I0P Publishing

@ CrossMark

RECEIVED
19 June 2022

REVISED
31 July 2022

ACCEPTED FOR PUBLICATION
12 September 2022

PUBLISHED
22 September 2022

2D Mater. 9 (2022) 044004

2D Materials

PAPER

https://doi.org/10.1088/2053-1583/ac914c

Electrically conductive porous TisC,T, MXene-polymer composites
from high internal phase emulsions (HIPES)

Huaixuan Cao'®, Yifei Wang’
Kailash Dhondiram Arole’(, Jodie L Lutkenhaus'”
and Emily B Pentzer™**

1

2
3
4
* Authors to whom any correspondence should be addressed.

E-mail: micah.green@tamu.edu and emilypentzer@tamu.edu

Keywords: conductive, porous, TizC,, MXene

Abstract

, Anubhav Sarmah', Kai-Wei Liu*, Zeyi Tan’©®),
, Miladin Radovic

, Micah J Green'">*

Artie McFerrin Department of Chemical Engineering, Texas A&M University, College Station, TX, United States of America
Department of Materials Science and Engineering, Texas A&M University, College Station, TX, United States of America
Department of Chemistry, Texas A&M University, College Station, TX, United States of America

Texas A&M Transportation Institute, Texas A&M University, College Station, TX, United States of America

Porous MXene-polymer composites have gained attention due to their low density, large surface
area, and high electrical conductivity, which can be used in applications such as electromagnetic
interference shielding, sensing, energy storage, and catalysis. High internal phase emulsions
(HIPEs) can be used to template the synthesis of porous polymer structures, and when solid
particles are used as the interfacial agent, composites with pores lined with the particles can be
realized. Here, we report a simple and scalable method to prepare conductive porous
MXene/polyacrylamide structures via polymerization of the continuous phase in oil/water HIPEs.
The HIPE:s are stabilized by salt flocculated Ti;C, T, nanosheets, without the use of a co-surfactant.
After polymerization, the polyHIPE structure consists of porous polymer struts and pores lined
with Ti;C, T, nanosheets, as confirmed by scanning electron microscopy, energy dispersive x-ray
spectroscopy, and x-ray photoelectron spectroscopy. The pore size can be tuned by varying the
Ti3C, T, concentration, and the interconnected Ti;C, T, network allows for electrical percolation at
low Ti;C, T, loading; further, the electrical conductivity is stable for months indicating that in
these composites, the nanosheets are stable to oxidation at ambient conditions. The polyHIPEs also
exhibit rapid radio frequency heating at low power (10 °C s~ ! at 1 W). This work demonstrates a
simple approach to accessing electrically conductive porous MXene/polymer composites with
tunable pore morphology and good oxidation stability of the nanosheets.

1. Introduction

High internal phase emulsions (HIPEs) are con-
centrated emulsions with a volume fraction of the
internal phase greater than 74% [1-3]. Commonly,
surfactants are added into an aqueous phase contain-
ing hydrophilic monomers, oil is added, and oil-in-
water HIPEs are formed by agitation of the mixture.
The HIPEs can be used as templates to synthesize
porous structures, i.e. polyHIPEs, by polymeriza-
tion of the monomers in the continuous phase and
subsequent removal of the dispersed phase. Rad-
ical polymerization is commonly used in polyHIPE
formation, where an initiator is included in either

© 2022 IOP Publishing Ltd

the continuous or dispersed phase [4, 5]. Thus, in
as prepared polyHIPEs, oil droplets are contained
within a continuous polymer structure. By remov-
ing the oil, porous structures are obtained in which
the pores are lined with the surfactant. The con-
ditions used to form HIPEs and process the poly-
HIPEs dictate the pore size, interconnects, voids, and
windows [6]. Due to their tunable pore morphology,
permeability, and low density, polyHIPEs have been
used in diverse applications, including gas adsorption
[7], water treatment [8—10], catalyst supports [11],
sensing [12, 13], and tissue engineering [14].
Conventional HIPEs are stabilized by small
molecule surfactants, such as sodium dodecyl sulfate
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[15] or cetyltrimethylammonium bromide (CTAB)
[16], but in recent years, solid particles have gained
increased attention for this purpose (e.g. Pickering
HIPEs). Compared to small molecule surfactants,
particle surfactants can lead to the formation of more
stable emulsions, and also allow for the functional
properties of the particles to be integrated into poly-
HIPEs. Polymer particles [17], silica particles [18],
carbon nanotubes (CNTs) [19, 20], and graphene
oxide (GO) nanosheets [21-26] have all been used
as surfactants to prepare HIPEs and polyHIPEs.
Among these, 2D nanosheets (e.g. GO) are of par-
ticular interest due to their high surface area and
high aspect ratio. For example, Zheng et al reported
the formation of polyHIPEs from water-in-oil HIPEs
using the CTAB modified GO as the stabilizer [22]. In
a similar vein, Yi ef al studied the interconnectivity of
porous poly(acrylic acid) polyHIPEs prepared from
GO/CTAB stabilized oil-in-water Pickering HIPEs
[21]. To integrate the favorable electrical properties
of the particle surfactants into the materials pro-
duced, Yang et al prepared GO-lined polyHIPEs via
polymerization of water-in-oil HIPEs, then reduced
GO to rGO to make conductive porous structures
for piezoresistive sensing [12]. Similarly, Woltornist
et al utilized graphene sheets to stabilize water-in-
oil HIPEs for the formation of conductive graphite
composite polyHIPE foams [27].

A relatively new class of 2D nanomaterials is
transition metal carbides, nitrides, or carbonitrides,
collectively termed MXenes, first reported in 2011
[28]. These have been widely used in polymer com-
posites, processed by, e.g. solution mixing or layer-by-
layer assembly, but underutilized in HIPEs and poly-
HIPEs. The general chemical formula of MXenes is
M, 11X, Tx (n =1 — 3), where the M is a transition
metal, such as Ti or Nb, Xis C or N, and T, is the func-
tional groups on the MXene surfaces (-OH, —O, —F).
MXene nanosheets are synthesized from their par-
ent MAX phase, M,,+1AX,,, where A is group 13 or
14 elements (e.g. Al), by selectively etching the A
layer, followed by an exfoliation process [29, 30]. The
abundant surface functionalities, high electrical con-
ductivity, large surface area, and high catalytic activ-
ity render MXenes and their composites as emer-
ging materials in energy storage [31-36], catalysis
[37-39], sensing [40], and electromagnetic interfer-
ence shielding [41-47].

Porous MXene polymer composites have been
prepared by freeze drying [48-51], foaming [52-54],
and depositing MXenes onto porous substrates
[55-61]. For example, Xu et al synthesized a por-
ous MXene/poly(vinyl alcohol) (PVA) foam by freeze
drying a mixture of MXene and PVA from water,
using ice as the template [51]. Li et al used a CO,-
assisted foaming strategy to prepare poly(vinylidene
fluoride) (PVDF)/CNT/MXene composite foam.
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To do so, MXene, CNT, and PVDF were combined
in an organic solvent and compression molding
was used to make a film; then CO, was pumped
into the composite in the autoclave to produce
the composite foam [52]. In contrast, few stud-
ies focus on utilizing MXenes to stabilize HIPEs as
a route to produce porous MXene/polymer com-
posites. Bian et al used CTAB as a co-surfactant
and concentrated Ti;C,T, nanosheets to form oil-
in-water HIPEs and polymerized the water-soluble
monomer 2-hydroxyethyl methacrylate to make por-
ous Ti3C,T, polymer composites [62]. Alternat-
ively, Fan and co-workers utilized an ionic liquid
(3-hexadecyl-1-vinylimidazolium bromide) to assist
in the formation of Ti3C, T, stabilized water-in-ionic
liquid HIPEs; the ionic liquid phase was polymer-
ized to produce Ti;C,T,-containing polyHIPEs
with high sensitivity in piezoresistive sensors [63].
Similarly, Zheng et al used the charged surfact-
ant dihexadecyldimethylammonium bromide and
Ti;C, T, nanosheets to fabricated electrically con-
ductive porous Ti;C,T,/polystyrene polyHIPEs from
water-in-oil HIPEs [64]. In these examples, an
organic co-surfactant was required for the Ti;C,T,
nanosheets to stabilize the HIPEs, and was thus incor-
porated in the composites.

Herein, we report a simple and scalable
method to prepare electrically conductive porous
Ti;C,Ty/polyacrylamide composite polyHIPEs via
polymerization of the continuous phase of oil-in-
water HIPEs stabilized by salt-flocculated Ti;C, T,
nanosheets, without the use of co-surfactants. As
prior work in this area used co-surfactants, this is
the first report of a MXene-only stabilized HIPE
and polyHIPEs. To develop the HIPEs, we leveraged
our previous report that NaCl can be used to over-
come electrostatic repulsion and flocculate Ti;C, T,
nanosheets so that they can stabilize oil-in-water
Pickering emulsions [65]. As shown in scheme 1,
the NaCl-flocculated Ti;C,T, nanosheets stabilize
oil-in-water HIPEs, in which a monomer, cross-
linker, and initiator were included in the continu-
ous aqueous phase. Ti;C,Ty-containing polyHIPEs
were obtained by polymerization of the monomer in
the aqueous phase, washing to remove solvents, and
drying under reduced pressure. A porous polymer
structure with pores lined with Ti;C,T, nanosheets
was expected and confirmed by scanning electron
microscopy (SEM), energy dispersive x-ray spectro-
scopy (EDS), and x-ray photoelectron spectroscopy
(XPS). The interconnected Ti;C,T,-lined pores cre-
ated an electrically conductive network in the poly-
HIPEs, and the samples showed excellent oxidation
stability (i.e. consistent electrical conductivity over
months of storage under ambient conditions). The
Ti;C, T, polyHIPEs also showed high radio frequency
(RF) heating of 10 °C s~ ! at low power (1 W), due
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Scheme 1. Overview of the approach to preparing porous Ti;C; Tx-polymer composite polyHIPEs through polymerization of

continuous phase in Ti3C, Ty stabilized oil-in-water HIPEs.

to the interconnected conductive Ti;C,T, network.
This work provides a simple approach to accessing
conductive porous MXene-polymer composites with
low loading of MXenes, high accessible surface area,
tunable pore sizes, and oxidative stability. This route
can be applied to other MXene (e.g. V- or Nb- based
MZXenes) and monomer compositions, providing a
modular route to composite materials design.

2. Materials and methods

2.1. Materials

The TizAlC, MAX phase was prepared as previously
reported [66]. Lithium fluoride (LiF, 98%-+) was pur-
chased from Alfa Aesar. Hydrochloric acid (HCI, 37%
[w/w], ACS reagent), dimethyl sulfoxide (DMSO,
>99.5%), Acrylamide, N,N’-methylenebisacrylamide
(MBAM), and potassium peroxide (KPS), were pur-
chased from Sigma-Aldrich. All the chemicals were
used without further treatment.

2.2. Instrumentation

Emulsions were made using a handheld emulsi-
fier from BioSpec Products Inc. (model 985370).
X-ray diffraction (XRD) was conducted on a
Miniflex II (Rigaku) with a Cu-Ka radiation source
(A = 1.5406 A). XPS was performed using an Omic-
ron x-ray photoelectron spectrometer employing an
Mg-sourced x-ray beam at 10 kV with aperture 3.
SEM was performed on a JEOL JSM-7500F scanning
electron microscope with the acceleration voltage of
5kVand 20 kV for microscopy imaging and EDS ima-
ging, respectively. Atomic force microscopy (AFM)
was conducted on a Bruker Dimension Icon AFM.
Computed tomography (CT) was performed on an
x-ray microscopy (XRM, Zeiss, Inc. model Xradia
520 Versa) at 80 kV, 7 W. The 3D images of polyHIPE
samples were obtained through software reconstruc-
tion. Thermogravimetric Analysis (TGA) was con-
ducted on a TA instrument, TGA 5500, under nitro-
gen flow. The AC conductivity was obtained using

a dielectric spectrometer; the samples were placed
between two gold plates with a diameter of 1 cm.
The volume percent of Ti;C,T, in the polyHIPEs
was calculated based on the volume of Ti;C, MXene
(VMXene = m/pMXene> PMXene — 3.7 g Cm73 [67]) and
the volume of polyHIPEs (V oiymipes = 7wr2h, where
r is the radius of the polyHIPE cylinder and # is the
thickness of the polyHIPE cylinder).

2.3. Preparation of Ti;C, T nanosheets

Ti3C, T, nanosheets were obtained following our pre-
viously reported method. 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
stirred continuously at 40 °C for 40 h. The res-
ulting suspension was washed with deionized water
and separated by centrifugation, with the super-
natant discarded. The washing process of the pellet
was repeated for several times until the supernatant
reached pH ~6, as determined by litmus paper. The
precipitate (Ti;C, T, clay) was then intercalated with
DMSO at room temperature for 20 h with continuous
stirring. Then, excess DMSO was removed by centri-
fugation followed by deionized water washing three
times and centrifugation at 9000 rpm for 30 min,
discarding supernatant, then adding fresh water and
bath sonication for 1 h. The Ti;C, T, nanosheets were
obtained by centrifuging the suspension at 3500 rpm
for 45 min and collecting the supernatant. The con-
centration of as-prepared Ti;C,T, nanosheet solu-
tions was determined to be 8 mg ml~! by pre-
paring a buckypaper by vacuum-assisted filtration,
using a known volume of solution, then determin-
ing the mass of the buckypaper and back calculating
concentration.

3. Preparation of Ti;C, T, polyHIPEs

PolyHIPEs were prepared by polymerizing the con-
tinuous phase of the HIPEs. To form HIPEs, we
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used NaCl to flocculate Ti;C, T, nanosheets and then
used the NaCl-flocculated TizC,Ty nanosheets to
stabilize oil-in-water Pickering HIPEs [65]. A typ-
ical dodecane-in-water Pickering HIPE stabilized by
2 mg ml™! Ti;C,T, was prepared as follows. First,
an aqueous solution of 400 mg of acrylamide, 10 mg
of MBAM, 10 mg of KPS, and 0.025 M NaCl was
prepared in 1.5 ml water. Then a 0.5 ml of Ti;C,T,
nanosheets (8 mg ml~!) was added to the solution
to make a 2 mg ml~! dispersion with a total volume
of 2 ml. Then, 6 ml of dodecane was added to the
aqueous solution. The mixture was agitated using a
hand-held emulsifier for 1 min (20 s on, 5 s off for
three cycles), and the dark and viscous HIPEs are
formed. To prepare the polyHIPEs, the HIPEs were
heated at 70 °C on an aluminum heating block for
1 min to initiate the polymerization, and then the
vial was left without stirring at room temperature for
24 h. The hydrogels were then immersed in the eth-
anol for 30 min and repeated five times to remove
the dodecane and the absorbed water. The polyHIPEs
were obtained by drying under reduced pressure for
24 h. The content of Ti3C, Ty in the polyHIPEs was
obtained by dividing the mass of Ti;C, T, added to
the solution by the total mass of the dried polyHIPE
sample. For example, the weight percent of Ti;C, T,
was 1.1 wt%, 1.5 wt%, 2.1 wt%, and 2.5 wt% for the
2mgml~!, 3 mgml™!, 4 mg ml~!, and 5 mg ml~!
polyHIPE samples, respectively.

4, Results and discussion

4.1. Preparation and characterization of Ti; C, Ty
nanosheets

Ti;C, T, nanosheets, the most commonly used and
widely available MXene, were used in this work. The
nanosheets were synthesized and characterized, as
previously reported [68]. First, an aqueous solution
of LiF/HCI was used to selectively etch the Al layer
from Ti;AlC, MAX powder and then Ti;C,T, clay
was obtained after washing with water to remove
excess acid. A transparent and dark green aqueous
dispersion of Ti;C,T, nanosheets was obtained by
intercalation of the clay with DMSO and exfoliation.
Figure 1(a) shows the XRD curve of a free-standing
Ti;C, T, film obtained by vacuum-assisted filtration
of the aqueous nanosheet dispersion. A characteristic
002 peak around 6.8° is observed, indicating success-
ful etching and exfoliation of Ti;C,T, nanosheets.
The AFM image of drop-cast Ti;C,T, nanosheets
shows single layer nanosheets with lateral sizes ran-
ging from hundreds of nanometers to a few micro-
meters and a thickness of around 1.5 nm (figures 1(b)
and S1). Freeze-dried Ti3;C, T, nanosheets were char-
acterized by SEM (figure S2), which also shows
individual nanosheets, indicating their successful
formation. Further, the chemical composition of a
free-standing Ti;C, T, film was characterized by XPS
(figures 1(c), (d) and S3). The survey XPS spectrum
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(figure 1(c)) confirms the presence of C, O, Ti, F ele-
ments, and deconvolution of the high-resolution Ti
2p spectrum (figure 1(d)) into Ti-C, Ti**, Ti*T, TiO,,
Ti-F, shows only 2.5 at% of TiO, (binding energy of
458.7 €V, table S1); this indicates that little oxida-
tion (i.e. formation of TiO,) occurred during etching,
intercalation, or exfoliation.

4.2. Formation of Ti;C, Ty polyHIPEs
To prepare Ti;C,T, polyHIPEs, dodecane-in-water
HIPEs were first formed using NaCl-flocculated
Ti3C, T, nanosheets as the 2D particle stabilizers,
followed by polymerization of the water-soluble
monomer and drying of the sample. As shown in
figure 2(a), 75 vol% of dodecane was added into
an aqueous solution that contained NaCl floccu-
lated Ti;C,T, nanosheets, acrylamide (monomer),
N,N'-MBAM (crosslinker), and KPS (radical initi-
ator). The mixture was agitated to form dodecane-
in-water HIPEs, which were dark, viscous, and gel-
like solutions. The HIPE was then heated at 70 °C
for 1 min to initiate polymerization, then allowed
to sit at room temperature for 24 h (figure 2(a, ii)).
Polymerization and crosslinking of acrylamide in
the continuous aqueous phase (e.g. formation of
polyacrylamide (PAAm)) were expected to form a
water-swollen polymer around the oil droplets, such
that drying would yield a highly porous morpho-
logy. After polymerization, the polyHIPE sample
was washed with ethanol to remove both the oil
droplets from within the structure and also the
water that was swelling the polymer, then the sample
was dried under reduced pressure. Ti3;C, T,-polymer
polyHIPEs were obtained as a single dark grey mater-
ial (figure 2(a, iii)). The morphology was con-
firmed by the SEM images of Ti;C,T, polyHIPEs;
figures 2(b)—(e) are cross-sectional SEM images of
the polyHIPEs formed from different concentrations
of nanosheets, highlighting the porous structure with
interconnected pores. Due to shrinkage during poly-
merization and/or the drying process, small holes
(termed windows) form between adjacent droplets.
High-resolution SEM images (figure S4) show a flaky,
rough surface inside the pores, suggesting the pres-
ence of Ti3C,T, nanosheets. In contrast, smooth sur-
faces were observed on the surface of the fractured
polymer structure, as is shown in figure S4(a). We
note that the pores of the Ti;C,T-PAAm polyHIPEs
are coated with Ti;C,T, nanosheets and that these
pores were created by removal of oil droplets; this is
in contrast to the more common Ti;C,T,-containing
polymer hydrogels where nanosheets are incorpor-
ated within the polymer networks and contained by
polymer chain entanglements, ionic interactions, and
hydrogen and/or covalent bonding [69, 70].
Changing the Ti;C,T, concentration led to
varied pore morphology of the resulting Ti;C,T,
polyHIPEs. Four different Ti;C,T, concentrations
(2mgml~!,3mgml™!, 4mgml~!, and 5 mgml~!)
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Figure 1. Characterization of Ti3C, T nanosheets, (a) XRD spectrum of the vacuum-assisted filtered film, (b) AFM image of
drop-cast dispersion (inset shows height profile of the Ti3C, Ty nanosheet denoted by the white line), (c) XPS survey spectrum of
vacuum-assisted filtered film, (d) high resolution and deconvoluted Ti 2p XPS spectrum of vacuum-assisted filtered film.

1) HIPE formation

2) Polymerization'

Figure 2. Formation and characterization of Ti3C, Ty polyHIPEs, (a) digital images of (i) vial before HIPE formation, (ii) vial
containing polyHIPEs, and (iii) porous macroscopic structure upon a Texas bluebonnet flower (Ti3C, Ty concentration
2mgml~'), (b)-(e) SEM images of Ti;C, T, polyHIPEs prepared with different TizC, Ty concentrations ((b) 2 mg ml~!,
(c)3mgml~?, (d) 4 mgml™!, (e) 5mgml~1).
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were used to stabilize the dodecane-in-water HIPEs,
with higher concentrations expected to give smaller
oil droplets and thus smaller pores in the polyHIPEs
[71, 72]. This is because higher surfactant concen-
tration (Ti;C, Ty nanosheets in this case) give more
available surface area of surfactant, leading to the
formation of smaller emulsion droplets at the same
oil/water ratio. Upon polymerization, no substantial
change in droplet size is expected and thus HIPEs with
higher nanosheet loading are expected to give smaller
pores. As expected, we observed smaller pores in the
Ti;C, T, polyHIPEs prepared with higher Ti;C,T,
concentrations. As shown in figures 2(b)—(e), the
pore size consistently decreases with the increase of
Ti;C, T, concentration from 2 mg ml~! to 5mgml~".
Differences in the pore size distribution are quanti-
fied by Image J analysis [21, 64]: pore size decreases
from 200-350 pm for the 2 mg ml~! sample (>80%,
with an average of 264.3 um), to 50-150 pym for
the 5 mg ml~! sample (>80%, with an average of
130.7 pm) (figures 3(c), (d) and S5). This is also
supported by the 3D construct of Ti3C, T, polyHIPE
samples obtained by CT. In both the 2 mg ml~! and
5 mg ml~!, samples, highly porous polyHIPE struc-
tures were observed (figures 3(a) and (b)), with signi-
ficantly smaller pores in the 5 mg ml~! sample com-
pared to 2 mg ml~! sample. This confirms the ability
to tune the pore size in the Ti;C,T, polyHIPEs by
modifying the concentration of Ti;C,T, nanosheets
used.

To confirm the structure of Ti;C,T, polyHIPEs
as porous PAAm with pores coated with Ti;C,T,,
EDS and XPS were used. Figure 4(a) shows the SEM
image of 2 mg ml™! Ti;C,T, polyHIPEs and the
corresponding carbon and titanium mapping. The
mapping clearly shows that the fractured polymer
backbone is rich in carbon (bright red) and the sur-
face of the pore is rich in titanium (bright blue).
In addition, the dark red regions (middle image,
figure 4(a)) show the uniform distribution of carbon
on the surface of the pores, supporting the presence
of Ti3C, T, nanosheets. Similarly, the EDS mapping
images of polyHIPEs from higher Ti;C, T, concentra-
tion (3 mgml~!,4mgml~!,and 5mgml~!) show the
polymer structure is rich in carbon and the surface of
the pores are rich in titanium (figure S6), consistent
with a porous polymer structure coated with Ti;C, T
nanosheets. XPS, a surface-sensitive technique, was
also used to analyze the elemental compositions of the
polyHIPEs. The survey spectrum shows the presence
of C, O, N, and Ti elements in the 2 mg ml~! Ti;C, T,
polyHIPEs (figure 4(b)), with the presence of nitro-
gen due to —-NH, in the PAAm (figure S7(a)). This
was also verified by the deconvoluted high-resolution
C 1sand O 1s spectrum (figures S7(b) and (c), which
showed the presence of C-N, O=C-N bonding in
the polyHIPEs. The high-resolution Ti 2p spectrum
is deconvoluted into Ti-C, Ti**, Ti**, TiO,, and
Ti-F binding energies (figure 4(c)). Notably, the TiO,
peak (purple, binding energy at 458.7 eV, table S2)
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is small compared to those of Ti-C, Ti**, and Ti**
and only contributes around 6 at% of the Ti 2p signal.
Since the as-prepared Ti;C, T, nanosheets contained
2.5 at% of TiO,, some oxidation of the titanium in the
nanosheets does occur during the formation of the
polyHIPEs, which may be attributed to oxidation by
KPS during polymerization. Survey, high-resolution
Ti 2p, C 1Is, O 1s, and N 1s XPS spectra (figures
§8-510) were collected for the other Tiz;C,T, poly-
HIPE samples (Ti;C,T, concentration: 3 mg ml~!,
4mgml~!, and 5 mgml~!), all confirming the pres-
ence of C, O, N, and Ti elements. The TiO, content
has a decreased contribution with increasing con-
centration of Ti3C,T,: 3 mg ml~!, 4 mg ml~!, and
5 mg ml™! Ti;C,T, polyHIPE samples have TiO,
content of 4.5 at%, 4.1 at%, and 3.6 at% (binding
energy at 458.7 eV, 458.8 eV, and 458.8 eV, tables
S3-S5), respectively. We attribute this trend to the fact
that at higher concentrations of Ti;C, T, nanosheets,
close and dense nanosheet aggregates form, and the
nanosheets are sterically protected from oxidation.
This is consistent with literature reports that higher
concentrations of MXene slow oxidation [67]. Not-
ably, maintaining Ti;C, T, composition, i.e. prevent-
ing oxidation, is crucial to maintaining the unique
properties of the nanosheets [73, 74].

The thermal stability of Ti;C,T, polyHIPE
samples were characterized by TGA. Figure S11 shows
the weight loss profiles of polyHIPE samples with

different Ti3C,T, concentrations. For comparison,
a pure cross-linked PAAm sample was character-
ized and showed two distinct weight loss steps, one
at 269 °C (~25 wt%) and the second at 371 °C
(~50 wt%), in agreement with prior reports [75, 76].
Similar weight loss profiles were observed for all
Ti;C, T, polyHIPE samples (2 mg ml~!, 3 mg ml~!,
4 mg ml™!, 5 mg ml™!) as for the pure cross-
linked polymer (figures S11(b)—(e)). For example,
two steps of weight loss were observed at 260 °C
(~26 wt%) and 375 °C (~47 wt%) in the 2 mg ml™!
Ti3C, T, polyHIPE sample. This confirms the success-
ful formation of cross-linked PAAm in the polyHIPE
samples and indicates that the presence of Ti;C, T,
nanosheets has little impact on the thermal stability
of PAAm.

4.3. Electrical properties of Ti;C, T polyHIPEs

Given the organization of the Ti;C, T, nanosheets in
the polyHIPEs and lack of titanium oxidation, the
porous polyHIPEs are expected to be electrically con-
ductive, even though PAAm itself is insulating. The
AC conductivities of polyHIPE samples with differ-
ent TizC,T, concentrations were measured using a
dielectric spectrometer (figure 5(a)). Over the fre-
quency ranging from 0.3 Hz to 10 MHz, an increase in
AC conductivity is observed with increase of Ti;C, T
concentration. For example, the AC conductivity is
increased from 4 x 107 S cm™! for 2 mg ml™!
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Figure 5. (a) AC conductivity of Ti3C, T, polyHIPEs with different Ti3C, Ty concentrations, (b) AC conductivity of different
Ti3C, T polyHIPEs at low frequency (0.3 Hz) as a function of storage time under ambient conditions, (c) RF heating of TizC, Ty

polyHIPEs at 125 MHz at 1 W.

Ti;C, T, polyHIPEs to 3 x 107 Scm ™! for 5mgml ™!
Ti;C,T, polyHIPEs at low frequency (0.3 Hz); at
high frequency (10 MHz), the AC conductivity is
increased from 1 x 107° S cm™! for 2 mg ml™!
Ti;C,T, polyHIPEs to 3 x 107> Scm ™! for 5mgml~!
Ti3C, T, polyHIPEs. The volume percent of TisC, Ty
in polyHIPEs are 0.065%, 0.073%, 0.080%, and
0.088% for samples for the 2 mg ml~!, 3 mg ml~!,
4 mg ml™!, and 5 mg ml~! samples, respectively.
The volume percent of TisC, T, nanosheets in poly-
HIPEs to form a percolated network is signific-
antly lower than for bulk MXene composite film
(e.g. 1.7 vol% in Ti; C, T/PAAm composite film [77],
or 0.9 vol% in Ti;C,T,/natural rubber composite
film [78]). Figure 5(b) shows the AC conductivity for
the Ti;C,T, polyHIPEs at low frequency (0.3 Hz) as
a function of storage time in an open atmosphere.
Whereas a decrease of AC conductivity is observed for
all polyHIPEs over the first three days, only a slight
decrease in conductivity is observed from day 3 to day
70. For example, for the 2 mg ml~! Ti;C,T, poly-
HIPEs, conductivity decreased from 4 x 107 Scm ™!
tol x 107 Scm™! atday 3,and 8 x 1071 Scm™!
at day 71. At high frequency (10 MHz), the AC con-
ductivity shows little decrease for all four samples, as
is shown in figure S12. For example, for the 5 mgml ™!
Ti;C,T, polyHIPEs, the AC conductivity decreased
from 3 x 107> Scm™! to 2 x 107> S cm™! at day
71. The slow oxidation indicates the nanosheets are
protected by the polymer matrix and not exposed to
water [79].

In addition to AC conductivity, RF heating was
performed on the Ti;C,T, polyHIPEs, as is shown in
figure 5(c). One RF heating cycle was demonstrated
for the four different Ti;C, T, polyHIPE samples at
125 MHz at 1 W. In only a few seconds, rapid heat-
ing was observed for all samples in response to low
power RF due to the presence of the nanosheets [80].
For example, an increase in temperature from 30 to
38 °C was observed in response to the application of
RF for 10 s in the 2 mg ml~! Ti;C, T, polyHIPEs. Fur-
thermore, higher concentration Tiz;C,T, polyHIPEs
show much rapid RF heating at the same conditions:

the 5 mg ml~! Ti;C, T, polyHIPE sample exhibits the
highest RF heating response at 1 W (from 30 °C to
85 °C in 10 s). This can be attributed to the higher
electrical conductivity of the 5 mg ml~! Ti;C,T,
polyHIPEs compared to the other three samples, res-
ulting in the highest response to the RF field. These
data indicate the formation of a percolated conduct-
ive network in the polyHIPEs.

5. Conclusion

Electrically conductive Ti;C,T,-polymer polyHIPEs
were synthesized via polymerization of the continu-
ous phase of oil-in-water HIPEs which were stabilized
by salt flocculated Ti;C, T, nanosheets. Polymeriza-
tion of acrylamide and crosslinker in the continuous
aqueous phase led to the formation of a polyHIPE
with pores lined with Ti;C, T, nanosheets and filled
with oil; after solvent removal and drying, a por-
ous monolithic structure was produced, with the size
of the pores controlled by the Ti;C,T, nanosheet
concentration. For polyHIPEs prepared from differ-
ent concentrations of Ti;C,Ty, the composition and
morphology were verified by SEM, EDS, and XPS.
The porous structure with pores lined with Ti;C, T,
were electrically conductive, giving an AC conductiv-
ity of 107% S cm™! at low frequency with 5 mg ml~!
of Ti3C,T,. Further, the Ti;C,T, nanosheets within
the polyHIPEs are stable to oxidation over months,
showing a limited decrease in electrical conductivity
upon storage under ambient conditions. This work
presents a simple and scalable approach to access-
ing porous MXene-polymer composites with tailor-
able pore morphology and good oxidation stability
of the nanosheets, with potential applications in elec-
tronics and catalysis. This approach avoids the use
of organic small molecule co-surfactants, simplifying
and expanding the use of MXene/polymer compos-
ites for diverse applications. Future work can address
the impact of MXene nanosheet terminal groups both
on emulsion formation and polyHIPE synthesis, as
well as their use to tune chemical interactions during
polymerization.
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