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a b s t r a c t 

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. 
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. Introduction 

Polymer nanocomposites are composed of polymer matrix and 

anoparticle filers and are highly attractive due to the combined 

roperties of both components. Specifically, polymers are easy to 

rocess, flexible, lightweight, and low-cost, whereas nanoparticles 

an possess excellent electrical [ 1 , 2 ], thermal [ 3 , 4 ], catalytic [ 5 ],

nd magnetic properties [ 6 ], critical to a variety of advanced ap- 

lications. The nanoparticle fillers may be different shapes and as- 
Abbreviations: ANF, Aramid nanofibers; CNT, carbon nanotube; CNF, cellulose 

anofiber; EMI, electromagnetic interference; GO, graphene oxide; HA, hyaluronic 

cid; HAP, hydroxyapatite; HIPEs, high internal phase emulsions; IL, ionic liq- 

id; LbL, layer-by-layer; LP, layer pair; NR, natural rubber; PAmA, poly(amic 

cid); PANI, polyaniline; PDAC, diallyldimethylammonium chloride); PDDA, poly- 

iallyldimethylammonium chloride; PDMS, poly(dimethyl siloxane); PEDOT-PSS, 

oly(3,4-ethylenedioxythiophene)-polystyrene sulfonate; PEG, polyethylene glycol; 

ET, poly(ethylene terephthalate); PI, polyimide; PMMA, poly(methyl methacrylate); 

P, polypropylene; PS, polystyrene; PU, polyurethane; PVA, polyvinyl alcohol; PVC, 

olyvinyl chloride; PVDF, polyvinylidene fluoride; rGO, reduced graphene oxide; 

F, radio frequency; AgNW, silver nanowire; SA, sodium alginate; TAEA, tris(2- 

minoethyl)amine; TPU, thermoplastic polyurethane; VAF, vacuum-assisted filtra- 

ion. 
∗ Corresponding authors. 

E-mail addresses: micah.green@tamu.edu (M.J. Green), emilypentzer@tamu.edu 

E.B. Pentzer) . 
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ect ratios, but are most commonly spherical, rod-like, or sheet- 

ike with at least one dimension that is < 100 nm. Sheet-like 2D 

anoparticle fillers are distinct due to their unique planar nature 

which allows for assembly on 2D surfaces) and large lateral di- 

ensions, as well as high aspect ratio, anisotropic properties, and 

igh surface area [ 7–9 ]. 2D nanoparticles are usually single to few 

tomic layers thick with the lateral size up to micrometers. Exam- 

les of 2D nanoparticles that have been used as fillers in polymer 

anocomposites include graphene, graphene oxide (GO), transition 

etal dichalcogenides, and transition metal oxides; more recently, 

Xenes, or transition metal carbide, nitrides, or carbonitrides have 

merged as revolutionary 2D nanofillers for polymer composites 

 7 , 10 ]. 

Mxenes have intriguing electronic, mechanical, and catalytic 

roperties and versatile chemistries [ 11–13 ], and can be processed 

n solution or in melt for polymer composites . The general for- 

ula to MXenes is Mn + 1 Xn Tz , where M is transition metal (e.g., 

i, V, Nb) and X is carbon or nitrogen, and Tz are terminal 

roups (e.g., -OH, -F, -Cl, -Br). The available combinations of M 

nd X give versatile composition of MXenes, with Ti3 C2 Tz be- 

ng the most commonly studied MXene. These nanosheets are 

sually synthesized by selective etching of the bonded A layer 

rom their parent MAX phase, where A is group 13 or 14 el- 

ments 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
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tching using HF is commonly used for the synthesis of MXenes 

nd gives nanosheets with surfaces terminated with -O-, -F, and 

OH and a high negative ζ -potential. This composition makes MX- 

nes readily dispersible in water and the terminal groups offer 

ossibilities for surface functionalization, increasing the versatil- 

ty of MXenes . In addition to the fluorine-containing acid etch- 

ng approach, molten salt etching has been developed recently 

e.g., using ZnCl2 and CuCl2 ) [ 15–17 ], which expands the synthetic 

athways. MXenes offer metallic conductivity (up to 20 0 0,0 0 0 

/m ) and effective electromagnetic absorption [ 11 , 18 ], rendering 

hem as extraordinary fillers in polymer composites. In recent 

ears, MXene/polymer composites have gained increasing atten- 

ion for applications across energy storage, catalysis, electromag- 

etic interference (EMI) shielding, sensing, biomedicine, and mem- 

ranes [ 19–22 ]. To date, MXenes have most commonly been in- 

orporated into commercially available common polymers includ- 

ng polyvinyl alcohol (PVA) [ 23–25 ], polyacrylamide [ 26 , 27 ], poly-

iallyldimethylammonium chloride (PDDA) [ 28 ], polyvinyl chloride 

PVC) [ 29 ], poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate 

PEDOT-PSS) [ 30 , 31 ], polyvinylidene fluoride (PVDF) [ 32–34 ], ther- 

oplastic polyurethane (TPU) [ 35 , 36 ], polystyrene (PS) [ 37 , 38 ],

atural rubber (NR) [ 39 , 40 ], polypropylene (PP) [ 41 , 42 ], and cel-

ulose [ 43 ]. 

The major challenges in preparing MXene/polymer composites 

re suitable processing conditions and control over the structure 

ithin the resulting composite (i.e., orientation and ordering of 

he nanosheets). The most common fabrication methods for MX- 

ne/polymer composites involve the direct mixing of polymer and 

Xenes in solution, e.g., solution casting, or in the melt, e.g., 

elt blending. For example, MXene/polymer films can be fabri- 

ated by mixing solutions of MXene and polymer then doctor blad- 

ng or spin coating, and solvent evaporation. In the case of melt 

lending, polymer and MXenes are combined above a tempera- 

ure at which the polymer freely flows. In solution mixing, a com- 

on solvent is required (e.g., water), and in melt processing (e.g., 

t elevated temperature), care must be taken to prevent oxida- 

ion of MXene nanosheets into the analogous metal oxide [ 44 ]. 

n these traditional methods of processing MXene/polymer com- 

osites, nanosheets may aggregate and phase separate from the 

olymer due to the strong inter-nanosheet van der Waals interac- 

ions;[45] further, both approaches typically lead to randomly dis- 

ributed MXenes within the polymer matrix, which limits structure 

unability and comprehensive evaluation of structure-property re- 

ationships. Numerous prior reviews have addressed such homoge- 

eous systems [ 44 , 46–49 ]. To address the limitations of MXene- 

olymer composite composition and structure, various fabrica- 

ion strategies have been reported to architect MXene nanosheets 

ithin a polymer matrix [ 45 , 50 , 51 ], thereby controlling the micro-

copic and/or macroscopic structure of MXene/polymer composites 

nd potentially enhancing performance-related properties, en route 

o producing more effective and sustainable devices critical to ad- 

ressing a variety of societal needs. 

This review summarizes the current state-of-the-art under- 

tanding of processing-structure-property relationships of MX- 

ne/polymer composites in which MXene nanosheets are archi- 

ected throughout the polymer matrix (meaning having an orga- 

ized distribution and/or orientation) . Reviews of structured poly- 

er composites with other fillers are available, such as struc- 

ured graphene-based nanoparticle (graphene, graphene oxide, re- 

uced graphene oxide (rGO))/polymer composites [ 52–54 ], and 

arbon nanotube(CNT)/polymer composites [ 55 , 56 ]. In this review, 

he processing methods and their corresponding structures for 

Xene/polymer composites are discussed in detail. Specifically, 

e address structured MXene/polymer films and foams and their 

orresponding microscopic and macroscopic structures which in- 

lude segregated compact films, layered films, networked films, 
2

irectional foams, coated foams, and emulsion-templated foams 

 Fig. 1 ). Section 2 discusses MXene/polymer films and is organized 

y four common fabrication methods: vacuum-assisted filtration 

VAF), layer-by-layer assembly (LbL), particle processing, and poly- 

er impregnation. Section 3 addresses MXene/polymer foams and 

s also organized by fabrication method: freeze drying, foaming 

gent, template coating, and polymerizations in emulsions. The re- 

iew culminates with a perspective of the immediate needs and 

pportunities of architected MXene/polymer composites, provided 

n Section 4 . 

. Architected MXene/polymer films 

MXene/polymer composite films have been used in supercapac- 

tors, for EMI shielding, membranes, and sensors, due to high volu- 

etric capacitance, high electrical conductivity, high thermal con- 

uctivity, and efficient electromagnetic shielding properties [ 57–

9 ]. In this section, we detail advances in the production of struc- 

ured MXene/polymer films using four main fabrication methods, 

ith a focus on how processing dictates the structure and how 

tructure impacts desirable properties. 

Fig. 2 outlines the four main fabrication strategies for MX- 

ne/polymer composite films and their corresponding character- 

stic composites structures. Vacuum-assisted filtration (VAF) uti- 

izes pressure-driven flow to align the MXene nanosheets parallel 

o film surface within a polymer, resulting in a brick-and-mortar 

tructure in which nanosheets are the brick and polymer is the 

ortar . In complement, layer-by-layer (LbL) assembly is used to 

abricate alternating layers of MXene nanosheets and polymers 

y stepwise addition of each layer. Latex processing makes use 

f MXene-coated polymer particles and compression molding to 

abricate segregated structures containing an interconnected MX- 

ne nanosheet network throughout. Lastly, polymer impregnation 

everages pre-structured MXene monoliths to be infiltrated with 

olymer to create MXene/polymer architectures, again with a net- 

ork of MXenes throughout the polymer. 

.1. Vacuum-Assisted filtration 

VAF is a simple fabrication technique that is widely used to pro- 

uce polymer nanocomposite with various fillers, including MX- 

nes. Typically, a brick-and-mortar structure is formed through this 

rocess, again in which the MXene nanosheets are the bricks, pro- 

iding good electrical properties, and the polymer is the mortar, 

inding the nanosheets together and giving good mechanical prop- 

rties, which could potentially be beneficial for ultrathin film elec- 

ronic applications, such as EMI shielding. This process requires a 

ommon good solvent for MXene and polymers; due to the high 

ydrophilicity and aqueous dispersibility of MXenes, hydrophilic 

olymers and aqueous solutions are commonly used. Hydropho- 

ic polymers are less common and would require the use of polar 

rganic solvents and/or modification of MXenes . 

As an example of MXene-polymer composites from VAF, Liu 

t al. reported the formation of Ti3 C2 Tz / PEDOT:PSS composite film 

ith a brick-and-mortar structure [ 60 ]. As is shown in Fig. 3 a ,

queous dispersions of Ti3 C2 Tz nanosheets and PEDOT:PSS were 

ixed by ultrasonic stirring, then subjected to VAF to yield a free- 

tanding Ti3 C2 Tz /PEDOT:PSS film. The SEM image of the cross- 

ection of the composite film showed the multilayered structure 

ith Ti3 C2 Tz nanosheets as the inorganic brick framework and 

olymer as the organic mortar. These films had high electrical 

onductivity (34,0 0 0 S/m, with 87.5 wt% of Ti3 C2 Tz ). More no- 

ably, the high amount of interface between the embedded PE- 

OT:PSS and nanosheets significantly enhanced the internal reflec- 

ion 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. 

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. 
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hielding effectiveness of 42.1 dB, absorption shielding effective- 

ess of ∼28 dB for a 11.1 μm thick film). Similarly, Ti3 C2 Tz /PEDOT 

omposite films can be prepared by VAF, followed by etching 

ff the non-conductive PSS using H2 SO4 [ 61 ], and the result- 

ng Ti3 C2 Tz /PEDOT film exhibited high EMI shielding properties 

40.5 dB for a 6.6 μm thick film with 70 wt% Ti3 C2 Tz ). The VAF

ethod has also been used fabricate Ti3 C2 Tz MXene composite 

lms with water-dispersible cellulose nanofiber (CNF) [ 62 ], and 
3

odium alginate (SA) [ 63 ], for EMI shielding applications (24 dB, 

7 μm film, 70 wt% of Ti3 C2 Tz for Ti3 C2 Tz /CNF and 57 dB, 8 μm 

lm, 90 wt% of Ti3 C2 Tz for Ti3 C2 Tz /SA). 

In the VAF process, non-covalent interactions between MXenes 

nd the polymer matrix can play an important role in the compos- 

te structures. For example, Ling et al. fabricated Ti3 C2 Tz /polymer 

omposite films with two different polymers: PDDA and PVA [ 64 ]. 

s illustrated in Fig. 3 b , cationic PDDA electrostatically interacted 
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Fig. 3. MXene/polymer composite films prepared by VAF fabrication and their corresponding structures. (a) Ti3 C2 Tz /PEDOT:PSS film through VAF of Ti3 C2 Tz and PEDOT:PSS. 

SEM image showing the cross-section of the composite film.[ 60 ] Copyright 2018. Adapted with permission from American Chemical Society. (b) VAF of Ti3 C2 Tz 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 C2 Tz /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 Ti3 C2 Tz and CNF for the fabrication of Ti3 C2 Tz /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. 
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ith negatively charged Ti3 C2 Tz nanosheets, leading to adsorption 

f PDDA on the nanosheet surfaces; the resulting films had a rela- 

ively loose structure with some voids, and a similar layered struc- 

ure as MXene-only film (left and middle SEM in Fig. 3 b ). Alterna-

ively, in the Ti3 C2 Tz /PVA film, only hydrogen bonding interactions 

etween the PVA and MXenes were possible, and the film had a 

ompact layered structure. If negatively charged polymer is used, 

lectrostatic repulsion between MXene nanosheets and the poly- 

er results in better dispersion of the nanosheets. For example, 

hang et al. prepared composite films of negatively charged aramid 

anofibers (ANFs) and Ti3 C2 Tz nanosheets, observing a lamellar- 

ike structure which the authors attributed to uniform dispersion 

f the two components due to electrostatic repulsion. Relevant 

o application in an osmotic membrane system, these compos- 

tes show enhanced ion selectivity and ion flux compared to pris- 

ine Ti3 C2 Tz , which resulted in high power density (4.1 W/m2 ) and 

onversion efficiency for osmotic energy harvesting; this was at- 

ributed to the synergetic effect of the surface charge of Ti3 C2 Tz 
nd the space charge of the ANFs [ 65 ]. Other composites pre- 

ared by VAF include Ti3 C2 Tz /silver nanowire (AgNW)/ANF films 

f one layer of Ti3 C2 Tz /AgNW and another layer of ANFs; this 

symmetric two-layer structure exhibited high EMI shielding effi- 

iency (35.5 dB) compared to homogeneous counterparts (9.8 dB 

or a homogeneous blended Ti3 C2 Tz /AgNW/ANF film with 10 wt% 

f Ti3 C2 Tz /AgNW) [ 66 ]. 

In situ polymerization of MXene/monomer solution can also be 

sed in the VAF process. Typically, monomers and MXenes are 

ixed in solution and polymerization is induced before filtration. 

or example, Boota et al. reported the in situ polymerization of 

yrrole in the presence of Ti3 C2 Tz and subsequent VAF to make 
4

i3 C2 Tz /polypyrrole composite film [ 67 ]. Hydrogen bonding inter- 

ctions between the N–H group of the pyrrole rings and O–H 

roup of the Ti3 C2 Tz surface led to the polymer chains aligning 

n the nanosheet surface. Similarly, aniline was polymerized in 

he presence of MXenes then VAF was used to prepare compos- 

te films [ 68 ], with or without oxidant [ 69 ]. Alternatively, Wang

t al. used ice-assisted intercalation of aniline between Ti3 C2 Tz 
anosheets and subsequent polymerization and VAF for aligned 

i3 C2 Tz /polyaniline (PANI) films [ 70 ]. As shown in Fig. 3 c , an aque-

us dispersion of Ti3 C2 Tz nanosheets was filtered then frozen. The 

rozen film was immersed in a solution of aniline monomer, fol- 

owed by in situ oxidative polymerization of aniline. The polymer- 

zed mixture was isolated by VAF and a flexible Ti3 C2 Tz /polyaniline 

lm with highly aligned structure was obtained (SEM in Fig. 3 c ). 

he freezing of the Ti3 C2 Tz film helped to keep the structure intact 

uring immersion and polymerization of aniline. Benefiting from 

he increased interlayer spacing from the polyaniline and Ti3 C2 Tz 
ayers, the Ti3 C2 Tz /polyaniline film exhibited high specific capac- 

tance (gravimetric capacitance of 385 F/g) promising for flexible 

upercapacitor applications. 

Alternating VAF is another important process for producing 

Xene/polymer composites with layered structures. For example, 

hou et al. reported Ti3 C2 Tz /CNF composites with alternating lay- 

rs of MXene and CNF [ 71 ]. Fig. 3 d shows the alternating vacuum

ltration of one layer of CNF, followed by a second layer of Ti3 C2 Tz, 
nd a third layer of CNF. The cross-sectional SEM image and EDS 

apping demonstrated the distinct Ti3 C2 Tz and CNF phases. This 

rocess enables the fabrication of highly oriented structure with 

ood control of each layer thickness which impacts mechanical 

nd electrical properties. For example, electrical conductivity de- 
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reased with an increase of Ti3 C2 Tz layer numbers (from 621 to 

2 S/m for 1 to 5 layers, though each had ∼50 wt% Ti3 C2 Tz ). 

urther, the conductivity was only 2 S/m for a homogenous mix- 

ure of Ti3 C2 Tz and CNF with the same Ti3 C2 Tz loading. The in- 

reased electrical conductivity afforded by the alternating structure 

olds promise for EMI shielding applications (40 dB for 4 layers of 

i3 C2 Tz and 5 layers of CNF film). Utilizing a similar alternating 

AF strategy, MXene/polymer films of Ti3 C2 Tz /AgNW/CNF[ 72 ] and 

i3 C2 Tz /AgNW/poly(dimethyl siloxane) (PDMS ) [ 73 ] have been pro- 

uced for EMI shielding applications ( 55.9 dB, 35 μm film, 50 wt% 

f fillers for Ti3 C2 Tz /AgNW/CNF and 50.82 dB, 1 μm film, 3.2 g/m2 

f fillers for Ti3 C2 Tz /AgNW/PDMS ). 

.2. Layer-by-layer assembly 

Layer-by-layer (LbL) assembly provides a simple way to archi- 

ect layered MXene/polymer composites. Using non-covalent inter- 

ctions, such as electrostatic interactions, charge-transfer interac- 

ions, and hydrogen bonding, LbL assembly creates multilayered 

lms and coatings on a variety of substrates[ 74 , 75 ] by the alter-

ating deposition of layers of complementary materials through 

mmersion, spray-coating, or spin-coating. Between each deposi- 

ion step, a washing/drying cycle is typically applied to remove 

oosely adhered material and prevent contamination of dispersions 

 76 ]. There is a vast history of charge solubilized polymers being 

sed in LbL assembly with a layered structure , and due to the 

ydrophilic nature and negative ζ -potential of MXenes, they also 

ake excellent LbL components [ 74 , 75 , 77 , 78 ]. Structures produced

y LbL assembly with nanomaterials have layered structure, where 

ach layer thickness has a resolution in the nanometer range, dis- 

inctly different from the brick-and-mortar structures produced by 

AF which are a magnitude or two larger in thickness [ 60 , 61 ]. The

ustomization of the LbL process allows for relatively easy manip- 

lation of the nanostructure, such as through variation of the type 

f MXene, polymer type, deposition time, and the deposition tech- 

ique (immersion-assisted, spray-assisted, or spin-assisted). 

As a typical example of LbL assembly of MX- 

ne/polymer composite films or coatings, An et al. fabricated 

i3 C2 Tz /poly(diallyldimethylammonium chloride) (PDAC) multilay- 

red composites [ 79 ]. As shown in Fig. 4 a , a glass substrate was

mmersed in an aqueous PDAC solution, rinsed with DI water to 

emove the excess solution, then immersed in a Ti3 C2 Tz solution, 

nd finally rinsed with DI water. This process was repeated to 

btain the composite film with desired thickness, based on the 

umber of alternating Ti3 C2 Tz and PDAC layers. Electrostatic 

ttraction of positively charged PDAC and negatively charged 

i3 C2 Tz assured the adhesion between layers and that no phase 

eparation occurred. Digital images show the dark uniform coating 

f Ti3 C2 Tz /PDAC layers on the glass slide and SEM images indi- 

ate the well-aligned alternating multilayer pairs of Ti3 C2 Tz and 

DAC. The Ti3 C2 Tz /PDAC coating had good mechanical integrity. 

otably, flexible substrates such as poly(ethylene terephthalate) 

PET), PDMS, and nylon fibers can be used as substrates and hold 

romise for sensing applications (such as bending (up to 2.5-mm 

ending radius) and stretching (up to 40 % tensile strain)). 

The nanostructure of the multilayered LbL films is highly 

ependent on the type of MXene. For example, Echols et al. 

nvestigated how the identity of MXene impacts film thick- 

ess growth [ 80 ]. In this study, LbL assemblies of Ti2 CTz /PDAC 

nd Nb2 CTz /PDAC were prepared and compared to the previ- 

usly reported Ti3 C2 Tz /PDAC. The average layer pair (LP) thick- 

ess was determined using profilometry, giving 3.9 ± 1.2 nm/LP, 

.3 ± 1.4 nm/LP, and 6.4 ± 1.3 nm/LP for the Ti3 C2 Tz /PDAC, 

i2 CTz /PDAC, Nb2 CTz /PDAC, respectively. The authors suggested 

hat film growth is correlated with the ζ -potential of the MXenes. 

or example, MXenes with more negative ζ -potentials (−46.0 and 
5

48.7 mV for Ti2 CTz and Nb2 CTz ) exhibit higher growth rate com- 

ared to Ti3 C2 Tz (−29.8 mV). This more negative ζ -potential may 

ause MXene nanosheets to be more strongly adhered to the pre- 

ious layer of the film, preventing materials from being washed 

way and thus giving a thicker layer. 

In addition to polycations, smaller molecules can also be uti- 

ized as the cationic layer for LbL assembly. Tian et al. reported 

he use of the small molecule tris(2-aminoethyl)amine (TAEA) for 

bL assembly of Ti3 C2 Tz /TAEA composites;[81] the authors found 

hat the use of TAEA created composites with more ordered and 

moother multilayer structures ( Fig. 4 b ) and minimized interlayer 

istance compared to LbL films made with larger polycations, like 

DAC [ 79 ]. The small gap between MXene layers resulted in high 

lectrical conductivity (7.3 × 104 S/m for 20 bilayers) and when 

he Ti3 C2 Tz /TAEA coating was deposited onto on PET substrate it 

xhibited high supercapacitor properties with 165 F/g at 2 mV/s 

sing PVA/H2 SO4 solid-state electrolyte. 

In addition to composition, the processing parameters can also 

mpact the architecture of the LbL MXene/polymer films, with de- 

osition time significantly affecting distance between MXene lay- 

rs. An et al. created Ti3 C2 Tz /PDAC LbL films with PDAC depo- 

ition times of 5, 10, and 15 min with same Ti3 C2 Tz deposition 

ime (15 min) [ 82 ]. The PDAC composition increases with increas- 

ng 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 

olymer layer thicknesses, causing the distance between the MX- 

ne layers to increase. This study also showed that the PDAC depo- 

ition was also sensitive to humidity, with thicker PDAC layers at 

igher humidity attributed to water intercalation in the polymer. 

One downside to LbL deposition is the amount of time required 

o create multilayers. Alternatively, spray-coating and spin-coating 

an be used for LbL assembly of MXene/polymer composites. Weng 

t al. used a spin-spray LbL deposition method to rapidly create 

Ti3 C2 Tz -PVA)/(CNT)-PSS) composites for EMI shielding [ 83 ]. As is 

hown in Fig. 4 c , the multilayer composites were prepared by al- 

ernatively spraying two solution (Ti3 C2 Tz -PVA solution and CNT- 

SS solution) onto a spinning substrate. The spin-spray LbL (ssLbL) 

ethod is not limited by diffusion processes as in the immersion 

ethod but gives layers less than a nanometer thick versus several 

anometers thick. The SEM images in Fig. 4 c show that the ssLbL 

ayers are so thin that the cross-sectional SEM is unable to distin- 

uish between the CNT-PSS and Ti3 C2 Tz -PVA due to resolution lim- 

ts. Thus, ssLbL produces composites with much smaller distances 

etween MXene layers, e.g., about one nanosheet thick versus sev- 

ral sheets in the layers of the immersion method [ 79 , 81 , 84 ].

he ssLbL-produced (Ti3 C2 Tz -PVA)/(CNT-PSS) composites exhibited 

igh electrical conductivity (130 S/m for 300 bilayers) and effi- 

ient EMI shielding properties (3 dB for ∼200 nm thick samples 

300 bilayers)). In complement, Tian et al. used two different LbL 

ssembly methods: spin-assisted immersion and vacuum-assisted 

pray LbL [ 81 ]. The selection of method was based on the substrate 

sed: planar substrates (e.g., PET, glass slides, and Si wafers) lent 

hemselves to the spin-assisted immersion LbL, whereas vacuum- 

ssisted spray LbL was needed to penetrate porous 3D substrates 

e.g., nonwoven fibers, cellulose paper, carbon nanofiber aerogel, 

nd melamine foam) to create uniform coatings. The detailed dis- 

ussion of LbL deposition of MXenes or polymers onto 3D skeleton 

s included in the foam section. 

While the vast majority of LbL-assembled MXene/polymer com- 

osites rely on electrostatic interactions to create the multilayered 

tructures, other non-covalent interactions can be used. For ex- 

mple, although hydrogen-bonding-driven LbL assembly has been 

horoughly investigated for polymer-polymer composites [ 85–87 ], 

t has yet to be reported for MXene/polymer composites. However, 

ydrogen bonding interactions between MXenes and hydrophilic 

olymers (e.g., PVA) have been reported [ 88 , 89 ], and thus MX- 
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Fig. 4. MXene/polymer composite films prepared by the layer-by-layer (LbL) assembly method and their corresponding structures. (a) Ti3 C2 Tz /PDAC multilayer structures 

fabricated by immersion LbL assembly of PDAC and Ti3 C2 Tz , digital images of the Ti3 C2 Tz /PDAC multilayers on a glass substrate with different LP numbers, and SEM image 

of the cross-section of the Ti3 C2 Tz /PDAC multilayers [ 79 ]. Copyright 2018. Adapted with permission from American Association for the Advancement of Science. (b) Fabrication 

of Ti3 C2 Tz /TAEA using immersion LbL assembly and their corresponding digital images and SEM images [ 81 ]. Copyright 2019. Adapted with permission from Springer Nature 

Limited. (c) (Ti3 C2 Tz -PVA)/(CNT-PSS) composite film prepared by spray spin LbL assembly of a Ti3 C2 Tz -PVA solution and CNT-PSS solution. Digital and SEM images show 

uniform deposition of (Ti3 C2 Tz -PVA)/(CNT-PSS) multilayers and no obvious layer boundaries observed [ 83 ]. Copyright 2018. Adapted with permission from John Wiley & Sons 

Inc. 
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ne/polymer hydrogen bonded LbL multilayers should be feasible. 

epending on the intended application, this may allow for more 

ifferent polymers that can be used to be included into LbL MX- 

ne/polymer composites [ 87 , 90 ]. 

.3. Particle processing 

Segregated MXene/polymer composites can be created by parti- 

le processing methods. This method utilizes particles (e.g., poly- 

er spheres) as templates, and the MXene nanosheets are con- 

ned at the particle surface. These composite particles can then be 

sed for film formation, for example, using compression molding 

r filtration, giving organized MXene nanosheets within the poly- 

er films with the initial particle serving as a template. In this 

pproach, high electrical and/or thermal conductivity can be real- 

zed even at low MXene loading due to the interconnected MXene 

etwork within the polymer matrix [ 51 , 91 , 92 ]. To form the desired

Xene network, nanosheets must be uniformly coated onto the 

olymer particles and must remain stable upon fusion of polymer 

articles. To coat MXene nanosheets on polymer particles, charged 

olymer particles and electrostatic interactions are usually used. 

usion of polymer particles into a monolithic film commonly in- 

olves heat, which might induce oxidation of MXenes. 

Electrostatic attraction is usually used to assemble negatively 

harged MXene nanosheets on the surface of polymer particles, 

uch as positively charged PS particles [ 93 , 94 ], positively charged 

olycarbonate particles [ 95 ], and positively charged PVDF particles 

 96 ]. For example, Sun et al. fabricated segregated “honeycomb- 

ike” Ti3 C2 Tz /modified PS films for outstanding EMI shielding ap- 

lications [ 93 ]. As is illustrated in Fig. 5 a , dimethylaminomethacry- 

ate methylchloride modified PS spherical particles (i.e., posi- 

ively charged) were used as templates and mixed with an aque- 
6

us dispersion of Ti3 C2 Tz ; electrostatic attraction between PS 

nd nanosheets led to the coating of Ti3 C2 Tz on PS spheres 

SEM in Fig. 5 a ). Compression molding of the dried coated par- 

icles led to the formation of segregated Ti3 C2 Tz /PS films, where 

he nanosheets were distributed at the boundary of original PS 

pheres, as indicated in the cross-section TEM images of the films 

 Fig. 5 a ). The Ti3 C2 Tz network within the PS matrix created effec- 

ive electrically conductive pathways, yielding a superior electri- 

al conductivity even at low filler loading (1081 S/m with only 1.9 

ol% of Ti3 C2 Tz ) compared to the homogenous counterparts made 

ia solution mixing (2.2 × 10−7 S/m with 1.90 vol% of Ti3 C2 Tz ). 

he architected composite gave high performance in EMI shield- 

ng (61.2 dB for 2 mm film), and the high degree of Ti3 C2 Tz /PS 

nterface and multiple internal reflection gave high absorption 

54.7 dB). 

Rather than electrostatic attraction and flocculation, Luo et al. 

tilized electrostatic repulsion between negatively charged NR 

nd Ti3 C2 Tz to create a stable suspension [ 39 ]. The subsequent 

ltration process removed the solvent, resulting in segregated 

i3 C2 Tz /NR films, shown in Fig. 5 b . An interconnected Ti3 C2 Tz net- 

ork within the NR matrix was formed, which is demonstrated by 

EM, SEM, and EDS images ( Fig. 5 b ). Similar to abovementioned 

i3 C2 Tz /PS film, the segregated Ti3 C2 Tz network in NR matrix en- 

owed the film with high electrical properties (1400 S/m and an 

utstanding EMI shielding performance of 53.6 dB with 6.71 vol% 

f MXene for a thin film of 251 μm). However, this method 

reated rougher surfaces compared to compression molding of 

Xene coated polymer particles. Similar strategies were applied 

o other polymer compositions, such as Ti3 C2 Tz /vulcanized NR 

 97 ], Ti3 C2 Tz /PS [ 98 ], Ti3 C2 Tz /poly(methyl methacrylate) (PMMA) 

 99 ], and serine–modified Ti3 C2 Tz /serine modified epoxidized 

R [ 100 ]. 
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Fig. 5. MXene/polymer composite films prepared using the particle processing method and their corresponding segregated structures. (a) Ti3 C2 Tz /modified PS composite 

film via electrostatic assembly of positively charged PS and Ti3 C2 Tz nanosheets, followed by compression molding. SEM and TEM images of the Ti3 C2 Tz -coated PS particle 

and cross-section of segregated Ti3 C2 Tz /modified PS film [ 93 ]. Copyright 2017. Adapted with permission from John Wiley & Sons Inc. (b) Ti3 C2 Tz /NR composite film via VAF 

of negatively charged NR with Ti3 C2 Tz nanosheets and the SEM and EDS mapping (Ti) of the segregated film [ 39 ]. Copyright 2019. Adapted with permission from Elsevier 

Science Ltd. (c) Ti3 C2 Tz /modified PP composite film fabricated through microwave sintering of Ti3 C2 Tz -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) Ti3 C2 Tz /polymer (PS or polymethacrylate) composite film via in situ 

polymerization of Ti3 C2 Tz stabilized monomer-in-water emulsions. SEM images show the Ti3 C2 Tz -coated PS particle and the cross-sectional Ti3 C2 Tz /PS film prepared by 

compression molding [ 105 ]. Copyright 2021. Adapted with permission from American Chemical Society. 
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The high heating response of MXene nanosheets to microwave 

rradiation enables the fabrication of segregated films from MXene- 

oated polymer particles and microwave irradiation. Ma et al. 

eported the microwave-assisted sintering of Ti3 C2 Tz /PP parti- 

les;[101] the particle feedstock was assembled by electrostatic at- 

raction of positively charged PP and negatively charged Ti3 C2 Tz 
anosheets and the composite particles underwent selective heat- 

ng when exposed to a microwave field, welding the PP gran- 

les together. As shown in the Fig. 5 c , sintering yielded segre- 

ated Ti3 C2 Tz /PP composite films with a continuous and compact 

Xene network. The compacted Ti3 C2 Tz network not only signifi- 

antly enhanced the EMI shielding properties at low Ti3 C2 Tz load- 

ng ( > 75 dB with 1.138 vol% of Ti3 C2 Tz for a 2 mm film), but also

mproved the anti-dripping of PP due to the strong Ti3 C2 Tz barrier 

ffects. Similarly, other segregated polymer composites (such as 

NT/polyetherimide composites) also employed the particle tem- 

late processing and microwave sintering method [ 102 ]. 

In addition to ex situ mixing of polymer particles with MX- 

ne nanosheets, a recently developed emulsion-assisted assembly 

nd in situ polymerization method can be used to produce MX- 

ne/coated polymer particles. This approach significantly expands 

he types of polymer particles that can be used to include neutral 

ydrophobic polymers, e.g., not cationic or anionic. The emulsion- 

ssisted assembly involves the formation of emulsion droplets sta- 

ilized by MXene nanosheets, followed by polymerization of the 

roplets to form polymer particles with the MXene nanosheets 

oated on the surface. Bian et al. developed dodecane-in-water 

mulsions stabilized by Ti3 C2 Tz nanosheets and cetyltrimethylam- 

onium bromide, and subsequent freeze drying of the concen- 

rated emulsions led to the formation of porous MXene aero- 

els [ 103 ]. Similarly, Shi et al. reported water-in-toluene emul- 
7

ions stabilized by Ti3 C2 Tz nanosheet and co-surfactants for struc- 

ural liquids by jamming Ti3 C2 Tz and amine-functionalized polyhe- 

ral oligomeric silsesquioxane at liquid-liquid interfaces and con- 

erstion to aerogels by freeze drying the concentrated emulsions 

 104 ]. More recently, Cao et al. reported monomer-in-water emul- 

ions stabilized by salt-flocculated Ti3 C2 Tz nanosheets to prepare 

i3 C2 Tz -coated polymer particles of PS and different polymethacry- 

ates ( Fig. 5 d ) [ 105 ]. As seen in the SEM image in Fig. 5 d, the

rmored particles had a rough surface due to the coating and 

tacking of Ti3 C2 Tz nanosheets. Compression molding above the 

g of the polymer particle created segregated Ti3 C2 Tz /PS films 

ith an interconnected Ti3 C2 Tz network along the particle bound- 

ries, as shown in the cross-sectional SEM image. The composite 

lm exhibited high absorption of radio frequency (RF) for heat- 

ng (13−15 °C/s) in the range of 135−150 MHz and efficient EMI 

hielding of ∼21 dB at low loading of Ti3 C2 Tz of 1.2 wt%. No- 

ably, homogeneous composites, i.e., with the organized MXene 

anosheets, could not be prepared due to the orthogonal process- 

ng conditions of the nanosheets and polymer (e.g., no common 

olvent for solution casting and oxidation of MXenes under com- 

on melt processing conditions). 

.4. Polymer impregnation 

Polymer impregnation can be used to fabricate networked MX- 

ne/polymer composites and involves the combination of bulk 

olymer with an already produced networked MXene structure. 

sually, a 3D free-standing MXene skeleton is first fabricated (by 

ethods such as freeze drying); then, liquid polymers are back- 

lled, followed by polymer solidification. Thus, a known MXene 

etwork 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) Ti3 C2 Tz /PDMS composite fabricated by impregnating 

PDMS into a porous Ti3 C2 Tz skeleton (freeze dried), and SEM images showing porous Ti3 C2 Tz aerogel skeleton and the impregnated Ti3 C2 Tz /PDMS film [ 106 ]. Copyright 

2020. Adapted with permission from Elsevier Science Ltd. (b) Ti3 C2 Tz /C/epoxy composites prepared via polymer impregnation of epoxy into a porous Ti3 C2 Tz /C foam and 

their corresponding SEM images (left: Ti3 C2 Tz /C foam; right: Ti3 C2 Tz /C/epoxy film) [ 108 ]. Copyright 2019. Adapted with permission from Elsevier Science Ltd. (c) Fabrication of 

Ti3 C2 Tz /graphene-coated PU sponge and Ti3 C2 Tz /graphene/PU/PEG composite film via impregnation of PEG into the Ti3 C2 Tz /graphene/PU sponge. SEM images (from left to 

right) show the PU foam, Ti3 C2 Tz /graphene-coated PU foam, and Ti3 C2 Tz /graphene/PU/PEG film [ 114 ]. Copyright 2022. Adapted with permission from Springer Nature Limited. (d) 

Fabrication of Ti3 C2 Tz skeleton using NH4 HCO3 as a spatially confining agent and subsequent film formation via PEG impregnation. SEM images show the Ti3 C2 Tz framework 

after removing NH4 HCO3 , and the Ti3 C2 Tz /PEG composite film [ 116 ]. Copyright 2022. Adapted with permission from American Chemical Society. 
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ated pathway, and the polymer coating provides mechanical sup- 

ort as well as oxidation stability for MXenes. The MXene network 

an be versatile in composition depending on the design and as- 

embly methods. One challenge is that a large amount of MXene is 

eeded to form an initial network. Another challenge is that suit- 

ble wetting of the MXene with the polymer is needed, thus lim- 

ting the use of hydrophobic polymers. Notably, Han et al . recently 

rovided an excellent review on the assembly strategies of 3D MX- 

ne skeletons, and thus will not be addressed here [ 45 ]. 

Wang et al. fabricated Ti3 C2 Tz /PDMS composites by impreg- 

ating PDMS into freestanding Ti3 C2 Tz aerogels, as is shown in 

ig. 6 a [ 106 ]. The Ti3 C2 Tz aerogel was fabricated though a direc- 

ional freeze drying method; here, only one side of the aqueous, 

ighly concentrated MXene dispersion was placed in contact with 

he cold source and as the ice aligned upon formation the Ti3 C2 Tz 
anosheets assembled into an interconnected architecture (indi- 

ated by SEM in Fig. 6 a ). Then the Ti3 C2 Tz /PDMS composites were 

repared by vacuum-assisted filling of PDMS prepolymer into the 

i3 C2 Tz skeleton aerogel, followed by curing of PDMS at 100 °C. 
EM images in Fig. 6 a reveal that the pores were well-filled with 

DMS, which gives good mechanical support and flexibility. The ar- 

hitected Ti3 C2 Tz /PDMS composites also benefited from the con- 

inuous Ti3 C2 Tz network, resulting in high electrical conductivity 

550 S/m with only 2.5 vol% of Ti3 C2 Tz ) and thermal conductivity 

2 times larger than pure PDMS), relevant to triboelectric nanogen- 

rator applications. Yang et al. used a similar approach to prepare 

i3 C2 Tz /epoxy films by epoxy impregnation and the unique struc- 

ural design showed promise for excellent Joule heating (reaching 

 steady-state temperature of 123 °C with a low voltage of 2 V and

urrent of 5.1 A) [ 107 ]. 

Free-standing MXene-only skeletons usually suffer from poor 

echanical properties and weak interactions between nanosheets, 
8

uch that the structure may collapse because of the capillary forces 

uring the polymer impregnation process. Researchers have de- 

eloped MXene composite skeletons by introducing crosslinking 

gents to bind MXene nanosheets. For example, Wang et al. used 

esorcinol and formaldehyde with Ti3 C2 Tz to form a composite 

keleton [ 108 ]. The organic precursors tended to polymerize on 

he hydrophilic Ti3 C2 Tz to connect the individual nanosheets and 

rom a crosslinked Ti3 C2 Tz /C (thermally reduced) foam skeleton 

fter polymer pyrolysis. As shown in the left SEM in Fig. 6 b ,

he Ti3 C2 Tz /C composite skeleton had a well-connected structure 

ith good mechanical properties (could support 500 times its 

wn weight). Utilizing a similar polymer impregnation method of 

poxy precursors and curing agents, a compact Ti3 C2 Tz /C/epoxy 

lm structure was obtained (right SEM in Fig. 6 b ). With the benefit

f the conductive inner network, the Ti3 C2 Tz /C/epoxy film exhib- 

ted high EMI shielding properties (46 dB with 1.64 wt% of Ti3 C2 Tz 
nd 2.61 wt% of C in a 2 mm thick composite film). The Ti3 C2 Tz /C

keleton also created multiple interfaces, enhancing multiple re- 

ection and reabsorption, resulting in an absorption dominated 

MI shielding mechanism ( ∼39 dB for absorption ). Other compo- 

itions of MXene skeleton have been prepared by using a similar 

pproach; these include Ti3 C2 Tz /CNF [ 109-111 ], Ti3 C2 Tz /rGO/CNT 

 112 ], and Ti3 C2 Tz /MoS2 /CNF [ 113 ]. 

Another strategy for fabricating a strong robust MXene skele- 

on is by coating MXene on a porous polymer template. For 

xample, Jin et al. reported the dip-coating of Ti3 C2 Tz and 

raphene nanosheets on a modified polyurethane (PU) sponge 

 Fig. 6 c ) [ 114 ]. The porous PU sponge was first treated with poly-

opamine to enhance hydrophilicity, enabling it to be coated with 

i3 C2 Tz and graphene, as shown in the SEM of a porous, rough 

i3 C2 Tz /graphene/PU structure in Fig. 6 c . The PU sponge endowed 

he Ti3 C2 Tz /graphene/PU skeleton high flexibility and excellent 
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Fig. 7. Summary of the fabrication methods for structured MXene/polymer foams. Freeze casting involves the freezing of liquid MXene/polymer composites, then subsequent 

drying removes the ice by sublimation, leaving the pores in the solid composites. Foaming agents generate gaseous species which create pores. Template coating uses porous 

polymers as substrates for the coating of MXene nanosheets. Emulsion polymerization in the continuous phase and subsequent removal of the internal phase creates a 

MXene-coated porous polymer structure. 
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ompressibility, which served as the strong inner network when 

orming a compact composite with polyethylene glycol (PEG) at 

5 °C. The Ti3 C2 Tz /graphene/PU/PEG composites exhibited efficient 

MI shielding properties (43.3 dB for 18.7 wt% of Ti3 C2 Tz and 

raphene for a 2.4 mm film). Similarly, Shao et al. used melamine 

oam as a skeleton to produce flexible Ti3 C2 Tz /melamine/PEG com- 

osites for solar-thermal energy conversion [ 115 ]. 

To condense the MXene skeleton without significant changes in 

tructure or collapse, a spatially confined forced network assem- 

ly method was developed. Chen et al. introduced NH4 HCO3 as 

he spatial confining reagent to Ti3 C2 Tz powder by grinding, and 

hen formed a free-standing structure by mold pressing. After re- 

oving the NH4 HCO3 in a hot vacuum oven, a dense, structurally 

table Ti3 C2 Tz skeleton was obtained, as is shown in Fig. 6 d . By im-

regnating with molten PEG, a compact and void-free Ti3 C2 Tz /PEG 

omposite structure was obtained (middle SEM in Fig. 6 d ). The 

ompressed Ti3 C2 Tz skeleton provided percolated thermal conduc- 

ion pathway within the polymer matrix, leading to significant en- 

ancements of thermal conductivity (10 times higher than pure 

EG with 40 wt% Ti3 C2 Tz ). The Ti3 C2 Tz /PEG composites exhibited 

apid heating under sunlight irradiation for highly efficient pho- 

othermal conversion applications [ 116 ]. 

. Foams 

In complement to MXene/polymer films which are compact 

tructures, and commonly free of voids, MXene/polymer foams 

re attractive due to their high flexibility, high surface area, low 

ensity, electrical conductivity, and absorption-favored electromag- 

etic properties [ 117 , 118 ]. As illustrated in Fig. 7 , MXene/polymer

oams are commonly fabricated through freeze drying, utilizing 

oaming agents, template coating, and emulsion polymerization. 

or example, freeze casting involves the freezing of liquid MX- 

ne/polymer composites, then the ice is removed under reduced 

ressure by sublimation, leaving pores in the solid composites . 

imilarly, foaming agents are used for pore generation during poly- 

erization to fabricate MXene/polymer foams with controllable 

ore density. Template coating involves the use of a porous tem- 

late (e.g., commercial foam) and the coating of MXenes forms a 

orous MXene/polymer foam structure. Polymerization in the con- 

inuous phase of an emulsion utilizing MXene as particle surfac- 
9

ants, followed by drying, immobilizes MXene nanosheets at the 

ore surfaces. The detailed corresponding characteristic structures 

or these methods will be discussed in the following subsections. 

.1. Freeze drying 

Freeze drying is a relatively simple method for producing highly 

orous MXene/polymer structures with an interconnected network 

f nanosheets. First, an aqueous solution of polymer and MXenes 

s frozen, then the ice is removed by sublimation, leaving be- 

ind pores within the MXene/polymer composites. This method 

an introduce numerous pores, thus giving a low density struc- 

ure, and the enlarged interface with air results in enhanced elec- 

romagnetic absorption and attenuation [ 51 ]. Further, directional 

reeze drying (with only one side the sample contacting with the 

old source) can give controlled distribution and orientation of 

ores, producing anisotropic structures with favored pore align- 

ents [ 119 ]. As freeze drying requires mixing of MXenes and 

olymers, this method is most commonly used with water dis- 

ersible, hydrophilic polymers. Notably, highly concentrated MX- 

ne nanosheets are needed for a robust and interconnected con- 

uctive network to form during freeze drying. 

As a typical example of freeze drying to produce MX- 

ne/polymer foam, Xu et al. prepared highly porous MXene/PVA 

oam by freeze drying an aqueous mixture of concentrated Ti2 CTz 
30 mg/ml) and PVA [ 120 ]. As is illustrated in Fig. 8 a , a lightweight

i2 CTz /PVA foam could stand upon a dandelion and contained 

acropores ∼90 μm in diameter (SEM in Fig. 8 a ). Benefiting from 

he increased surface i.e., interface between composite and air), 

he Ti2 CTz /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 

he abundant air/composite interfaces. The authors verified this by 

ompressing the Ti2 CTz /PVA foam to eliminate the pores and ob- 

erved a dramatic decrease of absorption (proportion of absorp- 

ion decreasing from 0.59 to 0.04). In a similar vein, Xie et al . 

abricated a Ti3 C2 Tz /CNF/Ni composite foam through freeze drying 

f cyclohexane-in-water emulsions, which were stabilized by the 

ixture of Ti3 C2 Tz , CNF, and Ni particles, and the pore size was 

ictated by emulsion droplet size [ 121 ]. This highly porous struc- 

ure also had enhanced the multiple reflection and thus good ab- 
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Fig. 8. MXene/polymer foam prepared by freeze drying. (a) Ti2 CTz /PVA foam using freeze drying of a solution of Ti2 CTz nanosheets and PVA. A digital image of dark foam 

showed the low density feature of Ti2 CTz /PVA foam, which could stand on a dandelion. SEM images showed the Ti2 CTz /foam at two different magnifications [ 120 ]. Copyright 

2019. Adapted with permission from American Chemical Society. (b) Fabrication of Ti3 C2 Tz /PI aerogel using freeze drying and thermal annealing. SEM images (from left to right) 

show Ti3 C2 Tz aerogel, PI aerogel, and Ti3 C2 Tz /PI composite aerogel [ 122 ]. Copyright 2018. Adapted with permission from John Wiley & Sons Inc. (c) Ti3 C2 Tz /chitosan foam and 

carbonized Ti3 C2 Tz /chitosan/C foam prepared by freeze drying and corresponding SEM images (side and top view) [ 123 ]. Copyright 2019. Adapted with permission from the 

Royal Society of Chemistry. (d) Ti3 C2 Tz /PVDF foam prepared by directional freeze drying. SEM and EDS mapping (Ti) of the cross-section and surface of the Ti3 C2 Tz /PVDF 

composite foam [ 124 ]. Copyright 2022. Adapted with permission from Elsevier Science Ltd. 
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orption 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- 

ne/polymer foam, strong interactions between MXene nanosheets 

nd polymers need to be established. Liu et al. used polyimide (PI) 

o bridge Ti3 C2 Tz nanosheets, forming a freestanding Ti3 C2 Tz /PI 

oam with excellent compressibility and stretchability by freeze 

rying of Ti3 C2 Tz /poly(amic acid) (PAmA) and subsequent polymer- 

zation ( Fig. 8 b ) [ 122 ]. As shown in Fig. 8 b , an aqueous solution of

ydrophilic PAmA and Ti3 C2 Tz was freeze dried then thermally an- 

ealed to induce polymerization of PAmA to PI. The strong polar 

nteraction between PI and Ti3 C2 Tz bound the two components to- 

ether. As a result, the as-prepared Ti3 C2 Tz /PI foam was mechan- 

cally strong and could undergo compression, torsion, and even 

80 ° bending. The SEM images ( Fig. 8 b ) indicated a disordered 

tructure for a pure Ti3 C2 Tz aerogel, but the freeze dried Ti3 C2 Tz /PI 

oam exhibited a compact interface and interconnected porous 

tructure. More importantly, the highly interconnected Ti3 C2 Tz net- 

ork endowed the composite foam with an electrical conductiv- 

ty of 4 S/m with only ∼0.084 vol% of Ti3 C2 Tz . In a similar vein,

u and coauthors introduced protonated chitosan into an aqueous 

i3 C2 Tz dispersion, followed by freeze drying and thermal anneal- 

ng to fabricate Ti3 C2 Tz /chitosan/C foam, shown schematically in 

ig. 8 c [ 123 ]. The protonated chitosan has strong electrosatic inter- 

ctions with negative Ti3 C2 Tz nanosheets, such that chitosan pro- 

ided a strong and continuous linkage between MXene nanosheets, 

esulting in enhanced compressibility and elasticity. The SEM in 

ig. 8 c shows the side and top view of the Ti3 C2 Tz /chitosan and 

i3 C2 Tz /chitosan/C foam, revealing the impact of annealing. Ben- 

fiting from the strongly connected Ti C Tz /chitosan/C structure 
3 2 i

10
nd conductivity, the composite exhibited high sensitivity for pres- 

ure/strain sensors and wearable devices. 

During the freezing process, ice growth can be regulated 

nd pore orientation realized, thus resulting in anisotropic struc- 

ures. For example, Han et al. fabricated a Ti3 C2 Tz /PVDF foam 

ith aligned pores using a unidirectional freeze-solvent exchange- 

rying method [ 124 ]. As is shown in Fig. 8 d , Ti3 C2 Tz and PVDF

ere first mixed in DMSO, and the mixture was frozen by placing 

nly the bottom of the container on the cold source. The frozen 

ixture was then washed with water at 4 °C (below the freez- 

ng point of DMSO) and oven dried at 30 °C to remove remaining 

MSO and solidify PVDF. The SEM images and EDS mapping of Ti 

f the cross-section and surface of the Ti3 C2 Tz /PVDF foam indicate 

ertically aligned pores and the uniform distribution of Ti3 C2 Tz 
n the pore walls ( Fig. 8 d ). This unique anisotropic Ti3 C2 Tz /PVDF 

tructure led to significant deformation differences based on ori- 

ntation directions, which resulted in anisotropic sensing proper- 

ies. For example, the foam could undergo larger deformation by 

pplication of force perpendicular to the pore channels compared 

o the parallel direction, resulting in higher pressure sensitivity 

4 times higher). Anisotropic properties were also observed for a 

i3 C2 Tz /chitosan foam prepared using a similar directional freeze 

rying method, with superior compression stability when applying 

tress perpendicular to pore channels or lamellar layers compared 

o parallel [ 123 ]. 

.2. Foaming agents 

Gas foaming agents can also be used to create porous structures 

n MXene composites [ 125 ], though this approach is not as fully 
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xplored as other methods. To use foaming agents, a MXene-based 

lm is first prepared (e.g., by VAF) and then liquid foaming agents 

re introduced to treat the film, with the gas generated during 

his process creating numerous small pores. For example, Liu et al. 

eported the use of hydrazine to treat pure Ti3 C2 Tz buckypapers; 

eating (90 °C) accelerated the reaction of hydrazine with -OH on 

he Ti3 C2 Tz surface, generating large amounts of gasses, such as 

O2 and O2 [ 126 ]. The gas species increased the volume between 

i3 C2 Tz layers, and formed small pores in the pure Ti3 C2 Tz struc- 

ure. This process could easily produce large numbers of pores in 

he structure, but the precise control of the pore sizes was dif- 

cult. In another example, Su et al. leveraged hydrazine-induced 

oaming to fabricate porous Ti3 C2 Tz /CNF composites [ 127 ]. First, 

 Ti3 C2 Tz /CNF film was first prepared by VAF, then the film was 

ut into an autoclave with 80 μL hydrazine monohydrate (80 wt%) 

nd thermal treatment (90 °C) led to the rapid evolution of hy- 
razine hydrate vapor. The introduction of hydrazine and generated 

asses expanded the layer spacing of the composite film, forming 

 porous structure. More importantly, hydrazine also provided a 

eductive environment, protecting MXenes for potential oxidation. 

he Ti3 C2 Tz /CNF foam exhibited high sensitivity for a wide range 

f pressures (419.7 kPa−1 for 0–8.04 kPa and 649.3 kPa−1 for 8.04–

0.55 kPa). The hydrazine foaming technique has been used for 

ther composite compositions, such as Ti3 C2 Tz /cellulose/layer dou- 

le hydroxide [ 128 ], Ti3 C2 Tz /PANI [ 129 ], Ti3 C2 Tz /Ni/rGO/melamine 

 130 ]. Alternatively, supercritical CO2 can be utilized to generate 

ores in MXene-based polymer composites. For example, Li et al. 

repared Ti3 C2 Tz /CNT/PVDF foam by applying supercritical CO2 to 

 pre-formed composite film in an autoclave (13.8 MPa, ∼170 °C). 
fter quickly releasing the pressure, pores were generated due the 

ransition of CO2 from a supercritical fluid to gas [ 131 ]. Similarly, 

ehghan and co-authors reported the fabrication of Ti3 C2 Tz /rGO/PP 

sing a supercritical CO2 foaming method in an autoclave (14 MPa, 

45 °C), giving a porous structure with efficient EMI shielding per- 

ormance (25 dB with 10 wt% Ti3 C2 Tz /rGO (2:1 wt%:wt%) for a 

 mm thick sample) [ 132 ]. 

.3. Dip coating 

Dip coating is a method for fabrication of porous MXene poly- 

er composites where MXene is coated on a porous polymer sub- 

trate surface. Typically, a porous substrate is prepared or com- 

ercially obtained, immersed in a dispersion of MXenes, and then 

ried. Advantages of the dip-coating method include tunable, pre- 

rogramed porosity and internal surface area, as well as com- 

ercial availability of some foams. Additionally, dip-coating can 

e repeated multiple times on the same sample, giving increased 

hickness of the MXene coating. Dip-coating doesn’t require high 

oncentrations of MXenes or high volumes of solution. However, 

he hydrophilicity of MXenes generally requires the use of a hy- 

rophilic polymer, and nanosheet solutions may be viscous, pre- 

enting formation of a uniform coating on the porous substrate. 

Yue et al. reported the fabrication of Ti3 C2 Tz /melamine foam 

ia dip coating [ 133 ]. A melamine sponge with 97% porosity 

as immersed in an aqueous solution of Ti3 C2 Tz (0.5 mg/mL, 

 mg/mL, and 2 mg/mL), then dried for 24 h in a vacuum oven.

he 3D network had a thin layer of Ti3 C2 Tz on the surface of 

he sponge, as supported by the SEM image and EDS mapping 

hown in Fig. 9 a . Strong van der Waals forces and the large sur-

ace area of Ti3 C2 Tz allowed the nanosheets to be well coated 

n the substrate skeleton surface. The interconnected 3D network 

f Ti3 C2 Tz /melamine foam and good compressibility endowed the 

omposite foam as a promising pressure sensor. The sensor used 

n electrode fabricated by assembling Ti3 C2 Tz foam onto a pre- 

eposited PVA nanowire network andshowed high sensitivity over 
11
 broad pressure range (147 kPa−1 for less than 5.37 kPa and 

42 kPa−1 for 5.37–18.56 kPa region). Additionally, this network 

howed conductivity values of 0.004 S/m without pressure on 

he foam. Another study used a similar melamine sponge and 

ip-coated the Ti3 C2 Tz nanosheets not only on the skeleton of 

he polymer, but also the cells, forming a closed-cell structure 

f Ti3 C2 Tz /melamine composites. The continuous Ti3 C2 Tz coating 

ormed closed and conductive cells around the pores, which ex- 

ibited excellent EMI shielding values of 90.5 dB at 0.82 vol% load- 

ng for a 2 mm thick foam sample [ 134 ]. Similarly, Li et al. sub-

erged a commercial PU sponge and in a 5 mg/mL solution of 

i3 C2 Tz nanosheets to prepare Ti3 C2 Tz /PU composite foams [ 135 ]. 

he Ti3 C2 Tz coating enhanced the anti-dripping properties, such 

hat during the combustion process the sample maintained its 

riginal shape and no melt droplets were observed. Other MX- 

ne/polymer foams that have been prepared by dip coating include 

i3 C2 Tz /melamine/PEDOT:PSS [ 136 ], Ti3 C2 Tz /triaxially auxetic PU 

 137 ], Ti3 C2 Tz /PANI/PP [ 138 ], and Ti3 C2 Tz /melamine/PDMS [ 139 ]. 

Controlling the pore structure is an important element of com- 

osite foams. For dip-coating method, the pore structure is con- 

rolled by the porous substrate. For example, Li et al. used a salt 

emplate approach to synthesize a TPU foam with controlled pore 

tructure [ 140 ]. The density and porosity of the foam was altered 

y changing the NaCl to TPU ratio, as indicated in Fig. 9 b . Increas-

ng the NaCl:TPU ratio from 5:1 to 9:1 decreased the density of 

he sample from 0.3836 g/cm3 to 0.1960 g/cm3 and increased the 

orosity from 61 % to 80 %. SEM showed rough stacking of Ti3 C2 Tz 
anosheets on the foam pores ( Fig. 9 b ). Further, higher concen- 

rations of NaCl led to better connected pores within the foam, 

hich facilitated the formation of open cell voids. The foam had 

igh flexibility and was able to be bent and twisted without per- 

anent deformation. Electrical conductivity was compared across 

ifferent porosities and Ti3 C2 Tz loadings, and the sample with 74 

 porosity and at 0.66 vol% of Ti3 C2 Tz coating had highest elec- 

rical conductivity (290.8 S/m.) and good EMI shielding perfor- 

ance (72.2 dB for the 2 mm thick sample). To confirm the con- 

istent EMI shielding performance under mechanical deformation, 

he Ti3 C2 Tz /TPU foams were compressed at 10 %, 30 %, and 50 % 

train, and EMI shielding effectiveness only slightly decreased from 

2.2 dB to 68.6 dB, which may be due to damage of the 3D net-

ork. Notably, treating the TPU with polydopamine (PDA) before 

oating with Ti3 C2 Tz led to better adhesion of the nanosheets. 

The dip-coating approach onto porous substrates can be in- 

egrated with an LbL approach to give a foam with layered 

oatings. Lin et al. coated a PU foam (negatively charged) with 

hitosan/Ti3 C2 Tz multilayers by alternately dipping the PU foam 

n chitosan solution and then Ti3 C2 Tz dispersion until the desired 

umber of layers was achieved [ 141 ]. FTIR spectroscopy confirmed 

unctionalization with weak characteristic adsorption bands of PU, 

uggesting that the coatings were compact on the PU surface, and 

n obvious C-F peak was supported deposition of Ti3 C2 Tz . SEM 

maging revealed that the porous structure of the foam was main- 

ained ( Fig. 9 c ), and the PU foam showed only a 6.9 wt% gain. With

ncreased number LbL deposition, the surface of the PU foam be- 

ame rougher (see “zoom in” SEM image). The Ti3 C2 Tz /chitosan LbL 

oating significantly improved the fire-retardant properties (57.2 

 reduction in the peak heat release). Alternatively, Tian et al. 

sed a 3D Ni substrate and LbL dip coating with Ti3 C2 Tz and 

olyethyleneimine to create a binder-free electrode for high per- 

ormance supercapacitors (370 F/g at 2 mV/s scanning rate) [ 142 ]. 

hus dip coating LbL assembly onto porous substrates allows for 

roduction of relatively well-defined and sometimes complicated 

tructures [ 143–145 ]. 

An alternative to standard dip-coating approach is an “inside- 

ut” method which produces a MXene 3D structure coated with 
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Fig. 9. MXene/polymer foams prepared via dip-coating. (a) Ti3 C2 Tz /melamine foam fabricated by dip-coating of Ti3 C2 Tz nanosheets on commercial porous melamine sub- 

strate. SEM image shows the Ti3 C2 Tz /melamine foam and EDS mapping (C and Ti) indicate uniform coating of Ti3 C2 Tz nanosheets [ 133 ]. Copyright 2018. Adapted with 

permission from Elsevier Science Ltd. (b) Ti3 C2 Tz /PDA/TPU foam fabricated by dip-coating of Ti3 C2 Tz nanosheets on porous PDA/TPU foam. SEM images show the PDA/TPU 

foam before and after dip coating with Ti3 C2 Tz nanosheets, and the zoomed in image shows the rough surface of Ti3 C2 Tz /PDA/TPU foam [ 140 ]. Copyright 2023. Adapted with 

permission from Elsevier Science Ltd. (c) Ti3 C2 Tz /chitosan/PU foam fabricated by alternating dip-coating of chitosan and Ti3 C2 Tz nanosheets on PU foam. SEM images show 

a PU substrate before and after coating of multiple layers of Ti3 C2 Tz /chitosan, and rough surface morphology of the composite foam [ 141 ]. Copyright 2020. Adapted with 

permission from Elsevier Science Ltd. (d) Ti3 C2 Tz /SA/PDMS foam fabricated by dip-coating of PDMS polymer on porous Ti3 C2 Tz /SA skeleton (made by directional freeze drying). 

SEM images of Ti3 C2 Tz /SA skeleton and Ti3 C2 Tz /SA/PDMS foam, and EDS mapping (Ti, Na, and Si) of the Ti3 C2 Tz /SA/PDMS composite foam [ 146 ]. Copyright 2020. Adapted 

with permission from Elsevier Science Ltd. 
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olymer (rather than a polymer 3D structure coated with MXenes). 

u et al. fabricated a porous Ti3 C2 Tz skeleton and then deposited 

olymer by dip-coating [ 146 ]. First, a Ti3 C2 Tz /SA aerogel was fab- 

icated by directional freeze drying a Ti3 C2 Tz /SA suspension. The 

erogel was dipped in a PDMS pre-polymer and cured at 60 °C to 
reate a Ti3 C2 Tz /SA/PDMS foam. In contrast to polymer impregna- 

ion to form a compact bulk polymer around MXene skeleton, the 

ip-coating only forms a thin layer of polymer on the surface of 

he porous MXene skeleton. SEM imaging ( Fig. 9 d ) shows the or-

ered porous Ti3 C2 Tz /SA aerogel before (left SEM image) and af- 

er the dip-coating of PDMS (middle SEM image), verifying that 

he pores did not collapse after the PDMS coating and curing. The 

olymer coating on the Ti3 C2 Tz /SA skeleton was confirmed by the 

DS mapping of Si, Na, and Ti. The ordered channels formed a 

onductive network that facilitated charge carrier transport by re- 

ucing the interfacial resistance. The composite containing 6.1 wt% 

i3 C2 Tz exhibited an EMI shielding effectiveness of 53.9 dB, sig- 

ificantly larger than a counterpart prepared by blending PDMS 

re-polymer and Ti3 C2 Tz powder (9.1 dB). The high EMI shield- 

ng properties of the architected Ti3 C2 Tz /SA/PDMS foam can be 

ttributed to the well-connected network of Ti3 C2 Tz nanosheets, 

hereas the PDMS coating provided high flexibility and mechani- 

al robustness, allowing for repeated compression ( > 500 times). 

.4. Emulsion polymerization 

A simple way to create porous polymer nanocomposites is to 

se nanoparticles (such as GO, cellulose, MXenes) as Pickering sur- 
12
actants in an emulsion, coupled with polymerization selectively in 

he continuous phase. This method provides an alternative strategy 

o fabricate segregated MXene/polymer foams with tunable poros- 

ty. Specifically, MXenes can act as solid particle surfactants (so- 

alled Pickering surfactants) by their localization and assembly at 

he interface between the continuous and dispersed (i.e., droplet) 

hases of emulsions. In-situ polymerization of the continuous 

hase leads to the formation of polymer struts between droplets 

uch that removal of dispersed phase leads to a porous structure 

ined with MXene nanosheets. Further, the pore size and distribu- 

ion can be tailored by simply changing the surfactant concentra- 

ion and/or dispersed phase content, giving access to open-cell or 

lose-cell foams with the same composition [ 147 , 148 ]. A common 

hallenge associated with the emulsion-templated method is the 

igh hydrophilicity of MXenes, which limits the type of monomers 

hat can be used in the continuous phase. Moreover, this approach 

ometimes requires the use of organic co-surfactants to drive MX- 

nes to the interfaces, requiring their removal after processing. 

Various Pickering emulsion systems have been used to organize 

Xenes, such as dodecane-in-water emulsions [ 103 ], water-in- 

oluene emulsions [ 104 ], and styrene-in-water emulsions [ 105 ]. Re- 

ently, Zheng et al. prepared Ti3 C2 Tz /polystyrene composite foam 

sing water-in-styrene Pickering emulsions and polymerization 

 149 ]. As is shown in Fig. 10 a , Ti3 C2 Tz nanosheets were modified

ith hydrophobic molecules (dihexadecyldimethylammonium bro- 

ide) to enable them to serve as particle stabilizers for water- 

n-styrene emulsions. Highly concentrated emulsions were formed 

y 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) Ti3 C2 Tz /PS polyHIPE foam fabricated from water-in-oil emulsions 

and SEM images and EDS mapping (C and Ti) of Ti3 C2 Tz /PS polyHIPEs [ 149 ]. Copyright 2022. Adapted with permission from Elsevier Science Ltd. (b) Ti3 C2 Tz /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) Ti3 C2 Tz /PAM polyHIPE fabricated from oil-in-water emulsion, SEM images of the polyHIPEs with different Ti3 C2 Tz concentrations, and EDS 

mapping (C and Ti) of porous Ti3 C2 Tz /PAM polyHIPEs [ 151 ]. Copyright 2022. Adapted with permission from IOP Publishing Ltd . 
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erred to high internal phase emulsions (HIPEs). By polymerizing 

tyrene in the continuous phase and removing the internal wa- 

er phase, a highly interconnected porous Ti3 C2 Tz /polystyrene foam 

as obtained (also referred to polyHIPEs, SEM in Fig. 10 a ). EDS 

apping of the foam clearly showed the polymer strut and lo- 

alization of Ti3 C2 Tz on the surface of the pores, represented by 

he C (red) and Ti (yellow) dots respectively. The precise con- 

rol of the Ti3 C2 Tz nanosheet location allows for the construc- 

ion of interconnected, conductive networks with low loading of 

i3 C2 Tz (1.15 S/m for 0.090 vol% of Ti3 C2 Tz ). Alternatively, Fan and 

oworkers used a water-in-ionic liquid (IL) emulsion system to 

orm a Ti3 C2 Tz /polyIL composite foam [ 150 ]. Fig. 10 b schemati- 

ally shows the approach to using 3-hexadecyl-1-vinylimidazolium 

romide-modified Ti3 C2 Tz as the Pickering surfactants, and subse- 

uent crosslinking and freeze drying led to porous composite foam. 

EM images and EDS mapping support the localization of Ti3 C2 Tz 
anosheets on the pore surfaces, even in a closed-cell system. This 

nique distribution of Ti3 C2 Tz nanosheets in the composites en- 

owed the foam with good electrical properties and the compos- 

tes could be applied as piezoresistive sensor with high sensitivity 

2.285 kPa−1 vs. 17.411 kPa−1 at low ( < 5 kPa) and higher pressure 

egime (5–20 kPa), respectively). 

More recently, a co-surfactant free method was developed to 

repare MXene/polymer polyHIPEs. Cao et al. utilized common salt 

e.g., NaCl) to partially flocculate an aqueous dispersion of Ti3 C2 Tz 
anosheets, which could then stabilize a dodecane-in-water HIPE. 

y loading the continuous phase with acrylamide, cross-linker, 

nd initiator, thermally initiated polymerization yielded porous 

i3 C2 Tz /polyacrylamide composite foam ( Fig. 10 c ) [ 151 ]. Again, dis- 

inct polymer struts and uniform Ti3 C2 Tz nanosheet coating on 

he pore surfaces were supported by EDS mapping of C and Ti 

 Fig. 10 c ). Additionally, the pore size of the polyHIPE foam could be
13
uned; increasing the Ti3 C2 Tz concentration led to decreased size 

f the emulsion droplets, and consequently, a decrease in the pore 

ize of the composite foam (SEM images in Fig. 10 c ). Benefiting 

rom the unique interconnected pores as well as the Ti3 C2 Tz coat- 

ng on the pores, the Ti3 C2 Tz /PAM polyHIPE foam exhibited rapid 

F heating, even at low powers (10 °C/s at 1 W). 

. Outlook and conclusion 

Despite the increasing number of studies that address archi- 

ecting MXene/polymer composites, a number of challenges must 

e addressed to identify and leverage the potential of these mate- 

ials for addressing societal needs. To date, most MXene/polymer 

omposites focus on monolithic films and foams, leaving MX- 

ne/polymer capsules[ 152 , 153 ] and bicontinuous emulsions under 

xplored [ 154 ]. For example, Cao and coworkers used MXene- 

tabilized emulsions and interfacial polymerization to produce MX- 

ne/polyurea capsules ( Fig. 11 a ) [ 152 ]. This approach can be used

o produce capsules filled with a core liquid of choice, such as 

alt hydrate phase change material or IL (e.g., for contaminant re- 

oval [ 155 , 156 ], thermal energy management [ 157 ], or CO2 cap-

ure[ 158–160 ]). Alternatively, Wu et al. reported the fabrication of 

ollow Ti3 C2 Tz /hydroxyapatite (HAP)/chitosan/hyaluronic acid (HA) 

omposite capsules using LbL assembly of HAP, chitosan/HA, and 

i3 C2 Tz on sacrificial CaCO3 particles ( Fig. 11 b ); these capsules 

ere used for pH/near infrared multi-responsive drug delivery ap- 

lications [ 153 ]. In addition, Wang et al. reported the fabrica- 

ion of Ti3 C2 Tz /GO/water/resin bijels from bicontinuous emulsions, 

ith subsequent resin curing and water removal giving conductive 

oams with rapid RF heating [ 154 ]. These examples indicate the 

otential of MXenes to be incorporated into new structures for tai- 

ored applications. The processing-structure-property relationship 
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Fig. 11. Non-monolith MXene/polymer composites. (a) Ti3 C2 Tz /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) Ti3 C2 Tz /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. 

Fig. 12. Schematic of the current opportunities and challenges for structured MXene/polymer composites: The challenges for MXene production include (a) widening the 

range of possible MXene compositions, (b) mitigating the threat of MXene degradation, (c) scaling up MXene production in a safe and cost-effective manner. The next 

step is to process MXenes together with (d) commercially relevant polymers and address the (e) fabrication challenges described in this review, in concert with (f) multi- 

characterization of the result products. 
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f these MXene/polymer architectures is needed to deconvolute 

he composition and structure of MXene/polymer composites for 

ertain properties relevant to advanced applications. 

Additional challenges include the following. Most of the MX- 

ne/polymer composites use Ti3 C2 Tz because of their relative ease 

f synthesis and stability; this leaves other MXene compositions 

ess explored for polymer composites. Future work should address 

he versatility of structured MXene/polymer composites with dif- 

erent MXene compositions (e.g., V-based MXene, Nb-based MX- 

nes, or nitrides) and explore their distinct properties (such as 

atalytic properties, Fig. 12 a ). MXenes also face the ongoing chal- 

enge of degradation stability ( Fig. 12 b ), as the nanosheets can un-
14
ergo oxidation or hydrolysis in aqueous and other oxygen-rich 

edia. The use of water or other oxygen-rich media is thus a con- 

ern when processing MXene with polymers for a composite ma- 

erial, especially when oxidizing reagents are used, such as initia- 

ors for in situ polymerization. Effort s to minimize the degradation 

f MXenes during synthesis include the use of high-quality MAX 

hase[ 161 ] or a MAX phase with excess Al (e.g., Al-Ti3 AlC2 ) [ 18 ].

fter synthesis, low-temperature storage, the addition of antioxi- 

ants, or incorporation into a polymer can also help slow MXene 

egradation [ 162 ]. Moreover, different synthesis methods lead to 

aried lateral size distribution and varied number of layers; these 

eometric factors can greatly affect their incorporation into poly- 
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er systems. Although most reports assume single layer MXene 

anosheets are present in a stable colloidal dispersion, a detailed 

elationship of MXene size and their fabrication in polymer com- 

osites and resulting properties needs to be addressed . 

MXene synthesis is still at lab scale ( Fig. 12 c ), which limits the

ommercial feasibility and practicality of MXene/polymer compos- 

tes. Progress will be directly tied to the development of scalable 

ynthesis of MXenes in a safe (e.g., overcome the use of HF) and 

ost-effective way. For composite fabrication, off-the-shelf, com- 

ercially available polymers are most commonly used, though the 

aried polymer chemistries that are continually being developed 

an help to tune not only polymer-nanosheet interactions, but also 

nal properties ( Fig. 12 d ). Fabrication of MXene-polymer compos- 

tes usually involves multiple steps and complicated procedures, 

articularly in maintaining control over the distribution of MXenes 

n polymer matrix at larger scales ( Fig. 12 e ). Even though some

olymers are commercially available for composites (such as com- 

ercial resins or foams), significant pre-processing (such as sur- 

ace modification to functionalize the nanosheets or polymers) is 

eeded for producing MXene/polymer composites due to differ- 

nces in surface chemistry ( Fig. 12 e ). 

Lastly, multiple characterization techniques across different dis- 

iplines are essential to investigate and fuly characterize the struc- 

ured MXene/polymer composites, including analyzing the chem- 

cal composition of MXenes and polymers, exploring their mi- 

roscopic and macroscopic structures, evaluating properties (e.g., 

echanical, thermal, and electrical), and assessing performance- 

elated applications ( Fig. 12 f ). Experts in 2D particles, polymers, 

haracterization, manufacturing, and applications need to work to- 

ether to establish standardized methodology and comprehensive 

nderstanding on architected MXene/polymer composites. 

To conclude, we have herein summarized recent advances for 

he production of architected MXene/polymer composite films 

nd foams, and the relationship of these tailored architectures to 

erformance-related properties, when available. This highlights the 

otential superior properties of structured MXene/polymer com- 

osites for advanced applications, especially compared to non- 

tructured, isotropic counterparts. We focus on the organization 

f MXenes within a polymer matrix for each method, high- 

ighting the processing-structure relationship for design of new 

Xene/polymer systems. We discussed MXene/polymer films in 

ection 2 , focusing on four common fabrication methods (vacuum- 

ssisted filtration, layer-by-layer assembly, particle processing, and 

olymer impregnation) and their corresponding unique archi- 

ectures in detail, including processing conditions, compositions, 

nd filler distributions. In Section 3 , we focused on porous MX- 

ne/polymer structures and their fabrication techniques, such as 

reeze drying, foaming agents, dip-coating, and emulsion poly- 

erization. In addition to the processing-structure relationship, 

e also discuss the property improvements of MXene/polymer 

omposites benefited from their unique structures for both films 

nd foams, including electrical and thermal conductivity, EMI 

hielding effectiveness, capacitance, fire-retardant property, sens- 

ng property, and Joule and RF heating, indicating the potential 

f architected MXene/polymer composites for advanced applica- 

ions. In Section 4 , we discussed the current challenges and po- 

ential opportunities for addressing architected MXene/polymer 

omposites, such as broadening the MXene compositions used, 

caled up synthesis of MXenes, mitigating MXene degradation, us- 

ng a variety of polymer chemistries, fabrication challenges, and 

ulti-disciplinary characterization needs. Additionally, the pro- 

essing and fabrication strategies for architected polymer com- 

osites discussed in this review can extend beyond MXenes to 

ther nanoparticles, which provides valuable insight into exploring 

rocessing-structure-property relationships for architected nano- 

aterial/polymer composites . 
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