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ultiscale hierarchical structure
strategy to fabricate highly conducting films for
electromagnetic interference shielding and energy
storage†

Beibei Wang,ad Weiye Zhang,ad Jingmeng Sun,ad Chenhuan Lai,b Shengbo Ge,b

Hongwu Guo,*ad Yi Liu *ad and Daihui Zhang *bc

Ultrathin, strong, flexible, and conductive materials have garnered considerable attention in foldable

wearable electronics and electromagnetic interference (EMI) shielding. However, their preparation

remains challenging to simultaneously achieve desired high-performance electrochemical and EMI

properties. Herein, we describe a micro/nano-multiscale hierarchical structure strategy to fabricate

TEMPO-oxidized cellulose nanofibrils (TOCNFs)/Ti3C2Tx MXene/silver nanowire (AgNW) hybrid films via

a facile alternating vacuum-filtration process, followed by hot-pressing. The micro/nanoscale design

enabled the films to exhibit excellent EMI and electrochemical properties simultaneously. Specifically, the

FM2Ag2 (TOCNFs/Ti3C2Tx/AgNW = 1 : 2 : 2) hybrid film exhibited outstanding mechanical properties with

a tensile strength of 85.63 ± 7.24 MPa, excellent electrical conductivity of 1.29 × 107 S m−1, superior EMI

shielding effectiveness (EMI SE) of 45.57 dB, and high SSE/t of 26 014.52 dB cm2 g−1. Moreover, it

maintained a high areal and specific capacitance of 110.7 mF cm−2 and 77.6 F g−1 at 10 mV s−1,

respectively, accompanied by impressive stability with 92.4% capacitance retention after 10 000 cycles.

This study proposes a novel and facile micro/nano-multiscale hierarchical structure strategy to

effectively balance the electrochemical and EMI properties. This paves the way for the fabrication of

robust multifunctional films for potential applications in precise instruments and next-generation

electronics.
1 Introduction

Energy storage devices have developed rapidly owing to the
recent popularity of wearable electronics.1–3 Nevertheless,
traditional metal electrodes used in supercapacitors have
several disadvantages, including severe corrosion, lack of exi-
bility, and high potential toxicity to the environment. The
prosperity of electronic telecommunication technology has
promoted the wide utilization of electronic devices and caused
serious concerns owing to the inevitable electromagnetic
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radiation pollution.4 Although highly conductive metal-based
materials have been widely utilized, their low exibility, high
density, poor chemical resistance, and processability limit their
applications. Similar technological challenges have been pre-
sented for electrodes and electromagnetic interference (EMI)
materials.3,5,6 Therefore, it is of interest to fabricate new ultra-
thin, strong, exible, and conductive materials that simulta-
neously show impressive electrochemical activity while
possessing great EMI shielding. This will not only improve the
application range of the materials, but also avoid producing
electromagnetic pollution from electronic devices, and failure
caused by outside electromagnetic interference. Unfortunately,
few approaches are successful in fabricating such conductive
materials for both applications at the same time. Thus, it is
necessary to develop an efficient strategy to obtain conductive
materials that exhibit the above-mentioned properties.

As a unique family of two-dimensional (2D) transition metal
materials, MXenes exhibit chemically active surfaces, hydro-
philicity, and high conductivity. They have been extensively
explored in the elds of energy storage and EMI shielding.1,7–9

For example, Yu et al. have demonstrated transparent MXene–
silver nanowire lms through a sequential dispersion and
This journal is © The Royal Society of Chemistry 2023
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evaporation process for EMI shielding applications.10 Jin et al.
have proposed a crack-template-assisted spraying methodology
for fabricating exible, transparent, and conductive MXene
grid–silver nanowire hierarchical lms for EMI shielding.11 Tian
et al. have successfully fabricated freestanding and mechan-
ically robust MXene and cellulose nanobril (CNF) nano-
composites for supercapacitors.12 However, van der Waals
forces and hydrogen bonds are present during the assembly
process, which can cause serious re-stacking of MXene nano-
sheets. This can damage their performance as energy storage
and EMI shielding materials, owing to the reduction in elec-
tromagnetic reection loss, reabsorption capacity, and ion-
accessible surface areas.13,14 Additionally, they can further
increase the density of materials, thereby affecting their
advantages as lightweight materials. Therefore, the elimination
of MXene aggregation to effectively assemble them into highly
conductive three-dimensional (3D) structures has been
a signicant challenge.

Several approaches, including a direct coating on porous
structures and construction of vertically aligned MXene struc-
tures or hydrogels, have been proposed to effectively resolve the
MXene re-stacking issues.15–18 Specically, the addition of other
nanocomponents to tune the MXene assembly process during
vacuum-assisted ltration has proven its simplicity, effective-
ness, and scalability.19,20 Particularly, one-dimensional (1D)
CNFs have garnered considerable attention in the fabrication of
MXene-based lms owing to their renewability and hydrophi-
licity, and ability to offer enhanced mechanical properties.3,5,21

Liu et al. have demonstrated an efficient strategy for reinforcing
electrically conductive MXene lms with GO sheets by bridging
the MXene sheets with hydrogen bonds, which maintained
superb mechanical properties (209 MPa), a high electrical
conductivity (4.62 × 104 to 2.64 × 105 S m−1), and an EMI SE of
Scheme 1 Schematic illustration for a multiscale strategy to fabricate TO

This journal is © The Royal Society of Chemistry 2023
over 50 dB.22 Wang et al. have fabricated an ultrathin carbon
nanotube/cellulose nanober/Ti3C2Tx lm for EMI shielding
and energy storage. The obtained lms exhibited a high specic
SSE/t of 9316.4 dB cm2 g−1, and an areal and specic capaci-
tance of 537 mF cm−2 and 279.7 F g−1 at 0.3 mA cm−2,
respectively.23 Despite the development, the incorporation of
CNFs inevitably leads to relatively poor conductivity because of
their insulation properties. The comprehensive performance of
MXene lms as both EMI shielding and electrode materials has
been compromised.5,24

Biomimetic designs have been widely adopted to prepare
unique materials.25–28 Jia et al. have developed exible con-
ducting electrodes with an ultralow sheet resistance by
mimicking vein-like conductive networks on the molecular
scale.29 Nevertheless, very poor mechanical properties were
observed due to the lack of enhancement llers. Fortunately,
recent studies have highlighted the signicance of microscale
structural engineering strategies to enhance the mechanical
properties without signicantly affecting conductivity.30,31 For
example, asymmetric sandwich structured cellulose-based
MXene lms have been prepared for EMI shielding. The utili-
zation of cellulose layers to cover the conductive layer provided
a strong tensile strength of 118.0 MPa, accompanied by high
conductivity (37 378.2 S m−1) and outstanding specic SSE/t (10
647.6 dB cm2 g−1).32 However, insulated cellulose layers as the
surface may potentially inuence its electrochemical perfor-
mance. In addition, a double-layered structure composed of
aramid nanobers and MXene/silver nanowires has been
fabricated. Despite its high strength (235.9 MPa), the SSE/t was
only 10 688.9 dB cm2 g−1 with a thickness of over 30 mm.33 This
could be also due to the insulating nature of one layer. Liu et al.
have demonstrated a vacuum-assisted layer-by-layer assembly
technique to conformally deposit leaf-like electrically
CNFs/Ti3C2Tx/AgNW hybrid films.

J. Mater. Chem. A, 2023, 11, 8656–8669 | 8657
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conductive substances on textiles for developing multifunc-
tional and exible textiles with superb EMI shielding perfor-
mances (54 dB).34 Therefore, inspired by the previous work, we
hypothesize that the combination of nanoscale-designed leaf-
like conductive layers and microscale-assembled sandwich
structures (TOCNFs in the middle as an enhanced layer) can
fabricate strong, ultrathin, exible, and highly conductive
MXene-based materials, simultaneously achieving high EMI
shielding and improved energy storage performance.33

Herein, a micro/nano-multiscale hierarchical structure
strategy was presented to prepare ultrathin, strong, exible, and
highly conductive TOCNFs/Ti3C2Tx/AgNW hybrid lms via
a facile alternating vacuum-ltration process, followed by hot
pressing (Scheme 1). Micro/nano-scale integrated regulation
was the key to the design. On the nanoscale, the leaf-like
biomimetic top and bottom conductive layers offered high
conductivity to the lms, while the microscale structural engi-
neering of sandwich structures provided excellent mechanical
properties, exibility, and enhanced functionalities. This micro/
nano-scale design was signicantly different from previous
studies, where all the components were generally mixed
together.35,57 Therefore, the obtained lms simultaneously
showed excellent EMI shielding and electrochemical properties.
This study proposes a novel and facile micro/nano-multiscale
hierarchical structure strategy for effectively fabricating high-
performance lms in the eld of precise instrument, smart
electronics and exible/wearable devices.

2 Experimental
2.1 Materials

Sodium hydroxide (NaOH, 99%), sodium bromide (NaBr, 99%),
TEMPO, and sodium hypochlorite (NaClO, 99%) were purchased
from Sigma Aldrich Co. LLC. Layered ternary carbide (Ti3AlC2,
MAX) powder was supplied by Jilin 11 Technology Co. Ltd. Ag
nanowires (5 mg mL−1) were supplied by Zhengzhou Feynman
Biotechnology Co. Ltd. All chemicals were of analytical grade.

2.2 Synthesis of TEMPO-oxidized cellulose nanobrils
(TOCNFs)

TOCNFs were synthesized following a previously reported
method.23,36,37 Typically, TEMPO (0.016 g, 0.1 mM) and NaBr (0.1
g, 1 mM) were placed into a sowood pulp suspension (100 mL,
1 wt%) in a glass beaker. NaClO solution (5 mmol g−1) was used
to initiate the reaction. NaOH solution (0.5 M) was used to
maintain a pH of 10.5 during the oxidation process. Aer 5 h of
reaction, 10 mL of ethanol was used to stop the reaction, and
HCl was used to adjust the pH to 7.0. Aer thorough washing,
the TOCNFs were redispersed in deionized (DI) water. Subse-
quently, the upper dispersion was collected via centrifugation.
The evenly dispersed TOCNFs (1.0 wt%) were obtained by using
a high-pressure homogenizer.

2.3 Preparation of Ti3C2Tx MXene nanosheets

Ti3C2Tx MXene was synthesized by etching the Ti3AlC2 MAX
phase using a wet chemical etching method.38–40 Briey, LiF (1.6
8658 | J. Mater. Chem. A, 2023, 11, 8656–8669
g) was dissolved in 9 M HCl solution (20 mL) by stirring. The
Ti3AlC2 powder (1.0 g) was added slowly to the solution and
stirred at 45 °C for 1 d. Further, they were washed and centri-
fuged repeatedly until the Ti3C2Tx supernatant turned dark
green. Sonication in an ice bath was used to treat the exfoliated
Ti3C2Tx solution. Finally, the solution was centrifuged to collect
the supernatant with a concentration of 5 mg mL−1.

2.4 Preparation of TOCNFs/Ti3C2Tx/AgNW hybrid lms with
a sandwich structure

TOCNFs/Ti3C2Tx/AgNW hybrid lms were prepared using an
alternating vacuum-assisted ltration method (Scheme 1).
Ti3C2Tx/AgNW (20 mg) was evenly divided into bottom (10 mg)
and top (10 mg) parts, while the middle layer consisted of
TOCNFs (5 mg). TOCNFs/Ti3C2Tx/AgNW hybrid lms with
a sandwich structure were easily fabricated via a three-step
vacuum-assisted ltration. Firstly, the uniform Ti3C2Tx/AgNW
aqueous mixture obtained by sonication and stirring (20 mL)
with a concentration of 0.5 mg mL−1 was vacuum ltered onto
a lter membrane until a stable Ti3C2Tx/AgNW hydrogel was
yielded. Subsequently, the TOCNF dispersion (10 mL, 0.5 mg
mL−1) was deposited on the top of the Ti3C2Tx/AgNW hydrogel.
Finally, the Ti3C2Tx/AgNW aqueous mixture (20 mL, 0.5 mg
mL−1) was deposited on the top of the TOCNF hydrogel in the
same way. The total mass of each lm was maintained at ∼25
mg, and the diameter is 40 mm. The weight ratios of F
(TOCNFs), M (Ti3C2Tx), and Ag (AgNW) were selected based on
F/M = 1 : 4, F/M/Ag = 1 : 3 : 1, F/M/Ag = 1 : 2 : 2, F/M/Ag = 1 : 1 :
3, and F/Ag = 1 : 4. For instance, FM3Ag indicates that the total
mass of Ti3C2Tx was 15 mg and that of AgNWs was 5 mg. Thus,
each side of the layer contained 7.5 mg of Ti3C2Tx and 2.5 mg of
AgNWs, and the middle layer contained 5 mg of TOCNFs. The
hybrid lms were then dried at 65 °C and 1 MPa in a vacuum
oven, followed by peeling off to obtain freestanding TOCNFs/
Ti3C2Tx/AgNW hybrid lms. For comparison, a homogeneously
mixed TOCNFs/Ti3C2Tx/AgNW hybrid lm (mass ratio = 1 : 2 :
2), labeled FM2Ag2-mix, was prepared via one-step vacuum-
assisted ltration.

2.5 Characterization

X-ray diffraction (XRD, SmartLab, Rigaku Ultima IV) was con-
ducted using Cu-Ka radiation (40 kV and 44 mA) in the 2-theta
range of 3–63° with a scan speed of 5° min−1. Atomic force
microscopy (AFM) was performed in the tapping mode (Agilent
5500). Field-emission scanning electron microscopy (FE-SEM,
JSM-6700F, JEOL) and high-resolution transmission electron
microscopy (HR-TEM, JEM-2100F, JEOL) were used to investi-
gate the morphologies and microstructures. A Fourier-trans-
form infrared spectrometer (FTIR, Thermo Scientic Nicolet
iS5) was used to record the spectra of the lms in the range 400–
4000 cm−1. Surface chemistry was examined using X-ray
photoelectron spectroscopy (XPS, ESCALAB 250 Xi, Thermo
Fisher). Nitrogen sorption was performed at −196 °C using
a Quadrasorb instrument (Quantachrome NOVE 2000e, USA). A
microcomputer-controlled electron universal testing machine
(100 N load cell) was used to conduct the mechanical tests.
This journal is © The Royal Society of Chemistry 2023
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According to GB/T457-2008 Paper and Board-Determination of
Folding Endurance, the folding resistance of the samples was
tested under a 4.9 N load at a 135° ± 2° folding angle by using
a folding tester (PN-NZ135, China). The strips were 9.5 × 25
mm2 and the rate was 0.5 mmmin−1 (C42.503Y). Contact angles
were recorded using a commercial instrument (POWER EACH
JC2000C1) to determine the initial contact angles. The electrical
conductivities of the hybrid lms were measured using an RTS-
9 four-probe resistivity meter (4ProbesTech, Guangzhou,
China), and different parts of the lm were measured at least
three times to obtain an average. The electrical conductivity was
obtained using eqn (1):

s ¼ 1

S
� 1

R=L
¼ L

R� w� t
(1)

where s, S, R, L, w, and t are the electrical conductivity (S cm−1),
cross-sectional area (cm2), length (cm), sheet resistance (U
sq−1), width (cm), and thickness (cm), respectively.

If multiple reections were negligible for a total shielding
efficiency of larger than 15 dB, the SEtotal can be written as
follows (Simon's formula):

SE ¼ 50þ 10 log

�
s

f

�
þ 1:7t

ffiffiffiffiffiffi
sf

p
(2)

where s, f, and t are the electrical conductivity (S cm−1),
frequency (MHz), and thickness (cm), respectively.41

The EMI SE of the hybrid lms wasmeasured within 8.2–12.4
GHz (X-band) using a Keysight N5224BPNA network analyzer
(E5071C, Agilent). The sample was supported with an epoxy
resin frame (22.9 × 10.2 mm2, 0.5 mm in width) as the sepa-
rator. When electromagnetic radiation interacts with a material
during the test (shield), the shielding phenomenon is governed
by absorption (A), reection (R), and transmission (T):42

R + A + T = 1 (3)

The transmission (T) and reection (R) coefficients can be
obtained from the network analyzer (S11, S12, S21, and S22):

R = jS11j2 = jS22j2 (4)

T = jS12j2 = jS21j2 (5)

The total EMI shielding value (EMI SEtotal) is the total
contribution frommultiple internal reections (SEM), reection
(SER), and absorption (SEA). The SEtotal can be written as follows:

SEtotal = SEA + SER + SEM (6)

For calculations, the SEM is generally considered negligible
when SEtotal is higher than 15 dB.43–45 The SER and SEA can be
derived in terms of the reection and absorption coefficients as
follows:

SER ¼ 10 log

�
1

1� R

�
¼ 10 log

 
1

1� jS11j2
!

(7)
This journal is © The Royal Society of Chemistry 2023
SEA ¼ 10 log

�
1� R

T

�
¼ 10 log

 
1� jS11j2
jS21j2

!
(8)

When the density and thickness of materials are considered,
relevant equations are as follows:

SSE ¼ EMI SE

density
¼ dB cm3 g�1 (9)

SSE=t ¼ SSE

thickness
¼ dB cm2 g�1 (10)

The EMI shielding efficiency (%) can be calculated by using
eqn (11):

Shielding efficiencyð%Þ ¼ 100�

0
BB@ 1

10
SE
10

1
CCA� 100 (11)

The light-to-heat conversion performance was evaluated
using an MC-PF300C solar simulator under simulated solar
light. An infrared thermal imager (Beijing Merry Change Tech-
nology Co. Ltd.) was used to monitor the temperature variation.

The electrochemical performance of the lm electrodes was
measured using an electrochemical workstation (CHI760E,
China). Three-electrode electrochemical tests were performed
in 1 M H2SO4 electrolyte, and the reference and counter elec-
trodes were Ag/AgCl and platinum sheets, respectively.
TOCNFs/Ti3C2Tx/AgNW hybrid lms were punched into a size of
1 × 2 cm2 and were directly used as the working electrodes with
no binders. Electrochemical impedance spectroscopy (EIS) tests
were performed in a frequency range of 100 kHz to 0.01 Hz.
Cyclic voltammetry (CV) at various scan rates and galvanostatic
charge–discharge (GCD) at various current densities were both
achieved at a potential of−0.2 to 0.3 V. The specic capacitance
in the three-electrode system was obtained from CV curves,46 as
follows:

C ¼ 1

DV

ð
jdV

s
(12)

where C is the specic capacitance (F g−1, mF cm−2), DV is the
voltage window (V), j is the corresponding current density (mA
g−1, mA cm−2), V is the voltage (V), and s is the scan rate (mV
s−1).

For the impedance spectra, the real (C′) and imaginary (C′′)
parts of the capacitances are as follows:47

C
0ðuÞ ¼ �Z00ðuÞ

ujZðuÞj2 (13)

C 00ðuÞ ¼ Z
0ðuÞ

ujZðuÞj2 (14)

where C′(u) is the real part of the capacitance C(u). The low-
frequency value of C′(u) corresponds to the capacitance of the
cell measured during constant-current discharge. jZj is the
J. Mater. Chem. A, 2023, 11, 8656–8669 | 8659
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absolute impedance (U). Z′ and Z′′ are the real and imaginary
components of impedance, respectively.

Kinetic characterization of the lm electrode was performed
to elucidate the electrochemical energy storage mechanism. To
explore the energy-storage process of the membrane electrode,
CV curves at different scan rates were analyzed by using the
formulae as follows:

i = is + id = avb (15)

Log i = b log v + log a (16)

where i is the current, is represents the response current
contributed by the surface capacitance, id is the response
current contributed by the diffusion-controlled embedded
capacitance, v is the scan rate, and a and b are the parameters.
When b z 1, the storage of charges in the electrode material
comes from the contribution of surface capacitance. When b =

0.5, the charge storage in the electrode material is attributed to
the intercalation capacitance contributed by the intercalation
and deintercalation of electrolyte ions.

Formula (15) can be converted into the following form:

i(V) = k1v + k2v
1/2 (17)

where k1 and k2 are parameters, and k1v and k2v
1/2 correspond to

the surface and embedded capacitance contributions,
respectively.
3 Results and discussion
3.1 Characterization of TOCNFs, Ti3C2Tx MXene, and AgNW
nanomaterials

TEMPO can selectively oxidize the hydroxyl group at the C6
position of the glucose molecule to a carboxyl group,48 forming
TOCNF nanostructures. Thus, the electrostatic repulsion
between ber surfaces accounts for the excellent dispersion of
TOCNFs in an aqueous solution (Fig. S1a†).48,49 TEM and AFM
reveal that TOCNFs were approximately 5–20 nm in diameter
and 100–500 nm in length (Fig. S1b and c†). The dense pure
TOCNF lm obtained aer vacuum ltration is shown in
Fig. S1d, e and S2† illustrates the preparation of the 2D MXene
nanosheets using the typical uorine-containing acidic solution
method. The Al layer was selectively etched with HCl/LiF on the
stacked Ti3AlC2 structure (Fig. S3†) to obtain multilayer Ti3C2Tx

(m-Ti3C2Tx). Subsequently, with ultrasonic delamination, m-
Ti3C2Tx can be exfoliated into single- or few-layer Ti3C2Tx

nanosheets (MXene). These nanosheets formed stable colloidal
solutions (Fig. S4a†) because of the hydrophilic groups on the
terminal surface, such as –OH, –F, and ]O, and no sedimen-
tation and occulation were observed at 6 °C for over 30 d.
Furthermore, the as-prepared Ti3C2Tx nanosheets were irreg-
ular with an ultrathin thickness of approximately 1.5 nm and an
average size of approximately 2 mm (Fig. S4b–g†) with smooth
surfaces without oxide particles. The corresponding selected
area electron diffraction (SAED) pattern exhibited a well-dened
hexagonal structure (Fig. S4f†), indicating no defects. Aer
8660 | J. Mater. Chem. A, 2023, 11, 8656–8669
vacuum ltration, the cross-sectional SEM images conrmed
that 2D Ti3C2Tx nanosheets were easily assembled into ultrathin
pure MXene lms (Fig. S5†). In addition, as shown in the XRD
patterns of the Ti3AlC2 precursor and as-exfoliated Ti3C2Tx

(Fig. S6†), there was an obvious le shi of the (002) peak from
9.5° to 7.3° caused by the increased interlayer spacing.
Furthermore, the characteristic peaks corresponding to (101),
(103), (104), and (105) almost disappeared.51 Pristine Ti3C2Tx

showed clear diffraction peaks for the MXene basal planes. The
surface chemical compositions of Ti3AlC2 and Ti3C2Tx were
determined using XPS (Fig. S7 and S8†). It shows the successful
etching of Al in the presence of Ti–O (2p3) and Ti–C (2p3)
doublets for monolayer Ti3C2Tx nanosheets, which is consistent
with previous reports.40,52–54 For the AgNWs, the average diam-
eter was∼40 nmwith an average length of∼10 mm (Fig. S9†). All
the obtained TOCNFs, Ti3C2Tx, and AgNW dispersions dis-
played a strong Tyndall effect, demonstrating their good
colloidal characteristics.

3.2 Multiscale design and morphologies of TOCNFs/Ti3C2Tx/
AgNW hybrid lms

A schematic of the multiscale fabrication of the AgNW-inter-
calated Ti3C2Tx MXene hybrid lms with TOCNFs as a rein-
forcing agent is shown in Scheme 1. Ultrathin sandwich-
structured hybrid lms were prepared via continuous stratied
ltration of Ti3C2Tx/AgNW and TOCNF aqueous solutions, fol-
lowed by hot pressing and drying treatment. Directly mixing all
components into a solution was also utilized to prepare a lm
(FM2Ag2-mix) for comparison. The variation in the components
signicantly inuenced the appearance of the lms, as shown
in Fig. 1a. Furthermore, Fig. 1d–i depicts the SEM images of the
45° inclined plane view of the TOCNFs/Ti3C2Tx/AgNW and
FM2Ag2-mix hybrid lms. Three-layer structures with electri-
cally conductive MXene/AgNW on the top and bottom layers
and mechanically strong TOCNFs in the middle were observed
for the TOCNFs/Ti3C2Tx/AgNW lms (Fig. 1b), as compared to
the relatively homogeneous structure of FM2Ag2-mix. Further-
more, the unique structure was further studied by SEM-EDS
mapping measurements owing to the different element distri-
butions (Fig. 1c).55 The top and bottom Ti3C2Tx/AgNW layers
exhibited leaf-like nanostructures. 1D AgNWs served as
conductive frameworks (veins) and could prevent the stacking
of Ti3C2Tx, whereas 2D Ti3C2Tx behaved as a connection
(lamina) (Fig. 1f).33 The efficient nanoscale design and integra-
tion of Ti3C2Tx and AgNWs built a continuous 3D conductive
network on both sides, which is benecial for the construction
of the conductive pathway.56 In comparison, the FM2Ag2-mix
lm exhibited a “brick-mortar” structure with a relatively
uniform distribution of TOCNFs, Ti3C2Tx, and AgNWs10,57

(Fig. 1i).

3.3 Physicochemical properties of the TOCNFs/Ti3C2Tx/
AgNW hybrid lms

The physicochemical properties of the TOCNFs/Ti3C2Tx/AgNW
hybrid lm were analyzed by FTIR, XRD, and XPS (Fig. 2a–d and
S10–S14†). Specically, FM2Ag2-mix showed a strong broad
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Digital photo of the TOCNFs/Ti3C2Tx/AgNW hybrid films andmixed solutions of FM2Ag2. (b) FE-SEM image. (c) EDSmapping images of
FM2Ag2; 45° inclined plane view of (d) FM4, (e) FM3Ag, (f) FM2Ag2, (g) FMAg3, (h) FAg4, and (i) FM2Ag2-mix.
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peak at 3474 cm−1, corresponding to the O–H stretching
vibration, and the asymmetric and symmetric vibrations of –
COOH were observed at 1635 cm−1 and 1466 cm−1, respectively.
For the FM2Ag2 hybrid lm, the intensity of the –OH stretching
vibration peak decreased signicantly and shied from 3474 to
3383 cm−1, indicating the formation of hydrogen bonds
(Fig. 2a).58–60 For sandwich-structured lms, Ti3C2Tx acted as
a binder to reduce the damage of the mechanical strength
caused by the separation of adjacent AgNWs. Moreover, the
formation of hydrogen bonds could effectively prevent the
exfoliation of AgNWs, thereby improving the durability of
hybrid lms. The phase structures of TOCNFs/Ti3C2Tx/AgNW
hybrid lms are shown in Fig. 2b and S11.† The characteristic
(002) peak at 7.3° for Ti3C2Tx gradually shied to 6.1° for
FM2Ag2, indicating a relatively uniform interstitial space
between interlayers.50 The d002 interlayer spacing was 1.45 nm
by calculation. Additionally, for FM2Ag2-mix, the (002) diffrac-
tion peak further shied to a lower angle of 5.6° with d002= 1.58
nm. This comparison reveals that TOCNFs could be partially
inserted between Ti3C2Tx and AgNWs to increase the interlayer
space. Furthermore, the hybrid lm exhibited distinct diffrac-
tion peaks located at 38.2° and 44.7°, corresponding to the (111)
and (200) crystalline planes of AgNWs, respectively.20,61 Fig. 2c,
d and S12–S14† present the XPS wide-scan spectra of the
TOCNFs/Ti3C2Tx/AgNW hybrid lm and high-resolution spectra
of C 1s, Ag 3d, Ti 2p, F 1s, and O 1s. The AgNW-doped TOCNFs/
Ti3C2Tx/AgNW hybrid lms showed an additional characteristic
peak of the Ag 3dmode from AgNWs (Fig. S13a†). Its intensity in
FM3Ag, FM2Ag2, FMAg3, and FM2Ag2-mix was very weak
because of the low AgNW content, except for FAg4. The
This journal is © The Royal Society of Chemistry 2023
characteristic Ti 2p and F 1s bonding modes of Ti3C2Tx-con-
taining lms were similar (Fig. S13b and c†). However, for C 1s
and O 1s, the binding energies varied signicantly (Fig. 2d and
S13d†).61 For example, the peaks of C–O (287.0 eV) and C]O
(288.9 eV) shied to higher binding energies in FM2Ag2-mix
(287.5 and 289.7 eV, respectively). This result is consistent with
those of previous studies.61 For example, the peaks of C–O at
287.0 eV and C]O at 288.9 eV shied to higher binding ener-
gies in FM2Ag2-mix (287.5 and 289.7 eV, respectively). This
result is consistent with those of previous studies, indicating
the formation of hydrogen bonds within the lms.23,58

The exposed surface area and pore distribution of the
FM2Ag2 and FM2Ag2-mix hybrid lms were further investigated
by N2 adsorption/desorption measurements (Fig. 2e and f). The
adsorption–desorption isotherm curves show a type-IV behavior
with distinct H3 hysteresis loops. This result reveals the
generation of uniform mesopores with a high specic surface
area and large total pore volume. The specic surface area of the
FM2Ag2 hybrid lm was 17.9m2 g−1, as calculated by Brunauer–
Emmett–Teller (BET) analysis, which was larger than that of
FM2Ag2-mix (13.8 m2 g−1). The reduced specic surface area
indicates that TOCNFs enabled the FM2Ag2-mix lm to be
tighter because of the enhanced interactions. This may lead to
a decrease in the electromagnetic shielding performance and
electrochemical properties. Furthermore, the pore size distri-
bution in FM2Ag2 and FM2Ag2-mix hybrid lms was mainly
centered at 4.15 nm, which originated from the channel pores
derived from the AgNW support between Ti3C2Tx nanosheets35

(Fig. 1f). The pore volumes of these two lms were 0.086 cm3 g−1

and 0.063 cm3 g−1, respectively.
J. Mater. Chem. A, 2023, 11, 8656–8669 | 8661
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Fig. 2 (a) FT-IR, (b) XRD patterns, (c) XPS survey scan spectra, (d) C 1s spectra, (e) N2 adsorption–desorption isotherms, and (f) pore size
distribution based on the DFT model of FM2Ag2 and FM2Ag2-mix. (g) Tensile stress–strain curves. (h) Calculated mechanical properties, and (i)
toughness and Young's modulus of TOCNFs/Ti3C2Tx/AgNW hybrid films.
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The mechanical test showed that lms with a sandwich
structure (50.5–116.1 MPa) had better mechanical properties
than the homogeneously mixed lm (40.95 ± 5.29 MPa) (Fig. 2g
and S15†). Without doping of Ti3C2Tx or AgNWs, a dense rein-
forcement layer in the middle was formed due to the stronger
hydrogen bonds between TOCNFs, which thus signicantly
improve the mechanical properties of lms (Fig. S1d†).
Furthermore, the composition of the top and bottom layers can
also signicantly inuence the mechanical properties. Owing to
the better mechanical properties of Ti3C2Tx,18,62 an increase in
its proportion leads to an enhancement in the tensile strength,
toughness, and modulus. In addition, hydrogen bonds, elec-
trostatic interaction, and van der Waals interactions between
Ti3C2Tx/AgNW and TOCNFs help improve tensile strength. For
example, FM2Ag2 showed a tensile strength, toughness, and
modulus of 85.63 ± 7.24 MPa, 1.02 ± 0.10 MJ m−3, and 5.18 ±

0.29 GPa, respectively, as compared to 49.48 ± 5.67 MPa, 0.33 ±

0.07 MJ m−3, and 4.55 ± 0.67 GPa of FAg4 (Fig. 2h, i and Table
S1†). Besides, the tensile strength of the pure TOCNF lm (25
mg) determined by a tensile test could reach 104.09 ± 5.18
MPa,23 while pure Ti3C2Tx and pure AgNW lms were too brittle
to effectively test. Moreover, we tested the folding resistance of
the hybrid lms, as shown in Fig. S16.† FM4 and FM3Ag could
8662 | J. Mater. Chem. A, 2023, 11, 8656–8669
be folded more than 3000 times. FM2Ag2 can be folded
approximately 2400 times. However, the foldability perfor-
mance of FM2Ag2-mix was signicantly reduced, and only
approximately 750 times were obtained. The folding number of
the hybrid lms was approximately 5–23 times greater than that
of commercial A4 paper (∼140 times). The exibility and
stability of the obtained sandwich-structured lms were
signicantly improved because of the condensed interlayer
generated by the strong hydrogen bonds in TOCNFs. Moreover,
all the hybrid lms displayed good exibility owing to the
introduction of TOCNFs (Fig. S17a and b†). For the FM2Ag2
hybrid lm, no cracks or fractures were observed by applying
a 500 g weight, showing its excellent exibility (Fig. S17c†).
3.4 EMI shielding performance of the TOCNFs/Ti3C2Tx/
AgNW hybrid lms

The shielding performance of incident electromagnetic waves was
evaluated by using the EMI SE.1,63 The mechanically strong and
ultrathin sandwich-structured TOCNFs/Ti3C2Tx/AgNW hybrid
lms exhibited a low surface resistance with an increase in
AgNWs (Fig. 3a), which was signicantly higher than the
requirement (1 S m−1) in practical applications.64 The electrical
conductivities of FM4 and FAg4 were the lowest (1.05× 106 Sm−1)
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Electrical conductivity and LED brightness for the TOCNFs/Ti3C2Tx/AgNW hybrid films. (b) Electrical resistance variation of FM2Ag2
with the bending test. (c) SEtotal, SEA, and SER. (d) EMI shielding performances of stacked structures with different layers. (e) Schematic illustration
of the electromagnetic wave transfer across the TOCNFs/Ti3C2Tx/AgNW hybrid films. (f) SSE/t values with different thicknesses. (g) Comparison
of specific electrical conductivity, EMI shielding effectiveness, and thickness with others, and the references are listed in Table S2;† (h)
performance comparison of FM2Ag2 and FM2Ag2-mix, and (i) infrared images of temperature variation for FM2Ag2 after exposure to solar light.
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and highest (2.77 × 107 S m−1), respectively. This indicates that
AgNWs can enhance the electrical conductivity of the hybrid
lms. Crucially, one-dimensional AgNWs were tangled together to
form a continuous percolated network, which constructed hier-
archical structures for increasing electron transport channels with
high conductivity.11,20 The conductivity of FM2Ag2 reached
approximately 1.29 × 107 S m−1, which was much higher than
that of homogeneously mixed FM2Ag2-mix (3.98 × 105 S m−1).
This is attributed to the highly efficient Ti3C2Tx/AgNW conducting
network in the layered structure,33 which is not affected by insu-
lated TOCNFs.23 Notably, the well-designed sandwich-structured
lms exhibited conductive anisotropy with improved conductivity
along the in-plane direction and insulating properties along the
cross-plane direction. The change in conductivity was further
examined by visual inspection of the brightness of light-emitting
diodes (LEDs) (Fig. 3a). In addition, attaching FM2Ag2 to nger
joints showed no signicant increase in resistance aer 100
bending cycles (Fig. 3b), proving its good exibility and stable
electrical conductivity. Fig. 3c and S18† show the EMI shielding
performance of TOCNFs/Ti3C2Tx/AgNW hybrid lms with stable
uctuation ranging from 8.2–12.4 GHz (X-band). Compared with
FM2Ag2-mix, the sandwich-structured lms exhibited much
This journal is © The Royal Society of Chemistry 2023
higher EMI shielding ability. In particular, the FM2Ag2 lm (4 mm
in thickness) presented a high EMI SE of 51.30 dB (higher than
the commercial requirement of 20 dB), whereas it was only 24.67
dB for FM2Ag2-mix (3 mm in thickness) (Fig. S19†), which was
ascribed to the direct mixing of TOCNFs, resulting in the
condensation phenomenon. Additionally, the EMI SE of FAg4
increased to a maximum of 73.55 dB (5 mm in thickness),
following the trend of conductivity. The total EMI shielding
effectiveness (SEtotal), microwave absorption (SEA), andmicrowave
reection (SER) over the X-band were calculated by using formulas
(6)–(8) (Fig. 3c and S18†). The SEA predominantly contributed to
the overall shielding performance of the lms; however, the SER
value barely increased (Fig. 3c and d). With an increase in the
number of FM2Ag2 layers (layers of Ti3C2Tx/AgNW (10mg : 10mg)
and TOCNF (5 mg)), the SEtotal and SEA of the lms exhibited
a signicant enhancement, whereas the SER remained
unchanged. The increase in the SEA contribution by multiple
reections dominated the improvement in the overall shielding
(Fig. 3d).10 The porous structure offered more interfaces for the
electromagnetic waves to be reected and scattered efficiently.65

The AgNW-doped sandwich-structured lms possessed higher
EMI shielding efficiencies and could obtain a shielding efficiency
J. Mater. Chem. A, 2023, 11, 8656–8669 | 8663
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of more than 99.99%, for example, 99.9993% for FM2Ag2,
whereas the homogeneously mixed FM2Ag2-mix hybrid lm
could only block 99.65% (Fig. S20†).

To demonstrate the potential mechanism, the transfer
process of electromagnetic waves across the sandwich-structure
hybrid lms is illustrated in Fig. 3e. As the electromagnetic waves
impinge on the surfaces of hybrid lms, some waves are imme-
diately reected due to the impedance mismatch caused by the
abundant free electrons on the surface.33,66 These repeated
reections and scattering effectively enhanced the transmission
of the electromagnetic wave energy.66–68 Additionally, the
remaining polar groups (–OH, –F, etc.) of Ti3C2Tx also triggered
the asymmetric distribution of generated local dipoles in the
electric eld and charge density, resulting in polarization relax-
ation and thus enhancing EMI shielding performance.66,69

Meanwhile, the microcurrent can interact with high-density
electron carriers to induce a large ohmic loss and attenuation of
electromagnetic wave energy by currents, leading to the absorp-
tion of electromagnetic waves. EMI shielding was enhanced by
the layer-structured design at the same total loading of Ti3C2Tx/
AgNW.10 The passing electromagnetic waves could then be re-
ected and absorbed by the bottom conductive layer. In addition,
as the EMI shielding performance is positively correlated with the
thickness and electrical conductivity,7,39,41,70 the SSE/t (SE divided
by sample density and thickness) was then calculated (Fig. 3f).
The SSE/t of sandwich-structured lms increased from 13 918.31
to 40 165.72 dB cm2 g−1 at 8.2 GHz, superior to most of the
previously reported Ti3C2Tx and silver-based hybrid lms (Fig. 3g
and Table S2†). Moreover, FM2Ag2 (28 016.19 dB cm2 g−1) also
had two times higher electromagnetic shielding effectiveness
than FM2Ag2-mix (13 474.13 dB cm2 g−1). Thus, the sandwich-
structured lms showed a better performance than the
Fig. 4 (a) CV curves of TOCNFs/Ti3C2Tx/AgNW hybrid films at a scan rate
profiles of TOCNFs/Ti3C2Tx/AgNW hybrid films at 1 mA cm−2. (d) GCD pr
and (f) areal capacitance of TOCNFs/Ti3C2Tx/AgNW hybrid films.

8664 | J. Mater. Chem. A, 2023, 11, 8656–8669
homogeneously mixed lm, owing to their enhanced conduc-
tivity, high pore volumes, surface areas, and multiple-layer
structures (Fig. 3h).

As shown in Fig. 3i, the photothermal conversion perfor-
mance of FM2Ag2 was measured under simulated solar light
(one sun intensity). Aer irradiation for 80 s, the temperature
rapidly jumped to 59.6 °C, gradually increased to 67.5 °C aer
160 s, and gradually stabilized at 83.9 °C aer 240 s. The
excellent photothermal conversion performance of composite
lms was mainly attributed to the local surface plasmon reso-
nance (LSPR) effect and strong light absorption of Ti3C2Tx/
AgNW.71 Moreover, this indicates that absorption, particularly
additive internal absorption, leads to a loss of energy in elec-
tromagnetic waves. The absorbed EM waves are mainly dissi-
pated in the form of heat energy generated by effective electron
migration, which is consistent with the enhancement in elec-
trical conductivity.72,73 This result proves the high electromag-
netic wave absorption capacity of this material, which has
potential in photothermal conversion.

3.5 Electrochemical performance of the TOCNFs/Ti3C2Tx/
AgNW hybrid lms

The electrochemical performance of the TOCNFs/Ti3C2Tx/
AgNW hybrid lm electrodes for electrochemical energy storage
was evaluated using galvanostatic charge–discharge (GCD),
cyclic voltammetry (CV), electrochemical impedance spectros-
copy (EIS), and cycling stability in a 3-electrode electrochemical
cell using 1 M H2SO4 in a potential window of −0.2 to 0.3 V (vs.
Ag/AgCl). CV was performed to assess the charge–discharge
storage mechanism of the TOCNFs/Ti3C2Tx/AgNW electrode
(Fig. 4a, b and S21a–e†). A voltage window of 0.5 V was used to
avoid the oxidation of the material.74,75 It was reported that the
of 100mV s−1. (b) CV curves of FM2Ag2 at different scan rates. (c) GCD
ofiles of FM2Ag2 at different current densities. (e) Specific capacitance

This journal is © The Royal Society of Chemistry 2023
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energy storage mechanism of Ti3C2Tx was pseudocapacitance,
which was accompanied by the intercalation and dein-
tercalation of electrolyte ions during the electrochemical
process. The change in the continuous valence of Ti atoms
occurred simultaneously, resulting in no obvious redox peaks in
the CV curve.76,77 The CV curves of FM4, FM3Ag, FAg4, and
FM2Ag2-mix showed nearly rectangular shapes without obvious
redox peaks, whereas FM2Ag2 and FMAg3 displayed pseudo-
capacitive characteristics with redox peaks. When the scan rate
was 100 mV s−1, the response current decreased with the
introduction of AgNWs. Among them, FM2Ag2 showed the least
decrease, whereas those of FAg4 and FM2Ag2-mix decreased
signicantly (Fig. 4a).

The discharge time from the GCD test of FM4 and FM2Ag2
was signicantly longer than that of the other electrodes at 1 mA
cm−2, exhibiting desirable electrochemical capacitor charac-
teristics (Fig. 4c, d and S21f–j†). The GCD proles of FM2Ag2 at
different current densities show an approximately linear shape
and symmetrical charging–discharging curves, indicating high
reversibility and good capacitive performance. Compared to
FM2Ag2-mix, FM2Ag2 had a higher porosity and mesopores of
approximately 4.15 nm in size, which is benecial for rapid ion
diffusion. They could easily transport H+ into the smaller pores
in the electrode via the Grotthuss mechanism (hopping through
a hydrogen bonding network).78 In this case, H+ can freely
migrate in the hydronium form within intralayer spaces.79 The
larger specic surface area and higher porosity enabled FM2Ag2
to exhibit a higher specic capacity than that of FM2Ag-mix.

According to the integral area of the CV curve, the specic
and areal capacitances of each electrode at different scan
speeds were calculated by using eqn (12) (Fig. 4e and f). The
specic and areal capacitances of electrode lms at 10 mV s−1

showed the following order: FM4 (176.2 mF cm−2 and 123.5 F
g−1) > FM3Ag (161.9 mF cm−2 and 113.5 F g−1) > FM2Ag2 (110.7
mF cm−2 and 77.6 F g−1) > FM2Ag2-mix (104.9 mF cm−2 and
73.5 F g−1) > FMAg3 (60.7 mF cm−2 and 42.6 F g−1) > FAg4 (16.9
mF cm−2 and 11.9 F g−1). With decrease in the Ti3C2Tx content,
the capacitance gradually decreased. FM4 had the largest
specic capacitance, whereas FAg4 had the smallest. Moreover,
the specic capacitance of FM2Ag2-mix sharply decreased.
However, in addition to FM4, FM2Ag2 had the largest CV curve
integral area at scan rates of above ∼70 mV s−1. Even at high
scan rates (200–500 mV s−1), the specic capacity of FM2Ag2
decreased less and was very close to that of FM4, indicating that
FM2Ags showed excellent electrochemical capacitance. The
larger surface area and pore volume of FM2Ag2 allowed it to
store more electrolyte ions, which can shorten the ion trans-
mission distance. Furthermore, a higher specic surface area
exposed more active sites involved in the reactions, thereby
increasing capacitances. However, the rate performance
increased at the expense of the volumetric capacitance because
of the introduction of excess spacing or active materials with
lower volumetric capacitances. However, the rate performances
increased at the expense of volumetric capacitance because of
the introduction of excess spacing or active materials with lower
volumetric capacitance.80 As shown in Fig. 5a, the rate perfor-
mance decreased in the order of FMAg3, FM2Ag2, FAg4, FM4,
This journal is © The Royal Society of Chemistry 2023
FM3Ag, and FM2Ag2-mix. FMAg3 and FM2Ag2 achieved high-
rate capability with capacitance retentions of 50.0% and 30.1%,
respectively, whereas only 6.5% of the initial capacitance was
retained for FM2Ag2-mix.

Kinetic analysis of the lm electrodes was performed to
elucidate the electrochemical energy storage mechanism. The
electrochemical energy storage of the electrode could be divided
into embedded pseudocapacitance contributed by diffusion-
controlled ion deintercalation and surface capacitance
contributed by non-diffusion.17,81 Because there were no obvious
redox peaks in the CV curves, the scan rate and current
magnitude were analyzed at the selected potentials of −0.15,
−0.05, 0.05, 0.1, 0.15, and 0.2 V. According to formulas (15) and
(16), b can be obtained by linear tting of log i–log v. During the
electrochemical reaction, the transfer of surface reactive ions is
linear with v, whereas the migration of ions during diffusion is
linear with v1/2.81,82 Aer tting the log i–log v curves, the cor-
responding b values were obtained, as shown in Fig. 5b and
S22a–e.† For the FM2Ag2 electrode, the corresponding b values
were 0.85, 1.02, 0.98, 0.97, 0.98, and 0.97 (R2 = 0.99), indicating
that the charge storage is mainly attributed to the contribution
of the surface capacitance. At a scan rate of 50 mV s−1, the ratio
of the surface capacitance contribution of the electrode was
determined according to eqn (15) (Fig. 5c, d and S22f–j†). The
calculated ratios for different electrodes were 43%, 16%, 70%,
78%, 23%, and 15%, revealing the main capacitive behavior of
FM2Ag2 and FMAg3 for charge storage. These results are
consistent with those obtained for the rate capability (Fig. 5a).

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted between 0.01 Hz and 100 kHz to eluci-
date the kinetics of ion transport in the electrode (Fig. 5e).
Directly mixing TOCNFs with conductive components resulted
in an obvious increase in the ion transport resistance of elec-
trodes, as analyzed from the Nyquist plots. The TOCNFs/
Ti3C2Tx/AgNW hybrid lms showed an almost vertical rise in
the imaginary impedance (at low frequencies). This indicates
that electrolyte ions are easily accessible to charge-storage sites
on the surfaces.12,83 Consistent with a previous study, FM2Ag2
exhibited a double-layer capacitive behavior. This may be due to
the optimal specic surface area and interlayer space between
the AgNWs and Ti3C2Tx nanosheets, which reduced the charge-
diffusion resistance. Compared with other layered lms ob-
tained by ltration, FM2Ag2-mix exhibited the highest equiva-
lent series resistance (4.5U). However, the biomimetic design of
the conductive layers gave rise to lower equivalent series resis-
tance and better charge transfer kinetics in the sandwich-
structured lms, making it easier for the transport of electrolyte
ions. The internal resistance of the FM2Ag2 lm electrode was
approximately 1.6 U. The real (C′) and imaginary (C′′) capaci-
tances of these electrode lms are plotted versus the frequency
in Fig. 5f and S23.† The relaxation time constant (s0) of FM2Ag2-
mix was signicantly higher than those of the other lms. The
s0 values of the other electrodes decreased with the decrease in
Ti3C2Tx contents. The relaxation time of FM2Ag2 was 1.78 s.
This conrms our previous results that the ion mobility rate is
the main factor limiting the rate performance (Fig. 5a). When
Ti3C2Tx nanosheet contents were low, the ions in the electrolyte
J. Mater. Chem. A, 2023, 11, 8656–8669 | 8665
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Fig. 5 (a) Rate capability of TOCNFs/Ti3C2Tx/AgNW hybrid films based on GCD profiles. (b) Linear relationship of the current (i) and the scan rate
(v) of FM2Ag2. (c) Surface capacitance contribution to the total charge storage at 50 mV s−1 for FM2Ag2. (d) Contribution of the capacitive and
diffusion-controlled current of TOCNFs/Ti3C2Tx/AgNW hybrid films at 50 mV s−1. (e) Nyquist plots. (f) Progression of the imaginary (C′′) parts of
the areal capacitance as a function of frequency. (g) Long-term cycling performance of TOCNFs/Ti3C2Tx/AgNW hybrid films at 10 mA cm−2. (h)
Long-term cycling performance and corresponding coulombic efficiency of FM2Ag2 at 10 mA cm−2, and (i) areal capacitance and specific
capacitance of FM2Ag2 hybrid films compared with other different structures.
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easily diffused and migrated into the electrode. In contrast, the
diffusion path of ions was longer for high-loading nanosheets,
and thus the ions in the electrolyte could not be reached at high
scanning speeds. This impeded some active surfaces to partic-
ipate in redox reactions to store charges, which in turn
degraded the electrode rate capability. As shown in Fig. 5g,
galvanostatic charge–discharge tests over 10 000 cycles were
performed at 10 mA cm−2 to reveal the electrochemical stability
and capacitance retention of all the prepared electrodes. Before
400 cycles, the capacitance performance improved. This is
because of the gradual inltration of electrolytes in the elec-
trode and activation of electrode materials. Aer 10 000 cycles,
FM3Ag and FM2Ag2 exhibited high electrochemical stability
and capacitance retentions of 94.29% and 92.39%, respectively.
However, the capacitance retention of FM2Ag2-mix signicantly
decreased to 78.57%. In addition, capacitance decay was
accelerated, owing to the increase in resistance, which dissi-
pated more energy, resulting in thermal loss and lower capaci-
tance.17 FM2Ag2 achieved superb specic/areal capacitance and
long-term stability owing to fast ion transport toward redox-
active sites and high electron transfer rates in the 3D porous
8666 | J. Mater. Chem. A, 2023, 11, 8656–8669
structure with optimal layer spacing. Typical GCD curves of
FM2Ag2 reveal that the coulombic efficiency was 124.1%
(Fig. 5h), suggesting its highly reversible capacitance behavior
and fewer parasitic reactions.84 These properties were better
than those of most MXene- and silver-based electrode materials
(Table S3†), conrming their potential applications in super-
capacitors. More importantly, we compared FM2Ag2 with other
structures (Fig. 5i), including a homogeneously mixed structure,
two layer structure, and sandwich structures with the conduc-
tive layer in the middle covered by TOCNF layers on both sides.
FM2Ag2 showed better performance in terms of areal and
specic capacitance.

Surface wettability is an important parameter in the devel-
opment of high-performance supercapacitors. Non-uniform
and insufficient wetting leads to an inhomogeneous distribu-
tion of the current density.85 All hybrid lms show good
hydrophilicity (Fig. S24†). With the decrease in MXene nano-
sheets, the hydrophilicity gradually decreased, and the contact
angle increased from 54.6 ± 3.5° to 76.5 ± 2.8°. Moreover, the
contact angle of FM2Ag2 was 62.3± 3.1°, higher than that of the
homogeneously mixed lms (51° ± 2.5°).
This journal is © The Royal Society of Chemistry 2023
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4 Conclusions

In summary, we developed a facile micro/nanoscale strategy to
fabricate ultrathin, strong, exible, and high-conductivity
TOCNFs/Ti3C2Tx/AgNW hybrid lms with a sandwich structure
using a vacuum-assisted ltration method. The combination of
Ti3C2Tx MXene and AgNWs mimicked a leaf-like nanostructure,
in which 1D AgNWs acted as a conductive skeleton (vein) and
2D MXene acted as a connection (lamina), leading to a contin-
uous and highly conductive 3D network. The introduction of
TOCNFs as an interlayer not only endowed the hybrid lms with
excellent mechanical properties but also avoided the negative
effect on the electrical conductivity caused by the insulating
nature of the TOCNFs. These factors synergistically contributed
to excellent EMI shielding and electrochemical properties. The
obtained FM2Ag2 lm (∼4 mm in thickness and up to 1.29× 107

S m−1 in conductivity) exhibited a high areal and specic
capacitance of 110.7 mF cm−2 and 77.6 F g−1 at 10 mV s−1,
respectively, and excellent stability with 92.4% capacitance
retention aer 10 000 cycles, while maintaining a high EMI
shielding effectiveness of 28 016.2 dB cm2 g−1. The proposed
hierarchical structure strategy will give insight into the
construction of high-performance lms from the perspective of
multiscale design and can signicantly improve the practical
applications of these materials in wearable or portable elec-
tronic devices.
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