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ABSTRACT: MXene/polymer composites have gained widespread attention due to their high electrical conductivity and extensive
applications, including electromagnetic interference (EMI) shielding, energy storage, and catalysis. However, due to the difficulty of
dispersing MXenes in common polymers, the fabrication of MXene/polymer composites with high electrical conductivity and
satisfactory EMI shielding properties is challenging, especially at low MXene loadings. Here, we report the fabrication of MXene-
armored polymer particles using dispersion polymerization in Pickering emulsions and demonstrate that these composite powders
can be used as feedstocks for MXene/polymer composite films with excellent EMI shielding performance. Ti3C2Tz nanosheets are
used as the representative MXene, and three different monomers are used to prepare the armored particles. The presence of
nanosheets on the particle surface was confirmed by X-ray photoelectron spectroscopy and scanning electron microscopy. Hot
pressing the armored particles above Tg of the polymer produced Ti3C2Tz/polymer composite films; the films are electrically
conductive because of the network of nanosheets templated by the particle feedstocks. For example, the particle-templated Ti3C2Tz/
polystyrene film had an electrical conductivity of 0.011 S/cm with 1.2 wt % of Ti3C2Tz, which resulted in a high radio frequency
heating rate of 13−15 °C/s in the range of 135−150 MHz and an EMI shielding effectiveness of ∼21 dB within the X band. This
work provides a new approach to fabricate MXene/polymer composite films with a templated electrical network at low MXene
loadings.

KEYWORDS: Ti3C2Tz MXenes, Pickering emulsion, dispersion polymerization, RF heating, EMI shielding

■ INTRODUCTION

Armored particles have a polymer core coated with inorganic
nanoparticles; such armored particles can be used as feedstocks
for composite structures. These particles can be prepared by
dispersion polymerization of the discontinuous phase of
Pickering emulsions1−7 or by the deposition of inorganic
particles onto preformed polymer particles.8−12 Two-dimen-
sional (2D) nanosheets, including graphene oxide (GO)
nanosheets and clay platelets, have been widely used to
prepare armored particles, most commonly by the dispersion
polymerization method. For example, the Pentzer group
demonstrated the preparation of armored particles using oil-
in-water emulsions stabilized by GO and UV-initiated thiol-ene

polyaddition polymerization of the oil phase.13−15 The same
group used oil-in-oil emulsions stabilized by alkylated GO and
thermally initiated free-radical polymerization of a methacry-
late monomer as the discontinuous phase to prepare armored
particles.16,17 In a similar vein, Zhang et al. used clay platelets
modified with poly [2-(dimethylamino) ethyl methacrylate] to
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stabilize oil-in-water emulsions and dispersion polymerization
to prepare polymethyl methacrylate (PMMA) particles
armored with the modified clay platelets.18 Alternatively, de
Leon et al. deposited GO onto the surface of commercially
available polyamide particles by “salting out” the nanosheets
from an aqueous solution,19 whereas Wu et al. used
electrostatic interactions and layer-by-layer deposition of
polyelectrolyte and functionalized graphene sheets to create
armored hollow carbon/sulfur spheres.11

The use of armored particles as feedstocks for the
production of composite films is most commonly achieved
by hot pressing above Tg of the polymer core or selective laser
sintering (an additive manufacturing technique). As with most
composites, the resulting films have electrical, mechanical,
thermal, and barrier properties that the polymer alone does not
possess.20,21 Benefits of hot pressing are that it does not require
prolonged application of high temperatures (as with melt
processing), nor does it require volatile organic solvents (as
with solution casting). Furthermore, hot pressing of armored
particles to form films can produce an ordered structure of the
inorganic particles within the film; the polymer chains of
neighboring particles entangle with each other, leading to a
monolithic structure, which retains the initial organization of
the inorganic particles in a honeycomb-like structure at the
boundaries between the polymer particles. For example,
Negrete-Herrera et al. prepared polymer films using copolymer
particles (styrene and n-butyl acrylate) armored with Laponite
clay; by evaporating the aqueous continuous phase above Tg of
the copolymer, the resulting film (10 wt % clay calculated) had
a honeycomb structure of nanosheets, as observed by
transmission electron microscopy (TEM), and exhibited
enhanced mechanical and thermal properties compared to
films of the copolymer alone.22 Similarly, Gudarzi and Sharif
fabricated a GO/PMMA film by hot pressing a mixture of
PMMA- and GO/PMMA-armored particles at 200 °C; the
resulting film (0.3 wt % GO calculated) showed an improved
thermal stability and stiffness compared to the neat polymer.23

Alternatively, Fadil et al. used GO-armored particles with a
copolymer core (styrene and n-butyl acrylate) for the
preparation of an electrically conductive rGO/polymer film
(5 wt % rGO calculated, 0.001 S/cm). The film was obtained
by drying the dropcaste particles and then heating to 160 °C
for 24 h, which had the added benefit of reducing GO
nanosheets and enhancing their electrical conductivity.24

Similarly, Merritt et al. demonstrated the use of GO-armored
polystyrene particles and hot pressing at 190 °C to prepare

films (2 wt % GO calculated) with excellent barrier
performance to different gases at high pressure.25

A relatively new class of 2D nanoparticles that have been
used in polymer composites but underutilized in the formation
of armored particles for film formation is transition metal
carbides or nitrides, referred to as MXenes. The general
chemical formula of MXenes is Mn + 1XnTz (n = 1−3), where M
represents an early transition metal, such as Ti or V; X is C or
N; and Tz represents the different functional groups on the
surface (-O, -F, and -OH).26−28 The high electrical
conductivity, high catalytic activity, and rich surface function-
ality of MXenes enable emerging applications in energy
storage, catalysis, sensing, and electromagnetic interference
(EMI) shielding.29−40 MXene/polymer composites have been
prepared by both solution mixing and melt processing, with
many studies addressing the electrical conductivity (Table
S1)41−50 or EMI shielding properties (Table S2)43,44,46,50−55 of
the resulting film. For example, Naguib et al. fabricated a
conductive MXene/polyacrylamide (PAM) composite film by
combining MXene and PAM in water and then drying the
mixture under ambient conditions for 4−5 days followed by
oven drying at 60 °C under vacuum (6 wt % Ti3C2Tz, 3.3 ×
10−4 S/cm).42 Liu et al. prepared a chitosan/MXene composite
film by vacuum-assisted filtration of a mixture of MXene
aqueous dispersion and chitosan solution followed by drying in
an atmospheric environment overnight for EMI shielding (75
wt % Ti3C2Tz, 14 S/cm, 34.7 dB).56 Similarly, Wang et al.
reported a conductive MXene/epoxy composite for EMI
shielding by mixing MXene with epoxy in acetone and then
drying at 60 °C under vacuum and curing for 5 h at 120 °C
(15 wt % Ti3C2Tz, 38 S/m, 30 dB).52 To our knowledge, few
examples focus on using MXene-armored polymer particles to
prepare composite films. Qian et al. demonstrated the
fabrication of a cellulose microsphere (CM)/MXene compo-
site film for EMI shielding (66.7 wt % Ti3C2Tz, 496 S/cm, 47.1
dB) by solution mixing of CM solution with MXene aqueous
dispersion and then filtering by a pressured-extrusion process
followed by drying at 60 °C under vacuum for 5 min and then
mechanical pressing (10 MPa) for 1 min and annealing at 400
°C for 2 h.57 Similarly, Qian et al. prepared a cellulose
nanofibril (CNF)/multiwalled carbon nanotube (MWCNT)/
MXene composite film with high performance for EMI
shielding (50 wt % Ti3C2Tz, 138 S/cm, 45.1 dB) by mixing
CNF/MWCNT microsphere solution (prepared by spray
pelletization) with MXene aqueous dispersion and filtering
using a pressured-extrusion process followed by drying under
vacuum for 5 min at 60 °C and annealing for 2 h at 380 °C.58

Scheme 1. Overview of the Approach To Prepare Ti3C2Tz-Armored Polymer Particles and Use Them To Fabricate MXene−
Polymer Composite Films with High Electrical Conductivity, Rapid RF Heating, and Good EMI Shielding Properties
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However, these two examples show the fabrication of MXene/
polymer composites using a solution mixing method, which
limited their use to aqueous polymer solutions. Another
example was reported by Sun et al.; here, the authors prepared
MXene-armored particles by leveraging electrostatic inter-
actions between negatively charged MXenes and positively
charged polystyrene-based particles and then formed films
from the composite particles via compression molding (1.9 vol
% Ti3C2Tz, 10.81 S/cm, 62 dB).43 Despite these intriguing
results, this approach is limited to charged polymers, and thus,
the stability and properties of the resulting composite are
limited. We hypothesize that dispersion polymerization of
hydrophobic monomer droplets in Pickering emulsions
stabilized by MXene nanosheets can provide a robust, scalable,
and module approach to preparing MXene-armored particles
for use as feedstocks for fabrication of composite films.
Here, we report the synthesis of Ti3C2Tz-armored polymer

particles by dispersion polymerization in Pickering emulsions
and their use to form composite films with high electrical
conductivity, rapid radio frequency (RF) heating, and good
EMI shielding properties. To develop this system, we leveraged
our recent report that Ti3C2Tz-stabilized emulsions can be
readily prepared when the nanosheets are flocculated with
simple inorganic salts (e.g., NaCl).59 As shown in Scheme 1,
flocculated Ti3C2Tz nanosheets were used to stabilize
monomer-in-water emulsions, which underwent dispersion
polymerization to give Ti3C2Tz-armored particles. The
applicability of this approach to different hydrophobic
monomers was demonstrated, including styrene, benzyl
methacrylate, and n-butyl methacrylate. The presence of
Ti3C2Tz nanosheets on the surface of the armored particles
was verified by scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), and thermogravimetric
analysis (TGA). Hot pressing the armored particles above Tg
of the core polymer processed the powder into conductive
composite films. The Ti3C2Tz/PS film exhibited a high
electrical conductivity of 0.011 S/cm with only 1.2 wt % of
Ti3C2Tz. In contrast, solution mixing the same composition of
Ti3C2Tz and PS yielded a composite with a significantly lower
conductivity (6.3 × 10−8 S/cm), indicating the favorable
conductive network imparted by the armored particles. This
conductive network, coupled with the internal structure of the
Ti3C2Tz/PS film, resulted in a high RF heating rate of 13−15
°C/s within the RF range of 135−150 MHz and high EMI
shielding performance (total shielding effectiveness of ∼21 dB
for the X band). This work provides a new approach for
producing feedstocks for MXene/polymer composites with low
MXene loading and high performance, including for EMI
shielding. This approach here has a distinct advantage in that
any hydrophobic monomer could be used. This approach
could also be extended to other MXenes (such as V-based or
Nb-based nanosheets).

■ MATERIALS AND METHODS
Materials. The Ti3AlC2 MAX phase was prepared as previously

reported.60 Lithium fluoride (LiF, 98%+) was purchased from Alfa
Aesar. Hydrochloric acid (HCl, 37% [w/w], ACS reagent), dimethyl
sulfoxide (DMSO, >99.5%), styrene, benzyl methacrylate (BMA), n-
butyl methacrylate (n-BMA), aluminum oxide (Al2O3), and
azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich.
All the monomers were purified by running through a basic alumina
column to remove the inhibitors before use. AIBN was purified by
recrystallization in ethanol before use.

Instrumentation. Emulsions were made using a hand-held
emulsifier from BioSpec Products Inc. (model 985370). Optical
microscopy images were obtained using an Amscope microscope. The
samples were prepared by placing a drop of emulsion solution onto a
glass slide. X-ray diffraction (XRD) was conducted using a Miniflex II
(Rigaku) with a Cu-Kα radiation source (λ = 1.5406 Å), and XPS was
performed using an Omicron X-ray photoelectron spectrometer
employing an Mg-sourced X-ray beam at 15 kV with aperture 3.
Dynamic light scattering (DLS) was performed with a Zetasizer Nano
ZS90 from Malvern Instruments. TEM was conducted using an FEI
Tecnai F20 transmission electron microscope operating at 200 kV.
Atomic force microscopy (AFM) was conducted using a Bruker
Dimension Icon AFM. SEM was performed with an FEI Quanta 600
field-emission scanning electron microscope with the acceleration
voltages of 5 and 20 kV for microscopy imaging and energy-dispersive
X-ray spectroscopy (EDS) imaging, respectively. TGA was conducted
using a TA instrument Q50 under nitrogen flow. Differential scanning
calorimetry (DSC) was performed with a TA instrument DSC 2500.
The DC conductivity was obtained using a standard Keithley 4-point
probe meter; RF heating was obtained using a signal generator (Rigol
Inc., DSG815), a 500 W amplifier (Prana R&D, GN500D), and a
fringing-field applicator (HFSS, ANSYS Inc.). The thermal image was
obtained using an FLIR infrared camera (FLIR Systems Inc., A655sc).
EMI shielding measurements were performed with a P5004a Keysight
Streamline USB Vector Network Analyzer, 20 GHz. The sample film
(2.9 cm × 1.8 cm) was fixed in-between two waveguide-to-coaxial
adaptors connected face to face to measure the S-parameters (S11 and
S21) for the calculation of shielding effectiveness (SE) and power
coefficients of reflection (R), absorption (A), and transmittance (T).
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Preparation of Ti3C2Tz Nanosheets. Ti3C2Tz nanosheets were

obtained following our previously reported method.61 Briefly, 20 mL
of 6 M aqueous HCl was prepared, and 1.6 g of LiF was added with
continuous stirring. Then, 2 g of MAX powder was slowly added to
this solution, and the mixture was stirred continuously at 40 °C for 40
h. The resulting suspension was washed with deionized water and
separated by centrifugation with the supernatant discarded. The
washing process of the pellet was repeated several times until the
supernatant reached pH ∼6, as determined with litmus paper. The
precipitate (Ti3C2Tz clay) was then intercalated with DMSO at room
temperature for 20 h with continuous stirring. Then, excess DMSO
was removed by centrifugation followed by deionized water washing 3
times and centrifugation at 9000 rpm for 26 min, discarding of the
supernatant, then addition of fresh water, and bath sonication for 1 h.
The Ti3C2Tz nanosheets were obtained by centrifuging the
suspension at 3500 rpm for 45 min and collecting the supernatant.

Preparation of Ti3C2Tz Emulsions and Armored Particles.
Ti3C2Tz-stabilized emulsions were prepared as we previously
reported.59 First, an aqueous dispersion of 1 mg/mL of Ti3C2Tz
and 0.025 M NaCl was prepared; the oil phase was prepared by
dissolving 3 wt % of AIBN in the monomer (styrene, BMA, or n-
BMA). For example, 27.2 mg of AIBN was dissolved in 1 mL of
styrene. To prepare the emulsion, the aqueous phase and oil phase
were mixed (1:5 vol/vol oil/water) and emulsified using a hand-held
emulsifier (20s on, 5 s off for 3 cycles) followed by bath sonication for
1 min and then by a second emulsification using a hand-held
emulsifier (20s on, 2 s off for 3 cycles). To prepare armored polymer
particles, the emulsion mixture was heated to 70 °C without stirring
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for 24 h. The armored particles were isolated by gravity filtration,
washed with deionized water and then methanol, and dried at room
temperature under reduced pressure.
Preparation of Ti3C2Tz/Polymer Films. To prepare a 0.45 mm

thick Ti3C2Tz/polymer composite film, the dried armored particles
were placed in a 1.5 cm × 1.5 cm × 0.45 mm Kapton mold and then
hot pressed for 5 min under high pressure (20,000 pounds) at a
temperature that was ∼10 °C above polymer Tg. For example, we
used 110 °C to hot press the Ti3C2Tz/polystyrene-armored particles
to make the film. To prepare Ti3C2Tz/polymer composite films of
different thicknesses, 1.25, 1.57, 2.61, and 5.19 mm thick, Teflon
molds were used. For example, the Ti3C2Tz/PS particles were
compressed at 110 °C under 20,000 pounds, then removed from the
hot press, and cooled down to room temperature before the film was
removed from the mold.

■ RESULTS AND DISCUSSION

Preparation and Characterization of Ti3C2Tz MXenes.
Ti3C2Tz nanosheets were chosen for this work because they
are the most commonly used and widely available MXene
composition. The nanosheets were prepared and characterized,
as previously reported.62 First, Ti3C2Tz clay was prepared by
selectively etching the Al layer from the parent Ti3AlC2 MAX
powder using an aqueous LiF/HCl solution. Ti3C2Tz nano-
sheets were then obtained by intercalation of the clay with
DMSO and subsequent bath sonication, yielding a transparent,
dark-green aqueous dispersion. Figure 1a shows the XRD curve
of a free-standing Ti3C2Tz nanosheet film made by vacuum-
assisted filtration of the as-prepared Ti3C2Tz dispersion. At 6
degrees, the characteristic 002 peak of Ti3C2Tz is observed,
indicating the successful etching and exfoliation of the
nanosheets. Drop casting of the nanosheets and character-
ization by TEM show few-layer Ti3C2Tz nanosheets, with a
lateral size ranging from hundreds of nanometers to a few
micrometers (Figure 1b). The average hydrodynamic diameter
of Ti3C2Tz nanosheets is ∼360 nm, indicated by DLS (Figure

S1). Figure 1c shows the AFM image of Ti3C2Tz nanosheets,
with a thickness of ∼1.6 nm, indicating single-layer nanosheets.
Furthermore, SEM images of a freeze-dried Ti3C2Tz dispersion
also show individual nanosheets (Figure 1d), indicating
successful exfoliation.

Ti3C2Tz-Stabilized Emulsions and Ti3C2Tz-Armored
Particles. To prepare Ti3C2Tz-armored particles, hydrophobic
monomers were used to prepare oil-in-water emulsions
stabilized by salt-flocculated Ti3C2Tz followed by thermally
induced dispersion polymerization. An aqueous suspension of
NaCl-flocculated Ti3C2Tz was agitated with an oil phase
composed of styrene and the thermal radical initiator AIBN.
Shear mixing led to the formation of a milky solution of styrene
droplets in a continuous phase of water with the nanosheets
located at the oil−water interface. A digital image of the
emulsion (Figure 2a, inset) shows dark droplets floating atop a
clear liquid, similar to our previous report and supporting
associate of the nanosheets with the fluid−fluid interface. The
optical microscopy image in Figure 2a reveals that the
emulsion was composed of spherical droplets with a well-
defined shape and of fairly uniform size.
The styrene-in-water emulsion stabilized by salt-flocculated

Ti3C2Tz was heated to 70 °C to initiate free-radical
polymerization; after 24 h, the sample was cooled to room
temperature, and the armored particles were characterized.
The optical microscopy image in Figure 2b shows individual
spherical particles with diameters similar to those of the parent
emulsion droplets. As shown in Figure S2a,b, the size
distributions of emulsion droplets (before polymerization)
and armored particles (after polymerization) are similar, with
most (>90%) of the droplet’s diameter between 30 and 80 μm.
Based on the emulsion composition, we expect these particles
to have a solid polystyrene (PS) core and to be coated with
Ti3C2Tz (Ti3C2Tz/PS). A digital image of the vial shows the
dark-green armored particles at the bottom of the vial (Figure

Figure 1. Ti3C2Tz nanosheets: (a) XRD of the vacuum-assisted filtered film, (b) TEM of dropcast dispersion, and (c) AFM of dropcast dispersion
(inset shows the thickness of the Ti3C2Tz nanosheet along the line), and (d) SEM of freeze-dried samples.
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2b), indicating successful polymerization (the densities of
styrene and PS are 0.91 and 1.05 g/mL, respectively). The
Ti3C2Tz/PS-armored particles were further characterized by
SEM after isolation by gravity filtration, washing, and drying
under reduced pressure. The SEM images are consistent with
optical microscopy images and show that the armored particles
have a spherical morphology, with a diameter of 40−70 μm
(Figure 3a). The SEM image in Figure 3b highlights the flaky,
rough appearance of the surface of the particles, supporting the
presence of Ti3C2Tz nanosheets on the surface; in contrast,
dispersion polymerization of similar emulsions stabilized by the
surfactant sodium dodecyl sulfate exhibits smooth surfaces
(Figure S3).

If the Ti3C2Tz/polymer particles do have a core−shell
structure, Ti3C2Tz nanosheets will be rich on the surface of the
particles. EDS and XPS were used to characterize the chemical
composition of the Ti3C2Tz/PS particle surface. The EDS
mapping (Figure S4) of the surface of Ti3C2Tz/PS-armored
particles indicates the presence of Ti3C2Tz nanosheets, where
C and Ti are uniformly distributed on the polymer sphere. The
survey spectrum showed the presence of C, Ti, O, and F
(Figure 3c). Deconvolution of the high-resolution Ti 2p peak
into Ti−C, Ti2+, Ti3+, TiO2, and Ti−F revealed that the TiO2
peak at 458.7 eV only contributed to ∼3.7% of the Ti 2p signal
(purple curve in Figure 3d). This indicates that no substantial
oxidation of the Ti3C2Tz nanosheets occurred during emulsion
formation, dispersion polymerization, or isolation of the
armored particles. Deconvolution of the high-resolution C 1s
and O 1s peaks (Figure S5a,b) further highlights the presence
of Ti−C, Ti−O, and Ti−OH bonds, which indicates that the
Ti3C2Tz nanosheet structure is retained during processing. The
lack of oxidation of MXenes is critical to retention of their
unique properties, including electrical conductivity; numerous
methodologies for the prevention of oxidation have been
developed in recent years, and the prospect of composite
processing that avoids oxidation is quite promising.62,63

The thermal properties of Ti3C2Tz/PS-armored particles
were characterized using TGA and DSC. Figure S6a shows the
weight loss profile and its first derivative of Ti3C2Tz/PS
particles. From 115 to 200 °C, a weight loss of ∼2.4% is
observed, which may be attributed to loss of adsorbed water.
The most significant weight loss is then observed from 300 to
400 °C, which is likely the decomposition of PS. For
comparison, the PS particles prepared using sodium dodecyl
sulfate lose a majority of mass from 280−400 °C (Figure S6b).

Figure 2. Optical microscopy images and digital images of vials
(inset) of Ti3C2Tz/styrene (a) emulsions and (b) armored particles.
Scale bars are 100 μm.

Figure 3. Characterization of Ti3C2Tz/PS-armored particles: (a, b) SEM images, (c) XPS survey spectrum, and (d) XPS high-resolution Ti 2p
spectrum.
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For the Ti3C2Tz/PS particles, a residual mass of 1.2 wt %
remains after heating to 700 °C, which can be attributed to the
Ti3C2Tz nanosheets. This is in contrast to the expected weight
of Ti3C2Tz (0.55 wt %) based on the initial composition of the
emulsion; this difference may be due to excess styrene in the
system (incomplete encapsulation or monomer conversion),
which would be removed during washing and isolation. The
DSC thermogram of Ti3C2Tz/PS-armored particles in Figure
S7 reveals no melting or crystallization peaks but a Tg at 96 °C,
in agreement with the literature value for neat PS.64 These
results indicate the presence of both Ti3C2Tz nanosheets and
PS and that Ti3C2Tz nanosheets and the armored structure
have little influence on Tg of the PS.
Film Formation and Characterization. The Ti3C2Tz/

PS-armored particles prepared by dispersion polymerization
were used to prepare composite films by hot pressing the
powder particles at 110 °C (i.e., above Tg of PS). A digital
image of the film shows a dark and uniform surface (Figure
4a). Further characterization of the morphology of the film
surface by SEM revealed circular surface features with a similar
size to the original PS particles (Figure 4b and Figure S8a).
The cross-section images in Figure 4c and Figure S8b also
show such features, suggesting that the initial organization of
the Ti3C2Tz nanosheets between the polymer spheres remains
after neighboring particles fuse upon hot pressing.
The chemical composition of the Ti3C2Tz/PS film was

studied by XRD and XPS. The XRD curve in Figure 4d shows
the characteristic Ti3C2Tz 002 peak around 6 degrees in the
composite film (red solid line), which is consistent with pure
Ti3C2Tz (green dashed line) and indicates the presence of
Ti3C2Tz nanosheets. The XRD curve of the film also contains
two broad peaks at 10 and 20 degrees, which are attributed to
amorphous PS. A survey XPS spectrum of the Ti3C2Tz/PS film
surface shows the presence of C, O, Ti, and F (Figure 4e); the
surface sensitive nature of this technique supports that Ti3C2Tz

nanosheets are not distributed throughout the PS during film
formation but instead remain localized near the surface and
organized as templated by the polymer particles. Deconvolu-
tion of the high-resolution Ti 2p peak shows distinct Ti−C,
Ti2+, Ti3+, TiO2, and Ti−F (Figure 4f); as with the armored
particles, the small contribution of the TiO2 peak indicates that
no significant oxidation occurs upon hot pressing, and supports
that the conductive nature of Ti3C2Tz is maintained during
processing.

Film Properties. SEM, XRD, and XPS of the hot-pressed
films of Ti3C2Tz/PS-armored particles indicate that the
nanosheets should be electrically conductive (i.e., the nano-
sheets are not oxidized into insulating TiO2) and that the
nanosheets maintain a network between regions of solid PS.
This feature is expected to result in a high electrical
conductivity at low Ti3C2Tz loadings. Using the four-point
probe method, the electrical conductivity of the Ti3C2Tz/PS
film was measured to be 0.011 ± 0.007 S/cm with 1.2 wt % of
Ti3C2Tz. For comparison, we attempted to prepare the same
film composition by drying an aqueous dispersion of Ti3C2Tz
nanosheets and PS particles and then hot pressing; this control
Ti3C2Tz/PS film was nonuniform, and the separation of dark
Ti3C2Tz aggregates and the transparent polymer was obvious
(Figure S9). This poor dispersion is particularly clear in the
film’s conductivity (6.3 × 10−8 S/cm) that was significantly
lower than that of the Ti3C2Tz/PS film made by hot pressing
the armored particles (0.011 S/cm). We attribute the increased
performance of the armored particle film to the templated
formation of a network of nanosheets during hot pressing,
similar to what has been reported for reduced rGO-armored
particles.24 To our knowledge, the electrical conductivity of
our armored particle-derived Ti3C2Tz/PS film is comparable to
the literature values of the MXene/polymer composite film
with a similar MXene loading (Table S3).42,43,45,49,50 However,
most of the reported films are prepared using the solvent

Figure 4. Characterization of the Ti3C2Tz/polystyrene composite film: (a) digital image, (b) SEM image of the film surface, (c) SEM image of the
film cross-section, (d) XRD curves, (e) XPS survey spectrum, and (f) XPS high-resolution Ti 2p spectrum.
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mixing method, which requires organic solvents (e.g., DMF
and DMSO) when nonwater dispersible polymers are desired.
Thus, using emulsions to architect armored particles can
readily produce feedstocks for Ti3C2Tz/PS composite films
with high conductivity and low Ti3C2Tz loading using water
and without organic solvents.
In addition to the DC conductivity measurement, RF

heating was demonstrated for the Ti3C2Tz/PS film. Figure 5a
shows heating rates as a function of RF at 0.1 W. The
maximum heating rate of around 15 °C/s is observed at a
frequency of 150 MHz, which corresponds to the maximum
absorption of RF fields. Other heating peaks at 117 MHz and
in the range of 135−150 MHz are observed. This shows that
heating can be modulated with frequency. Figure 5b shows one
RF heating cycle of the Ti3C2Tz/PS film at 135 MHz at 0.1 W.
Interestingly, while the pure PS film (nonconductive) and the
control Ti3C2Tz/PS film (6.3 × 10−8 S/cm) do not heat under
these conditions, the Ti3C2Tz/PS film heats rapidly in response
to a low power RF field: from 25 to 60 °C in a few seconds at
only 0.1 W. These data indicate the formation of an electrically
conductive network in the Ti3C2Tz/PS film, which is further
revealed by the uniform heating throughout the film, as shown
in the inset thermal image; this is consistent with our prior
work on Ti3C2Tz/polymer composites65 where Ti3C2Tz was
solution mixed with poly(vinyl alcohol), and vacuum-assisted
filtration was used to prepare a composite film of 25 wt %
Ti3C2Tz, but in the current study, the composite contains only
1.2 wt % Ti3C2Tz. Thus, compared to solution-mixed Ti3C2Tz/
polymer composite films, our particle-templated film showed a

significantly enhanced RF heating response at low Ti3C2Tz
loading.
Additionally, the EMI shielding performance of the

Ti3C2Tz/PS composite film was investigated in the 8.2 to
12.4 GHz range. As shown in Figure 6a, the SE of a 5.19 mm
Ti3C2Tz/PS film (1.2 wt % of Ti3C2Tz) was ∼21 dB for the X
band, which satisfies the minimum requirement for commercial
use.46 For comparison, the control Ti3C2Tz/PS film cannot be
measured for EMI shielding due to low conductivity (6.3 ×
10−8 S/cm). Also, Figure 6a shows that the SE adsorption and
SE reflection values are ∼18 and ∼3 dB, respectively,
indicating that the EMI shielding of the Ti3C2Tz/PS film
might conform to an adsorption-dominated mechanism. The
relationship between SE and sample thickness is shown in
Figure 6b. Generally, SE increases with thickness due to the
increased adsorption of electromagnetic waves. Here, for
Ti3C2Tz/PS films with thicknesses of 1.57, 2.61, and 5.19 mm,
total SE values of 9.4, 13, and 21 dB are observed at 12 GHz,
respectively, and the absorption SE values across the same
samples are 7, 11, and 19 dB. Thus, the EMI shielding
performance of our Ti3C2Tz/PS composite films is attributed
to the compact and conductive network provided by the
armored particle feedstocks.
We next investigate the mechanism of EMI shielding of the

Ti3C2Tz/PS film. An electromagnetic wave is partially reflected
and partially absorbed when hitting the shielding material,
while the rest is transmitted through the material. Their
corresponding power coefficients of reflection (R), absorption
(A), and transmittance (T) indicate the ability of the shielding
material to reflect, absorb, or transmit electromagnetic waves.66

Figure 5. RF heating of the Ti3C2Tz/PS composite film: (a) frequency sweep, (b) RF heating curve at 135 MHz, 0.1 W; the inset shows the
thermal image of the film.

Figure 6. EMI shielding effectiveness of the Ti3C2Tz/PS composite film (a) with a thickness of 5.19 mm and (b) as a function of film thickness at
12 GHz. (c) EMI shielding power coefficients of reflection (R), absorption (A), and transmittance (T).
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R, A, and T coefficients are calculated based on their S-
parameters (S11 and S21). As shown in Figure 6c, with the
increase of the film thickness, the A and R coefficients increase
at small thickness (< ∼2 mm), and no substantial change is
observed when the film thickness is greater than ∼2 mm, while
the T coefficient decreases dramatically at small thickness till
∼2 mm and then slowly decreases till ∼5 mm. For all thickness
values, the A coefficient is larger than the R coefficient,
indicating the Ti3C2Tz/PS film’s absorption behavior relative
to reflection. This result confirms the absorption-dominated
EMI shielding mechanism of our Ti3C2Tz/PS film.
Applicability to Other Polymers. The temperature of

processing armored particles into films is dictated by Tg of the
polymer, and thus, the ability to access Ti3C2Tz-armored
particles with other polymer cores broadens the usefulness of
the system. Dispersion free-radical polymerization to prepare
armored particles can be used with monomers that are not
miscible with water when they are used as the oil phase in
Ti3C2Tz-stabilized Pickering emulsions (Scheme 1). Using the
same polymerization conditions as for styrene, BMA and n-
BMA were used to prepare Ti3C2Tz/PBMA- and Ti3C2Tz/
PnBMA-armored particles, respectively. These armored
particles were characterized by optical microscopy and SEM
imaging, as well as XPS (Figures S10−S12); all samples were
composed of discrete spherical armored particles, and XPS
showed the presence of Ti3C2Tz near the surface and that no
significant oxidation of the nanosheets took place. We then
demonstrated that the different armored particles could be
used to form electrically conductive polymer composites by
hot pressing, with the temperature used for each dictated by Tg
of the polymer; Ti3C2Tz/PBMA was processed at 65 °C (Tg =
57 °C), and Ti3C2Tz/PnBMA was processed at 35 °C (Tg = 27
°C). Both of the resulting composite films were electrically
conductive: 0.015 and 0.006 S/cm for Ti3C2Tz/PBMA and
Ti3C2Tz/PnBMA, respectively. Surface and cross-sectional
SEM images of these films indicate a Ti3C2Tz percolating
network, as observed with the Ti3C2Tz/PS films (Figure S13).

■ CONCLUSIONS
Ti3C2Tz/PS-armored particles were synthesized by dispersion
polymerization in Pickering emulsions and used to prepare
composite films with low Ti3C2Tz loading (∼1.2 wt %) and
high conductivity, rapid RF heating, and good EMI shielding
capabilities. NaCl-flocculated Ti3C2Tz nanosheets were used to
stabilize monomer-in-water emulsions and polymerization of
the droplet monomer phase in the emulsion-formed Ti3C2Tz-
armored polymer particles. The Ti3C2Tz/PS core−shell
structure was verified by SEM, XPS, and TGA, and the
structure of these particles did not significantly impact Tg of
the polymer core. Hot pressing these armored particles at 110
°C yielded electrically conductive Ti3C2Tz/polymer composite
films; characterization by SEM revealed circular features on
both the surface and cross-section of the film, supporting the
formation of a network of Ti3C2Tz nanosheets templated by
the particles. The chemical structure of the nanosheets was
verified by XRD and XPS, indicating a lack of oxidation. The
electrical conductivity of the Ti3C2Tz/PS film was 0.011 S/cm,
which results in a rapid RF heating rate (13−15 °C/s) in the
ratio frequency range of 135−150 MHz. Furthermore, these
structured composite films with a thickness of 5.19 mm
showed a high EMI SE of 21 dB, with an adsorption-
dominated shielding mechanism. The use of other polymers
allows for the temperature of processing to be controlled, and

films were formed from Ti3C2Tz-armored particles of poly-
(benzyl methacrylate) (Tg = 57 °C) and poly(n-butyl
methacrylate) (Tg = 27 °C). This particle-templated approach
to the preparation of the MXene/polymer film gives access to
ordered MXene networks within the composite film and
overcomes the propensity of nanosheets to aggregate or
restack, as observed in melt processing and solution blending,
thereby giving enhanced electrical properties at low MXene
loading. Furthermore, this approach avoids the use of organic
solvents and expands the range of accessible MXene/polymer
compositions for diverse and tailored applications.
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