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MXenes are a family of two-dimensional (2D) nanomaterials known
for their high electrical and thermal conductivity, as well as high
aspect ratios. Recent research has focused on dispersing MXenes
within compliant polymer matrices, aiming to create flexible and
stretchable composites that harness MXenes' exceptional conduc-
tivity and aspect ratios. Experimental findings demonstrate the
potential of MXene polymer composites (MXPCs) as flexible elec-
trical, thermal conductors, and high dielectric materials, with pro-
mising applications in soft matter engineered systems. However,
the 2D structure of MXene inclusions and their relatively large
elastic modulus can impart increased stiffness to the polymer
matrix, posing limitations on the mechanical flexibility of these
functional materials. Here, we introduce a modeling platform to
predict the mechanics and functionality of MXene elastomer com-
posites and assess their suitability as soft multifunctional materials.
Our investigation primarily focuses on understanding the influence
of MXenes' size, layered structure, and percolation arrangements
on the effective properties of the resulting composites. Through
our model, we successfully determined the elastic modulus, thermal
conductivity, and dielectric constant of MXene elastomer composites,
and our results exhibit strong agreement with those obtained through
finite element analysis. By utilizing this framework, we can theoreti-
cally identify the necessary microstructures of MXenes and guide the
experiments, enabling the creation of MXPCs with the desired syner-
gistic mechanical and functional properties.

1 Introduction

Two dimensional carbides and nitrides, called MXenes, are
a rising family of functional nanomaterials that can show

“ Department of Mechanical Engineering, University of Washington, Seattle,
WA 98195, USA. E-mail: malakoot@uw.edu
b Institute for Nano-Engineered Systems, University of Washington, Seattle,
WA 98195, USA
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3mh00916¢

5110 | Mater. Horiz., 2023, 10, 5110-5125

Cerwyn Chiew® and Mohammad H. Malakooti

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Are MXenes suitable for soft multifunctional
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New concepts

This study introduces a novel concept that focuses on integrating
monolayer and multilayer MXenes as filler materials in soft polymers,
such as elastomers, for applications in flexible electronics, wearable
devices, and soft robotics. While previous research has explored the use
of MXenes in composite materials, the emphasis has mainly been on
structural polymer composites and monolayer MXene fillers. In contrast,
our study uncovers the untapped potential of multilayer MXenes and
investigates their distinct influence on the overall properties of soft
matter composites. We demonstrate that the layered structure and aspect
ratio of MXenes play a crucial role in determining the mechanical,
thermal, and dielectric behavior of the composites, offering a novel
approach for tailoring their properties. Furthermore, our research high-
lights the significance of interphase engineering and percolating micro-
structures in achieving the desired properties of MXene-based
composites, providing valuable guidelines for their design and
synthesis. By better understanding of the role of microstructures in
MXene-polymer composites, our work offers additional insights in this
field and paves the way for accelerated development of soft multifunc-
tional materials with enhanced performance characteristics.

As an Assistant Professor of
Mechanical Engineering at the
University of Washington, I lead
the iMatter Lab, devoted to
materials with embodied intelli-
gence and multifunctionality. I
recetved my PhD from the
University of Florida, was a
Postdoctoral ~ Fellow at the
University of Michigan, and a
Research Scientist at Carnegie
Mellon University. Congratula-
tions to Materials Horizons on 10
years of remarkable accomp-
lishments. I regularly review for Materials Horizons in the areas of
soft matter, liquid metals, and wearable electronics. Being recognized
as an Outstanding Reviewer and now contributing to the 10th
Anniversary Collection of this esteemed journal is a true honor.

Mohammad H. Malakooti

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0002-7187-1706
http://crossmark.crossref.org/dialog/?doi=10.1039/d3mh00916e&domain=pdf&date_stamp=2023-09-09
https://doi.org/10.1039/d3mh00916e
https://doi.org/10.1039/d3mh00916e
https://rsc.li/materials-horizons
https://doi.org/10.1039/d3mh00916e
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH010011

Published on 30 August 2023. Downloaded on 6/13/2026 10:01:17 AM.

Communication

Layered
MXene

Soft
Polymer

Fig. 1 (a) Micrograph of TizC,T, before exfoliation process, (b) schematic
of MXene polymer composites with multilayered MXene clusters.

excellent electrical, thermal, and optical properties in different
systems. > MXenes are atomically thin 2D materials composed
of early-transition metals (M element, e.g., Ti, Zr, or Mo), and
carbon or nitrogen (X element). When ‘A’ atoms are chemically
removed from the MAX phase precursor, MXene flakes are
obtained with a general chemical formula of M,,.,X,,T, where T,
is the surface functional groups that can consist of oxygen,
hydroxyl, chloride, or fluoride groups. Titanium carbide (TizC,Ty)
is one of the commonly studied MXenes (Fig. 1a). These Ti;C,Tyx
nanoflakes can have high thermal conductivity (55.8 Wm ™" K )*
and electrical conductivity (i.e., <20000 S cm )*” with a wide
range of lateral sizes (100 nm-10 um)®® as a single or highly
ordered multilayer nanostructures.

MXene polymer composites are currently gaining attentions
because of their potential application as multifunctional and
intelligent materials.”'° In these composites, exfoliated MXene
nanosheets are dispersed in a polymer matrix. For instance,
epoxy and water-soluble polymers such as polyvinyl alcohol has
been used as the matrix material to produce high-strength func-
tional nanocomposites.**"'> More recently, MXenes are considered
as a nanoscale building blocks for creating soft multifunctional
composites.”® In these composites, MXenes are embedded in
compliant polymers such as elastomers (e.g., polydimethyl-
siloxane - PDMS) and gels. Even at low volume fractions of
MXene nanosheets, the following soft multifunctional
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composites exhibit promising electromagnetic
behavior,'*° triboelectricity,”'20 thermal management,
and high strain sensitivity>"*> which makes MXPCs desirable
for applications in wearable electronics, soft robotics, and
human-computer interactions.

The nanostructure, volume fraction, and orientation of
embedded MXenes are several primary microstructure para-
meters that dictate the effective properties of MXene polymer
composites. Unlike zero-dimensional functional nanomaterials
(i.e., solid nanoparticles), the alignment and orientation of
dispersed MXenes contribute to the anisotropic mechanical
and conductive behaviors of their nanocomposites.?® In addition,
synthesized MXenes can have several to multiple layered struc-
tures with various lateral sizes."*** Large MXenes with several
layered structures are often selected to create high dielectric**°
and thermally conductive*”*® MXene polymer composites at low
concentration, while the mechanical stiffening in MXene-based
soft composites is found proportional to the lateral size of
embedded Ti;C,T,.>”*° As illustrated in Fig. 1b, utilizing multi-
layered MXenes allows the sustainable production of MXPCs
because layered MXenes can be synthesized close up to 100%
yield without the several exfoliation and washing steps that
are required for producing monolayer MXenes.>*® Therefore,
material design tools must be developed to predict the effective
properties of MXene polymer composites.

Most current studies investigate the mechanical behaviors
of MXene polymer nanocomposites using computational tech-
niques. For instance, finite element method (FEM) is used to
study the effects of MXenes’ multilayer structure on the fracture
toughness, strength, and stiffness of MXene epoxy composites.*'
In other studies, FEM simulations are used to investigate the
effective Young’s modulus®? and damage mechanics®® of multi-
phase epoxy composites with other 2D fillers such as graphene.
The same FEM technique can also be used to computationally
demonstrate how agglomerated MXene platelets with non-
uniform aspect ratios and random orientations can suppress
the stiffening effects in their polymer composites.>> Most of
these modeling efforts focus on approximating the mechanical
behaviors of MXene nanocomposite with stiff polymer matrices
(elastic modulus of ~1 GPa) while also emphasizing the
structural reinforcement of the composite enabled by MXenes.
On the contrary, the stiffening effect of MXPCs should be
minimized for soft-matter engineering applications while the
enhancement of thermal conductivity and dielectric constants
(i.e., functional properties) are improved. To achieve this goal,
the size, shape, structure, and volume fraction of embedded
MXenes must be optimized. Thus, we develop a micromecha-
nics model that can consider the influence of these micro-
structures on the bulk properties of soft multifunctional MXene
polymer nanocomposites. Furthermore, this model can con-
sider the percolation behavior and the layered structure of
MXenes. The results of this study will help outline the tradeoff
between the stiffness and functional behaviors of MXene poly-
mer composites based on the size and structural arrangement
of MXenes. To the best of our knowledge, this is the
first micromechanics model that is formulated to predict the

shielding

15,20

Mater. Horiz., 2023, 10, 5110-5125 | 5111


https://doi.org/10.1039/d3mh00916e

Published on 30 August 2023. Downloaded on 6/13/2026 10:01:17 AM.

Materials Horizons

effective behaviors of soft multifunctional MXene polymer
composites.

2 Modeling approach
2.1 Micromechanics model formulation

Mori-Tanaka (MT) theory is the common micromechanics
model used to estimate the effective mechanical and functional
properties of composites with 2D inclusions.**> However,
when these 2D inclusions have high aspect ratios such as
MXene and are embedded in polymer matrix with low elastic
modulus, the accuracy of this model declines even at mild filler
volume fractions.*® Moreover, Mori-Tanaka theory generally
assumes that each of the inclusions in consideration are well
separated and always surrounded by the matrix material.
However, this configuration contradicts the fact that most
MXenes in their composites have tightly layered arrangements.
To address this modeling incompatibility, we had modified the
existing Interpolated Mori-Tanaka (IMT) model*”*® to consider
MXene’s highly ordered nanostructure and percolation beha-
viors by incorporating Cauchy’s interpolating function.**™*!
This modified IMT model is used to evaluate the effective
properties of MXPCs based on the properties of polymer matrix
and the homogenized properties of clustered or multilayered
MXenes which have been determined first by MT theory. This
two-level homogenization approach is necessary for our IMT
model to consider the multilayer structure, lateral lengths,
interphase, orientations, and interactions between suspended
MXenes at different length scales in the composite. In this
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section, the IMT model will be formulated to determine the
general properties of MXPCs before eventually being redefined
to predict the effective mechanical and functional behaviors of
the composite.

MZXene polymer composites can be treated as a three-phase
composite which constitutes the isotropic polymer matrix,
interphase, and MXenes (Fig. 2a and b). To include the influ-
ence of MXenes’ multilayer structure or cluster on the final
properties of MXPCs, an equivalent medium (Q) is used to
represent the locally averaged properties of MXene clusters
(MC) which will be evaluated by MT theory at the first level of
homogenization. The overall property of the MC depends
on the properties of interphase (L;), monolayer MXene (Lr),
thickness (¢), diameter (a), distance between single layer
MXenes (d), and number of stacked layers (n) as shown in
Fig. 2b. In addition, the shape of this equivalent medium is
assumed to be aligned and centered to the flat cylindrical shape
of layered MXenes (Fig. 2b and c).

The ratio of volume fraction of MXenes (fr) to those of
equivalent medium (fo = fr + fi) is defined by expression R
which does not depend on the number of layers (n) of MXenes
in the cluster (eqn (1)). Instead, R converges to one when the
interlaminar distance (d) approaches zero as the thickness to
diameter ratio of MXene is very small. If the gap between
monolayer MXenes is equal to the thickness of single layer
MXene, R will converge to 0.5 because the width (W) of MC
remains unchanged (Fig. 2b). In the case of MXPCs without
MXene clusters (n = 1), R will be one (¢ = 0) unless a distinct
interphase with finite thickness exists which alternately will
have R = @*/(a + t)*. In general, the relationship between the
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Fig. 2 Two-step homogenization approach for evaluating effective properties of MXene polymer composites (MXPCs): (a and b) homogenization of
MXene clusters as equivalent mediums embedded in the polymer matrix. (c) Replacement of MXene clusters with the equivalent medium in the polymer
matrix. (d) Second homogenization step for determining overall properties of MXPCs. (e) Illustration of microstructure percolation based on

Cauchy’s cumulative probability function.
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volume fraction of polymer matrix (f,), interphase (f;), and
MXenes (fr) in the composite is determined by eqn (2) where
their total summation must be one.

2 2

Y tna
R~ v~ (a+ 1)*(nt + nd) ®
1 . .
A=) =1l =% @

2.2 Effective properties of MXene clusters

Mori-Tanaka model is first used to determine the effective
property of the MXene clusters which is the equivalent
medium (Lg) as shown in eqn (3). In this method, a global
field concentration tensor (Arg) is computed to relate the
average field in the MXene phase (®r) with the average field
in the equivalent medium (®q) (eqn (4) and (5)). For elastic
properties, this field concentration tensor will become the
strain concentration tensor. Thus, when a strain field is applied
on the composite, Ar o quantifies the load transfer efficiency
between the interphase and MXene nanosheets within the
equivalent medium. According to eqn (6), Arq is dependent
on the local field concentration tensor (B ) which is a
quantity that considers the field concentration values when
single layer MXenes are clustered or layered within their inter-
phase of the equivalent medium or MC. In eqn (4) and (6), the
term I represents the general identity matrix while ‘’ is the
multiplication operator either for 2™ (functional properties) or
4™ (elastic properties) order tensors.

Lo=L;+RLr — L) : Aro (3)
Arg=foBy, : (A +fiBLy) ™" (4)
@ = Argo: @ (5)

By = (I+Sr: (Lfl :Lr — I))’l (6)

The improved properties of the equivalent medium (Lg) rely
on the morphology of the encircled monolayer MXenes which
behaves as field polarizers or reinforcement bodies of the MC
(Fig. 2b). Hence, IMT model must consider the aspect ratio
(o = aft) of single layer MXene in the first homogenization step.
This can be achieved by employing Eshelby’s tensors (Sr) to
analytically determine the average strain, electric potential
field, or thermal gradient in MXenes.*>*® These Eshelby’s
tensors can be defined as eqn (S1) and (S13) (ESIt) when
evaluating the mechanical and functional properties of the
equivalent medium, respectively. For instance, the mechanical
Eshelby’s tensor (Sr) in By ;, will depend on the Poisson’s ratio
of the interphase (v;) and the aspect ratio («) of monolayer
MXenes. On the other hand, to determine the functional
properties of the equivalent medium, the same Eshelby’s
tensors (Sr) will be replaced by a 2™ order (eqn (S13), ESIT)
Eshelby’s tensor which is only dependent on the aspect ratio of

This journal is © The Royal Society of Chemistry 2023
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MXene («). It is also important to emphasize that the current
study utilizes flat cylinder®”*® instead of standard flat ellipsoid
Eshelby’s tensor®® to model the field polarization behaviors of
2D MXene inclusions. This is because the modified micro-
mechanics model in this study is found to significantly over-
estimate the properties of soft MXPCs when the embedded
MXenes are simplified as flat ellipsoids or as penny shapes.
Although actual synthesized MXenes can have more complex
polygon- or rectangular-like morphologies, it is impractical to
consider such shapes in the current IMT modeling framework
as the Eshelby’s tensor for these inclusion shapes are not
explicit.**>°

2.3 Effective properties of MXene composites

Once the effective properties of MXene clusters or the equiva-
lent medium (Lg) is determined, IMT method is applied in the
second homogenization step. In this step, the homogenized
MXene clusters are now the field polarizers or reinforcement
bodies in a polymer matrix phase (Fig. 2c and d). Therefore,
IMT model is used here to determine the effective anisotropic
property (Lp) of MXPCs with aligned MXene clusters (eqn (7)).
However, in most synthesized composites, the embedded
MXene clusters are either misoriented or randomly oriented,
resulting in the presence of anisotropy among MXPCs. Hence,
it could be necessary to estimate the effective property of
MXPCs (L}) with randomly oriented MC (eqn (8)). This can be
done by conducting numerical orientation averaging ((-)) on
the second term of eqn (8).>" The definition of this orientation
averaging operation for 4™ order (mechanical property) and 2™¢
order (functional properties) tensors are expressed by eqn (S16)
and (S20) (ESIf), respectively.

Lp = Lo+ folly — L) : Acyp )
Lp = L + fo((Lo — Lm) : Aqp) ©)
Qg = Ao p:®p 9

B =w/H (10)

Agp =N: (ful + foN) (11)
N=(1 - 19)Br,,) " +Br) " (12)
B, =(I+Sq:(Lyn ':Lo— D) (13)
By, =(I+Sym:(Lo ':Ly—1)" (14)

At the final homogenization of MXPCs, the role of the field
concentration tensor (Ag p) of IMT model is to relate the average
field in the overall composite body (®p) with the average field
in the equivalent medium (®q) (eqn (9)). Since MC can have
large aspect ratios (eqn (10)), these fillers are very likely to
interact and form a percolating network when the volume
fraction of the clusters is high. To consider this effect, Aq p is
made dependent on the interpolated field concentration tensor
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(N) (eqn (11). As the volume fraction (fg) of MC increases, N will
interpolate between the local field concentration tensor evalu-
ated when the distance between neighboring layered MXenes
is large (By_,1,) and when embedded MC are so densely inter-
connected that the polymer phase appears disconnected
(Br,L,) (Fig. 2e). The interpolation progression between these
two tensors is dictated by Cauchy’s cumulative probability
function (r) which realistically simulate the percolation evolu-
tion of layered MXenes () as their volume fraction (fq)
approaches and exceed a percolation threshold (f*) from a
scale of zero to one.*?™*"3?

In the second homogenization step, the flat cylinder
Eshelby’s tensors are dependent on the aspect ratio (ff) of the
equivalent medium which is now treated as the reinforcement
body for the polymer matrix. When modeling the functional
property of MXPCs, both Sq and S,, are 2™¢ order tensors
(eqn (S13)) (ESIt) which solely depends on . On the other
hand, when evaluating the stiffness of MXPCs, Sg, is a 4™ order
Eshelby’s tensor (eqn (S1), ESIT) that relies on the Poisson’s
ratio () of polymer matrix and f. Similarly, S, will be a 4™
order Eshelby’s tensor which depends on the Poisson’s ratio of
MXene (vr) in addition to f. This is done because the compo-
site’s microstructure represented by B, suggests that the
polymer phase is disconnected and appears as 2D shaped
inclusions surrounded by MC when MXenes’ volume fraction
(fa = 1) is high (Fig. 2e). Also, it is important to clarify that in
eigenstrain theory for elasticity, S,, (Mechanical Eshelby’s
tensor) would be dependent on the anisotropic property of
the equivalent medium which is non-trivial to solve.*® Instead,
Sm is assumed to be dependent on MXene’s Poisson’s ratio as
an upper approximation for By, .

2.4 Interchangeability of materials constants

In the formulation of interpolated Mori-Tanaka model, the
property tensors of each /™ phase in MXPCs are represented as
L,. This general term is interchangeable when evaluating
the mechanical or functional properties of MXene polymer
composites.”® Table S2 (ESIt) summarizes the appropriate
replacement of L; in eqn (3)-(14) when the -effective
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stiffness (Cp,), relative permittivity (ep), and thermal conduc-
tivity (xp) of MXPCs are evaluated. Also, the introduced general
average field vector (®;) can be considered as the strain, electric
potential field, and temperature gradient of 2™ phase when the
mechanical, dielectric, and thermal properties of MXPCs are
respectively evaluated.

2.5 Cauchy’s cumulative probability function

Single or layered MXenes are initially sparsely distributed in
MXene polymer composites when the volume fraction is below
a percolation limit (f*). As the volume fraction (fo) of MXene
clusters increases, the probability of MXenes forming multiple
interparticle contacts increases (Fig. 3a). Eventually, when the
volume fraction exceeds a percolation limit, MXPCs will be
saturated with layered MXenes that the polymer phase becomes
disconnected. This microstructure transition can be simulated
by Cauchy’s cumulative probability (CCP) function (eqn (15))
before incorporated into IMT model (eqn (12).

tan~' (1 —f*)y~") + tan~' (f*y~")
Ctan ' ((fa — /7)) + tan " (Fy7T)

T =

(15)

18(Sq!!)?—9Sq !

andy~! =n 16
18(Sa'1)*—3Sa!! — 4 (16)

/=

Based on eqn (15), the CCP function increases rapidly at the
percolation limit (f*) which depends on the first component
(Sa'") of the Eshelby’s tensor (Sq).>>*® The concise expression
for Su™" is given in eqn (S14) (ESIt). Since So'" is only depen-
dent on the aspect ratio of multilayer MXene (f), f* will be
strictly dependent on the morphologies of MC (Fig. S2, ESIT).
The estimated f* assumes that the embedded MXenes are
randomly dispersed in a composite and is used to approximate
the percolation limit of MXene clusters in their composites.
Based on Fig. S2 (ESIT), f* is expected to decrease when the
aspect ratio of MC ({"' = B) in MXPCs is large which occurs
when the number of layer (n) increases or the size (a) of the
single layer MXenes decreases.

C 4 —
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Fig. 3 (a) Probability of interparticle contact formation of MXene clusters following Cauchy’'s cumulative probability function (r) as the volume
fraction (fq) of layered MXene cluster increases. (b) Illustration of MXene clusters dispersed in a polymer with interparticle contacts forming a continuous
pathway. (c) Overlapped interphase of neighboring MXene clusters leading to a local surge in functional property indicated by the drop in the resistance

function (7).
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The rapid increase of Cauchy’s cumulative probability func-
tion (t) reflects the formation of percolation microstructures
within MXPCs. For instance, CCP function suggests that
MXPCs with large MXenes (¢ = 500) will form percolation
microstructure at lower volume fraction than MXPCs with small
(¢ = 50) MXene fillers (Fig. 3a). When the size of MXene is
unchanged, a greater number of stacked layers () of embedded
MXenes will cause the formation of percolation pathways to
delay (f* shift higher) but the formation rate (y ') to increase
(eqn (16)). This trend is realistic because for the same volume
fraction and diameter, multilayer MXenes cannot form wider
interconnected networks than few layer MXenes within their
polymer composite. To create wider percolation networks,
additional volume fraction of MC is needed to saturate the
polymer matrix.

2.6 Resistance function for functional properties

MXenes’ percolation microstructure leads to the commonly
observed sudden thermal conductivity and dielectric constant
enhancement of MXPCs at a concentration threshold. This is
because when percolation networks are formed, numerous
neighboring MC will be in close contact with their respective
interphase partially intersects each other (Fig. 3b). As a result,
these overlapped interphases (L;) undergo large localized
thermal conductivity or dielectric constant enhancement which
respectively contributes to the sharp thermal or dielectric
property improvement of MXPCs. Hence, a resistance function
(7) is introduced to associate the function’s resistance drop to
the sudden enhancement in the local thermal conductivity (i;)
and dielectric constant (¢g;) within the percolated MXene clus-
ters (eqn (17) and (18)). In thermal property modeling, the
sharp drop of resistance function within the interphase sig-
nifies the reduction in the interfacial (Kapitza resistance)
or contact thermal resistance among percolated MC.*"*
Alternately, in dielectric property modeling, the rapid drop of
resistance function mimics the spontaneous formation of
nanocapacitors or the onset of Maxwell-Wagner-Sillars
(MWS) effects among percolated MC. Therefore, Fig. 3¢ sug-
gests that MXPCs with large (¢ = 500) monolayer MXenes will
have a sharp decrease in resistance function or large functional
property enhancement at 2.5% volume fraction. In contrast,
MXPCs with small (¢ = 50) monolayer MXenes will have an
acute drop in resistance function or sudden functional property
improvement at 10% volume fraction.

Li=L,7 ' whenL,=1x,o0r¢, (17)

_tan”'((1—/"/R)y,") +tan (/7. /R)
~tan~!((fo = f/R)ye) + tan~! (57 /R)

(18)

In this study, a scaling parameter (y,) of 0.02 is used which is
the approximated statistical value previously used for modeling
the percolation evolution in graphene polymer composites.**
For simplicity, the percolation threshold (f*) used to model
CCP function and the critical volume fraction (f’) for resistance
function are assumed equal when modeling MXPCs with
different sizes or layers of MXenes. It is also important to

This journal is © The Royal Society of Chemistry 2023
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notice that at low volume fraction, eqn (18) suggests that the
thermal or dielectric property of interphase converges to those
of polymer matrix (L; = Ly,) because of negligible interparticle
interactions.

2.7 Finite element analysis

Finite element analysis is an effective way to validate the results
of micromechanics model and to identify potential limitations
of the model when predicting the effective properties of
composites.*®**>® To achieve this, the representative volume
element (RVE) chosen for finite element evaluation needs to be
sufficiently large to realistically reflect the microstructures of
MXene polymer composite while is small enough to reduce
computational resources.”” Hence, we chose the breadth (b)
and height (%) of RVE to be at least two times larger than the
diameter (a) and thickness (t) of MXenes, respectively (Fig. 4a).
In this cubic RVE, there are hexagonal arrangements of flat
cylinders representing MC dispersed in polymer matrix. In
addition, the embedded MXenes can have several (n = 1 to 3)
clustered flat cylinders uniformly separated by the thickness

Fig. 4 (a) RVE of MXPC with several layered MXenes. (b) The meshed body
of the RVE with the layered MXenes configured as hexagonal packing.
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(d = t) of single layer MXene. For RVE with larger volume
fraction of MXenes, the height of RVE is increased but the
breadth is unchanged because the aspect ratio of MXenes is
fixed. Each flat cylinders will have a diameter of 500 and
thickness of one unit length in order to represent single layer
MXene with aspect ratio of 500. We evaluated twenty four RVE
of MXPCs with volume fraction of MC ranging between 1% to
10% and clustered layers of one to three. In all these RVE, both
the bodies of the polymer and thin cylindrical MXenes are
meshed with three node elements in ANSYS where the maxi-
mum allowable mesh size is set 500 times smaller than the
breadth of RVE.

To prevent wall effects, the meshed RVEs are constructed to
satisfy the material periodicity so the volume element behaves
as they originate from the bulk nanocomposite.’” To do this,
the thin plate inclusions (stacked or single layer) at the corners
or boundaries of RVE are allowed to penetrate the borders but
must reappear at the opposite edge (Fig. 4b). This guarantees
that the opposites sides to have similar property and the
evaluated final properties of the RVE to be transversely iso-
tropic. Finally, homogeneous boundary conditions are used to
evaluate the anisotropic elastic modulus, thermal conductivity,
and static dielectric constants of the RVE. The detailed assem-
bly of these boundary conditions are in the ESL.

3 Results and discussion

To accurately predict the effective properties of MXene polymer
composites, a realistic range of input material properties for
monolayer MXene and polymer matrix is needed. These input
material properties are summarized in Table S3 (ESIt) which
includes the measured elastic modulus of single layer TizC,T,
by atomic force microscopy test>® and the measured elastic
modulus of the polymer matrix (Sylgard 184) obtained from
conducted tensile tests.”® The measured elastic modulus of
single layer MXene can vary between 9 GPa and 70 GPa.*®
In this modeling, the elastic modulus of MXene sheet is
assumed to be 9 GPa (isotropic) as the effective stiffness of
MXPCs with soft polymer matrix is found negligibly unchanged
when MXenes’ elastic modulus ranges from the lowest (9 GPa)
to the highest (70 GPa) stiffness (Fig. S4a, ESIt). Moreover, the
Poisson’s ratio (v;) of Sylgard 184 and MXene is approximated
as vy = 0.49 and vr = 0.2, respectively. Table S3 (ESIt) also
includes the selected dielectric constants and thermal conduc-
tivity of the polymer matrix (Sylgard 184) and MXenes (Ti3C,Ty)
which are used to predict the effective functional properties of
MXPCs. Lastly, we assumed that the thickness (¢) and separa-
tion distance (d) of MXenes are 1 nm. This approximation is
justified based on X-ray diffraction measurements, which indi-
cate that the separation distance of multilayer MXenes typically
falls within the range of 0.5 to 1 nm.

3.1 Mechanical properties

As the number of layers of large (@ = 5 pm) TizC,T, inclusions
increases from one to ten layers, the large elastic modulus
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enhancement of MXene in Sylgard 184 composite (MXene-
Sylgard 184) shifts to higher volume fraction (fr). This behavior
is predicted because the mechanical reinforcement behavior of
the composite depends on the filler distribution (Fig. 5a) and
involves MXenes’ microstructure transitions when their volume
fraction increases. When the number of layers of embedded
MXenes are small (n < 4), this interpolation function surges
at low volume fraction (fo < 2.4%). As a result, the elastic
modulus of MXene-Sylgard 184 with single and two-layer
MXenes (@ = 5 um) increases by 800% (~ 12 MPa) and 400%
(~6 MPa), respectively at 1% volume fraction (Fig. 5b).
In contrast, when the embedded MXenes have ten layers, the
increase in the elastic modulus of the composite is initially slow
(<200%) but escalates near 1.5% volume fraction. According to
Fig. 5a, this volume fraction (fr ~ 1.5%) is consistent to the
volume fraction (fo = fr/R =~ 3%) where the corresponding
interpolation function of ten layer MXene clusters begins to
increase. At above 3% volume fraction (fr), the predicted
stiffness of MXene-Sylgard 184 with two or more layers of
MXene inclusions becomes approximately equivalent to each
other. These results indicate that the large stiffening effects of
MXPCs at low volume fraction can be minimized when multi-
layer instead of single layer Ti;C,T, inclusions are selected.

MXene-Sylgard 184 with nanosized single layer Ti;C,T,
sheets will have lower stiffness enhancements than MXene-
Sylgard 184 with microscale single layer MXene sheets (Fig. 5¢).
For example, at 4% volume fraction, the effective elastic
modulus of MXene-Sylgard 184 with large (@ = 5 um) and small
(@ =100 nm) single layer MXenes are predicted to improve by 53
times (~80 MPa) and 3 times (~4.5 MPa), respectively. In
addition, the stiffness increment of MXPCs with small mono-
layer Ti;C,T, remains mild even at 10% volume fraction (ft).
This is because as the volume fraction of smaller size MXenes
increases, the microstructure transition (z) of these fillers from
sparse (low fg) to dense (high fy) distribution occurs much
gradually. As a result, the stress or strain field around
the smaller MXene fillers is only close enough to interact with
their neighboring fillers when the filler volume fraction is
sufficiently high.

3.2 Elastic modulus validations

The results of the Interpolated Mori-Tanaka model are being
compared to the measured Young’s modulus of MXene elasto-
mer composites. As most fabricated MXene nanocomposites
have randomly oriented MXenes, we approximate the orienta-
tions of MXene inclusions as random for this experimental
validation. With this assumption, the Interpolated Mori-Tanaka
model accurately predicts the measured Young’s modulus of the
MXene-PDMS composite, which incorporates large 5 pm size
MXenes (referred to as L-MXene) as shown in Fig. 5d. For
instance, when single, double, or triple layers of L-MXenes are
randomly distributed in the PDMS composite, the predicted
effective elastic modulus matches the measured stiffness of
MXene-PDMS up to 3% volume fractions. This layer range is
chosen based on the reported thickness measurement of several
nanometers for embedded MXenes, suggesting predominantly
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Fig. 5 (a) Interpolation function for MXene inclusions with varying lateral diameter and layered structure. (b) Model prediction of effective elastic
modulus of MXene—PDMS (Sylgard 184) with fixed MXene size (a = 5 um) but different number of layers. (c) Effects of aspect ratio of monolayer MXenes
on the stiffness of MXene—PDMS composite. (d) Comparison between predicted values and experimental data for the elastic modulus of MXene-Sylgard
184 with L-MXene and MXene—-NBR with S-MXene.?”?° Elastic modulus of unfilled NBR chosen as 2.24 MPa and for unfilled PDMS as 0.4 MPa.
Comparison of (e) longitudinal and (f) transverse elastic modulus evaluated from FEM with prediction results of the theoretical model.

few-layered structures with an approximate thickness of 1 nm.
Upon closer comparison, the measured elastic modulus of the
MXene-PDMS composite appears to fall between the predicted
elastic moduli of composites with single and double-layered
MXene clusters (Fig. 5d). This discrepancy could be attributed
to a mixture of single and several-layer MXene fillers with
variable lateral sizes in the test specimens, leading to a slight
gap between experimental and theoretical results.

The interpolated Mori-Tanaka model accurately estimates
the measured elastic modulus of MXene-nitrile-butadiene-
rubber composite (MXene-NBR), which contains small-sized
MXenes (referred to as S-MXene).”” Initially, the measured
elastic modulus of MXene-NBR shows a negligible increase
up to 8% volume fractions, consistent with the predictions of
the IMT model assuming two to three layers of MXene clusters
(Fig. 5d). However, at approximately 14% volume fraction, the
measured elastic modulus of MXene-NBR increases sixfold,
which contradicts the IMT model’s prediction based on randomly
dispersed single-layer MXenes in the composite. Fabricating com-
posites with only monolayer MXenes is highly challenging due to
the aggressive agglomeration of nanosized MXenes at such high
concentrations, leading to decreased mechanical reinforcement of
the composite. Thus, unaccounted factors such as irregular lateral
size distribution, orientation, and shapes of MXenes may contri-
bute to the observed discrepancies between the predicted and
measured results.

To further validate our modeling results, we compare the
anisotropic elastic modulus (longitudinal and transverse) of

This journal is © The Royal Society of Chemistry 2023

MXene-Sylgard 184 predicted by the IMT model with the results
of finite element method (FEM). In the IMT model predictions,
we assume a fixed diameter of 500 nm (o = 500) for individual
MXenes, consistent with the size of MXenes in the RVE shown
in Fig. 4a. Due to the high aspect ratio, alignment, and
separation of MXenes in the RVEs, the IMT model’s percolation
threshold (f*) is approximated to be close to zero (f* = ~0.01),
while the formation rate (y ') of the CCP function is set to one.
These parameters are chosen based on the predicted percola-
tion threshold for randomly oriented MXenes with an aspect
ratio ({~') of 500 (Fig. S2, ESIf). Thus, we can use the same
modeling parameters to validate the thermal and dielectric
properties of MXene polymer composites using FEM.
Comparing the longitudinal elastic modulus, both the IMT
model and FEM results exhibit similar prediction behaviors.
The elastic modulus predicted by the IMT model and FEM for
composites with single-layer MXenes show the best agreement
up to 5% volume fraction. However, the agreement between the
theoretical and experimental results for composites with two
and three layers of MXenes is limited to lower volume fractions
before deviating at higher filler concentrations (Fig. 5e). Simi-
larly, the transverse elastic modulus of MXPCs predicted by
both the IMT model and FEM follows a comparable trend.
However, the predicted transverse elastic modulus by the
micromechanics model remains in close agreement with the
FEM results only up to several percent volume fraction (Fig. 5f).
At higher filler concentrations, particularly for MXene-Sylgard
184 with single and two-layer Ti;C,T, inclusions, the IMT
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model underpredicts the transverse elastic modulus evaluated
by FEM. This discrepancy arises because the interface of
layered MXenes approaches the boundaries of the RVE at high
volume fractions, leading to significant wall effects that reduce
the accuracy of the FEM results. Nonetheless, most of the
anisotropic elastic modulus of MXPCs predicted by both FEM
and the IMT model closely align up to 3% volume fraction,
which realistically represents the concentration limit for uni-
formly dispersed MXenes of this size in their composites.

3.3 The role of compliant interphase

The addition of an interphase surrounding MXene clusters can
facilitate the synthesis of MXene nanocomposites and influ-
ence their mechanics. In our two-step homogenization model,
we explore the effects of a softer interphase on the overall
stiffness of MXPC. For instance, incorporating a hydrogel
interphase, such as polyacrylamide (PAAm), which is assumed
to be approximately five times more compliant (300 kPa) than
Sylgard 184, can decrease the overall stiffness of MXene-Sylgard
184 by several orders of magnitude. Our micromechanics
model reveals that the substantial stiffening behavior of MXPCs
can be suppressed by the presence of a soft interphase. This
holds true for composites containing either microscale multi-
layer MXenes (Fig. 6a) or single-layer MXene nanosheets
(Fig. 6b). For example, when 5 um size single-layer MXenes
are embedded in Sylgard 184 at a 1% volume fraction, the
predicted stiffness enhancement of MXPCs is only 1.9 times
when a soft interphase is present, compared to an increase of
up to 8 times without the soft interphase (i.e., perfect bonding).
The model assumes that, in the absence of a soft interphase,
the stiffness of the interphase and the polymer matrix are
equivalent (Fig. 6a).

The reduction in elastic modulus enhancement in MXene-
Sylgard 184 composites, achieved by incorporating a soft PAAm
interphase, is more pronounced for composites containing
single-layer MXenes than for those with layered MXenes. For
instance, the final elastic modulus of MXene-Sylgard 184 com-
posites with one- and two-layer MXenes of the same lateral size
(5 pm) becomes approximately equal when a PAAm interphase
is introduced. Furthermore, the model shows that the soft
interphase is particularly effective in mitigating the structural
reinforcement caused by large single-layer MXenes (Fig. 6b).
For instance, when a hydrogel interphase is introduced, the
normalized elastic modulus of MXene-Sylgard 184 composites
containing 5 pm and 100 nm monolayer MXenes reduces from
50 to 5 and from 10 to 2, respectively, at a 4% concentration.
These modeling results suggest that the surface treatment of
multilayer MXenes with a soft interphase can be a promising
processing technique for creating highly flexible MXene polymer
composites.

3.4 Predicting thermal properties

Using the interpolated Mori-Tanaka (IMT) model, we can inves-
tigate the influence of the micro or nano structures of MXenes
on the thermal conductivity of their composites. Our model
predicts that the thermal conductivity improvement of
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Fig. 6 (a) Suppressed stiffening behavior of Sylgard 184 composite with
large (5 pm) single and multilayer MXenes when PAAm is used as the
interphase. (b) Limited increase of elastic modulus in MXene-Sylgard 184
using smaller monolayer MXene flakes with gel interphase.

MXene-Sylgard 184 composites depends on the number of
layers of large (5 um) TizC,T, MXenes, shifting from low to
high volume fractions (Fig. 7a). For example, a thermal conduc-
tivity improvement of approximately 7 times (~2 W m ™" K ') can
be achieved with either a 2.0% volume fraction of monolayer
MXenes or a 2.5% volume fraction of ten-layered MXenes. This is
because monolayer MXenes have a larger surface area-to-volume
ratio, allowing them to form wider thermal networks at low
volume fractions. In contrast, multilayer MXenes (n > 1) are
locally clustered in the composite and are unable to form similarly
wide conductive networks at the same low concentration, despite
having the same size. At very low filler volume fractions (< 0.5%),
where percolation does not occur, the predicted thermal conduc-
tivity of MXene-Sylgard 184 becomes approximately the same
regardless of the number of layers in the embedded MXene
clusters.

High aspect ratio MXenes exhibit a more pronounced
enhancement in the thermal properties of MXene-Sylgard 184
composites compared to those with low aspect ratio MXenes,
particularly at low filler concentrations. For example, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) Predicted longitudinal thermal conductivity of MXPCs with varying layers of MXene clusters. (b) Predicted longitudinal thermal conductivity of
MXPCs with different diameters of MXene monolayers. (c) Comparison of FEM results with predicted thermal conductivity. (d) Comparison between
predicted conductivity and experimental results.2%2® Thermal conductivity values of MXene-Sylgard 184 and MXene-PVDF are normalized by the thermal
conductivity of unfilled Sylgard 184 (i, = 0.27) and unfilled PVDF (i, = 0.19), respectively. (e) Correlation between longitudinal thermal conductivity and
elasticity of MXPCs with changes in MXenes' layered structures (fixed 5 pm diameter). (f) Correlation between longitudinal thermal conductivity and

elasticity of MXPCs with changes in the diameter of monolayer MXenes.

thermal conductivity improvement of MXene-Sylgard 184 is
approximately 7 times (2 W m ™" K™ %) for a 2% volume fraction
of 5 um monolayer Ti;C,T, and 1.5 times (0.4 Wm™ " K ') for a
2% volume fraction of 100 nm monolayer TizC,T, (Fig. 7b). This
is because as the size of monolayer MXenes decreases, the
volume fraction at which there are enough MXene fillers to
form thermally conductive pathways and reduce interfacial
thermal resistance increases. The IMT model captures these
trends by considering the critical volume fraction (percolation
limit) that governs the microstructure transition (inflection
point of CCP function) and reduced interfacial thermal resis-
tance (resistance drop), which are inversely proportional to the
aspect ratio (f) of the embedded MXene clusters.

3.5 Thermal conductivity validations

To validate our model, we compare the predicted thermal
conductivity of MXene-Sylgard 184 composites (longitudinal -
Kk, and transverse - xy) with FEM results in Fig. 7c. The IMT
model assumes equal thermal conductivity between the interphase
and polymer matrix (i; = k,,) due to the separation of multilayer
MXenes in the created RVEs. Results show reasonable agreement
between the IMT model and FEM, especially at low volume
fractions. The model indicates similar thermal conductivities for
composites with two- and three-layer MXenes, while the single-layer
MXene composite exhibits the highest thermal enhancement.

In MXene composites with aligned clusters, in-plane thermal
conductivity is high, but out-of-plane enhancement is negligible

This journal is © The Royal Society of Chemistry 2023

due to insulating interphases and the polymer matrix separating
the aligned clusters. However, realistic MXPCs may not have ideal
filler separation. Experimental studies have shown that transverse
thermal conductivity can still improve significantly in MXene
epoxy composites with aligned MXenes, likely due to smaller
MXene flakes creating additional heat transfer bridges within
the interphase or between aligned clusters.®® While our study does
not fully consider these specific arrangements, the IMT model
generally explains the impact of MXene orientation and multilayer
structure on the effective thermal properties of MXene polymer
composites.

Recently, a combined density functional theory (DFT) and
effective medium theoretical calculations have also been
used as another theoretical avenue to also predict the thermal
conductivity of MXPCs with monolayer MXenes at low
concentration.®* Upon comparison with our IMT model predic-
tions, the calculated thermal conductivity of MXene in epoxy
composites is also shown to be in close agreement with those
predicted by interpolated Mori-Tanaka model. The IMT model
appears to predict slightly larger thermal conductivity than the
results from DFT evaluations (Table S4, ESIT). This is because
of the absence of percolation considerations in the following
combined DFT and effective medium theoretical calculations.

For further validation with experiments, we compare our
prediction results with the measured thermal conductivity data
of MXene polymer composites containing large (3.5 um) and
small (300 nm) MXene fillers.>* Our micromechanics model
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closely approximates the measured thermal conductivity of
MXene-Sylgard 184 with 3.5 um size MXenes (L-MXene) when
assuming random suspension of ten to twenty MXene clusters
in the composite (Fig. 7d). Additionally, the IMT model accu-
rately predicts the thermal conductivity of embedded MXenes
in polyvinylidene fluoride (MXene-PVDF), with approximately
300 nm size MXenes (S-MXene).?® We found that the model
matches the measured thermal conductivity when assuming
MXene clusters consisting of twenty to thirty layers. These layer
assumptions are realistic, as most synthesized MXene clusters
consist of multiple layers, with only a small number being
single layers. Hence, it is reasonable to assume an average
number of layers in the fabricated composites in our model.

Above the percolation volume fractions, the IMT model
predicts a continuous significant increase in the thermal
properties of MXPCs. However, experimental results show a
slowdown in the thermal conductivity improvement of MXene-
PVDF with large MXenes, and a decrease in the measured
thermal conductivity of MXene-Sylgard 184 with small MXenes
beyond the percolation limit (ff) of 2.2%. The theoretical
model, on the other hand, predicts a continued escalation of
thermal properties. This discrepancy arises because the micro-
mechanics model assumes uniformly dispersed MXene clusters
in the composite, while agglomeration void formation usually
occurs as the volume fraction of MXenes increases during
the synthesis. As a result, the contact surface area available
for maintaining or expanding thermal pathways is reduced,
impeding heat transfer within the polymer matrix.

3.6 Thermal conductivity and elastic modulus correlation

To address the suitability of MXene for soft multifunctional
composites, material property charts were created to correlate
the predicted values of thermal conductivity and elastic modulus
of MXene-Sylgard 184. These charts provide insights into the
tradeoffs between stiffness and thermal conductivity in MXene-
based composites. Two correlations were examined: one consider-
ing the number of layers in MXene clusters (Fig. 7e), and the other
focusing on the size of dispersed monolayer MXenes (Fig. 7f).
The first correlation revealed that by favoring layered MXene
fillers (n > 1) instead of single-layer MXenes, it is possible
to preserve thermal conductivity enhancement while reducing
the stiffening effects of MXPCs. For example, at a 5% volume
fraction, the longitudinal elastic modulus and thermal con-
ductivity of MXene-Sylgard 184 with 5 pm size single-layer
MXenes were predicted to converge to 88 MPaand 5.5 Wm™ 'K 7,
respectively. In contrast, at the same filler concentration, using
5 um diameter MXene clusters with two layers resulted in
predicted values of 30 MPa for the longitudinal elastic modulus
and 5.3 W m~ " K" for the longitudinal thermal conductivity.
This finding is promising because it was previously shown that
the introduction of a soft interphase (PAAm) around the
embedded clusters can further minimize the stiffening effects
without compromising thermal conductivity, if the thermal
properties of the interphase and the polymer matrix are similar.
Notably, the selection of layered MXene clusters to minimize
stiffening effects is effective when there is a large elastic
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modulus difference between the fillers and the polymer matrix.
However, in a stiff epoxy matrix, both layered and monolayer
MXenes exhibit similar mechanical reinforcement behavior
(Fig. Sab, ESIY).

The second correlation examined the impact of the size of
dispersed monolayer MXene nanosheets on thermal conduc-
tivity and elastic modulus. At a 5% volume fraction, MXene-
Sylgard 184 with nanosized (100 nm) monolayer MXenes showed
the lowest longitudinal thermal conductivity (~1.5 W m™" K )
and smallest longitudinal elastic modulus (~5.7 MPa) enhance-
ment. In contrast, using larger (5 pm) MXene fillers resulted in
higher thermal conductivity and larger Young’s modulus at the
same filler concentration. Therefore, without the presence of
MXene clusters, it appears challenging to suppress the substantial
stiffness reinforcement while maintaining the thermal property
improvements of MXPCs. Theoretically, increasing the volume
fraction (>5%) of small single-layer Ti;C,T, sheets could poten-
tially enhance the thermal conductivity-to-stiffness ratio of
MXPCs. However, in practice, nanosized fillers tend to locally
bind due to strong van der Waals interactions, limiting the
formation of thermal conduction networks within the polymer
matrix and leading to a deterioration in the effective thermal
conductivity improvement.

3.7 Dielectric properties

Fig. 8a illustrates the predicted longitudinal dielectric con-
stants of MXene-Sylgard 184 composites with 5 pm-sized Ti;C,T,
fillers of varying number of layers. The dielectric constant
enhancement shifts from low to high volume fraction as the
number of layers increases. For instance, a significant increase
in dielectric constants is observed at 1.5% and 0.4% volume
fractions for composites with ten-layer and one-layer TizC,T,
fillers, respectively. At low volume fractions, composites with
one to several layer MXenes exhibit a dominant increase in
dielectric constants due to the microstructure transition
(Fig. 5a) and the onset of Maxwell-Wagner-Sillars effects
(Fig. S3, ESIf) within MXene clusters. These factors indicate
that composites with larger-sized MXenes and fewer layers can
achieve high electrical permittivity at low concentrations.
However, at high filler volume fractions (>4%), composites
with ten-layer MXenes exhibit higher dielectric constants com-
pared to those with fewer layers. This is because the introduc-
tion of additional multilayer MXenes saturates the composite
more rapidly and reduces the average interparticle distance.
It should be noted that the continuous improvement in dielectric
behavior is contingent upon the absence of electron tunneling
through ohmic conduction at the interphase, which occurs
when neighboring MXene clusters are in direct contact with
each other.??

The dielectric constants of the composites can also be
enhanced by incorporating nanosized MXenes. However, achiev-
ing maximum dielectric constants in the composite requires a
high-volume fraction of these nanoscale fillers. For instance, to
obtain MXene-Sylgard 184 with a longitudinal dielectric constant
of 10, either a 4% volume fraction of 100 nm-sized single layer
MXene or a 0.5% volume fraction of 5 pm-sized monolayer

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (a) Longitudinal dielectric constant of MXene-PDMS composites due to variations in the number of layers with a fixed 5 pm diameter.

(b) Dielectric constant of MXene-Sylgard 184 with different sizes of monolayer MXenes. Dielectric constants are normalized with respect to the dielectric
constant of unfilled Sylgard 184 (¢, = 2.7). (c) Comparison of FEM results with predicted longitudinal (¢.) and transverse (e1) dielectric constants of MXene-
Sylgard 184. (d) Comparison between modeling results and experimental data®® for the dielectric constants of PVDF-TizC,T, with assumed randomly
oriented small (S-MXenes) and large MXenes (L-MXenes). (e) Correlation between predicted dielectric constants and stiffness predictions for MXene—
PDMS composites with varying number of layers. (f) Correlation between predicted dielectric constants and stiffness predictions for MXene—PDMS with
different sizes of monolayer MXenes. Both plots show up to 5% volume fraction (fyr) of MXenes.

Ti;C,T, can be used (Fig. 8b). Consequently, smaller MXene
fillers are less efficient in enhancing the dielectric constants of
their composites. This is because a high filler volume fraction is
necessary to ensure a sufficiently short average neighboring
distance (near percolation) that induces large electric field
polarization or significant nanocapacitance effects. The beha-
vior observed in our micromechanics model aligns with these
expectations, as the percolation microstructure transition
(Fig. 5a) and the MWS effects for MXPCs with small monolayer
MXenes theoretically occur at high volume fractions, where the
suspended MXene clusters are probabilistically closest to each
other (Fig. S3, ESIY).

3.8 Dielectric constant validations

FEM can be used to estimate the anisotropic dielectric con-
stants of MXPCs. In our FEM simulations, we predict the
dielectric constants of MXene-Sylgard 184, which consists
of unidirectional MXenes with a diameter of 500 nm (Fig. 8c).
We assume that the relative permittivity of the interphase is
equivalent to that of the polymer matrix since there are no
Maxwell-Wagner-Sillars effects and the MXene clusters are well
separated in the RVE.

When increasing the volume fraction of MXenes in MXene-
Sylgard 184, both the interpolated Mori-Tanaka model and
FEM solutions predict a similar improvement trend for the
longitudinal dielectric constants (g) of the composite. The
models suggest that MXPCs with single-layer Ti;C,T, exhibit

This journal is © The Royal Society of Chemistry 2023

the largest improvement in ¢;,, while composites with two- and
three-layer MXene fillers show lower and nearly equivalent ¢;, at
the same filler concentration. Comparing the predictions with
FEM results, the relative permittivity predictions closely match
the FEM results up to 3% volume fraction for single-layer
MXenes. However, there is better agreement between both
models when estimating the longitudinal dielectric constants
of MXene-Sylgard 184 with two or three layers of MXene fillers.
Therefore, the proposed IMT model can be a reliable predictive
tool for evaluating the dielectric constants of MXPCs with
low volume fraction or composites with layered and large size
MXenes.

In contrast to the longitudinal dielectric constants, the
Interpolated Mori-Tanaka model predicts much smaller trans-
verse dielectric constants (¢r) for MXPCs, showing negligible
improvements even at high filler volume fraction. This is due
to the smaller electrically insulating gaps between aligned
multilayer MXenes in the longitudinal direction compared to
the transverse direction, especially at high concentrations.
Additionally, in the transverse orientation, the nano/micro
capacitors formed by aligned MXene clusters can be considered
in series connection,®* which can lead to lower effective capa-
citance or relative permittivity. As a result, there is lower
interfacial electric field polarization at the interphase and a
smaller enhancement in the effective dielectric constant in the
orientation perpendicular to the suspended MXenes compared
to the parallel direction.”® Hence, the orientation of multilayer
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Ti;C,T, has a major effect on the dielectric properties
of MXPCs.

To further validate our model as a reliable material design
tool, we compare its predictions with the measured dielectric
constants of MXene-polymer composites. Specifically, we focus
on MxXene-P[VDF-TrFE-CFE] composites containing large
(L-MXenes - 4.5 um) and small (S-MXenes - 1.5 pm) MXene
fillers.>>** Both types of fillers are assumed to be randomly
oriented in the polymer matrix and have a thickness of one
nanometer. According to Fig. 8d, the model closely predicts the
measured dielectric constants of MXene-P[VDF-TrFE-CFE]| com-
posites with L-MXenes. This agreement is achieved when
assuming embedded Ti;C,T, clusters to have two to four layers.
Similarly, the model accurately estimates the measured dielec-
tric constants of MXene-P[VDF-TrFE-CFE| composites with
S-MXenes when assuming randomly suspended Tiz;C,T, clus-
ters to have eight to ten layers. These layer ranges chosen in the
model are reasonable and consistent with the actual filler
microstructures of most MXPCs. However, to obtain the best
agreement, the critical volume fraction (f’) of the resistance
function needs to be empirically determined from the experi-
ments, which is found to be 6% and 7% (largest jump) for
L-MXenes and S-MXenes, respectively.

In the original formulation of the IMT model, if the critical
and percolation volume fractions are assumed to be equal
(f* = f'), the model overestimates the dielectric constants of
these composites even at moderate concentrations (> 1%). This
is because the peak microstructure transition (inflection point
of CCP function) and MWS effects occur simultaneously.
However, in the synthesized composites, the largest enhance-
ment in the dielectric constants occurs at a higher filler
concentration than the theoretical percolation limit (f* < 4%).
This discrepancy can be attributed to potential differences in
the morphologies (multilayer structure, polydispersity, etc.) of
suspended MXenes at high volume fractions compared to low
volume fractions. Agglomeration of large MXene clusters at
high filler concentrations can significantly raise the real critical
volume fraction or percolation limit, as our micromechanics
model assumes uniform structures and distributions for all
suspended MXenes, regardless of concentration. Additionally,
particle agglomeration at high filler concentrations reduces the
formation of more nano/micro capacitors in the composite,
limiting the occurrence of MWS effects unless additional filler
volume fraction is introduced. This can explain the secondary
jump observed in the measured dielectric constant of MXene-
P[VDF-TrFE-CFE].

As the volume fraction continues to increase, both MXPCs
with large and small MXenes show decreasing measured
dielectric constants. However, the micromechanics model pre-
dicts that the dielectric constants will continue to improve. This
discrepancy arises because the IMT model assumes that once
MWS effects take place, they remain active even with further
increases in filler concentration. However, the stored charges
among highly percolated MXene clusters will eventually
experience electron or charge leakages, turning them into
electrical conductors. Consequently, this phenomenon negates
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the effective charge storage and the enhancement of the
composite’s dielectric properties.

3.9 Relative permittivity and elastic modulus correlation

We can explore the tradeoffs between dielectric constants and
elastic modulus in MXene polymer composites by correlating
the predicted values of these properties. Fig. 8e shows the
correlation between the predicted longitudinal dielectric con-
stants and the predicted longitudinal elastic modulus of MXene-
Sylgard 184. The composite includes one to ten layers of 5 pm size
TizC,T, inclusions. Similarly, Fig. 8f correlates the predicted
longitudinal dielectric constants with the predicted longitudinal
Young’s modulus of MXene-Sylgard 184, considering the size of
single-layer MXenes ranging from 100 nm to 5 pm.

From Fig. 8e, it can be observed that MXene-Sylgard 184
with multilayer Ti;C,T, can achieve dielectric constants in the
order of hundreds while experiencing minimal enhancement in
elastic modulus (<30 MPa) at low volume fractions (<5%). For
instance, at 5% volume fraction, MXPCs with ten-layer Ti;C,T,
and 5 pm size exhibit dielectric constants of 580 and an elastic
modulus of 30 MPa. In contrast, MXene-Sylgard 184 with
single-layer Ti;C,T, and 5 pm diameter shows dielectric con-
stants of 430 and a stiffness of 90 MPa at the same volume
fraction. These modeling results suggest that large-size MXene
fillers with a multilayer structure can create MXene polymer
composites with high dielectric constants and minimal
mechanical stiffening. Conversely, large MXenes with single
to a few layered structures are more suitable for creating stiff
and high-strength composite materials where high dielectric
constant is not a priority.

It is also possible to use small single or a few layer MXenes
to create soft functional matter. However, according to our
model, it would be challenging to achieve both high dielectric
constants and low stiffness with these fillers in MXene-Sylgard
184. When the size of single-layer MXenes is reduced to
100 nm, the composite is predicted to have low elastic modulus
(20 MPa) and dielectric constants (20) at 5% volume fraction
(Fig. 8f). In contrast, composites with large (5 pm) single-layer
MXenes exhibits high dielectric constants (~400) and a
large Young’s modulus (90 MPa) at the same volume fraction.
Therefore, based on these correlations, MXene fillers with large
single or a few layered structures may not be suitable for
creating MXPCs that require both high dielectric constants
and high mechanical compliance.

4 Conclusion

In this study, we introduced an interpolated Mori-Tanaka
model to predict the properties of MXene polymer composites.
The model considered factors such as multilayer structure, size,
orientation, interphase, and percolation microstructure.
Comparisons with finite element method results and experi-
mental data confirmed the accuracy of the model, particularly
at low to moderate filler concentrations. Our findings suggest
that MXene-PDMS composites with optimal properties can be
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achieved by incorporating large and aligned multilayer MXene
fillers in a compliant matrix. The number of layers in the
embedded MXenes influenced the stiffness of the composites.
Conversely, MXPCs with large single-layer MXenes showed
enhanced mechanical and functional properties with increas-
ing volume fraction. These results emphasize the advantages of
using large-sized multilayer MXene fillers in the design of soft
multifunctional MXene polymer composites. Overall, this
research provides valuable insights for tuning MXene nano-
structures and microstructures to optimize the mechanical and
functional properties of composites in various soft matter
engineering applications such as stretchable electronics and
wearable devices.
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