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MXene/polymer composites are attractive materials and find extensive use in many applications, such
as energy storage, electromagnetic interference (EMI) shielding, membranes, catalysis, sensors, and
biomedicine. The major challenge to fabricate MXene/polymer composites are the processing conditions
and poor control over the distribution of the MXene nanosheets within the polymer matrix. Traditional
ways involve the direct mix of fillers and polymers to form a random homogeneous composite, which
leads to inefficient use of fillers. To address these challenges, researchers have focused on the develop-
ment of ordered MXene/polymer composite structures using various fabrication strategies. In this review,
we summarize recent advances of structured MXene/polymer composites and their processing-structure-
property relationships. Two main forms of MXene/polymer composites (films and foams) are separately
discussed with a focus on the detailed fabrication means and corresponding structures. These architected
composites complement those in which MXenes nanosheets are isotropically dispersed throughout, such
as those formed by aqueous solution mixing approaches. This review culminates in a perspective on the

future opportunities for architected MXene/polymer composites.

© 2024 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer nanocomposites are composed of polymer matrix and
nanoparticle filers and are highly attractive due to the combined
properties of both components. Specifically, polymers are easy to
process, flexible, lightweight, and low-cost, whereas nanoparticles
can possess excellent electrical [1,2], thermal [3,4], catalytic [5],
and magnetic properties [6], critical to a variety of advanced ap-
plications. The nanoparticle fillers may be different shapes and as-

Abbreviations: ANF, Aramid nanofibers; CNT, carbon nanotube; CNF, cellulose
nanofiber; EMI, electromagnetic interference; GO, graphene oxide; HA, hyaluronic
acid; HAP, hydroxyapatite; HIPEs, high internal phase emulsions; IL, ionic lig-
uid; LbL, layer-by-layer; LP, layer pair; NR, natural rubber; PAmA, poly(amic
acid); PANI, polyaniline; PDAC, diallyldimethylammonium chloride); PDDA, poly-
diallyldimethylammonium chloride; PDMS, poly(dimethyl siloxane); PEDOT-PSS,
poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate; PEG, polyethylene glycol;
PET, poly(ethylene terephthalate); PI, polyimide; PMMA, poly(methyl methacrylate);
PP, polypropylene; PS, polystyrene; PU, polyurethane; PVA, polyvinyl alcohol; PVC,
polyvinyl chloride; PVDF, polyvinylidene fluoride; rGO, reduced graphene oxide;
RF, radio frequency; AgNW, silver nanowire; SA, sodium alginate; TAEA, tris(2-
aminoethyl)amine; TPU, thermoplastic polyurethane; VAF, vacuum-assisted filtra-
tion.
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pect ratios, but are most commonly spherical, rod-like, or sheet-
like with at least one dimension that is <100 nm. Sheet-like 2D
nanoparticle fillers are distinct due to their unique planar nature
(which allows for assembly on 2D surfaces) and large lateral di-
mensions, as well as high aspect ratio, anisotropic properties, and
high surface area [7-9]. 2D nanoparticles are usually single to few
atomic layers thick with the lateral size up to micrometers. Exam-
ples of 2D nanoparticles that have been used as fillers in polymer
nanocomposites include graphene, graphene oxide (GO), transition
metal dichalcogenides, and transition metal oxides; more recently,
MXenes, or transition metal carbide, nitrides, or carbonitrides have
emerged as revolutionary 2D nanofillers for polymer composites
[7,10].

Mxenes have intriguing electronic, mechanical, and catalytic
properties and versatile chemistries [11-13], and can be processed
in solution or in melt for polymer composites. The general for-
mula to MXenes is My, 1XyT,, where M is transition metal (e.g.,
Ti, V, Nb) and X is carbon or nitrogen, and T, are terminal
groups (e.g., -OH, -F, -Cl, -Br). The available combinations of M
and X give versatile composition of MXenes, with Ti3C,T, be-
ing the most commonly studied MXene. These nanosheets are
usually synthesized by selective etching of the bonded A layer
from their parent MAX phase, where A is group 13 or 14 el-
ements from the periodic table, such as Al [14]. Wet chemical


https://doi.org/10.1016/j.progpolymsci.2024.101830
http://www.ScienceDirect.com
http://www.elsevier.com/locate/progpolymsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.progpolymsci.2024.101830&domain=pdf
mailto:micah.green@tamu.edu
mailto:emilypentzer@tamu.edu
https://doi.org/10.1016/j.progpolymsci.2024.101830

H. Cao, N.N. Neal, S. Pas et al.

etching using HF is commonly used for the synthesis of MXenes
and gives nanosheets with surfaces terminated with -O-, -F, and
-OH and a high negative ¢-potential. This composition makes MX-
enes readily dispersible in water and the terminal groups offer
possibilities for surface functionalization, increasing the versatil-
ity of MXenes. In addition to the fluorine-containing acid etch-
ing approach, molten salt etching has been developed recently
(e.g., using ZnCl, and CuCl,) [15-17], which expands the synthetic
pathways. MXenes offer metallic conductivity (up to 2000,000
S§/m) and effective electromagnetic absorption [11,18], rendering
them as extraordinary fillers in polymer composites. In recent
years, MXene/polymer composites have gained increasing atten-
tion for applications across energy storage, catalysis, electromag-
netic interference (EMI) shielding, sensing, biomedicine, and mem-
branes [19-22]. To date, MXenes have most commonly been in-
corporated into commercially available common polymers includ-
ing polyvinyl alcohol (PVA) [23-25], polyacrylamide [26,27], poly-
diallyldimethylammonium chloride (PDDA) [28], polyvinyl chloride
(PVC) [29], poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate
(PEDOT-PSS) [30,31], polyvinylidene fluoride (PVDF) [32-34], ther-
moplastic polyurethane (TPU) [35,36], polystyrene (PS) [37,38],
natural rubber (NR) [39,40], polypropylene (PP) [41,42], and cel-
lulose [43].

The major challenges in preparing MXene/polymer composites
are suitable processing conditions and control over the structure
within the resulting composite (i.e., orientation and ordering of
the nanosheets). The most common fabrication methods for MX-
ene/polymer composites involve the direct mixing of polymer and
MXenes in solution, e.g., solution casting, or in the melt, e.g.,
melt blending. For example, MXene/polymer films can be fabri-
cated by mixing solutions of MXene and polymer then doctor blad-
ing or spin coating, and solvent evaporation. In the case of melt
blending, polymer and MXenes are combined above a tempera-
ture at which the polymer freely flows. In solution mixing, a com-
mon solvent is required (e.g., water), and in melt processing (e.g.,
at elevated temperature), care must be taken to prevent oxida-
tion of MXene nanosheets into the analogous metal oxide [44].
In these traditional methods of processing MXene/polymer com-
posites, nanosheets may aggregate and phase separate from the
polymer due to the strong inter-nanosheet van der Waals interac-
tions;[45] further, both approaches typically lead to randomly dis-
tributed MXenes within the polymer matrix, which limits structure
tunability and comprehensive evaluation of structure-property re-
lationships. Numerous prior reviews have addressed such homoge-
neous systems [44,46-49]. To address the limitations of MXene-
polymer composite composition and structure, various fabrica-
tion strategies have been reported to architect MXene nanosheets
within a polymer matrix [45,50,51], thereby controlling the micro-
scopic and/or macroscopic structure of MXene/polymer composites
and potentially enhancing performance-related properties, en route
to producing more effective and sustainable devices critical to ad-
dressing a variety of societal needs.

This review summarizes the current state-of-the-art under-
standing of processing-structure-property relationships of MX-
ene/polymer composites in which MXene nanosheets are archi-
tected throughout the polymer matrix (meaning having an orga-
nized distribution and/or orientation). Reviews of structured poly-
mer composites with other fillers are available, such as struc-
tured graphene-based nanoparticle (graphene, graphene oxide, re-
duced graphene oxide (rGO))/polymer composites [52-54], and
carbon nanotube(CNT)/polymer composites [55,56]. In this review,
the processing methods and their corresponding structures for
MXene/polymer composites are discussed in detail. Specifically,
we address structured MXene/polymer films and foams and their
corresponding microscopic and macroscopic structures which in-
clude segregated compact films, layered films, networked films,
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directional foams, coated foams, and emulsion-templated foams
(Fig. 1). Section 2 discusses MXene/polymer films and is organized
by four common fabrication methods: vacuum-assisted filtration
(VAF), layer-by-layer assembly (LbL), particle processing, and poly-
mer impregnation. Section 3 addresses MXene/polymer foams and
is also organized by fabrication method: freeze drying, foaming
agent, template coating, and polymerizations in emulsions. The re-
view culminates with a perspective of the immediate needs and
opportunities of architected MXene/polymer composites, provided
in Section 4.

2. Architected MXene/polymer films

MXene/polymer composite films have been used in supercapac-
itors, for EMI shielding, membranes, and sensors, due to high volu-
metric capacitance, high electrical conductivity, high thermal con-
ductivity, and efficient electromagnetic shielding properties [57-
59]. In this section, we detail advances in the production of struc-
tured MXene/polymer films using four main fabrication methods,
with a focus on how processing dictates the structure and how
structure impacts desirable properties.

Fig. 2 outlines the four main fabrication strategies for MX-
ene/polymer composite films and their corresponding character-
istic composites structures. Vacuume-assisted filtration (VAF) uti-
lizes pressure-driven flow to align the MXene nanosheets parallel
to film surface within a polymer, resulting in a brick-and-mortar
structure in which nanosheets are the brick and polymer is the
mortar. In complement, layer-by-layer (LbL) assembly is used to
fabricate alternating layers of MXene nanosheets and polymers
by stepwise addition of each layer. Latex processing makes use
of MXene-coated polymer particles and compression molding to
fabricate segregated structures containing an interconnected MX-
ene nanosheet network throughout. Lastly, polymer impregnation
leverages pre-structured MXene monoliths to be infiltrated with
polymer to create MXene/polymer architectures, again with a net-
work of MXenes throughout the polymer.

2.1. Vacuum-Assisted filtration

VAF is a simple fabrication technique that is widely used to pro-
duce polymer nanocomposite with various fillers, including MX-
enes. Typically, a brick-and-mortar structure is formed through this
process, again in which the MXene nanosheets are the bricks, pro-
viding good electrical properties, and the polymer is the mortar,
binding the nanosheets together and giving good mechanical prop-
erties, which could potentially be beneficial for ultrathin film elec-
tronic applications, such as EMI shielding. This process requires a
common good solvent for MXene and polymers; due to the high
hydrophilicity and aqueous dispersibility of MXenes, hydrophilic
polymers and aqueous solutions are commonly used. Hydropho-
bic polymers are less common and would require the use of polar
organic solvents and/or modification of MXenes.

As an example of MXene-polymer composites from VAF, Liu
et al. reported the formation of Ti3C,T,/ PEDOT:PSS composite film
with a brick-and-mortar structure [60]. As is shown in Fig. 3a,
aqueous dispersions of Ti3C,T, nanosheets and PEDOT:PSS were
mixed by ultrasonic stirring, then subjected to VAF to yield a free-
standing Ti3C,T,/PEDOT:PSS film. The SEM image of the cross-
section of the composite film showed the multilayered structure
with Ti3C,T, nanosheets as the inorganic brick framework and
polymer as the organic mortar. These films had high electrical
conductivity (34,000 S/m, with 87.5 wt% of Ti3C,T,). More no-
tably, the high amount of interface between the embedded PE-
DOT:PSS and nanosheets significantly enhanced the internal reflec-
tion and polarization for electromagnetic wave absorption (total
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Fig. 1. MXene/polymer composite architectures that are compact films or porous foams. In contrast to a randomly oriented and aggregated collections of nanosheets,
architected MXene/polymer structures contain nanosheet networks, nanosheet-lined pores, or anisotropic organization of nanosheets that can advance performance-related

properties.
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Fig. 2. Summary of the fabrication methods for structured MXene/polymer films. VAF method typically leads to brick-and-mortar structure of MXene and polymers. LbL
assembly results alternating layers of MXene and polymers. Particle processing usually creates an organized framework of MXenes within polymer matrix. Polymer impreg-

nation typically leads to a networked MXene structure filled with polymer matrix.

shielding effectiveness of 42.1 dB, absorption shielding effective-
ness of ~28 dB for a 11.1 um thick film). Similarly, Ti3C,T,/PEDOT
composite films can be prepared by VAF, followed by etching
off the non-conductive PSS using H,SO4 [61], and the result-
ing Ti3C,T,/PEDOT film exhibited high EMI shielding properties
(40.5 dB for a 6.6 pm thick film with 70 wt% Ti3C,T;). The VAF
method has also been used fabricate Ti;C,T, MXene composite
films with water-dispersible cellulose nanofiber (CNF) [62], and

sodium alginate (SA) [63], for EMI shielding applications (24 dB,
47 pm film, 70 wt% of Ti3C,T, for Ti3C,T,/CNF and 57 dB, 8 pm
film, 90 wt% of Ti3C,T, for Ti3C,T,/SA).

In the VAF process, non-covalent interactions between MXenes
and the polymer matrix can play an important role in the compos-
ite structures. For example, Ling et al. fabricated Ti3C,T,/polymer
composite films with two different polymers: PDDA and PVA [G4].
As illustrated in Fig. 3b, cationic PDDA electrostatically interacted
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Fig. 3. MXene/polymer composite films prepared by VAF fabrication and their corresponding structures. (a) Ti3C,T,/PEDOT:PSS film through VAF of Ti;C,T, and PEDOT:PSS.
SEM image showing the cross-section of the composite film.[°°! Copyright 2018. Adapted with permission from American Chemical Society. (b) VAF of Ti3C,T, with charged
polymer (PDDA) or neutral polymer (PVA) and their different cross-sectional SEM images [64]. Copyright 2014. Adapted with permission from National Academy of Sciences. (c)
Ti3 C, T, /PANI film via ice assisted VAF process and their surface and cross-sectional SEM images. This Figure is adapted from Ref [70]. Copyright 2023. Adapted with permission
from the Royal Society of Chemistry. (d) The process of alternating VAF of Ti3C, T, and CNF for the fabrication of Ti3C,T,/CNF layered structure and their SEM and EDS mapping
images (Ti in green and C in red) [71]. Copyright 2020. Adapted with permission from American Chemical Society.

with negatively charged Ti3C,T, nanosheets, leading to adsorption
of PDDA on the nanosheet surfaces; the resulting films had a rela-
tively loose structure with some voids, and a similar layered struc-
ture as MXene-only film (left and middle SEM in Fig. 3b). Alterna-
tively, in the Ti3C,T,/PVA film, only hydrogen bonding interactions
between the PVA and MXenes were possible, and the film had a
compact layered structure. If negatively charged polymer is used,
electrostatic repulsion between MXene nanosheets and the poly-
mer results in better dispersion of the nanosheets. For example,
Zhang et al. prepared composite films of negatively charged aramid
nanofibers (ANFs) and Ti3C,T, nanosheets, observing a lamellar-
like structure which the authors attributed to uniform dispersion
of the two components due to electrostatic repulsion. Relevant
to application in an osmotic membrane system, these compos-
ites show enhanced ion selectivity and ion flux compared to pris-
tine Ti3C,T,, which resulted in high power density (4.1 W/m?2) and
conversion efficiency for osmotic energy harvesting; this was at-
tributed to the synergetic effect of the surface charge of Ti3C,T,
and the space charge of the ANFs [65]. Other composites pre-
pared by VAF include Ti3C,T,/silver nanowire (AgNW)/ANF films
of one layer of Ti3C,T,/AgNW and another layer of ANFs; this
asymmetric two-layer structure exhibited high EMI shielding effi-
ciency (35.5 dB) compared to homogeneous counterparts (9.8 dB
for a homogeneous blended Ti3C,T,/AgNW/ANF film with 10 wt%
of Ti3C,T,/AgNW) [66].

In situ polymerization of MXene/monomer solution can also be
used in the VAF process. Typically, monomers and MXenes are
mixed in solution and polymerization is induced before filtration.
For example, Boota et al. reported the in situ polymerization of
pyrrole in the presence of Ti3C,T, and subsequent VAF to make

Ti3C,T,/polypyrrole composite film [67]. Hydrogen bonding inter-
actions between the N-H group of the pyrrole rings and O-H
group of the Ti3C,T, surface led to the polymer chains aligning
on the nanosheet surface. Similarly, aniline was polymerized in
the presence of MXenes then VAF was used to prepare compos-
ite films [68], with or without oxidant [69]. Alternatively, Wang
et al. used ice-assisted intercalation of aniline between Ti3C,T,
nanosheets and subsequent polymerization and VAF for aligned
Ti3C,T,/polyaniline (PANI) films [70]. As shown in Fig. 3¢, an aque-
ous dispersion of Ti3C,T, nanosheets was filtered then frozen. The
frozen film was immersed in a solution of aniline monomer, fol-
lowed by in situ oxidative polymerization of aniline. The polymer-
ized mixture was isolated by VAF and a flexible Ti3C,T,/polyaniline
film with highly aligned structure was obtained (SEM in Fig. 3c).
The freezing of the Ti3C, T, film helped to keep the structure intact
during immersion and polymerization of aniline. Benefiting from
the increased interlayer spacing from the polyaniline and Ti3;C,T,
layers, the Ti3C,T,/polyaniline film exhibited high specific capac-
itance (gravimetric capacitance of 385 F/g) promising for flexible
supercapacitor applications.

Alternating VAF is another important process for producing
MXene/polymer composites with layered structures. For example,
Zhou et al. reported Ti3C,T,/CNF composites with alternating lay-
ers of MXene and CNF [71]. Fig. 3d shows the alternating vacuum
filtration of one layer of CNF, followed by a second layer of Ti3C,T,,
and a third layer of CNF. The cross-sectional SEM image and EDS
mapping demonstrated the distinct Ti3C,T, and CNF phases. This
process enables the fabrication of highly oriented structure with
good control of each layer thickness which impacts mechanical
and electrical properties. For example, electrical conductivity de-
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creased with an increase of Ti3C,T, layer numbers (from 621 to
82 S/m for 1 to 5 layers, though each had ~50 wt% Ti3C,T).
Further, the conductivity was only 2 S/m for a homogenous mix-
ture of Ti3C,T, and CNF with the same Ti3C,T, loading. The in-
creased electrical conductivity afforded by the alternating structure
holds promise for EMI shielding applications (40 dB for 4 layers of
TisC,T, and 5 layers of CNF film). Utilizing a similar alternating
VAF strategy, MXene/polymer films of Ti;C,T,/AgNW/CNF[72] and
Ti3C,T,/AgNW/poly(dimethyl siloxane) (PDMS)[73] have been pro-
duced for EMI shielding applications (55.9 dB, 35 pm film, 50 wt%
of fillers for Ti;C,T,/AgNW/CNF and 50.82 dB, 1 pm film, 3.2 g/m?
of fillers for Ti3C,T,/AgNW/PDMS).

2.2. Layer-by-layer assembly

Layer-by-layer (LbL) assembly provides a simple way to archi-
tect layered MXene/polymer composites. Using non-covalent inter-
actions, such as electrostatic interactions, charge-transfer interac-
tions, and hydrogen bonding, LbL assembly creates multilayered
films and coatings on a variety of substrates[74,75] by the alter-
nating deposition of layers of complementary materials through
immersion, spray-coating, or spin-coating. Between each deposi-
tion step, a washing/drying cycle is typically applied to remove
loosely adhered material and prevent contamination of dispersions
[76]. There is a vast history of charge solubilized polymers being
used in LbL assembly with a layered structure, and due to the
hydrophilic nature and negative ¢-potential of MXenes, they also
make excellent LbL components [74,75,77,78]. Structures produced
by LbL assembly with nanomaterials have layered structure, where
each layer thickness has a resolution in the nanometer range, dis-
tinctly different from the brick-and-mortar structures produced by
VAF which are a magnitude or two larger in thickness [60,61]. The
customization of the LbL process allows for relatively easy manip-
ulation of the nanostructure, such as through variation of the type
of MXene, polymer type, deposition time, and the deposition tech-
nique (immersion-assisted, spray-assisted, or spin-assisted).

As a typical example of LbL assembly of MX-
ene/polymer composite films or coatings, An et al. fabricated
Ti3 C, T, /poly(diallyldimethylammonium chloride) (PDAC) multilay-
ered composites [79]. As shown in Fig. 4a, a glass substrate was
immersed in an aqueous PDAC solution, rinsed with DI water to
remove the excess solution, then immersed in a Ti3C,T, solution,
and finally rinsed with DI water. This process was repeated to
obtain the composite film with desired thickness, based on the
number of alternating Ti3C,T, and PDAC layers. Electrostatic
attraction of positively charged PDAC and negatively charged
Ti3C,T, assured the adhesion between layers and that no phase
separation occurred. Digital images show the dark uniform coating
of Ti3C,T,/PDAC layers on the glass slide and SEM images indi-
cate the well-aligned alternating multilayer pairs of Ti3C,T, and
PDAC. The Ti3C,T,/PDAC coating had good mechanical integrity.
Notably, flexible substrates such as poly(ethylene terephthalate)
(PET), PDMS, and nylon fibers can be used as substrates and hold
promise for sensing applications (such as bending (up to 2.5-mm
bending radius) and stretching (up to 40 % tensile strain)).

The nanostructure of the multilayered LbL films is highly
dependent on the type of MXene. For example, Echols et al
investigated how the identity of MXene impacts film thick-
ness growth [80]. In this study, LbL assemblies of Ti,CT,/PDAC
and Nb,CT;/PDAC were prepared and compared to the previ-
ously reported Ti3C,T,/PDAC. The average layer pair (LP) thick-
ness was determined using profilometry, giving 3.9 + 1.2 nm/LP,
73 + 14 nm/LP, and 64 + 1.3 nm/LP for the Ti3C,T,/PDAC,
Ti, CT,/PDAC, Nb,CT,/PDAC, respectively. The authors suggested
that film growth is correlated with the ¢-potential of the MXenes.
For example, MXenes with more negative ¢-potentials (—46.0 and
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—48.7 mV for Ti,CT, and Nb,CT,) exhibit higher growth rate com-
pared to Ti3C,T, (—29.8 mV). This more negative ¢-potential may
cause MXene nanosheets to be more strongly adhered to the pre-
vious layer of the film, preventing materials from being washed
away and thus giving a thicker layer.

In addition to polycations, smaller molecules can also be uti-
lized as the cationic layer for LbL assembly. Tian et al. reported
the use of the small molecule tris(2-aminoethyl)amine (TAEA) for
LbL assembly of Ti;C,T,/TAEA composites;[81] the authors found
that the use of TAEA created composites with more ordered and
smoother multilayer structures (Fig. 4b) and minimized interlayer
distance compared to LbL films made with larger polycations, like
PDAC [79]. The small gap between MXene layers resulted in high
electrical conductivity (7.3 x 10*S/m for 20 bilayers) and when
the Ti3C,T,/TAEA coating was deposited onto on PET substrate it
exhibited high supercapacitor properties with 165 F/g at 2 mV/s
using PVA/H,S0,4 solid-state electrolyte.

In addition to composition, the processing parameters can also
impact the architecture of the LbL MXene/polymer films, with de-
position time significantly affecting distance between MXene lay-
ers. An et al. created Ti3C,T,/PDAC LbL films with PDAC depo-
sition times of 5, 10, and 15 min with same Ti3C,T, deposition
time (15 min) [82]. The PDAC composition increases with increas-
ing 5-minute intervals, 6.1 wt% (5 min), 7.8 wt% (10 min), 9.3 wt%
(15 min). The greater loading of PDAC is reflected in the greater
polymer layer thicknesses, causing the distance between the MX-
ene layers to increase. This study also showed that the PDAC depo-
sition was also sensitive to humidity, with thicker PDAC layers at
higher humidity attributed to water intercalation in the polymer.

One downside to LbL deposition is the amount of time required
to create multilayers. Alternatively, spray-coating and spin-coating
can be used for LbL assembly of MXene/polymer composites. Weng
et al. used a spin-spray LbL deposition method to rapidly create
(Ti3C,T,-PVA)/(CNT)-PSS) composites for EMI shielding [83]. As is
shown in Fig. 4¢, the multilayer composites were prepared by al-
ternatively spraying two solution (Ti3C,T,-PVA solution and CNT-
PSS solution) onto a spinning substrate. The spin-spray LbL (ssLbL)
method is not limited by diffusion processes as in the immersion
method but gives layers less than a nanometer thick versus several
nanometers thick. The SEM images in Fig. 4c show that the ssLbL
layers are so thin that the cross-sectional SEM is unable to distin-
guish between the CNT-PSS and Ti3C,T,-PVA due to resolution lim-
its. Thus, ssLbL produces composites with much smaller distances
between MXene layers, e.g., about one nanosheet thick versus sev-
eral sheets in the layers of the immersion method [79,81,84].
The ssLbL-produced (Ti3C,T,-PVA)/(CNT-PSS) composites exhibited
high electrical conductivity (130 S/m for 300 bilayers) and effi-
cient EMI shielding properties (3 dB for ~200 nm thick samples
(300 bilayers)). In complement, Tian et al. used two different LbL
assembly methods: spin-assisted immersion and vacuum-assisted
spray LbL [81]. The selection of method was based on the substrate
used: planar substrates (e.g., PET, glass slides, and Si wafers) lent
themselves to the spin-assisted immersion LbL, whereas vacuum-
assisted spray LbL was needed to penetrate porous 3D substrates
(e.g., nonwoven fibers, cellulose paper, carbon nanofiber aerogel,
and melamine foam) to create uniform coatings. The detailed dis-
cussion of LbL deposition of MXenes or polymers onto 3D skeleton
is included in the foam section.

While the vast majority of LbL-assembled MXene/polymer com-
posites rely on electrostatic interactions to create the multilayered
structures, other non-covalent interactions can be used. For ex-
ample, although hydrogen-bonding-driven LbL assembly has been
thoroughly investigated for polymer-polymer composites [85-87],
it has yet to be reported for MXene/polymer composites. However,
hydrogen bonding interactions between MXenes and hydrophilic
polymers (e.g., PVA) have been reported [88,89], and thus MX-
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Inc.

ene/polymer hydrogen bonded LbL multilayers should be feasible.
Depending on the intended application, this may allow for more
different polymers that can be used to be included into LbL MX-
ene/polymer composites [87,90].

2.3. Particle processing

Segregated MXene/polymer composites can be created by parti-
cle processing methods. This method utilizes particles (e.g., poly-
mer spheres) as templates, and the MXene nanosheets are con-
fined at the particle surface. These composite particles can then be
used for film formation, for example, using compression molding
or filtration, giving organized MXene nanosheets within the poly-
mer films with the initial particle serving as a template. In this
approach, high electrical and/or thermal conductivity can be real-
ized even at low MXene loading due to the interconnected MXene
network within the polymer matrix [51,91,92]. To form the desired
MXene network, nanosheets must be uniformly coated onto the
polymer particles and must remain stable upon fusion of polymer
particles. To coat MXene nanosheets on polymer particles, charged
polymer particles and electrostatic interactions are usually used.
Fusion of polymer particles into a monolithic film commonly in-
volves heat, which might induce oxidation of MXenes.

Electrostatic attraction is usually used to assemble negatively
charged MXene nanosheets on the surface of polymer particles,
such as positively charged PS particles [93,94], positively charged
polycarbonate particles [95], and positively charged PVDF particles
[96]. For example, Sun et al. fabricated segregated “honeycomb-
like” Ti3C,T,/modified PS films for outstanding EMI shielding ap-
plications [93]. As is illustrated in Fig. 5a, dimethylaminomethacry-
late methylchloride modified PS spherical particles (i.e., posi-
tively charged) were used as templates and mixed with an aque-

ous dispersion of Ti3C,T,; electrostatic attraction between PS
and nanosheets led to the coating of Ti;C;T, on PS spheres
(SEM in Fig. 5a). Compression molding of the dried coated par-
ticles led to the formation of segregated Ti3C,T,/PS films, where
the nanosheets were distributed at the boundary of original PS
spheres, as indicated in the cross-section TEM images of the films
(Fig. 5a). The Ti3C,T, network within the PS matrix created effec-
tive electrically conductive pathways, yielding a superior electri-
cal conductivity even at low filler loading (1081 S/m with only 1.9
vol% of Ti3C,T;) compared to the homogenous counterparts made
via solution mixing (2.2 x 10~7 S/m with 1.90 vol% of TizC,T,).
The architected composite gave high performance in EMI shield-
ing (61.2 dB for 2 mm film), and the high degree of Ti3C,T,/PS
interface and multiple internal reflection gave high absorption
(54.7 dB).

Rather than electrostatic attraction and flocculation, Luo et al.
utilized electrostatic repulsion between negatively charged NR
and Ti3C,T, to create a stable suspension [39]. The subsequent
filtration process removed the solvent, resulting in segregated
Ti3C,T,/NR films, shown in Fig. 5b. An interconnected Ti3C,T, net-
work within the NR matrix was formed, which is demonstrated by
TEM, SEM, and EDS images (Fig. 5b). Similar to abovementioned
Ti3C,T,/PS film, the segregated Ti3C,T, network in NR matrix en-
dowed the film with high electrical properties (1400 S/m and an
outstanding EMI shielding performance of 53.6 dB with 6.71 vol%
of MXene for a thin film of 251 pm). However, this method
created rougher surfaces compared to compression molding of
MXene coated polymer particles. Similar strategies were applied
to other polymer compositions, such as Ti3C,T;/vulcanized NR
[97], Ti3C,T,/PS [98], Ti3C,T,/poly(methyl methacrylate) (PMMA)
[99], and serine-modified Ti3;C,T,/serine modified epoxidized
NR [100].
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Fig. 5. MXene/polymer composite films prepared using the particle processing method and their corresponding segregated structures. (a) Ti3C,T,/modified PS composite
film via electrostatic assembly of positively charged PS and Ti;C,T, nanosheets, followed by compression molding. SEM and TEM images of the Ti;C,T,-coated PS particle
and cross-section of segregated Ti3C,T,/modified PS film [93]. Copyright 2017. Adapted with permission from John Wiley & Sons Inc. (b) Ti3C,T,/NR composite film via VAF
of negatively charged NR with Ti3C,T, nanosheets and the SEM and EDS mapping (Ti) of the segregated film [39]. Copyright 2019. Adapted with permission from Elsevier
Science Ltd. (c) Ti3C,T,/modified PP composite film fabricated through microwave sintering of Ti;C,T,-coated PP (positively charged) particles and optical and SEM images
of the segregated structure [101]. Copyright 2021. Adapted with permission from Elsevier Science Ltd. (d) Ti3C,T,/polymer (PS or polymethacrylate) composite film via in situ
polymerization of Ti3C,T, stabilized monomer-in-water emulsions. SEM images show the Ti3C,T,-coated PS particle and the cross-sectional Ti3C,T,/PS film prepared by
compression molding [105]. Copyright 2021. Adapted with permission from American Chemical Society.

The high heating response of MXene nanosheets to microwave
irradiation enables the fabrication of segregated films from MXene-
coated polymer particles and microwave irradiation. Ma et al.
reported the microwave-assisted sintering of Ti3C,T,/PP parti-
cles;[101] the particle feedstock was assembled by electrostatic at-
traction of positively charged PP and negatively charged Ti3C,T,
nanosheets and the composite particles underwent selective heat-
ing when exposed to a microwave field, welding the PP gran-
ules together. As shown in the Fig. 5¢, sintering yielded segre-
gated Ti3C,T,/PP composite films with a continuous and compact
MXene network. The compacted Ti3C,T, network not only signifi-
cantly enhanced the EMI shielding properties at low Ti3C, T, load-
ing (>75 dB with 1.138 vol% of Ti3C,T, for a 2 mm film), but also
improved the anti-dripping of PP due to the strong Ti3C,T, barrier
effects. Similarly, other segregated polymer composites (such as
CNT/polyetherimide composites) also employed the particle tem-
plate processing and microwave sintering method [102].

In addition to ex situ mixing of polymer particles with MX-
ene nanosheets, a recently developed emulsion-assisted assembly
and in situ polymerization method can be used to produce MX-
ene/coated polymer particles. This approach significantly expands
the types of polymer particles that can be used to include neutral
hydrophobic polymers, e.g., not cationic or anionic. The emulsion-
assisted assembly involves the formation of emulsion droplets sta-
bilized by MXene nanosheets, followed by polymerization of the
droplets to form polymer particles with the MXene nanosheets
coated on the surface. Bian et al. developed dodecane-in-water
emulsions stabilized by Ti3C,T, nanosheets and cetyltrimethylam-
monium bromide, and subsequent freeze drying of the concen-
trated emulsions led to the formation of porous MXene aero-
gels [103]. Similarly, Shi et al. reported water-in-toluene emul-

sions stabilized by Ti;C,T, nanosheet and co-surfactants for struc-
tural liquids by jamming Ti;C, T, and amine-functionalized polyhe-
dral oligomeric silsesquioxane at liquid-liquid interfaces and con-
verstion to aerogels by freeze drying the concentrated emulsions
[104]. More recently, Cao et al. reported monomer-in-water emul-
sions stabilized by salt-flocculated Ti3C,T, nanosheets to prepare
Ti3C,T,-coated polymer particles of PS and different polymethacry-
lates (Fig. 5d) [105]. As seen in the SEM image in Fig. 5d, the
armored particles had a rough surface due to the coating and
stacking of Ti3C,T, nanosheets. Compression molding above the
Tg of the polymer particle created segregated Ti3C,T,/PS films
with an interconnected Ti3C, T, network along the particle bound-
aries, as shown in the cross-sectional SEM image. The composite
film exhibited high absorption of radio frequency (RF) for heat-
ing (13—15 °C/s) in the range of 135—-150 MHz and efficient EMI
shielding of ~21 dB at low loading of Ti3C,T, of 1.2 wt%. No-
tably, homogeneous composites, i.e., with the organized MXene
nanosheets, could not be prepared due to the orthogonal process-
ing conditions of the nanosheets and polymer (e.g., no common
solvent for solution casting and oxidation of MXenes under com-
mon melt processing conditions).

2.4. Polymer impregnation

Polymer impregnation can be used to fabricate networked MX-
ene/polymer composites and involves the combination of bulk
polymer with an already produced networked MXene structure.
Usually, a 3D free-standing MXene skeleton is first fabricated (by
methods such as freeze drying); then, liquid polymers are back-
filled, followed by polymer solidification. Thus, a known MXene
network is present within the polymer matrix, providing a perco-
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Fig. 6. MXene/polymer composite films prepared by polymer impregnation and their corresponding structures. (a) Ti;C,T,/PDMS composite fabricated by impregnating
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2020. Adapted with permission from Elsevier Science Ltd. (b) Ti3C,T,/C/epoxy composites prepared via polymer impregnation of epoxy into a porous Ti3;C,T,/C foam and
their corresponding SEM images (left: Ti3C,T,/C foam; right: Ti3C,T,/C/epoxy film) [108]. Copyright 2019. Adapted with permission from Elsevier Science Ltd. (c) Fabrication of
Ti3C, T, /graphene-coated PU sponge and Ti3C,T,/graphene/PU/PEG composite film via impregnation of PEG into the Ti3;C,T,/graphene/PU sponge. SEM images (from left to
right) show the PU foam, Ti;C,T,/graphene-coated PU foam, and Ti3C,T,/graphene/PU/PEG film [114]. Copyright 2022. Adapted with permission from Springer Nature Limited. (d)
Fabrication of TisC, T, skeleton using NH4HCOj3 as a spatially confining agent and subsequent film formation via PEG impregnation. SEM images show the Ti3C, T, framework
after removing NH4HCOs, and the Ti;C,T,/PEG composite film [116]. Copyright 2022. Adapted with permission from American Chemical Society.

lated pathway, and the polymer coating provides mechanical sup-
port as well as oxidation stability for MXenes. The MXene network
can be versatile in composition depending on the design and as-
sembly methods. One challenge is that a large amount of MXene is
needed to form an initial network. Another challenge is that suit-
able wetting of the MXene with the polymer is needed, thus lim-
iting the use of hydrophobic polymers. Notably, Han et al. recently
provided an excellent review on the assembly strategies of 3D MX-
ene skeletons, and thus will not be addressed here [45].

Wang et al. fabricated Ti3C,T,/PDMS composites by impreg-
nating PDMS into freestanding Ti3C,T, aerogels, as is shown in
Fig. 6a [106]. The Ti3C,T, aerogel was fabricated though a direc-
tional freeze drying method; here, only one side of the aqueous,
highly concentrated MXene dispersion was placed in contact with
the cold source and as the ice aligned upon formation the Ti3C,T,
nanosheets assembled into an interconnected architecture (indi-
cated by SEM in Fig. 6a). Then the Ti3C,T,/PDMS composites were
prepared by vacuum-assisted filling of PDMS prepolymer into the
Ti3C,T, skeleton aerogel, followed by curing of PDMS at 100 °C.
SEM images in Fig. 6a reveal that the pores were well-filled with
PDMS, which gives good mechanical support and flexibility. The ar-
chitected Ti3C,T,/PDMS composites also benefited from the con-
tinuous Ti3C,T, network, resulting in high electrical conductivity
(550 S/m with only 2.5 vol% of Ti3C,T,) and thermal conductivity
(2 times larger than pure PDMS), relevant to triboelectric nanogen-
erator applications. Yang et al. used a similar approach to prepare
Ti3C,T;/epoxy films by epoxy impregnation and the unique struc-
tural design showed promise for excellent Joule heating (reaching
a steady-state temperature of 123 °C with a low voltage of 2 V and
current of 5.1 A) [107].

Free-standing MXene-only skeletons usually suffer from poor
mechanical properties and weak interactions between nanosheets,

such that the structure may collapse because of the capillary forces
during the polymer impregnation process. Researchers have de-
veloped MXene composite skeletons by introducing crosslinking
agents to bind MXene nanosheets. For example, Wang et al. used
resorcinol and formaldehyde with Ti;C,T, to form a composite
skeleton [108]. The organic precursors tended to polymerize on
the hydrophilic Ti3C,T, to connect the individual nanosheets and
from a crosslinked Ti3C,T,/C (thermally reduced) foam skeleton
after polymer pyrolysis. As shown in the left SEM in Fig. 6b,
the Ti3C,T;/C composite skeleton had a well-connected structure
with good mechanical properties (could support 500 times its
own weight). Utilizing a similar polymer impregnation method of
epoxy precursors and curing agents, a compact Ti3C,T,/C/epoxy
film structure was obtained (right SEM in Fig. 6b). With the benefit
of the conductive inner network, the Ti;C,T,/C/epoxy film exhib-
ited high EMI shielding properties (46 dB with 1.64 wt% of Ti3C,T,
and 2.61 wt% of C in a 2 mm thick composite film). The Ti3C,T,/C
skeleton also created multiple interfaces, enhancing multiple re-
flection and reabsorption, resulting in an absorption dominated
EMI shielding mechanism (~39 dB for absorption). Other compo-
sitions of MXene skeleton have been prepared by using a similar
approach; these include Ti3C,T,/CNF [109-111], Ti3C,T,/rGO/CNT
[112], and Ti3C,T,/MoS,/CNF [113].

Another strategy for fabricating a strong robust MXene skele-
ton is by coating MXene on a porous polymer template. For
example, Jin et al. reported the dip-coating of Ti3C,T, and
graphene nanosheets on a modified polyurethane (PU) sponge
(Fig. 6¢) [114]. The porous PU sponge was first treated with poly-
dopamine to enhance hydrophilicity, enabling it to be coated with
Ti3C,T, and graphene, as shown in the SEM of a porous, rough
Ti3C,T,/graphene/PU structure in Fig. 6¢. The PU sponge endowed
the Ti3C,T;/graphene/PU skeleton high flexibility and excellent
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compressibility, which served as the strong inner network when
forming a compact composite with polyethylene glycol (PEG) at
75 °C. The Ti3C,T,/graphene/PU/PEG composites exhibited efficient
EMI shielding properties (43.3 dB for 18.7 wt% of Ti3C,;T, and
graphene for a 2.4 mm film). Similarly, Shao et al. used melamine
foam as a skeleton to produce flexible Ti;C,T,/melamine/PEG com-
posites for solar-thermal energy conversion [115].

To condense the MXene skeleton without significant changes in
structure or collapse, a spatially confined forced network assem-
bly method was developed. Chen et al. introduced NH4HCO5 as
the spatial confining reagent to Ti3C,T, powder by grinding, and
then formed a free-standing structure by mold pressing. After re-
moving the NH4HCO3 in a hot vacuum oven, a dense, structurally
stable Ti3C, T, skeleton was obtained, as is shown in Fig. 6d. By im-
pregnating with molten PEG, a compact and void-free Ti3C,T,/PEG
composite structure was obtained (middle SEM in Fig. 6d). The
compressed Ti3C,T, skeleton provided percolated thermal conduc-
tion pathway within the polymer matrix, leading to significant en-
hancements of thermal conductivity (10 times higher than pure
PEG with 40 wt% Ti3C,T,). The Ti3C,T,/PEG composites exhibited
rapid heating under sunlight irradiation for highly efficient pho-
tothermal conversion applications [116].

3. Foams

In complement to MXene/polymer films which are compact
structures, and commonly free of voids, MXene/polymer foams
are attractive due to their high flexibility, high surface area, low
density, electrical conductivity, and absorption-favored electromag-
netic properties [117,118]. As illustrated in Fig. 7, MXene/polymer
foams are commonly fabricated through freeze drying, utilizing
foaming agents, template coating, and emulsion polymerization.
For example, freeze casting involves the freezing of liquid MX-
ene/polymer composites, then the ice is removed under reduced
pressure by sublimation, leaving pores in the solid composites.
Similarly, foaming agents are used for pore generation during poly-
merization to fabricate MXene/polymer foams with controllable
pore density. Template coating involves the use of a porous tem-
plate (e.g., commercial foam) and the coating of MXenes forms a
porous MXene/polymer foam structure. Polymerization in the con-
tinuous phase of an emulsion utilizing MXene as particle surfac-

tants, followed by drying, immobilizes MXene nanosheets at the
pore surfaces. The detailed corresponding characteristic structures
for these methods will be discussed in the following subsections.

3.1. Freeze drying

Freeze drying is a relatively simple method for producing highly
porous MXene/polymer structures with an interconnected network
of nanosheets. First, an aqueous solution of polymer and MXenes
is frozen, then the ice is removed by sublimation, leaving be-
hind pores within the MXene/polymer composites. This method
can introduce numerous pores, thus giving a low density struc-
ture, and the enlarged interface with air results in enhanced elec-
tromagnetic absorption and attenuation [51]. Further, directional
freeze drying (with only one side the sample contacting with the
cold source) can give controlled distribution and orientation of
pores, producing anisotropic structures with favored pore align-
ments [119]. As freeze drying requires mixing of MXenes and
polymers, this method is most commonly used with water dis-
persible, hydrophilic polymers. Notably, highly concentrated MX-
ene nanosheets are needed for a robust and interconnected con-
ductive network to form during freeze drying.

As a typical example of freeze drying to produce MX-
ene/polymer foam, Xu et al. prepared highly porous MXene/PVA
foam by freeze drying an aqueous mixture of concentrated Ti,CT,
(30 mg/ml) and PVA [120]. As is illustrated in Fig. 8a, a lightweight
Ti,CT,/PVA foam could stand upon a dandelion and contained
macropores ~90 pm in diameter (SEM in Fig. 8a). Benefiting from
the increased surface i.e., interface between composite and air),
the Ti,CT;/PVA foam exhibited excellent EMI shielding properties
(28 dB for 5 mm thick composite foam) with high absorption
(26 dB), likely promoted by multiple internal reflection between
the abundant air/composite interfaces. The authors verified this by
compressing the Ti,CT,/PVA foam to eliminate the pores and ob-
served a dramatic decrease of absorption (proportion of absorp-
tion decreasing from 0.59 to 0.04). In a similar vein, Xie et al.
fabricated a Ti3C,T,/CNF/Ni composite foam through freeze drying
of cyclohexane-in-water emulsions, which were stabilized by the
mixture of Ti3C,T,, CNF, and Ni particles, and the pore size was
dictated by emulsion droplet size [121]. This highly porous struc-
ture also had enhanced the multiple reflection and thus good ab-
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sorption for EMI shielding applications (minimum refection loss of
—30.2 dB for a 5 mm thick foam at 2.8 GHz).

To increase the flexibility and mechanical stability of MX-
ene/polymer foam, strong interactions between MXene nanosheets
and polymers need to be established. Liu et al. used polyimide (PI)
to bridge Ti3C,T, nanosheets, forming a freestanding Ti3C,T,/PI
foam with excellent compressibility and stretchability by freeze
drying of Ti3C,T,/poly(amic acid) (PAmA) and subsequent polymer-
ization (Fig. 8b) [122]. As shown in Fig. 8b, an aqueous solution of
hydrophilic PAmA and Ti3C,T, was freeze dried then thermally an-
nealed to induce polymerization of PAmA to Pl The strong polar
interaction between PI and Ti3C,T, bound the two components to-
gether. As a result, the as-prepared Ti3C,T,/PI foam was mechan-
ically strong and could undergo compression, torsion, and even
180° bending. The SEM images (Fig. 8b) indicated a disordered
structure for a pure Ti3C,T, aerogel, but the freeze dried Ti3C;T,/PI
foam exhibited a compact interface and interconnected porous
structure. More importantly, the highly interconnected Ti3C, T, net-
work endowed the composite foam with an electrical conductiv-
ity of 4 S/m with only ~0.084 vol% of Ti3C,T,. In a similar vein,
Hu and coauthors introduced protonated chitosan into an aqueous
Ti3C, T, dispersion, followed by freeze drying and thermal anneal-
ing to fabricate Ti3C,T;/chitosan/C foam, shown schematically in
Fig. 8¢ [123]. The protonated chitosan has strong electrosatic inter-
actions with negative Ti3C,T, nanosheets, such that chitosan pro-
vided a strong and continuous linkage between MXene nanosheets,
resulting in enhanced compressibility and elasticity. The SEM in
Fig. 8¢ shows the side and top view of the Ti3C,T;/chitosan and
Ti3C,T,/chitosan/C foam, revealing the impact of annealing. Ben-
efiting from the strongly connected Ti3C,T;/chitosan/C structure

10

and conductivity, the composite exhibited high sensitivity for pres-
sure/strain sensors and wearable devices.

During the freezing process, ice growth can be regulated
and pore orientation realized, thus resulting in anisotropic struc-
tures. For example, Han et al. fabricated a Ti3C,T,/PVDF foam
with aligned pores using a unidirectional freeze-solvent exchange-
drying method [124]. As is shown in Fig. 8d, Ti3C,T, and PVDF
were first mixed in DMSO, and the mixture was frozen by placing
only the bottom of the container on the cold source. The frozen
mixture was then washed with water at 4 °C (below the freez-
ing point of DMSO) and oven dried at 30 °C to remove remaining
DMSO and solidify PVDF. The SEM images and EDS mapping of Ti
of the cross-section and surface of the Ti;C,T,/PVDF foam indicate
vertically aligned pores and the uniform distribution of Ti3C,T,
in the pore walls (Fig. 8d). This unique anisotropic Ti3C,T,/PVDF
structure led to significant deformation differences based on ori-
entation directions, which resulted in anisotropic sensing proper-
ties. For example, the foam could undergo larger deformation by
application of force perpendicular to the pore channels compared
to the parallel direction, resulting in higher pressure sensitivity
(4 times higher). Anisotropic properties were also observed for a
Ti3C,T,/chitosan foam prepared using a similar directional freeze
drying method, with superior compression stability when applying
stress perpendicular to pore channels or lamellar layers compared
to parallel [123].

3.2. Foaming agents

Gas foaming agents can also be used to create porous structures
in MXene composites [125], though this approach is not as fully
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explored as other methods. To use foaming agents, a MXene-based
film is first prepared (e.g., by VAF) and then liquid foaming agents
are introduced to treat the film, with the gas generated during
this process creating numerous small pores. For example, Liu et al.
reported the use of hydrazine to treat pure Ti3C,T, buckypapers;
heating (90 °C) accelerated the reaction of hydrazine with -OH on
the Ti;C,T, surface, generating large amounts of gasses, such as
CO, and O, [126]. The gas species increased the volume between
Ti3C, T, layers, and formed small pores in the pure Ti3C,T, struc-
ture. This process could easily produce large numbers of pores in
the structure, but the precise control of the pore sizes was dif-
ficult. In another example, Su et al. leveraged hydrazine-induced
foaming to fabricate porous Ti3C,T,/CNF composites [127]. First,
a Ti3C,T,/CNF film was first prepared by VAF, then the film was
put into an autoclave with 80 pL hydrazine monohydrate (80 wt%)
and thermal treatment (90 °C) led to the rapid evolution of hy-
drazine hydrate vapor. The introduction of hydrazine and generated
gasses expanded the layer spacing of the composite film, forming
a porous structure. More importantly, hydrazine also provided a
reductive environment, protecting MXenes for potential oxidation.
The Ti3C,T,/CNF foam exhibited high sensitivity for a wide range
of pressures (419.7 kPa~! for 0-8.04 kPa and 649.3 kPa~! for 8.04-
20.55 kPa). The hydrazine foaming technique has been used for
other composite compositions, such as Ti3C,T;/cellulose/layer dou-
ble hydroxide [128], Ti3C,T,/PANI [129], Ti3C,T,/Ni/rGO/melamine
[130]. Alternatively, supercritical CO, can be utilized to generate
pores in MXene-based polymer composites. For example, Li et al.
prepared Ti3;C,T,/CNT/PVDF foam by applying supercritical CO, to
a pre-formed composite film in an autoclave (13.8 MPa, ~170 °C).
After quickly releasing the pressure, pores were generated due the
transition of CO, from a supercritical fluid to gas [131]. Similarly,
Dehghan and co-authors reported the fabrication of Ti;C,T,/rGO/PP
using a supercritical CO, foaming method in an autoclave (14 MPa,
145 °C), giving a porous structure with efficient EMI shielding per-
formance (25 dB with 10 wt% Ti3C,T,/rGO (2:1 wtk:wt%) for a
2 mm thick sample) [132].

3.3. Dip coating

Dip coating is a method for fabrication of porous MXene poly-
mer composites where MXene is coated on a porous polymer sub-
strate surface. Typically, a porous substrate is prepared or com-
mercially obtained, immersed in a dispersion of MXenes, and then
dried. Advantages of the dip-coating method include tunable, pre-
programed porosity and internal surface area, as well as com-
mercial availability of some foams. Additionally, dip-coating can
be repeated multiple times on the same sample, giving increased
thickness of the MXene coating. Dip-coating doesn’t require high
concentrations of MXenes or high volumes of solution. However,
the hydrophilicity of MXenes generally requires the use of a hy-
drophilic polymer, and nanosheet solutions may be viscous, pre-
venting formation of a uniform coating on the porous substrate.

Yue et al. reported the fabrication of Ti3C,T,/melamine foam
via dip coating [133]. A melamine sponge with 97% porosity
was immersed in an aqueous solution of Ti3C,T, (0.5 mg/mL,
1 mg/mL, and 2 mg/mL), then dried for 24 h in a vacuum oven.
The 3D network had a thin layer of Ti3C,T, on the surface of
the sponge, as supported by the SEM image and EDS mapping
shown in Fig. 9a. Strong van der Waals forces and the large sur-
face area of Ti3C,T, allowed the nanosheets to be well coated
on the substrate skeleton surface. The interconnected 3D network
of Ti3C,T,/melamine foam and good compressibility endowed the
composite foam as a promising pressure sensor. The sensor used
an electrode fabricated by assembling Ti3C,T, foam onto a pre-
deposited PVA nanowire network andshowed high sensitivity over
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a broad pressure range (147 kPa~! for less than 5.37 kPa and
442 kPa~! for 5.37-18.56 kPa region). Additionally, this network
showed conductivity values of 0.004 S/m without pressure on
the foam. Another study used a similar melamine sponge and
dip-coated the Ti3C,T, nanosheets not only on the skeleton of
the polymer, but also the cells, forming a closed-cell structure
of Ti3C,T,/melamine composites. The continuous Ti3C,T, coating
formed closed and conductive cells around the pores, which ex-
hibited excellent EMI shielding values of 90.5 dB at 0.82 vol% load-
ing for a 2 mm thick foam sample [134]. Similarly, Li et al. sub-
merged a commercial PU sponge and in a 5 mg/mL solution of
TisC,T, nanosheets to prepare Ti3C,T,/PU composite foams [135].
The Ti3C,T, coating enhanced the anti-dripping properties, such
that during the combustion process the sample maintained its
original shape and no melt droplets were observed. Other MX-
ene/polymer foams that have been prepared by dip coating include
Ti3C,T,/melamine/PEDOT:PSS [136], Ti3C,T,/triaxially auxetic PU
[137], Ti3C,T,/PANI/PP [138], and Ti3C,T,/melamine/PDMS [139].

Controlling the pore structure is an important element of com-
posite foams. For dip-coating method, the pore structure is con-
trolled by the porous substrate. For example, Li et al. used a salt
template approach to synthesize a TPU foam with controlled pore
structure [140]. The density and porosity of the foam was altered
by changing the NaCl to TPU ratio, as indicated in Fig. 9b. Increas-
ing the NaCl:TPU ratio from 5:1 to 9:1 decreased the density of
the sample from 0.3836 g/cm3 to 0.1960 g/cm> and increased the
porosity from 61 % to 80 %. SEM showed rough stacking of Ti3C,T,
nanosheets on the foam pores (Fig. 9b). Further, higher concen-
trations of NaCl led to better connected pores within the foam,
which facilitated the formation of open cell voids. The foam had
high flexibility and was able to be bent and twisted without per-
manent deformation. Electrical conductivity was compared across
different porosities and Ti3C,T, loadings, and the sample with 74
% porosity and at 0.66 vol% of Ti3C,T, coating had highest elec-
trical conductivity (290.8 S/m.) and good EMI shielding perfor-
mance (72.2 dB for the 2 mm thick sample). To confirm the con-
sistent EMI shielding performance under mechanical deformation,
the Ti3C,T,/TPU foams were compressed at 10 %, 30 %, and 50 %
strain, and EMI shielding effectiveness only slightly decreased from
72.2 dB to 68.6 dB, which may be due to damage of the 3D net-
work. Notably, treating the TPU with polydopamine (PDA) before
coating with Ti3C,T; led to better adhesion of the nanosheets.

The dip-coating approach onto porous substrates can be in-
tegrated with an LbL approach to give a foam with layered
coatings. Lin et al. coated a PU foam (negatively charged) with
chitosan/Ti3C, T, multilayers by alternately dipping the PU foam
in chitosan solution and then Ti3C,T, dispersion until the desired
number of layers was achieved [141]. FTIR spectroscopy confirmed
functionalization with weak characteristic adsorption bands of PU,
suggesting that the coatings were compact on the PU surface, and
an obvious C-F peak was supported deposition of Ti3C;T,. SEM
imaging revealed that the porous structure of the foam was main-
tained (Fig. 9¢), and the PU foam showed only a 6.9 wt% gain. With
increased number LbL deposition, the surface of the PU foam be-
came rougher (see “zoom in” SEM image). The Ti3C,T,/chitosan LbL
coating significantly improved the fire-retardant properties (57.2
% reduction in the peak heat release). Alternatively, Tian et al.
used a 3D Ni substrate and LbL dip coating with Ti3C,T, and
polyethyleneimine to create a binder-free electrode for high per-
formance supercapacitors (370 F/g at 2 mV/s scanning rate) [142].
Thus dip coating LbL assembly onto porous substrates allows for
production of relatively well-defined and sometimes complicated
structures [143-145].

An alternative to standard dip-coating approach is an “inside-
out” method which produces a MXene 3D structure coated with
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Fig. 9. MXene/polymer foams prepared via dip-coating. (a) Ti3C,T,/melamine foam fabricated by dip-coating of Ti3;C,T, nanosheets on commercial porous melamine sub-
strate. SEM image shows the Ti3C,T,/melamine foam and EDS mapping (C and Ti) indicate uniform coating of Ti;C,T, nanosheets [133]. Copyright 2018. Adapted with
permission from Elsevier Science Ltd. (b) Ti3C,T,/PDA/TPU foam fabricated by dip-coating of Ti3;C,T, nanosheets on porous PDA/TPU foam. SEM images show the PDA/TPU
foam before and after dip coating with Ti;C,T, nanosheets, and the zoomed in image shows the rough surface of Ti;C,T,/PDA/TPU foam [140]. Copyright 2023. Adapted with
permission from Elsevier Science Ltd. (c) Ti3C,T,/chitosan/PU foam fabricated by alternating dip-coating of chitosan and Ti3C,T, nanosheets on PU foam. SEM images show
a PU substrate before and after coating of multiple layers of Ti3C,T,/chitosan, and rough surface morphology of the composite foam [141]. Copyright 2020. Adapted with
permission from Elsevier Science Ltd. (d) TisC,T,/SA/PDMS foam fabricated by dip-coating of PDMS polymer on porous Ti3C,T,/SA skeleton (made by directional freeze drying).
SEM images of Ti3C,T,/SA skeleton and Ti3C,T,/SA/PDMS foam, and EDS mapping (Ti, Na, and Si) of the Ti3C,T,/SA/PDMS composite foam [146]. Copyright 2020. Adapted

with permission from Elsevier Science Ltd.

polymer (rather than a polymer 3D structure coated with MXenes).
Wau et al. fabricated a porous Ti3C,T, skeleton and then deposited
polymer by dip-coating [146]. First, a Ti3C,T,/SA aerogel was fab-
ricated by directional freeze drying a Ti3C,T,/SA suspension. The
aerogel was dipped in a PDMS pre-polymer and cured at 60 °C to
create a Ti3C,T,/SA/PDMS foam. In contrast to polymer impregna-
tion to form a compact bulk polymer around MXene skeleton, the
dip-coating only forms a thin layer of polymer on the surface of
the porous MXene skeleton. SEM imaging (Fig. 9d) shows the or-
dered porous Ti3C,T,/SA aerogel before (left SEM image) and af-
ter the dip-coating of PDMS (middle SEM image), verifying that
the pores did not collapse after the PDMS coating and curing. The
polymer coating on the Ti3C,T,/SA skeleton was confirmed by the
EDS mapping of Si, Na, and Ti. The ordered channels formed a
conductive network that facilitated charge carrier transport by re-
ducing the interfacial resistance. The composite containing 6.1 wt%
Ti3C,T, exhibited an EMI shielding effectiveness of 53.9 dB, sig-
nificantly larger than a counterpart prepared by blending PDMS
pre-polymer and Ti3C,T, powder (9.1 dB). The high EMI shield-
ing properties of the architected Ti3C,T,/SA/PDMS foam can be
attributed to the well-connected network of Ti3C,T, nanosheets,
whereas the PDMS coating provided high flexibility and mechani-
cal robustness, allowing for repeated compression (>500 times).

3.4. Emulsion polymerization

A simple way to create porous polymer nanocomposites is to
use nanoparticles (such as GO, cellulose, MXenes) as Pickering sur-
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factants in an emulsion, coupled with polymerization selectively in
the continuous phase. This method provides an alternative strategy
to fabricate segregated MXene/polymer foams with tunable poros-
ity. Specifically, MXenes can act as solid particle surfactants (so-
called Pickering surfactants) by their localization and assembly at
the interface between the continuous and dispersed (i.e., droplet)
phases of emulsions. In-situ polymerization of the continuous
phase leads to the formation of polymer struts between droplets
such that removal of dispersed phase leads to a porous structure
lined with MXene nanosheets. Further, the pore size and distribu-
tion can be tailored by simply changing the surfactant concentra-
tion and/or dispersed phase content, giving access to open-cell or
close-cell foams with the same composition [147,148]. A common
challenge associated with the emulsion-templated method is the
high hydrophilicity of MXenes, which limits the type of monomers
that can be used in the continuous phase. Moreover, this approach
sometimes requires the use of organic co-surfactants to drive MX-
enes to the interfaces, requiring their removal after processing.
Various Pickering emulsion systems have been used to organize
MXenes, such as dodecane-in-water emulsions [103], water-in-
toluene emulsions [104], and styrene-in-water emulsions [105]. Re-
cently, Zheng et al. prepared Ti3C,T,/polystyrene composite foam
using water-in-styrene Pickering emulsions and polymerization
[149]. As is shown in Fig. 10a, Ti3C,T, nanosheets were modified
with hydrophobic molecules (dihexadecyldimethylammonium bro-
mide) to enable them to serve as particle stabilizers for water-
in-styrene emulsions. Highly concentrated emulsions were formed
by employing a high content of internal phase, commonly re-
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Fig. 10. MXene/polymer foams prepared via polymerization in the continuous phase of an emulsion. (a) Ti;C,T,/PS polyHIPE foam fabricated from water-in-oil emulsions
and SEM images and EDS mapping (C and Ti) of Ti3C,T,/PS polyHIPEs [149]. Copyright 2022. Adapted with permission from Elsevier Science Ltd. (b) Ti3C,T,/polyIL polyHIPE
fabricated from water-in-IL emulsions and the corresponding SEM and EDS mapping (Ti, C, O, and F) of the polyHIPE structure [150]. Copyright 2022. Adapted with permission
from Elsevier Science Ltd. (c) Ti3C,T,/PAM polyHIPE fabricated from oil-in-water emulsion, SEM images of the polyHIPEs with different Ti3C,T, concentrations, and EDS
mapping (C and Ti) of porous Ti3C,T,/PAM polyHIPEs [151]. Copyright 2022. Adapted with permission from IOP Publishing Ltd.

ferred to high internal phase emulsions (HIPEs). By polymerizing
styrene in the continuous phase and removing the internal wa-
ter phase, a highly interconnected porous Ti3C,T,/polystyrene foam
was obtained (also referred to polyHIPEs, SEM in Fig. 10a). EDS
mapping of the foam clearly showed the polymer strut and lo-
calization of Ti3C,T, on the surface of the pores, represented by
the C (red) and Ti (yellow) dots respectively. The precise con-
trol of the Ti3C,T, nanosheet location allows for the construc-
tion of interconnected, conductive networks with low loading of
Ti3C,T, (1.15 S/m for 0.090 vol% of Ti3C,T,). Alternatively, Fan and
coworkers used a water-in-ionic liquid (IL) emulsion system to
form a Ti3C,T,/polylL composite foam [150]. Fig. 10b schemati-
cally shows the approach to using 3-hexadecyl-1-vinylimidazolium
bromide-modified Ti3C,T, as the Pickering surfactants, and subse-
quent crosslinking and freeze drying led to porous composite foam.
SEM images and EDS mapping support the localization of Ti3C,T,
nanosheets on the pore surfaces, even in a closed-cell system. This
unique distribution of Ti3C,T, nanosheets in the composites en-
dowed the foam with good electrical properties and the compos-
ites could be applied as piezoresistive sensor with high sensitivity
(2.285 kPa~! vs. 17.411 kPa~! at low (<5 kPa) and higher pressure
regime (5-20 kPa), respectively).

More recently, a co-surfactant free method was developed to
prepare MXene/polymer polyHIPEs. Cao et al. utilized common salt
(e.g., NaCl) to partially flocculate an aqueous dispersion of Ti3C,T,
nanosheets, which could then stabilize a dodecane-in-water HIPE.
By loading the continuous phase with acrylamide, cross-linker,
and initiator, thermally initiated polymerization yielded porous
Ti3C, T, /polyacrylamide composite foam (Fig. 10c) [151]. Again, dis-
tinct polymer struts and uniform Ti3C,T, nanosheet coating on
the pore surfaces were supported by EDS mapping of C and Ti
(Fig. 10c). Additionally, the pore size of the polyHIPE foam could be
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tuned; increasing the Ti3C,T, concentration led to decreased size
of the emulsion droplets, and consequently, a decrease in the pore
size of the composite foam (SEM images in Fig. 10c). Benefiting
from the unique interconnected pores as well as the Ti3C,T, coat-
ing on the pores, the Ti3C,T,/PAM polyHIPE foam exhibited rapid
RF heating, even at low powers (10 °C/s at 1 W).

4. Outlook and conclusion

Despite the increasing number of studies that address archi-
tecting MXene/polymer composites, a number of challenges must
be addressed to identify and leverage the potential of these mate-
rials for addressing societal needs. To date, most MXene/polymer
composites focus on monolithic films and foams, leaving MX-
ene/polymer capsules[152,153] and bicontinuous emulsions under
explored [154]. For example, Cao and coworkers used MXene-
stabilized emulsions and interfacial polymerization to produce MX-
ene/polyurea capsules (Fig. 11a) [152]. This approach can be used
to produce capsules filled with a core liquid of choice, such as
salt hydrate phase change material or IL (e.g., for contaminant re-
moval [155,156], thermal energy management [157], or CO, cap-
ture[158-160]). Alternatively, Wu et al. reported the fabrication of
hollow Ti3C,T,/hydroxyapatite (HAP)/chitosan/hyaluronic acid (HA)
composite capsules using LbL assembly of HAP, chitosan/HA, and
Ti3C,T, on sacrificial CaCO5 particles (Fig. 11b); these capsules
were used for pH/near infrared multi-responsive drug delivery ap-
plications [153]. In addition, Wang et al. reported the fabrica-
tion of Ti3C,T,/GO/water/resin bijels from bicontinuous emulsions,
with subsequent resin curing and water removal giving conductive
foams with rapid RF heating [154]. These examples indicate the
potential of MXenes to be incorporated into new structures for tai-
lored applications. The processing-structure-property relationship
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Fig. 11. Non-monolith MXene/polymer composites. (a) Ti3C,T,/polyurea hollow capsules fabricated by emulsion templated interfacial polymerization and SEM images of the
capsules [152]. Copyright 2021. Adapted with permission from American Chemical Society. (b) Ti3C,T,/HAP/chitosan/HA capsules fabricated by LbL on a sacrificial CaCO3 template
particle and SEM images [153]. Copyright 2021. Adapted with permission from Elsevier Science Ltd.
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of these MXene/polymer architectures is needed to deconvolute
the composition and structure of MXene/polymer composites for
certain properties relevant to advanced applications.

Additional challenges include the following. Most of the MX-
ene/polymer composites use Ti3C,T, because of their relative ease
of synthesis and stability; this leaves other MXene compositions
less explored for polymer composites. Future work should address
the versatility of structured MXene/polymer composites with dif-
ferent MXene compositions (e.g., V-based MXene, Nb-based MX-
enes, or nitrides) and explore their distinct properties (such as
catalytic properties, Fig. 12a). MXenes also face the ongoing chal-
lenge of degradation stability (Fig. 12b), as the nanosheets can un-
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dergo oxidation or hydrolysis in aqueous and other oxygen-rich
media. The use of water or other oxygen-rich media is thus a con-
cern when processing MXene with polymers for a composite ma-
terial, especially when oxidizing reagents are used, such as initia-
tors for in situ polymerization. Efforts to minimize the degradation
of MXenes during synthesis include the use of high-quality MAX
phase[161] or a MAX phase with excess Al (e.g., Al-TizAlC;) [18].
After synthesis, low-temperature storage, the addition of antioxi-
dants, or incorporation into a polymer can also help slow MXene
degradation [162]. Moreover, different synthesis methods lead to
varied lateral size distribution and varied number of layers; these
geometric factors can greatly affect their incorporation into poly-
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mer systems. Although most reports assume single layer MXene
nanosheets are present in a stable colloidal dispersion, a detailed
relationship of MXene size and their fabrication in polymer com-
posites and resulting properties needs to be addressed.

MXene synthesis is still at lab scale (Fig. 12¢), which limits the
commercial feasibility and practicality of MXene/polymer compos-
ites. Progress will be directly tied to the development of scalable
synthesis of MXenes in a safe (e.g., overcome the use of HF) and
cost-effective way. For composite fabrication, off-the-shelf, com-
mercially available polymers are most commonly used, though the
varied polymer chemistries that are continually being developed
can help to tune not only polymer-nanosheet interactions, but also
final properties (Fig. 12d). Fabrication of MXene-polymer compos-
ites usually involves multiple steps and complicated procedures,
particularly in maintaining control over the distribution of MXenes
in polymer matrix at larger scales (Fig. 12e). Even though some
polymers are commercially available for composites (such as com-
mercial resins or foams), significant pre-processing (such as sur-
face modification to functionalize the nanosheets or polymers) is
needed for producing MXene/polymer composites due to differ-
ences in surface chemistry (Fig. 12e).

Lastly, multiple characterization techniques across different dis-
ciplines are essential to investigate and fuly characterize the struc-
tured MXene/polymer composites, including analyzing the chem-
ical composition of MXenes and polymers, exploring their mi-
croscopic and macroscopic structures, evaluating properties (e.g.,
mechanical, thermal, and electrical), and assessing performance-
related applications (Fig. 12f). Experts in 2D particles, polymers,
characterization, manufacturing, and applications need to work to-
gether to establish standardized methodology and comprehensive
understanding on architected MXene/polymer composites.

To conclude, we have herein summarized recent advances for
the production of architected MXene/polymer composite films
and foams, and the relationship of these tailored architectures to
performance-related properties, when available. This highlights the
potential superior properties of structured MXene/polymer com-
posites for advanced applications, especially compared to non-
structured, isotropic counterparts. We focus on the organization
of MXenes within a polymer matrix for each method, high-
lighting the processing-structure relationship for design of new
MXene/polymer systems. We discussed MXene/polymer films in
Section 2, focusing on four common fabrication methods (vacuum-
assisted filtration, layer-by-layer assembly, particle processing, and
polymer impregnation) and their corresponding unique archi-
tectures in detail, including processing conditions, compositions,
and filler distributions. In Section 3, we focused on porous MX-
ene/polymer structures and their fabrication techniques, such as
freeze drying, foaming agents, dip-coating, and emulsion poly-
merization. In addition to the processing-structure relationship,
we also discuss the property improvements of MXene/polymer
composites benefited from their unique structures for both films
and foams, including electrical and thermal conductivity, EMI
shielding effectiveness, capacitance, fire-retardant property, sens-
ing property, and Joule and RF heating, indicating the potential
of architected MXene/polymer composites for advanced applica-
tions. In Section 4, we discussed the current challenges and po-
tential opportunities for addressing architected MXene/polymer
composites, such as broadening the MXene compositions used,
scaled up synthesis of MXenes, mitigating MXene degradation, us-
ing a variety of polymer chemistries, fabrication challenges, and
multi-disciplinary characterization needs. Additionally, the pro-
cessing and fabrication strategies for architected polymer com-
posites discussed in this review can extend beyond MXenes to
other nanoparticles, which provides valuable insight into exploring
processing-structure-property relationships for architected nano-
material/polymer composites.
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