes are explored in EMI shielding appli-
cations, especially terahertz broadband shielding, due to their
high electrical conductivity and intrinsic radiation absorption
capacity.[8,11,24–28] Due to their high electrical conductivity, MX-
enes exhibit multiple reflection mechanisms between layers
and contribute to secondary interferences, which can be recti-
fied by either structural design or composite strategies.[18] Var-
ious structural designs such as thin film,[4,11,19,29] solid pellet,[30]

porous film,[31] foam,[7,8,32,33] sponge,[26,34] fabric,[35] aerogel,[36,37]

membrane,[9,16,38] and paint[39] are explored for MXenes to at-
tenuate electromagnetic interference. Structural design helps
to produce a higher absorption-to-transmission ratio, interfacial
scattering, and multiple reflective surfaces, successfully miti-
gating secondary EMI pollution.[19] Many studies suggest that
MXene-polymer composites show excellent EMI shielding effi-
ciency by eliminating interference associated with state-of-the-
art EMI shielding materials.[13,19,26,32,34] Lin et al.[8] fabricated
MXene foam doped with Zn ions and graphene oxide for THz
shielding and demonstrated a maximum EMI SE of 51 dB in an
85 μm thickness foam sample. Bai et al.[26] fabricated Ni/MXene
decorated polyurethane sponge for ultrahigh terahertz shield-
ing and demonstrated a maximum EMI SE of 69.8 dB in an
8 mm thickness sample. Furthermore, Wang et al.[32] fabricated

epoxy/MXene/C foam nanocomposites for GHz shielding and
showcased an improved EMI SE by increasing the concentration
of MXenes then demonstrated a maximum EMI SE of 46 dB in
1.64 wt.% MXene added composite.

In this work, we demonstrated the development of a 3D pyra-
midal architecture of polyimide-2D MXene composite ultra-thin
flexible films with high stealth terahertz shielding performance.
As demonstrated by the researchers mentioned above, the addi-
tion of 2D MXenes in composite films strongly enhanced the
absorption and interfacial multiple reflections of the terahertz
radiation. The flexible 3D pyramidal architecture we developed
helps achieve a selective range for FSS-assisted terahertz shield-
ing in the band of 0.6–1.1 THz. Thus, the 3D architecture and 2D
MXene-based composite facilitates the development of the next-
generation ultralight, shape conformal, and scalable frequency
selective surface for intense stealth EMI terahertz shielding tech-
nologies.

2. Results and Discussion

This study uses 2D layered MXenes of Ti3C2Tx powder to fabri-
cate the 3D architected composite thin films. We synthesized the
MXenes by a facile top-down approach, i.e., selective chemical
etching route, due to the ease of synthesis, low-cost preparation,
and affluence handling.[20] The complete demonstration of the
synthesis of MXene powder and fabrication of flexible PI/MXene
film is described in the Experimental Section. Through the drop-
casting method, ultrathin films of the 3D pyramidal architecture
are fabricated with a total thickness of 110 μm (≈80 μm pyramid
and ≈30 μm film). XRD phase analysis on the MAX powder and
composite films prepared under various concentration ratios of
PI/MXene are shown in Figure 1a. XRD peaks for different ra-
tios of composite thin films confirm the presence of the MXene
phase by observing the standard (002) peak. The XRD shows that
the (002) plane moves toward the lower 2𝜃, suggesting the suc-
cessful exfoliation and etching of the MAX phase formed without
Al contaminants in MXene powder.

To understand the complex bonding vibrations in composites
with different ratios of the ingradients, we carried out FTIR trans-
mittance spectra of all the thin films, as shown in Figure 1b.
The observed peaks of the polyimide phase at 720, 1365, 1778,
and 1717 cm−1 correspond to C═O bending during the forma-
tion of the imide ring while preparing the PI solution, C─N
stretching, C═O asymmetric stretching, and symmetric stretch-
ing, respectively.[1] For all the composite films with different
PI/MXene ratios, we observed the characteristic transmittance
peaks of MXene (Ti3C2Tx) at 550, 1200, and 2400 cm−1 relating
to Ti─O, Ti─O─C, and C─H bond vibrations, respectively. As
shown in Figure 1c, Raman spectroscopy reveals the presence
of characteristic Ti3C2Tx (E1

g mode at 156 cm−1 and Eg mode at
400 cm−1) peaks and carbon (D band at 1352 cm−1 and G band
at 1579 cm−1) peaks in all the composite samples.[40,41] The Ra-
man peak at 156 cm−1 (E1

g mode) arises from the in-plane vi-
brations of Ti2 and C atoms from MXene in all samples,[41] as
illustrated in the inset of Figure 1d. G-band appears in higher
intensity than the D-band in all the films, and this signifies the
dominance of in-plane vibrations of the sp2-bonded carbons. As
shown in Figure 1d, the electrical conductivity increased with in-
creasing concentration of MXenes in the composite films.
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Figure 1. a) XRD, b) FTIR spectra, c) Raman spectra, and d) electrical conductivity of the PI-x% MXene samples (x = 5, 10, 20, 40, and 80).

We measured terahertz radiation’s reflection and transmis-
sion modes directed onto the fabricated thin films, as demon-
strated in Figure 2a. The terahertz radiation interaction with the
fabricated composite films is illustrated in Figure 2b. Figure 2c
shows the full-size optical micrograph of the fabricated com-
posite thin film. The measured density is ≈0.1 g cc−1 in all
the films, indicating the success of facile fabrication of ultra-
lightweight film. By comparing Figure 2d,e, the FESEM micro-
graphs show the surface morphology of pyramids before and
after thermal imidization, respectively, the presence of the or-
ganic dendritic structure before imidization, is observable. The
FESEM micrograph shown in Figure 2f confirms the evenly dis-
tributed 3D pyramidal structures. As shown in Figure 2g, the
film appears homogenous at higher magnification, with neither
pores nor pits and the complete filling of the pyramids by the
drop-casting process. Figure 2h shows the backscattered elec-
tro (BSE) image of the film and depicts the homogeneously dis-
tributed MXene layers in the PI matrix. The inset of Figure 2h
shows the synthesized MXene layers in higher magnification.
Figure 2i shows the BSE mode SEM micrographe with a clear
contrast between MXene and PI, and depicts the multilayer MX-
ene stacking clearly. Figure 2j shows the elemental mapping of
the area corresponding to that shown in Figure 2i. The area rich
in Ti element represents MXene phase, and that with N ele-
ment represents PI phase. Raman mapping of 156 cm−1 peak,
as shown in Figure 2k, reveals the homogeneous distribution of
MXene layers.

The XPS survey spectra of MXene, PI, PI/MXene composite
shown in Figure 3 confirm the presence of Ti, C, F, O, and N
peaks. As shown in the XPS survey spectrum in Figure 3a, the
N1s peak is the characteristic peak, differentiating the MXene
from its composite and indicating the adequate mixing of PI and
MXene in the composite material.[42] The deconvoluted core level
individual XPS spectra of elements (Ti2p, C1s, N1s, O1s, and F1s)
are shown in Figure 3b–f.

The skin depth under the surface of a conductor is the depth
at which the electric field’s strength drops to (1/e) of the incident
strength. The skin depth is calculated using Equation (1).

𝛿 = 1√
𝜋f 𝜇𝜎

(1)

where 𝛿 is the skin depth, f is the frequency, μ is the magnetic per-
meability (μ = μoμr), μo = 4𝜋 × 10−7 H m−1, for MXene relative
magnetic permeability, μr ≈ 1, and 𝜎 is the electrical conductiv-
ity of the material. If the film thickness is lower than the skin
depth, the effect of multiple reflections reduces and deteriorates
the overall shielding capability.[1] As shown in Figure 4a, in the
40% and 80% MX films, the calculated skin depth is lower than
the thickness of the films; therefore, there is no deterioration of
the contribution of multiple reflections to the EMI shielding. The
Reflection Loss (also called Return Loss or reflection EMI SE) in
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Figure 2. a) THz measurement modes. b) Schematic of THz wave and film interactions. c) Optical micrograph. d,e) SEM micrographs of film pyramid
before and after imidization. f,g) SE mode SEM micrographs. h,i) BSE mode SEM micrographs. j) Elemental mapping of MXene. k) Raman mapping of
PI-80% MXene film.

dB from the measured reflection data can be calculated using
Equation (2).

SER (or) RL = 10 log
[

Esam (𝜔)

Eref (𝜔)

]
(2)

where Esam(𝜔) and Eref(𝜔) are the intensity of the reflection sig-
nals from the sample and reference, respectively. According to
Figure 4b, Reflection Loss increases with increasing the concen-
tration of MXenes. The rising concentration of MXenes gives rise
to more interfaces for multi-reflection/scattering sites for inci-
dent EM waves. Additionally, the periodic symmetric 3D pyra-
midal architecture assists in developing the FSS region for se-
lectively resonating at a specific THz band.[1] The FSS-assisted
band of 0.6–1.1 THz is strongly shielded (high RL), shown as the
shaded region in Figure 4b. Besides the FSS bandwidth region,
the RL are almost constant throughout the measured frequency
range in all the composite films.

The THz regime’s total EMI shielding (SET) is measured from
the transmission signal data using Equation (3).

SET = 20 log
[

Esam (𝜔)

Eref (𝜔)

]
(3)

where Esam(𝜔) and Eref(𝜔) are the intensity of the transmission
signals from the sample and reference, respectively. As shown
in Figure 4c, the total terahertz EMI shielding is improved with
increasing the concentration of MXenes and terahertz frequency
range. Our results demonstrate a maximum EMI SE of 70.8 dB
at 2THz in the PI-80% MXene composite film. As mentioned in
Table 1, our measured average SE of 60.3 dB is higher than all
previously reported values of MXene-based terahertz shielding
materials. All the composite films tested in our study have to-
tal EMI shielding values higher than the qualified shielding effi-
ciency (>10 dB) in the whole range of the terahertz band.[43] In
these composite films, the characteristics of high electrical con-
ductivity, strong absorption, 3D pyramidal FSS reflective surface,
multiple internal reflections, and interfacial MXene layers scat-
tering together contribute to the high stealth EMI shielding in
the terahertz region. Enhancement of the electrical conductiv-
ity is one of the primary reasons for the increase in total EMI
SE due to the increasing content of MXenes. The calculated spe-
cific shielding effectiveness (SSE) in the 0.1–2.0 THz band re-
gion is 0.55 dB μm−1. As shown in Table 1, measured SSE is
relatively high with a larger terahertz band compared with the
MXene-based materials reported in the literature. The total SE re-
sults from the reflection and absorption of incident EMI waves.
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Figure 3. XPS analysis a) survey scan and b–f) core level spectrums of individual elements (Ti2p, C1s, N1s, O1s, and F1s) in the PI-80% MXene composite
film.

Figure 4. a) Skin depth. b) Reflection loss. c) Total EMI shielding effectiveness. d) Absorption and reflection contributions [color = absorption, grey =
reflection]. e) Change in resistance in terms of bending cycles. f) Comparison of various reported MXene-based films EMI shielding.

Adv. Mater. Interfaces 2023, 2300440 2300440 (5 of 8) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Table 1. Comparison of various reported EMI SE performances in the THz regime.

Material Measured Band [THz] Average SE [dB] Thickness [μm] Specific SE [dB μm−1] Reference

MX/MWCNT/PVA film 0.2–2.0 20.3 42 0.48 [3]

MX filtration film 0.3–0.7 70 25 2.80 [4]

MX/GO foam 0.2–2.0 30.6 4000 0.007 [7]

MX/Zn foam 0.2–2.0 51 85 0.60 [8]

MX/Ag/PAN fiber membrane 0.2–1.2 12.2 3.85 3.17 [9]

MX/rGO film 0.37–2.0 43.2 148 0.29 [11]

MX/Ni/PU sponge 0.1–2.2 42.7 1000 0.04 [26]

MX/PGPDMS aerogel 0.5–3.0 57.5 1000 0.06 [36]

MX/PAL waterborne paint 0.2–1.6 50.5 38.3 1.32 [39]

MX/PA film 0.2–1.6 52.7 20 2.63 [43]

MX/PI film 0.1 – 2.0 60.3 110 0.55 This work

Therefore, we calculated the reflection and absorption of EMI SEs
to understand their contributions and the dominance of struc-
tural design toward total EMI SE. According to Figure 4f, our
study reported that maximum EMI SE is the highest, compared
with the literature reported MXene-based EMI shielding devices.

The contribution of absorption toward total SE can be calcu-
lated from Equation (4).

SEA = SET − SER (4)

Figure 4d demonstrates that absorbance EMI SE increases
with increasing terahertz frequency. From Figure 4d, it is also
understandable that absorbance contributes more than reflection
toward total EMI SE in most of the films, which makes films
stealth-capable. The interaction of highly mobile MXene charge
carriers with incident EMI waves helps attain high absorption
EMI SE performance. Therefore, the strong terahertz absorption
capability and FSS-assisted wide THz bandwidth gives rise to very
promising terahertz stealth performance.[7] To check the fabri-
cated thin film performance stability and shape conformability,
we measured the change in internal electrical resistance in terms
of the number of bending cycles with a bending angle of 180°.
As shown in Figure 4e, the percentage change in electrical resis-
tance with the number of the bending cycles is not significant
(only ≈5% increase) up to 500 bending cycles. The inset images
of Figure 4e demonstrate the flexibility of thin film over 0-, 90-,
and 180-degree bending and relaxation of the film. Our detailed
study highlights the material synthesis, facile 3D patterned film
fabrication, outstanding terahertz EMI shielding , strong stealth
performance, performance stability, and ultra-flexibility of the
PI/MXene composite films.

3. Conclusion

In summary, we have synthesized and demonstrated 3D pyra-
midal architecture, ultralight weight, shape conformability, and
FSS-assisted PI/MXene composite thin films with ultrahigh
stealth terahertz shielding effectiveness. Symmetric 3D pyrami-
dal architecture provides a FSS-assisted reflective terahertz res-
onance band. We successfully demonstrate a 3D architecture-
dependent high reflection loss in the terahertz band of 0.6 to 1.1
THz in all the films. An optimized PI/ 80% MXene composite

film ratio demonstrates an ultrahigh EMI SE of 70.4 dB and an
average EMI SE of 60.3 dB with a specific shielding effectiveness
of 0.55 dB μm−1. We believe this work will give insights into devel-
oping next-generation stealth terahertz EMI shielding thin films
for vehicles and aircrafts.

4. Experimental Section
Synthesis of MXene: The following chemicals were used for the MX-

ene synthesis: Ti3AlC2 (MAX) powder (size: 25 μm, purity: ≥90%) pur-
chased from XFNANO Materials Tech Co. Ltd.; concentrated 9 m HCl and
LiF purchased from Sigma Aldrich. The present work synthesized Ti3C2Tx
(MXene) by conventional etching and exfoliation of the MAX phase. The
MAX powder was slowly added to the solution containing 3.6 g of LiF
and 40 ml HCl. Then, the solution wascontinuously stirred (magnetic stir-
ring at 400 rpm) at 35 °C for 24 h. The stirred solution was centrifuged
at 3500 rpm for 10 min, the resultant sediment was collected, and the
supernatant was decanted. The consequent sediment was redispersed in
100 mL of deionized water and repeated centrifugation. The redispersion
and centrifugation steps were repeated until the solution color changed to
green and the pH of the solution dropped below 5. The resulting MXene
solution was ultra-sonicated for 30 min to further delaminate the multi-
layered Ti3C2Tx MXene. Finally, the centrifugation step was repeated for
1 h, and collected the sediment, which was then dried at 50 °C for 12 h.

Synthesis of PI/MXene Films: The complete synthesis route of PI-x%
MXene (x = 5, 10, 20, 40, and 80) composite films from MX synthesis to
film fabrication is shown in Figure 5. The following chemicals were used for
the PI/MXene film synthesis: Synthesized MXene powder, organo-soluble
polyimide (PI) powder, and dimethyl formaldehyde (DMF). PI powder of
1.5 wt.% was first added to 10 ml of DMF solvent, the solution was then
stirred vigorously for 12 h at room temperature. The transparent pale-
yellow solution was separated into five bottles, and then different concen-
trations (wt.% = 5, 10, 20, 40, and 80) of MXene powder were added to
the bottles, which were labeled as MX5, MX10, MX20, MX40, and MX80,
respectively. Each of these labeled solutions were stirred for a further 12 h
at room temperature to ensure homogeneous mixing.

The facile drop-casting method were used to form the thin films, and
the whole synthesis process was conducted under an inert environment in
a glove box to avoid the contamination and bubble formation in the films.
One of the labeled homogeneous solutions was slowly poured into the 3D
pyramidal architecture mold, which was placed on a hot plate set at a tem-
perature of 80 °C for 24 h to evaporate the organic solvent completely. The
formed film was then carefully peeled off. The same drop-casting method
was repeated for all other labeled solutions separately. Thermal imidiza-
tion was done to the films peeled from the films mold to remove un-
wanted residual organic molecules and hydrogen-bonded solvents in the
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Figure 5. Schematic diagram of the complete synthesis procedure from MXene synthesis to film fabrication.

thin films.[44,45] These films were annealed under vacuum at 100, 200, and
300 °C for 1 h at each temperature sequentially to evaporate the retained
organic molecules.

Characterization: The structural investigation and phase identifica-
tion were conducted with the X-ray powder diffraction technique (Model:
Bruker D2 Phaser XE-T XRD 2nd gen) with a Lynxeye detector using CuK𝛼

radiation of wavelength 1.5406 Å. Diffraction patterns were collected from
2𝜃 of 10 to 70° with a step size of 0.02°. The Raman spectra and map-
ping were recorded in the Raman system (Model: WITec RAMAN alpha
300R) using an excitation of cobalt DPL laser wavelength of 532 nm.
Fourier transformation infrared spectrometry (Model: Nicolet iS50 FTIR
Spectrometer) was performed in transmittance mode. The X-ray photo-
electron spectrometry (Model: Thermo Fisher ESCALAB XI+ XPS) was per-
formed to investigate the phase interactions and their bondings. The den-
sity of the films was calculated using the standard Archimedes method.
The microstructure and the surface morphology were captured in the FE-
SEM (Model: Hitachi SU8240). The elemental distribution was analyzed
with the energy dispersive X-ray spectroscopy (EDAX) attached to the FE-
SEM. The Hall measurement (Model: Lakeshore Hall setup) measured
the room temperature electrical conductivity in the −2T to +2T magnetic
field range. THz time-domain spectroscopy (Model: TOPTICA Photonics)
was used to determine the optical characteristics. A femtosecond laser
with the maximum of frequency of 3.5 THz (116 cm−1) and more excellent
spectral resolution better than 2.5 GHz (0.08 cm–1) was used for the THz
spectroscopic measurements. Real-time data acquisition with ten spectra
per second promptly generated information of transmission and reflec-
tion modes. The film flexibility and stability were evaluated based on the
change in resistance (Model: FLUKE 77 series multimeter) over the num-
ber of bending cycles.
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Zdrojek, J. Appl. Polym. Sci. 2021, 138, 49962.

[30] J. Diao, J. Yuan, Z. Cai, L. Xia, Z. Cheng, X. Liu, W. Ma, S. Wang, Y.
Huang, Carbon 2022, 196, 243.

[31] Q. Chen, B. Fan, Q. Zhang, S. Wang, W. Cui, Y. Jia, S. Xu, B. Zhao, R.
Zhang, Ceram. Int. 2022, 48, 14578.

[32] L. Wang, H. Qiu, P. Song, Y. Zhang, Y. Lu, C. Liang, J. Kong, L. Chen,
J. Gu, Compos. Part A: Appl. Sci. Manuf. 2019, 123, 293.

[33] M. Luo, J. Guo, W. Shui, Y. Tan, H. Huang, Q. Yang, H. Zhang, X.
Deng, Q. Y. Wen, Adv. Mater. Interfaces 2023, 10, 2201767.

[34] W. Shui, J. Li, H. Wang, Y. Xing, Y. Li, Q. Yang, X. Xiao, Q. Wen, H.
Zhang, Adv. Opt. Mater. 2020, 8, 2001120.

[35] S. Uzun, M. Han, C. J. Strobel, K. Hantanasirisakul, A. Goad, G. Dion,
Y. Gogotsi, Carbon 2021, 174, 382.

[36] Q. Xie, Y. Zhao, D. Liang, L. Zhang, Q. Wen, F. Tang, M. Hu, L. Deng,
P. Zhou, ACS Appl. Mater. Interfaces 2022, 14, 51.

[37] Y. Fei, X. Wang, F. Wang, W. Xie, Q. Wen, X. Xiao, Chem. Eng. J. 2023,
461, 142049.

[38] T. Feng, Y. Hu, X. Chang, W. Huang, D. Wang, H. Zhu, T. An, W. Li,
K. Meng, X. Lu, B. Roul, S. Das, H. Deng, K. I. Zaytsev, L. G. Zhu, Q.
Shi, ACS Appl. Mater. Interfaces 2023, 15, 7592.

[39] H. Wan, N. Liu, J. Tang, Q. Wen, X. Xiao, ACS Nano 2021, 15, 13646.
[40] A. Iqbal, N. M. Hamdan, Materials 2021, 14, 6292.
[41] R. Liu, W. Li, ACS Omega 2018, 3, 2609.
[42] Y. Zhou, Y. Wang, Y. Wang, X. Li, Anal. Chem. 2020, 92, 16033.
[43] Z. Cheng, Y. Cao, R. Wang, X. Liu, F. Fan, Y. Huang, J. Mater. Chem. A

2023, 5593.
[44] W. Chen, W. Chen, B. Zhang, S. Yang, C. Y. Liu, Polymer 2017, 109,

205.
[45] L. Ma, G. Wang, J. Dai, High Perform. Polym. 2017, 29, 187.

Adv. Mater. Interfaces 2023, 2300440 2300440 (8 of 8) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202300440 by U
niversity O

f G
lasgow

, W
iley O

nline L
ibrary on [13/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


