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Controllable non-aqueous

emulsions were developed using

modified MXenes

Structured MXene-polymer

composites were fabricated by

emulsion polymerization

Either the droplets, interfaces, or

continuous phase can be

polymerized

Rapid RF heating was

demonstrated on structured

MXene-polymer composites
This work demonstrates a straightforward method to fabricate structured MXene-

polymer composites with controlled filler distribution and composite morphology

in a water-free system by emulsion-assisted polymerization. Either the droplets,

interfaces, or continuous phase can be polymerized to form particles, capsules, or

foams, respectively. These non-aqueous systems provide opportunities for new

compositions, including those that are sensitive to water.
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PROGRESS AND POTENTIAL

MXene-polymer composites have

gained great attention due to

their favorable electrical

properties and applications

across electromagnetic

interference (EMI) shielding,

energy storage, gas separation,

water purification, and catalysis.

The traditional way to fabricate

MXene-polymer composites

involves direct mixing of MXene

and polymer in a solution or melt,

leading to a homogeneous

structure, which has limited

control over filler distribution and

has incompatibility issues with

hydrophobic polymers. This

report develops a simple and
SUMMARY

To date, major challenges in constructing MXene-polymer compos-
ites include incompatible processing conditions and poor control
over the organization of MXenes within the polymer matrix. Here,
we report a new approach to create MXene-polymer composites
in a water-free system by alkylating the nanosheets via electrostatic
adsorption of alkyl ammoniums and then using them as surfactants
in oil-in-oil emulsions, followed by polymerization. Within these
MXene-stabilized non-aqueous emulsions, polymerization of contin-
uous phase, discontinuous phase, and interface result in composite
foams, armored particles, and capsules, respectively. This non-
aqueous system significantly expands MXene-polymer architecture
compositions and highlights the ability to control both nanosheet
distribution and composite morphology. We also showcase the
rapid volumetric heating of the distinct MXene foam structure in
response to low-power radiofrequency fields. This work highlights
the importance and opportunities of disconnecting composition
and structure to advance fundamental understandings and access
new performance-related properties.
generalized approach to create

structured MXene-polymer

composites in a water-free system

with well-controlled filler

distribution and varied composite

morphology (e.g., capsules,

armored particles, and porous

foams). This research not only

expands the possible

compositions of MXene-polymer

architectures but also provides

insights into their structure-

property relationships, paving the

way for developing desired

performance-related properties.
INTRODUCTION

The ability to control the placement and/or orientation of particles within a polymer

can lead to enhanced performance-related properties, in complement to controlling

composition of the composite. In much of the composite literature, focus is placed

on preventing particle aggregation, dispersing particle fillers throughout the poly-

mer matrix, or creating a percolated network of particles through the matrix. Com-

mon fabrication methods for polymer composites, such as solution mixing, melt pro-

cessing, and in situ polymerization, typically lead to composites in which particulate

filler is dispersed homogeneously throughout the polymer matrix.1–5 However, by

controlling the microscopic and macroscopic structures of composites, substantial

enhancement of material properties may be possible.6–10 For instance, Ma et al. re-

ported high electromagnetic interference (EMI) shielding properties of a segregated

Ti3C2Tz-polypropylene composite film that was prepared by microwave sintering of

Ti3C2Tz-coated polypropylene particles.9 Another example of structured polymer

composite was reported by Wang et al., who developed a gradient-layered barium

titanate/poly(vinylidene fluoride) composite with a high energy density and charge-

discharge efficiency using a layer-by-layer casting method.10

Of the various approaches to preparing structured composites, including layer-by-

layer assembly,11–13 template coating,14–17 and polymer impregnation,18–20 Picker-

ing emulsion templating is attractive due to the well-defined interfaces, controllable
Matter 7, 1–19, May 1, 2024 ª 2024 Elsevier Inc. 1
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structure and size of droplets, and ease of scale-up.21–24 In Pickering emulsions, solid

particle surfactants stabilize a mixture of two immiscible liquids (e.g., oil and water),

with droplets of one being dispersed in a continuous phase of the other. Localization

of monomers within Pickering emulsions can lead to the formation of composite

shells, armored polymer particles, or porous polymer monoliths coated with surfac-

tant particles.25–28 For example, polymerization of the droplets (i.e., dispersion poly-

merization) yields solid polymer spheres coated with nanoparticle surfactants,

whereas polymerization of the continuous phase results in a foam with pores coated

with the nanoparticle surfactants. Lastly, polymerization between one monomer in

the discontinuous phase and the other in the continuous phase, e.g., at the emulsion

interface, gives capsule shells of polymer with Pickering nanoparticles embedded

within. Pickering emulsions are also valuable in that the particles can serve a dual

purpose: stabilizing the emulsion and imparting functional properties in the com-

posite produced. These functional properties are often connected with the electrical

or thermal conductivity of the particles themselves.29–32 For example, Yu et al. re-

ported the fabrication of conductive cellulose nanocrystals/carbon nanotubes/poly-

lactide films with high EMI-shielding performance using the Pickering emulsion tem-

plate method, where the carbon nanotubes serve as both particle surfactants and

conductive network.31

Two-dimensional (2D) particles are of great interest as Pickering surfactants,

including the relatively new class of 2D nanoparticles MXenes, or transition metal

carbides, nitrides, or carbonitrides. Compared to spherical particles, nanosheets

have large surface area and high aspect ratio to cover more liquid-liquid interfaces,

and, compared to small-molecule surfactants, it takes substantially more energy to

remove particles from the interface. Common 2D surfactants that have been

coupled with polymerizations include clay platelets,33 layered double hydrox-

ides,34,35 and graphene oxide (GO) nanosheets.36,37 For example, our group

reported Pickering emulsions stabilized GO to prepare hollow capsules, ionic-

liquid-filled capsules, and armored polymer particles.38–41 Similarly, Xie et al. fabri-

cated wrinkled spherical GO/polystyrene particles from Pickering emulsions,42 and

Yang et al. synthesized GO-based porous conductive foams with enhanced piezor-

esistive properties from high-internal-phase emulsions (HIPEs).43 In complement to

these more common 2D particle surfactants, MXenes are attractive as they not only

can stabilize emulsions but also hold the potential to impart functional properties

into structures. MXenes have a general formula of Mn+1XnTz, where M is transition

metal (e.g., Ti, V, Nb), X is carbon and/or nitrogen, and Tz is a general term for sur-

face terminal groups (e.g., –OH, –F, –Cl, –Br).44–47 Not only are MXenes process-

able as aqueous solutions but they also have distinct properties, including high

electrical conductivity,48–50 high catalytic properties,51–53 and versatile composi-

tions,54,55 rendering them exciting fillers in polymers. The interfacial assembly of

MXenes in water-based Pickering emulsions provides a simple way to fabricate

structured MXene composites.56–62 For example, our group demonstrated that

Ti3C2Tz nanosheets can stabilize oil-in-water Pickering emulsions provided an

aqueous dispersion of nanosheets is flocculated with salt.63 Polystyrene particles

armored with Ti3C2Tz nanosheets prepared by dispersion polymerization were

used as feedstock to prepare films with the nanosheets organized into a honey-

comb network; these structures had application in EMI shielding and radiofre-

quency (RF) heating.64 In complement, Zheng et al. prepared conductive porous

foams of Ti3C2Tz and crosslinked polystyrene via polymerization of continuous

phase of water-in-oil HIPEs,61 and Fan et al. fabricated Ti3C2Tz-containing porous

structures by polymerizing a mixture of ionic and neutral monomers (i.e.,

3-dodecyl-1-vinylimidazolium bromide, 3-hexadecyl-1-vinylimidazolium bromide,
2 Matter 7, 1–19, May 1, 2024
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and methyl methacrylate) in water-in-ionic-liquid HIPEs for use as piezoresistive

sensor and oil/water separation applications.62

The production of structured MXene-polymer composites from emulsions has, to

date, been limited to water-based systems; the ability to expand the types of inter-

faces (e.g., oil-oil, oil-ionic-liquid, etc.) holds the potential to dramatically enhance

the accessible structures and compositions that can be used to define structure-

function relationships and enhance performance-related properties in, for example,

encapsulation, catalysis, and thermal energy management.65–68 In these emulsions,

the two phases must be immiscible and commonly one is polar (e.g., N,N-dimethyl-

formamide [DMF] or ionic liquid) and the other is nonpolar (e.g., hydrocarbon).

Traditional surfactants for stabilizing these oil-oil emulsion are block copolymers

with the relative block length and polymer identity specific to the oils selected.69–71

For example, Müller et al. reported the synthesis of high-molecular-weight polyure-

thane particles using polyaddition of diisocyanates (4,40-methylenebis(cyclohexyl

isocyanate)) and diols (ethylene glycol and 1,4-bis(hydroxymethyl)cyclohexane) in

DMF-in-hexane emulsions stabilized by poly(isoprene)-poly(methyl methacrylate)

block copolymer.72 Nanoparticles, such as modified silica73,74 and alkylated cellu-

lose,67 have been sued to stabilize oil-oil Pickering emulsions. Our group demon-

strated that alkylation of GO gives 2D particles that can stabilize oil-in-oil and other

non-aqueous emulsions, enabling the production of composites with water-sensitive

components.75–79 For example, Rodier et al. reported the formation of polyisocya-

noethyl methacrylate particles with intact isocyanate groups from C18-GO stabilized

DMF-in-dodecane emulsions.78 Similarly, Wang et al. utilized C18-GO to stabilize

DMF-in-octane emulsions for the synthesis of temperature-dependent hindered pol-

y(urea-urethane) capsules.79 Further, Lak et al. used alkylated nanosheets to encap-

sulate magnesium nitrate hexahydrate (MNH) by precipitation of polymers in molten

MNH-in-toluene emulsions and used these structures for thermal energy manage-

ment.75 Unlike other 2D particle surfactants, MXenes hold the potential to impart

functional properties without significant post-processing (e.g., chemical reduction

of GO), and MXenes must be developed as particle surfactants in oil-oil systems

for the formation of structured polymer composites.

Here, for the first time, we report the functionalization of Ti3C2Tz MXenes for sta-

bilization of both polar-in-nonpolar and nonpolar-in-polar non-aqueous Pickering

emulsions and the use of these emulsions for the synthesis of structured capsules,

particles, and porous monolith. As is indicated in Scheme 1 (top), DMF-in-octane

emulsions are stabilized by Ti3C2Tz nanosheets modified by dihexadecyl dimethy-

lammonium bromide (DHDAB), whereas octane-in-DMF emulsions (Scheme 1, bot-

tom), are stabilized by Ti3C2Tz modified with octadecyl trimethylammonium bro-

mide (OTAB). This difference in nanosheet functionalization with a single or

double long alkyl chain controls the hydrophobicity to the nanosheets, and thus

their dispersibility, with the solvent serving as the continuous phase of the emul-

sion they stabilize (i.e., Bancroft rule). As a result, we can create controllable

MXene oil-oil emulsions (polar in nonpolar or nonpolar in polar) for selective emul-

sion polymerizations (such as in the dispersed phase, the continuous phase, or at

the interface). Specifically, we leverage three polymerization approaches in these

Pickering emulsions to prepare composite structures: polymerization of the inter-

face to give composite capsules shells, polymerization of the dispersed phase to

give polymer particles armored with nanosheets, and polymerization of the contin-

uous phase to fabricate porous monoliths coated with nanosheets. To demonstrate

the unique properties of our structured MXene-polymer composites, we measured

the RF heating response of the MXene porous monolith, and it exhibits rapid and
Matter 7, 1–19, May 1, 2024 3



Scheme 1. Overview of the approach to prepare MXene-stabilized oil-in-oil emulsions and their use in fabrication of structured materials

Top approach shows the functionalization of Ti3C2Tz with a double long-alkyl-chain ammonium salt (DHDAB) for polar-in-nonpolar emulsions; bottom

approach shows the functionalization of Ti3C2Tz with a single long-alkyl-chain ammonium salt (OTAB) for nonpolar-in-polar emulsions.
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steady heating from room temperature to 54�C in response to RF field at low po-

wer of 1 W and this RF heating performance is distinctly higher than that of the ho-

mogeneous MXene/polymer counterparts reported in our prior work (Ti3C2Tz/poly-

vinyl alcohol composites with nearly no heating response with similar low loading

of Ti3C2Tz at 1 W),80 indicating the formation of conductive MXene network in the

structured polymer composites. These results demonstrate a straightforward and

generalized approach for the fabrication of structured MXene-polymer composites

from non-aqueous system, giving access to new MXene-polymer architecture with

tailorable compositions that use composition and structure to enable perfor-

mance-related properties.
RESULTS AND DISCUSSION

Preparation and characterization of Ti3C2Tz MXenes

To demonstrate that surface functionalization can be used to modify MXenes and

enable their use as particle surfactants to stabilize non-aqueous emulsions,

Ti3C2Tz nanosheets were prepared and characterized as previously reported.81 To

prepare the nanosheets, the Al layer in Ti3AlC2 MAX powder was selectively etched

with an aqueous LiF/HCl solution and then the resulting Ti3C2Tz clay (multi-layer) was

isolated and subjected to intercalation with DMSO and exfoliation to yield Ti3C2Tz
nanosheets. The aqueous suspension of Ti3C2Tz nanosheets was a dark green color

with a � �40 mV z potential, indicating good colloidal stability in water. Figure S1A

shows the X-ray diffraction (XRD) curve of an as-prepared free-standing Ti3C2Tz
nanosheet film prepared by vacuum-assisted filtration with the characteristic 002

peak observed at 5.4�, indicating the successful etching and exfoliation of the nano-

sheets. Figure S1B shows the scanning electron microscopy (SEM) images of freeze-

dried Ti3C2Tz nanosheets and Figure S1C shows the transmission electron micro-

scopy (TEM) images of the drop-cast nanosheets on a hollow carbon grid, indicating

successful exfoliation of single- or few-layer nanosheets with the lateral size of hun-

dreds of nanometers to a few micrometers.
4 Matter 7, 1–19, May 1, 2024



Figure 1. Characterization of DHDAB-modified Ti3C2Tz and their use in stabilizing oil-oil Pickering emulsions

(A) XRD of pure Ti3C2Tz nanosheets and DHDAB-Ti3C2Tz.

(B) XPS survey spectrum of DHDAB-Ti3C2Tz (inset is high-resolution N 1s peak).

(C) Vial and optical microscopy image of DMF-in-octane emulsions stabilized by DHDAB-Ti3C2Tz (1 mg/mL DHDAB-Ti3C2Tz, 1:5 v/v of DMF:octane).

Scale bar: 100 mm.

(D) XRD of pure Ti3C2Tz nanosheets and OTAB-Ti3C2Tz.

(E) XPS survey spectrum of OTAB-Ti3C2Tz (inset is the high-resolution N 1s peak).

(F) Vial and optical microscopy image of octane-in-DMF emulsions stabilized by OTAB-Ti3C2Tz (1 mg/mL OTAB-Ti3C2Tz, 1:5 v/v of octane:DMF). Scale

bar: 100 mm.
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Ti3C2Tz MXene functionalization and Pickering emulsions

In order to stabilize non-aqueous emulsions, the Ti3C2Tz nanosheets were modified

with organic small molecules via electrostatic interactions. To stabilize polar-in-

nonpolar oil-oil emulsions, the Ti3C2Tz nanosheets were modified with a double

long-alkyl-chain ammonium salt (DHDAB), which transformed the water-dispersible

nanosheets to octane-dispersible nanosheets. In this system, the cationic ammo-

nium head group interacts electrostatically with the negatively charged faces of

the nanosheets, effectively hydrophobizing the nanosheets. To complete this func-

tionalization, a dispersion of Ti3C2Tz nanosheets in a mixture of water and ethanol

was added to a solution of DHDAB in the same solvent mixture (mass ratio of

Ti3C2Tz to DHDAB = 1:1). The nanosheets precipitated from solution and were iso-

lated by centrifugation then washed to remove excess DHDAB. Then the nanosheets

were suspended in octane to make a DHDAB-Ti3C2Tz octane dispersion, which was

stable to standing for 48 h (Figures S2A and S2B). Note that as-prepared Ti3C2Tz
nanosheets were not stable as an octane dispersion and rapidly precipitated. The

stability of the modified nanosheet dispersion in octane can be attributed to the

increased hydrophobicity upon modification with DHDAB, supported by water con-

tact angle measurements of pure Ti3C2Tz buckypaper and DHDAB-Ti3C2Tz buckypa-

per of 57.2� and 128.0�, respectively (Figures S1D and S2C). SEM imaging of freeze-

dried DHDAB-Ti3C2Tz demonstrates the nanosheet structure is maintained upon

functionalization (Figure S2D). In XRD spectra, the characteristic 002 peak of as-pre-

pared Ti3C2Tz (5.4�) shifts to 4.1� upon DHDAB functionalization (Figure 1A),
Matter 7, 1–19, May 1, 2024 5
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indicating increased interlayer spacing upon modification due to long alkyl chains of

DHDAB. To further confirm functionalization with DHDAB, X-ray photoelectron

spectroscopy (XPS) was employed. In the XPS survey spectrum of DHDAB-Ti3C2Tz,

the elements Ti, C, O, and F are identified (Figure 1B), and the high-resolution N

1s peak confirms the presence of DHDAB functionalization (Figure 1B, inset). In addi-

tion, the Fourier transform infrared (FTIR) spectroscopy of the DHDAB-Ti3C2Tz (Fig-

ure S3) shows distinct C–H stretching peaks around 2,848 cm�1 and 2,914 cm�1

compared to pristine Ti3C2Tz (no significant peak at �2,800–2,900 cm�1), indicating

the successfully functionalization of long alkyl chains from DHDAB. To probe the

thermal stability of the modified Ti3C2Tz, thermogravimetric analysis (TGA) was

done on the pristine Ti3C2Tz (Figure S4A) and DHDAB-Ti3C2Tz (Figure S4B). No

obvious mass change was observed for the pristine Ti3C2Tz, indicating the good

thermal stability of Ti3C2Tz nanosheets up to 700�C. For the DHDAB-Ti3C2Tz, the

degradation of DHDAB is observed from�250�C to 400�C and around 74.6 wt % re-

mains after heating up to 700�C, which can be attributed to the Ti3C2Tz nanosheets.

This suggests the DHDAB functionalization on the Ti3C2Tz nanosheets starts to leave

and degrade at around 250�C.

The successful functionalization of DHDAB-Ti3C2Tz and dispersibility in octane

enable their use to stabilize DMF-in-octane Pickering emulsions. To form an emul-

sion, DMF was added to an octane dispersion of DHDAB-Ti3C2Tz (1 mg/mL) then

subjected to high-shear mixing. This resulted in a milky solution consisting of drop-

lets of DMF dispersed in octane, with the nanosheets located at the oil-oil interface,

and, upon standing, a dense layer of emulsion formed at the bottom of the vial (Fig-

ure 1C). The as-prepared DMF-in-octane emulsion droplets were characterized by

optical microscopy, which showed uniform and neat emulsion droplets (average

size �15 mm; Figure S5A) with good spheric shape and dark green contrast (Fig-

ure 1C), supporting that the nanosheets were associated with the interface. Leaving

the emulsions unagitated over a course of 1 month did not lead to an appreciable

change in the droplets, which indicates good emulsion stability and that this system

can be used to prepare structured polymer composites (Figures S6A–S6D).

The ability to control the polarity of the continuous and discontinuous phase gives

further control of composite composition and we thus sought to modify the nano-

sheets so they could stabilize the inverse nonpolar-in-polar emulsions (e.g., oc-

tane-in-DMF) (Scheme 1, bottom). To do so, a single long-alkyl-chain ammonium

salt (OTAB) was used to functionalize Ti3C2Tz nanosheets in a similar method as

described above (mass ratio of Ti3C2Tz to OTAB = 1:1). A DMF dispersion of

OTAB-Ti3C2Tz was stable for 48 h (Figures S7A and S7B), and the water contact angle

of OTAB-Ti3C2Tz nanosheets had intermediate wettability to as-prepared Ti3C2Tz
and DHDAB-Ti3C2Tz (94.2� versus 57.2� and 128.0�; Figure S7C). The morphology

of freeze-dried OTAB-Ti3C2Tz was characterized by SEM, which supports that the

nanosheet structure was maintained after functionalization (Figure S7D). The XRD

spectrum of OTAB-Ti3C2Tz shows the characteristic 002 peak of the nanosheets at

4.8�, which is shifted 0.6� from that of as-prepared Ti3C2Tz (5.4�; Figure 1D). As

with DHDAB-Ti3C2Tz, this shift is due to the increased interlayer spacing due to

incorporation of OTAB molecules on the surface of the Ti3C2Tz nanosheets. To

confirm the composition of OTAB-Ti3C2Tz, XPS survey spectrum was used; Figure 1E

shows the survey XPS spectrum and the presence of C, O, Ti, N, and F, all character-

istic elements of Ti3C2Tz and OTAB (the high-resolution N 1s peak is shown in the

inset). The successfully functionalization is also verified from the FTIR results by

the C–H stretching (2,850 cm�1 and 2,923 cm�1) of OTAB-Ti3C2Tz nanosheets (Fig-

ure S3). The thermal stability of the OTAB-Ti3C2Tz nanosheets is characterized by
6 Matter 7, 1–19, May 1, 2024



Figure 2. Composite capsule shells from DMF-in-octane emulsions using DHDAB-Ti3C2Tz (1 mg/mL, 1:5 v/v of DMF:octane)

(A) Synthetic scheme.

(B) Optical microscopy image. Scale bar: 100 mm.

(C–E) SEM images at different magnifications. Scale bars: 50 mm (C), 10 mm (D and E).
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TGA (Figure S4C) and the OTAB degrades from �200�C to 350�C, with around 76.0

wt % remaining mass at 700�C. OTAB-Ti3C2Tz nanosheets are dispersible in DMF

and, upon addition of octane and shear mixing, form stable octane-in-DMF emul-

sions with spherical droplets (average size, �14 mm; Figure S5B), as observed with

optical microscopy (Figure 1F). These octane-in-DMF emulsion droplets are still pre-

sent after standing for 48 h (Figure S8), allowing for emulsion polymerization and

fabrication of structured polymer composites. As we now had access to both

nonpolar-in-polar and polar-nonpolar Pickering emulsions, we set out to utilize

these platforms for compartmentalization of reagents and polymerizations to pre-

pare structured MXene-polymer composites.

Synthesis of capsules from DMF-in-octane emulsions

To prepare Ti3C2Tz-polymer composite capsule shells, interfacial polymerization of

two monomers in a non-aqueous emulsion was used. Here, an octane dispersion of

DHDAB-Ti3C2Tz was used, a DMF solution of ethylenediamine (EDA) added, it was

agitated to form DMF-in-octane Pickering emulsions, and then hexamethylene dii-

socyanate (HDI) was added to the continuous octane phase, as outlined in Figure 2A.

Upon standing, interfacial step growth polymerization between the diisocyanate

and the diamine produced a polyurea shell around the nanosheets surrounding

the droplets. After 72 h, characterization of the samples using optical microscopy

shows rough, semispherical capsules (Figure 2B), indicating successful formation

of polyurea shell around the droplets. The isolated and dried capsules were charac-

terized using SEM, which again supports semispherical structures with a thin hollow

shell (Figures 2C–2E), confirming interfacial polymerization.

To confirm the composition of the capsule shells and the presence of both Ti3C2Tz
and polyurea, energy-dispersive X-ray spectroscopy (EDS) and XPS were used. As
Matter 7, 1–19, May 1, 2024 7



Figure 3. Characterization of the composition of DHDAB-Ti3C2Tz-polyurea capsules

(A) SEM image. Scale bar: 5 mm.

(B–E) EDS mapping (C, N, O, and Ti) corresponding to the SEM image in (A). Scale bars: 5 mm.

(F) XPS survey spectrum.

(G) Deconvoluted XPS high-resolution Ti 2p peak.
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is shown in Figures 3A–3E, the EDS mapping of the DHDAB-Ti3C2Tz-polyurea cap-

sules shows the uniform distribution of C, N, O, and Ti elements over the spheric

shape, indicating the distribution of nanosheets within the polyurea shell. The survey

XPS spectrum (Figure 3F) further confirms the presence of C, N, O, and Ti (72.6

atom %, 7.01 atom % 18.01 atom %, and 2.38 atom %, respectively; Table S1)

near the capsule surface. Deconvolution of high-resolution of C 1s (Figure S9A)

and O 1s (Figure S9B) shows the characteristic C–N and N–C=O peaks, indicating

the presence of polyurea. Deconvolution of the high-resolution Ti 2p peak shows

the characteristic Ti chemical bonding (Ti–C, Ti2+, Ti3+, TiO2) in Ti3C2Tz nanosheets

(Figure 3G). Notably, the TiO2 peak at 458.8 eV (green curve) contributes to only

5.1% of the Ti 2p signal, indicating that no significant oxidation of the nanosheet oc-

curs during emulsification, interfacial polymerization, and isolation. Thus, both EDS

and XPS support the Ti3C2Tz composition within the polyurea. Notably, the DHDAB-

Ti3C2Tz-polyurea capsules had less oxidation of Ti3C2Tz compared to capsules ob-

tained from an water-oil system (�60% TiO2).
63 The stifled oxidation of Ti3C2Tz is

likely due to the non-aqueous oil-oil system, as Ti3C2Tz nanosheets more readily

oxidize in aqueous media.81–83
Armored particles formed from DMF-in-octane emulsions

Armored particles are prepared by the polymerization of the dispersed phase in the

oil-oil Pickering emulsions stabilized by modified Ti3C2Tz. Here, DMF-in-octane

emulsions stabilized by DHDAB-Ti3C2Tz were used to produce polyurethane parti-

cles armored with the modified nanosheets. As is shown in Figure 4A, DMF-in-oc-

tane emulsions were first formed in which the dispersed DMF phase contained
8 Matter 7, 1–19, May 1, 2024



Figure 4. Armored particles from DMF-in-octane emulsions stabilized by DHDAB-Ti3C2Tz nanosheets (1 mg/mL, 1:5 v/v of DMF:octane)

(A) Synthesis scheme.

(B) Optical microscopy image. Scale bar: 100 mm.

(C–E) SEM images at different magnification. Scale bars: 100 mm (C), 5 mm (D and E).
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tetra(ethylene glycol) (TEG), HDI, and dibutyltin diacetate (DBTDA) (see ‘‘Experi-

mental procedures’’ for details). Polymerization of the discontinuous phase was initi-

ated by heating the emulsion to 50�C for 5 min. After standing at room temperature

for 72 h, the armored particles were characterized by optical microscopy (Figure 4B),

which showed distinct spherical particles. The armored particles were isolated by

gravity filtration and the structure and morphology were characterized using SEM,

which again showed distinct spherical particles with an average size of �14 mm

(Figures 4C–4E and S10). In addition, the rough surface of the armored particles in-

dicates the coating of the Ti3C2Tz on the surface of the polymer particle.64

To verify the proposed composition of the DHDAB-Ti3C2Tz-coated polyurethane

particles, EDS and XPS were used. SEM imaging with elemental mapping of a parti-

cle showed uniform distribution of the expected elements, with C, N, O, and Ti

observed (Figures 5A–5E). Notably, the Ti elemental mapping indicates the uniform

presence of Ti3C2Tz nanosheets on the particle surface. The C, N, and O mappings

indicate the presence of polyurethane particles. The surface-sensitive technique of

XPS supports the presence of the nanosheets on or near the surface, with the survey

spectrum also showing a significant Ti 2p peak (Figure 5F). The C, N, andO elements

(Table S2) detected from XPS are consistent with the EDS results, and the high-res-

olution C 1s (Figure S11A) and O 1s (Figure S11B) spectra show the distinct C–N, C–

O, and COO peaks, confirming the formation of the polyurethane. In addition, the

FTIR spectrum of armored particles shows characteristic N–H stretching

(3,316 cm�1), C–H stretching (2,921 and 2,855 cm�1), C=O stretching

(1,683 cm�1), N–H bending (1,534 cm�1), and C–O stretching (1,264 cm�1) peaks,

confirming the presence of polyurethane (Figure S12). The high-resolution Ti 2p

signal was deconvoluted to Ti-C, Ti2+, Ti3+, and TiO2, which confirmed the presence
Matter 7, 1–19, May 1, 2024 9



Figure 5. Chemical composition of DHDAB-Ti3C2Tz-polyurethane armored particles

(A) SEM image. Scale bar: 5 mm.

(B–E) EDS mapping (C, N, O, and Ti) corresponding to the SEM image in (A). Scale bars: 5 mm.

(F) XPS survey spectrum.

(G) Deconvoluted XPS high-resolution Ti 2p peak.
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of Ti3C2Tz. Here, only 6.1% of Ti 2p signal is from TiO2 (green curve), which suggests

little oxidation occurred during the armored particle formation process (i.e., emul-

sion formation, polymerization, and washing). These results again support that the

non-aqueous emulsion can mitigate Ti3C2Tz oxidation during structured composite

formation.
Porous monolith formed from octane-in-DMF emulsions

The ability to dictate (and have the inverse) oil-oil interface by controlling function-

alization of the nanosheets allows the same chemistry to be used for polymerization

of the continuous phase rather than the discontinuous phase. To this end, an octane-

in-DMF emulsion stabilized by OTAB-Ti3C2Tz was used to prepare a porous OTAB-

Ti3C2Tz-polyurethane composite foam. As shown in Figure 6A, HDI and TEG were

added to a DMF dispersion of OTAB-Ti3C2Tz before octane was added, and the sys-

tem was agitated to form the octane-in-DMF emulsion. Polymerization of the contin-

uous phase was initiated by heating the sample to 50�C for 5 min. After 72 h, the

solid sample was washed and dried to remove the octane droplets, resulting a

dark green porous structure, as shown in Figure 6B. A cross section of the porous

monolith was characterized by SEM and revealed a closed-cell porous structure

with an average pore size of 19.7 mm, as determined by ImageJ analysis

(Figures 6C–6E). These voids are formed upon polymerization around the droplets,

then removal of the octane trapped during polymerization leads to a porous mono-

liths structure. As shown in the higher-magnification SEM image of Figure 6E, the

pore within the monolith has a rough surface but the polymer surface is smooth,

which suggests the Ti3C2Tz are coating the pore (Figure 6E). To verify the composi-

tion of composite, SEM-EDS was used; elemental mappings of C, N, and O on the
10 Matter 7, 1–19, May 1, 2024



Figure 6. Synthesis and characterization of porous monolith from octane-in-DMF emulsions using

OTAB-Ti3C2Tz (1 mg/mL, 3:10 v/v of octane:DMF)

(A) Synthetic scheme.

(B) Digital image. Scale bar: 0.5 cm.

(C–F) SEM images of dried porous monolith. Scale bars: 300 mm (C), 100 mm (D), 10 mm (E), 50 mm (F).

(G–J) EDS mapping (C, N, O, and Ti) corresponding to the SEM image in (F). Scale bars: 50 mm.

ll

Please cite this article in press as: Cao et al., Structured Ti3C2Tz MXene-polymer composites from non-aqueous emulsions, Matter (2024), https://
doi.org/10.1016/j.matt.2024.02.011

Article
cross section of the porous monolith supports the presence of polyurethane struts

around the pores (Figures 6G–6I). The Ti elemental mapping shown in Figure 6J in-

dicates higher signal in the pores than the polymer strut, also supporting a Ti3C2Tz-

rich surface of the pores. XPS of the porous monolith shows C, N, O, and Ti elements

(Figure S13A; Table S3), indicating the presence of Ti3C2Tz-polyurethane. The Ti 2p

peak was weak in this case since the penetration depth of XPS was low and the nano-

sheets were located inside of the pores rather than the sample plane (Figure S8B).

The high-resolution C 1s (Figure S14A) and O 1s (Figure S14B) spectra show C–N,

C–O, and COO peaks, verifying the formation of polyurethanes. This is also

confirmed by the FTIR spectrum of the porous monolith (Figure S15), showing char-

acteristic N–H stretching (3,309 cm�1), C–H stretching (2,923 and 2,856 cm�1), C=O

stretching (1,685 cm�1), N–H bending (1,533 cm�1), and C–O stretching

(1,245 cm�1) peaks in the polyurethane. These results confirmed the formation of

porous Ti3C2Tz-polyurethane monolith with Ti3C2Tz mainly located at the pore

surface.

In the production of porous monoliths by polymerization of the continuous phase of

the oil-oil MXene-stabilized emulsions, the resulting pore size and pore concentra-

tion are dictated by the emulsion droplet size, which can be tuned by the relative vol-

ume of the inner phase. A 3:10 (v/v) ratio of octane/DMF was first used for the
Matter 7, 1–19, May 1, 2024 11



Figure 7. RF heating behavior (1 W, 135 MHz) of OTAB-Ti3C2Tz porous monolith with different

ratios of octane/DMF (v/v)

(A) The maximum temperature of the porous monolith versus time (black, 3:10; red, 5:10; blue,

10:10). The trend shows heating rate increases as void fraction decreases.

(B) Thermal image of the monolith with 3:10 octane/DMF ratio. Scale bar: 1 cm.

(C) Thermal image of the monolith with 5:10 octane/DMF ratio. Scale bar: 1 cm.

(D) Thermal image of the monolith with 10:10 octane/DMF ratio. Scale bar: 1 cm.
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emulsion formation, resulting small and mostly closed pores (average size,

�19.7 mm; Figures 6C–6E). For comparison, an increased octane/DMF ratio (5:10,

v/v) was also used for the formation of OTAB-Ti3C2Tz-polyurethane porous monolith

(Figures S16A–S16C); as expected, larger pores were observed (average diameter of

27.2 mm). The enlarged pores are due to increased octane volume but consistent

amount of nanosheet and thus interfacial area. Preparing monoliths with a volume

ratio of octane/DMF 10:10 (v/v), the pore size within the monolith further increases

to 40.6 mm (Figures S16D–S16E). The pore size distribution based on oil/oil volume,

as shown in Figure S17, confirms the trend that larger pores correlate to higher inter-

nal volume phase percentage. In addition, the higher internal volume dictates higher

void fraction of the monolith. For example, the void fraction of the porous monoliths

with 3:10, 5:10, and 10:10 octane/DMF ratios is 36.8%, 50.7%, and 57.0%, respec-

tively (Table S4).

One of the distinctive properties of MXenes is the rapid heating performance under

electromagnetic field due to the strong absorption of EM waves and high dielectric

loss tangent.80 To demonstrate this unique RF heating property of our emulsion-

templated structured Ti3C2Tz-polymer composites, we performed RF heating tests

on the porous OTAB-Ti3C2Tz-polyurethane foam. When exposed to electromag-

netic fields in the MHz range, the closed cells of Ti3C2Tz nanosheets within the poly-

urethane foam absorb field energy and dissipate power as heat. To set up the exper-

iments, the porous Ti3C2Tz-polyurethane monoliths of various void fraction were

exposed to an RF field, and the change in temperature of the composite was

measured with a thermal camera. The field was generated via a coplanar fringing-

field applicator and maintained at 1 W and 135 MHz. For these samples, the initial

heating rate was similar but, over 60-s period, the heating rate increased with a

decrease in void fraction (Figures 7A–7D). For example, the sample made with a

3:10 octane/DMF ratio heated steadily to 54�C after being exposed for 60 s. In com-

parison, samples with 5:10 and 10:10 octane/DMF ratios heated slower, reaching

43�C and 35�C after 60 s, respectively. This trend is affected both by local electrically
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conductive regions as well as the bulk thermal conductivity of the sample. Pore size

may affect the conductive regions and their placement near the pores, and the ther-

mal conductivity affects how heat dissipates throughout the sample. The less porous

sample (e.g., 3:10 octane/DMF sample) has smaller and more closed pores and

higher density, which may have more local conductive regions, resulting in higher

heating performance. Moreover, the samples with more voids conduct heat slower

(Figure S18), which may account for the heating difference in response to RF.

Conclusions

We have reported a feasible method to prepare non-aqueous emulsions stabilized

by modified Ti3C2Tz MXene nanosheets and their use in templating structured poly-

mer composites for selective polymerization of the continuous phase or discontin-

uous phase or interfacial polymerization. By controlling the wettability of modified

Ti3C2Tz, DHDAB-Ti3C2Tz and OTAB-Ti3C2Tz nanosheets stabilize DMF-in-octane

and octane-in-DMF emulsions, respectively. Selective solubility of monomers allows

for subsequent polymerization within the emulsions and the fabrication of structured

polymer composites. The morphology of the three structures of Ti3C2Tz-polyurea

capsules by interfacial polymerization, Ti3C2Tz armored polyurethane particles by

dispersion polymerization, and porous Ti3C2Tz-polyurethane monoliths by polymer-

ization of the continuous phase were confirmed by optical microscopy and SEM. The

presence of the polymer and Ti3C2Tz nanosheets were verified by SEM-EDS and XPS,

as was localization of the nanosheets at the interfaces and the limited extent of nano-

sheet oxidation. We highlight that the porous Ti3C2Tz-polyurethane monolith ex-

hibits rapid and steady heating in response to RF field at low power (1 W, 135

MHz). The method presented herein provides a simple approach to produce solu-

tion-processable MXene nanosheets that stabilize oil-oil emulsions and their use

to make structured MXene-polymer composites. The development of the non-

aqueous system enables water-sensitive and/or water-miscible reagents and sol-

vents to be used and coupled with polymerization within emulsions, which expands

the range of accessible MXene-polymer composites with tailorable compositions to

include, e.g., salt hydrates, ionic liquids, and deep eutectic solvents. Importantly,

this approach enables the use of particle surfactants that are both solution process-

able and have functional properties (e.g., conductive, catalytic, optical) such that

functional composites can be made in a single step, without the need for post-pro-

cessing, such as chemical or thermal treatment. Indeed, structured polymer com-

posites containing MXenes will find application in energy management, antibacte-

rial coatings, catalysis, carbon capture, remediation, and sensing (Figure S19).

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Micah J. Green (micah.green@tamu.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This study did not generate datasets.

Materials

The Ti3AlC2 MAX phase was prepared as previously reported.81 LiF (98%+) was pur-

chased from Alfa Aesar. HCl (37% [w/w], ACS reagent), DMSO (>99.5%), EDA, HDI,
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DHDAB, and DBTDA were purchased from Sigma-Aldrich. DMF (anhydrous), OTAB,

and TEG were purchased from Fisher Scientific. All reagents were used as received,

without further purification.

Instrumentation

Emulsions were made using a handheld emulsifier from BioSpec Products (model

985370). Optical microscopy images were obtained using an Amscope microscope.

Samples for optical microscopy visualization were prepared by placing a drop of

emulsion solution onto a glass slide. XRD was conducted on a Miniflex II (Rigaku)

with Cu-Ka radiation source (l = 1.5406 Å), XPS was performed using an Omicron

X-ray photoelectron spectrometer employing an Mg-sourced X-ray beam at 15 kV

with aperture 3. FTIR spectroscopy was performed on a JASCO FTIR spectrometer,

model FTIR-4600LEMidIR. TEMwas performed using an FEI Tecnai F20 transmission

electron microscope operating at 200 kV. SEM was performed on an FEI Quanta 600

field-emission scanning electron microscope with the acceleration voltage of 5 and

20 kV for imaging and EDS analysis, respectively. The SEM samples were coated with

3-nm platinum to avoid charging issues. The contrast of EDS mapping images was

enhanced for better visibility. Water contact measurements were conducted using

a KSV Cam 200 Goniometer (Espoo, Finland) and a sessile drop method with 5-mL

droplets. TGA was conducted on a TA instrument Q50 under nitrogen flow. RF heat-

ing measurements were conducted using a signal generator (Rigol, DSG815), an

amplifier (Mini-Circuits, ZHL-100W-GAN+), and a fringing-field applicator (HFSS,

ANSYS). The temperature was monitored by a thermal camera (FLIR Systems,

A655sc). The size distribution of armored particles and porous monolith were calcu-

lated using ImageJ on the SEM images (>100 data points for each size analysis).

Preparation of Ti3C2Tz nanosheets

Ti3C2Tz nanosheets were obtained following our previously reported method.81,84

Briefly, 1.6 g of LiF was added to 20 mL of 6 M aqueous HCl solution with continuous

stirring. Next, 2 g of MAX powder was slowly added to this solution and the mixture

stirred continuously at 40�C for 40 h. The resulting suspension was washed with de-

ionized water and separated by centrifugation with the supernatant discarded. This

washing process was repeated until the supernatant reached pH �6, as determined

by litmus paper. Then, the precipitate (Ti3C2Tz clay) was dispersed and intercalated

with DMSO at room temperature for 20 h while stirring. Excess DMSO was removed

by centrifugation (supernatant discarded) followed by washing with deionized water

thrice with centrifugation at 9,000 rpm for 30 min, discarding the supernatant. Then,

the precipitate was dispersed in fresh water and bath sonicated for 1 h. Aqueous

dispersion of Ti3C2Tz nanosheets was obtained by centrifuging the suspension at

3,500 rpm for 45 min and collecting the supernatant.

Functionalization of Ti3C2Tz
To prepare modified Ti3C2Tz, two small molecules (DHDAB and OTAB) were used,

and a similar procedure was followed for each. DHDAB-Ti3C2Tz were obtained by

first adding 30 mg of DHDAB dissolved in a 15-mL water/ethanol (v/v, 80:20) mixture

to 15 mL of Ti3C2Tz water/ethanol (80:20) dispersion (2 mg/mL) and then stirred

overnight. The resulting suspension was washed three times in a water/ethanol

(80:20) mixture and three times with ethanol and then centrifuged to remove excess

DHDAB. To make DHDAB-Ti3C2Tz dispersion in octane, a solvent exchange method

was used. The as-prepared DHDAB-Ti3C2Tz was washed with three times in octane

to remove residue ethanol and then dispersed in octane to make a 2-mg/mL disper-

sion. OTAB-Ti3C2Tz were obtained in a similar way. The washing steps might also

wash off loosely attached small molecules (DHDAB or OTAB), and the
14 Matter 7, 1–19, May 1, 2024
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characterization of the modified Ti3C2Tz nanosheets was conducted after the

washing and drying steps. In addition, different ratios (including 0.35:1 and 0.5:1)

of small molecules (DHDAB and OTAB) to Ti3C2Tz were also prepared using the

samemethod. A ratio of 1:1 (small molecule to Ti3C2Tz) was selected for the compos-

ite formation in our paper based on the emulsion quality (dark aggregates are

observed in the other two ratios of 0.35:1 and 0.5:1, as seen in Figures S20 and S21).
Preparation of modified Ti3C2Tz-stabilized oil-in-oil emulsions

Modified Ti3C2Tz-stabilized emulsions were prepared as follows. First, two immis-

cible oil phases were prepared. To make DMF-in-octane emulsions, 1 mL of 1 mg/

mL DHDAB-Ti3C2Tz in octane dispersion was used as the continuous phase and

0.2 mL of DMF was added, followed by homogenizing using a handheld emulsifier

for 1 min. To make the inverse octane-in-DMF emulsions, OTAB-Ti3C2Tz was used,

and the emulsions were formed in a similar way.
Preparation of DHDAB-Ti3C2Tz capsules

DHDAB-Ti3C2Tz capsules were obtained by interfacial polymerization in Pickering

emulsions. The dispersed phase consisted of 0.2 mL of DMF and 0.05 mmol of

EDA. The (DMF/EDA)-in-octane emulsions were formed by mixing the dispersed

phase with 1 mL of DHDAB-Ti3C2Tz octane dispersion. Then, 0.05 mmol of HDI in

0.1 mL of octane solution was dropwise added to the continuous phase of the emul-

sions with hand shaking. The mixture was stored at room temperature for 72 h. The

capsules were obtained by gravity filtration and washing with hexanes several times.

The isolated capsules were dried and stored in a vacuum oven for further analysis.

Note that, in order to better see the hollow features of the capsules, the samples

were harshly treated when preparing SEM samples.
Preparation of DHDAB-Ti3C2Tz armored particles

DHDAB-Ti3C2Tz armored particles were obtained by dispersion polymerization in

Pickering emulsions. Two monomers (0.5 mmol of HDI and 0.5 mmol of TEG) were

dissolved in 50 mL of DMF as the dispersed phase and 2 mL of DBTDA was then

added. All the reagents (DMF, monomers, and DBTDA) were stored and cooled in

the fridge before mixing. Then, emulsions were formed by mixing the dispersed

phase with a 1-mL DHDAB-Ti3C2Tz octane dispersion. The resulting suspension

was first heated to 50�C for 5 min to start the polymerization. Then, after 72-h reac-

tion at room temperature, the armored particles were isolated using gravity filtration

and washed with hexanes several times. The armored particles were dried and

stored in a vacuum oven for further analysis.
Preparation of OTAB-Ti3C2Tz porous monolith

OTAB-Ti3C2Tz porous monoliths were obtained by polymerizing the continuous

phase of Pickering emulsions. The dispersed phase consisted of 0.3 mL of octane.

The continuous phase consisted of 1 mg/mL OTAB-Ti3C2Tz, 0.46 mL of DMF,

1.6 mmol of HDI, 1.6 mmol of TEG, and 5 mL of DBTDA (last added). All the reagents

(DMF, monomers, and DBTDA) were stored in the fridge before mixing. Then oc-

tane-in-DMF emulsions were formed by homogenizing the mixture of dispersed

phase and continuous phase. The resulting suspension was heated to 50�C for

5 min to initiate the polymerization and then stored at room temperature for 72 h.

The porous monolith was then obtained by washing with hexanes and ethanol

before drying in the vacuum oven.
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