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Universal salt-assisted assembly of MXene
from suspension on polymer substrates

Liang Zhao 1,6, Lingyi Bi 2,6, Jiayue Hu3,6, Guanhui Gao4, Danzhen Zhang 2,
Yun Li1, Aidan Flynn1, Teng Zhang2, Ruocun Wang 2, Xuemei M. Cheng 5,
Ling Liu 3 , Yury Gogotsi 2 & Bo Li 1

Two-dimensional carbides and nitrides, known as MXenes, are promising for
water-processable coatings due to their excellent electrical, thermal, and
optical properties. However, depositing hydrophilic MXene nanosheets onto
inert or hydrophobic polymer surfaces requires plasma treatment or chemical
modification. This study demonstrates a universal salt-assisted assembly
method that produces ultra-thin, uniform MXene coatings with exceptional
mechanical stability and washability on various polymers, including high-
performance polymers for extreme temperatures. The salt in the Ti3C2Tx

colloidal suspension reduces surface charges, enabling electrostatically
hydrophobized MXene deposition on polymers. A library of salts was used to
optimize assembly kinetics and coatingmorphology. A 170 nmMXene coating
can reduce radiation temperature by ~200 °C on a 300 °C PEEK substrate,
while the coating on Kevlar fabric provides comfort in extreme conditions,
including outer space and polar regions.

MXenes have emerged as a large family of conductive two-dimensional
(2D) materials in the past decade1. Recent findings have shown that
MXene nanosheet films have outstanding thermal properties, includ-
ing a wide range of emissivity in the mid-infrared (IR) spectrum, from
very low to very high, along with low thermal conductivity in the out-
of-plane direction2. As a result, MXene nanosheet films can provide
thermal shielding or insulation at submicrometer thickness, having
weight orders of magnitude smaller than conventional insulating
materials, and work at elevated temperatures. With the IR emissivity at
the level of polished metal and at least two orders of magnitude lower
thermal conductivity, Ti3C2Tx nanosheet film offers exceptional infra-
red radiation screening capability2,3, which can save large amounts of
energy if MXene coatings are applied to thermal equipment. In com-
bination with small thickness, negligible weight per unit of area, and
high flexibility, MXene coatings can provide an unprecedented level of
thermal management in wearable or aerospace applications, where
low weight of thermal protection is critical. For example, a 200-nm-

thick Ti3C2Tx coating reaches an average IR emissivity of 0.06, com-
parable to polished metal2. Moreover, high electrical conductivity
combined with the controlled IR emissivity allows the use of MXenes
films, fibers or coatings as heaters for thermal management at low
temperatures in space, at high altitudes, or in arctic climates4,5.

MXene coating on polymers from aqueous suspension at room
temperature can not only replace metallization performed by evapor-
ating metal in vacuum, but also add numerous other functionalities.
When integrated with a flexible polymer substrate, MXene is an
excellent candidate for the thermal management of individuals and
equipment with both Joule heating and thermal camouflage (minimal
heat loss) capabilities. However, achieving a uniform assembly of
MXene nanosheets to produce smooth coatings on many synthetic
polymers from an aqueous suspension is challenging because of the
hydrophobic and/or chemically inert nature of these polymers. These
include many of the most important polymers such as polyethylene
(PE), polyetheretherketone (PEEK), poly(tetrafluoroethylene) (PTFE),
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and poly-paraphenylene terephthalamide (branded Kevlar) that have
the best mechanical and thermal properties and are widely used in
aerospace, high altitude, polar regions, and other extreme
environments6–9.

MXene nanosheets produced by wet chemical etching come with
oxygen-based terminations and are hydrophilic in nature10. Take the
most widely usedMXene, Ti3C2Tx, as an example. Tx represents surface
terminations, mainly -OH, =O, and a small amount of -Cl and -F, pro-
viding Ti3C2Tx nanosheets with a zeta potential below −30mV and a pH
of 6-7, and allowing them to form stable aqueous colloidal
suspensions11. Assembly mechanisms of MXene nanosheets on poly-
mers in aqueous suspension can be classified as forced deposition
(driven by water evaporation) and self-assembly. In forced deposition,
uniform coating usually requires wetting the polymer substrate with
the MXene nanosheet colloidal suspension during fabrication, such as
dip coating12 or spray coating13. In self-assembly, chemical and/or
physical interactions ensure the effective attraction between polymers
and MXene nanosheets3,14–16. For example, polyelectrolyte can be
introduced to create electrostatic attraction between the polymer and
MXene nanosheets and among MXene nanosheets. Then, a layer-by-
layer deposition of MXene nanosheets can be achieved3,17. Sometimes,
the two mechanisms can be integrated to enhance the assembly
effectiveness18. However, hydrophobic polymers (e.g., PE) cannot be
wetted byMXene nanosheet aqueous suspension, and chemically inert
polymers (e.g., Kevlar) do not bond to MXene nanosheets strongly
enough to ensure adhesion of the MXene nanosheet. Establishing
chemical bonds (ionic, hydrogen, and covalent bonds) betweenMXene
nanosheets and polymers by adding adhesive polymer binders (e.g.,
polydopamine15,16), activating the polymer substrate by oxygen plasma
or acid/base treatment16, and creating electrostatic or hydrophobic
interaction via the addition of surfactants (e.g., polyelectrolyte3) has
been used to coat these polymers with MXene nanosheets. However,
these approaches may jeopardize the performance of MXene coatings
and/or the structural integrity of the polymer substrates. For example,
the addition of poly(diallyldimethylammonium chloride) decreases the
electrical conductivity of the resulting Ti3C2Tx nanosheet film

3. Plasma
treatmentmay damage the surfaces of polymer substrates14 and can be
difficult to apply to some structures. Chemical treatments can be time-
consuming and environmentally harmful. To address these challenges

and include a wider range of polymers, a new MXene coating strategy
is desirable. In this study, we report a non-destructive, efficient, and
universal salt-assisted assembly (SAA) of MXene nanosheets from
aqueous suspension on various polymer substrates by adding water-
soluble salts into MXene nanosheet colloids (Fig. 1a).

Salt-assisted assembly of MXene on polymers
We obtained hydrophilic Ti3C2Tx nanosheets by etching Ti3AlC2

MAX phase and subsequent lithium-ion intercalation of the pro-
duced multilayer MXene (Supplementary Fig. 1)19. We chose
hydrophobic polydimethylsiloxane (PDMS) as the substrate for
demonstration because its molecular-level flat surface facilitates
structural characterization (e.g., thickness and roughness) of the
MXene coating. In an aqueous suspension, hydrophilic single- and
few-layer Ti3C2Tx nanosheets are stably dispersed as their nega-
tively charged surface prevents aggregation of the nanosheets20.
The SAA process includes adding salt (e.g., NaCl) to a 10mgmL−1 (or
1 wt. %) Ti3C2Tx aqueous suspension, redispersion of the salt-added
MXene suspension in an ultrasound bath (40 kHz, 60W) for 15 min
to prevent the aggregation of MXene nanosheets, and dipping a
PDMS substrate into the redispersed suspension using a custo-
mized dip coater (Supplementary Fig. 2). The salt concentration can
be tailored to control the assembly process. In this study, we kept
the salt concentration at 0.01 mol L−1 (0.058 wt.%) in the MXene
suspension unless noted otherwise. A uniform coating of Ti3C2Tx

nanosheets on PDMS was produced (Fig. 1b). In contrast, dipping a
PDMS substrate into pristineMXene suspension (without salt) using
the same dipping parameters resulted in trace amounts of MXene
on PDMS (Supplementary Fig. 3). The dip-coating process of SAA is
much faster compared to conventional dip coating because of the
differences in assembly mechanisms. In conventional dip coating, a
thin layer of suspension containing particles wets the substrate
withdrawn from the suspension, and the evaporation at the solid-
liquid-vapor interface forces the deposition of particles onto the
substrate. On the contrary, the SAA process is not evaporation-
driven. The energetically favorable assembly happens at theMXene-
polymer interface in the suspension. In the SAA process, the dipping
speed reaches 1.5 m min−1, 1–3 orders of magnitude higher than
conventional dip coating, which is limited by slow evaporation.

Fig. 1 | Salt-assisted assembly of Ti3C2Tx nanosheets on polymer substrates.
a Schematic of Ti3C2Txnanosheets assembledonpolymer substrates by SAA.b SEM
images of the top surface of Na-Ti3C2Tx nanosheets assembled on PDMS substrate
and corresponding EDS mappings of Ti and Na elements. Inset is the tilted angle
SEM image of the fractured cross-section. Scale bars, 5μm. The thickness of Na-

Ti3C2Tx assemblies reaches 132 ± 40nm, and the conductivity is up to 20,500 S
cm−1. c Digital images of Na-Ti3C2Tx assemblies on different polymer films. Scale
bar, 5mm. d Digital image of large-scale Na-Ti3C2Tx assemblies on Kevlar fabric.
Scale bar, 3 cm.
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Herein, for chloride salt-assisted assembly of Ti3C2Tx, the cation
was used to denote the samples. For example, Na-Ti3C2Tx represents
Ti3C2Tx coating produced with NaCl. Salt ions are embedded in the
assembled structures, as shown in the element mapping where both
Na from salt and Ti from MXene are uniformly distributed across the
entire surface (Fig. 1b). This low concentration of NaCl (0.01mol L−1)
allows deposition of Ti3C2Tx (after a 15-min dip coating and
132 ± 40 nm in thickness) with an electrical conductivity of ~20,500 S
cm−1, which is comparable to the best-reported values of Ti3C2Tx films
(Supplementary Table 2). Salt solutions with a higher concentration
(up to saturated solution) can also be used, providing a process vari-
able that canbe used to control the assembly kinetics and the resultant
MXene coating architecture (Supplementary Fig. 4).

SAA is a universal assembly method for hydrophobic and hydro-
philic polymers. In Fig. 1c, we show Ti3C2Tx coatings on 16 polymers,
including those with the highest mechanical strength and thermal
resistance, such as hydrophilic Kevlar and polyimide, and hydrophobic
PE and PEEK (Supplementary Fig. 5). Before the adoption of SAA,many
of these polymers needed complicated chemical modifications to be
coated from aqueous MXene dispersions (Supplementary Table 3).
However, with the utilization of SAA, all of them can be uniformly
coated with Ti3C2Tx, as confirmed by SEM images (Supplementary
Fig. 6). Furthermore, the thicknesses and electrical conductivities of
the MXene coatings (Supplementary Table 4) are comparable to the
those on PDMS. This suggests that the substrate chemistry does not
affect the morphology and properties of the coating. Moreover, the
SAA strategy is feasible for both flat and structured substrates. We
have shown the MXene assembly on polymer fibers (Supplementary
Fig. 7), curved surfaces, and 3D printed structures (Supplementary
Fig. 8). Further, we prepared a large-scale (>300 cm2) Kevlar fabric

coatedwith Ti3C2Tx nanosheets (Fig. 1d), demonstrating the scalability
of the SAA strategy.

Mechanism of SAA strategy
The mechanism of SAA can be understood by analyzing the evolution
of interactions between MXene, the substrate, and solution upon
adding salt through both experiment and molecular dynamics (MD)
simulation. In Fig. 2a, we have demonstrated increased contact angles
(CA) of NaCl solution (i.e., from0.01mol L−1 to 3mol L−1) on Na-Ti3C2Tx

thin film assembled on PDMS substrate using the SAAmethod. Similar
trends are identified in a collection of polymer substrates (Supple-
mentary Fig. 9). These results suggest that the salt solution repels both
pristine MXene and polymer substrates, enabling energetically favor-
able adhesion of MXene on polymers. We have also found the CA of
water on Na-Ti3C2Tx thin film (74.1°) is higher than that on pristine
Ti3C2Tx thin film obtained by vacuum-assisted filtration (57.5°) sug-
gesting salt treatment increases the hydrophobicity of MXene (Sup-
plementary Fig. 9). In summary, both the dehydration effect of salt in
the suspension and increased hydrophobicity of NaCl salt treated
MXene promote the assembly of MXene. For NaCl concentration of
0.01mol L−1, the MD simulation yields a CA of 86.24 ± 1.35°, while the
experimental measurement reaches 81.89 ± 3.42°. Upon increasing
concentration to 3mol L−1, the MD-predicted CA increases to
95.81 ± 1.51°, while the experiment yields 92.48 ± 6.30°. The reasonably
consistent results not only demonstrate the reliability of computation
compared to the experiments but also collectively suggest a transition
of MXene from being hydrophilic to more hydrophobic with the
addition of salt. Together with the hydrophobic nature of PDMS, the
ion-driven hydrophobicity increase assists the adherence of MXene to
the PDMS substrate and subsequent MXene coating assembly.

Fig. 2 | Molecular dynamics simulation of salt-assisted assembly of MXene
on PDMS. a Contact angle (CA) of the 0.01 and 3mol L−1 NaCl solutions on Na-
Ti3C2Tx (left - experiment; right - MD simulation). Scale bars, 100μm. b Illustration
of theMDmodel (red - O; blue - Na+; green - Cl−; yellow - Ti; black - C; cyan - PDMS).
c System potential energy variations during the 1st (MXene-PDMS) and 2nd (MXene-
MXene) assembly processes in purewater and 3mol L−1 NaCl solution environment.
The error bars represent the standard deviation calculated using energy outputs

from the last three-quarters of the MD simulation runtime. d Evolution of the
electric double layer (EDL) at four representative gap distances of the MXene
nanosheets, where curves show the molar densities of water molecules (top), Na+

ions (middle), andCl- ions (bottom) in the presenceof a 3mol L−1 NaCl solution. The
Z-coordinate starts from the center of the nanosheets at every gap distance. The
MXene models in the top panel show the MXene inter-surface locations for which
the EDLs inside the MXene nanosheets are evaluated.
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The SAA was further studied computationally in two consecutive
steps, i.e., theMXene-PDMSassembly and theMXene-MXene assembly
(Fig. 2b). Figure 2c shows that, for MXene and PDMS, the system
potential energy drops noticeably at a gap distance of approximately
12 Å, in both pure water and salty suspension. The presence of ions
decreases the potential energy of theMXene surface,making assembly
energetically more favored. These findings echo our experimental
observations (Supplementary Fig. 3c) thatwhile only a small number of
MXene nanosheets adhere to PDMS in pure water, upon introducing
salts, MXene nanosheets promptly adhere to and cover the entire
PDMS surface. After the initial layer of MXene nanosheets has formed,
ions continue to enable assemblies of multilayer MXene coatings. This
phenomenon could be described by the extended DLVO (xDLVO)
theory21–24. However, many system and material parameters must be
determined before applying the xDLVO theory, which often requires
extensive experiments and/or simulations. Alternatively, the MD
simulation incorporates all significant physical factors, most of which
were considered in the DLVO and xDLVO theories. The MD simulation
is employed to compute the variations of the system potential as a
metric to delineate the stability of the MXene coatings. In pure water,
the system potential energy slightly increases when two MXene
nanosheets approach each other, suggesting an energetically unfa-
vored process that is unlikely to occur. However, in the NaCl solution
(3mol L−1), the energy drops at a gapof approximately 15 Å,making the
assembly energetically favored. Overall, ions assist assembly as they
tune the hydrophobicity and mitigate the electronegativity and
repulsion between MXene nanosheets.

During assembly, MXene nanosheets with adsorbed cations that
deplete the negative surface charges undergo the expulsion of water
molecules and anions, while some cations remain trapped within the
assembled layers. The discharge process is depicted in Fig. 2d, which
shows the evolution of electrical double layers (EDLs) between two
MXene nanosheets that approach each other to mimic an assembly
process. Molar densities of water molecules, cations, and anions are
plotted in theMXene nanosheets of four different gap distances in the
presence of a 3mol L−1 NaCl solution. At the gap distance of 16 Å,
interfacial attraction leads to a peak water density of about 120mol L−1

in the first solvation shell (FSS), which doubles the density of bulk
water (55.5mol L−1) (see Supplementary Fig. 10 for EDL on a MXene
surface in bulk solution). As the assembly proceeds and the gap closes,
water density in the confined FSS continues to drop. A similar reduc-
tion also occurs in the anions but not in the cations. A high density of
cations exceeding three times the bulk concentration is found inside
the nanosheets due to the electronegativity of MXene surfaces, and
they remain trapped as water is depleted. By comparison, anions
initially show a minor peak about 7 Å away from the MXene surface,
gradually fading as the expulsion occurs.

It is important to note that adding salt to MXene suspension and
MXene-polymer suspension can lead to flocculation or gelation of
MXene (and polymer)25–27, which may affect the assembly uniformity.
In SAA, bath sonication is applied to redisperse MXene suspension
after adding salt. The redispersed MXene nanosheets in the salt solu-
tion are stable during the assembly process, as demonstrated by their
stable size distribution (Supplementary Table 5). The redispersed
MXene nanosheets in their high energy states assemble on the poly-
mer after the insertion of the polymer substrate to reduce the system’s
energy.

Effects of the salt composition
The salt ions that adhere to the surface of MXene can affect the
structures and properties of the finalMXene assembly. In addition, the
attached metal ions may enable new or enhanced functionalities, e.g.,
Ag+ for antibacterial function28, Al3+ for water treatment29, Sn4+ for Li-
ion batteries30, and Pt4+ for catalysis and electrocatalysis31. To fully
explore the potential of the SAA method, we examined 49 salts with

different combinations of cations and anions (Fig. 3a, b). The con-
centrations of the salts and Ti3C2Tx nanosheets in the mixed suspen-
sion were kept constant at 0.01mol L−1 and 5mgmL−1, respectively.
The assembly time was 15minutes, and the substrate used was PDMS.
The detailed morphologies of some assemblies can be found in Sup-
plementary Fig. 11. Elementmappings of these assemblies confirm that
ions from the salt are attached to the surface of Ti3C2Tx nanosheets
(Supplementary Figs. 12 and 13). Mostly cations of the salt were found
on the surface of Ti3C2Txnanosheetswith a small number of anions. To
prevent the interference of Cl on the surface of Ti3C2Tx from the HF/
HCl etching process, we used KBr as the salt, and EDS from scanning
transmission electron microscope suggests the coexistence of K and
Br (Supplementary Fig. 14). The same evidence can also be found in
X-ray photoelectron spectra (XPS) of pristine Ti3C2Tx and Cs-Ti3C2Tx

(Supplementary Fig. 15).
Salt species actively affect the assembly kinetics. For example, by

fixing the anion (i.e., Cl−) and changing the cations (i.e., Li+, Na+, K+, Cs+,
Mg2+, and Al3+), we investigated the thickness and sheet resistance
evolution of Ti3C2Tx coatings on PDMS substrate with respect to
assembly time and salt species (Fig. 3c, d). While similar trends of
increased thickness and decreased sheet resistance with respect to
assembly time were observed for all salts, under the same conditions,
the Cs-Ti3C2Tx coating was 10 times thicker than Na-Ti3C2Tx. The
deposition speed can be tailored by the type of cations used, following
the sequence of Cs+ > Al3+ > Mg2+ > K+ > Li+ > Na+. This trend can be
attributed to the different dehydration capabilities of cations upon
confinement in Ti3C2Tx nanosheets

32, as well as the charge of the ion.
Cosmotropic Al3+ and Mg2+ produce stronger electrostatic attraction
when intercalated between MXene nanosheets33. It should be noted
that though ions with higher dehydration capabilities, such as chao-
tropic Cs+ and K+, facilitate MXene assembly and lead to higher
assembly speed, they result in increased coating roughness (Supple-
mentary Fig. 16). These results revealed the ion-specific interactions
(i.e., Hofmeister effect34) in salt-assisted assembly of MXene. More-
over, the addition of salt changes the spacing among MXene nanosh-
eets. For example, by fixing the anion (i.e., Cl−) and changing the
cations (i.e., Li+, Na+), the spacing of stacked Ti3C2Tx nanosheets
changes from 14.1 (with Li+) to 13.2 Å (with Na+) (Supplementary Fig. 17)
which can be used for tunable piezoresistive sensors, as previous
studies have shown35. The Raman peak positions remain almost
unchanged, independent of the ion used, indicative of no detectable
chemical changes in Ti3C2Tx coatings withmetal ions compared to the
pristine ones (Supplementary Fig. 18).

Thermal management using MXene-coated
polymers
To enable thermal management at high and low temperatures, Na-
Ti3C2Tx nanosheets were assembled on two of the most temperature-
resistant polymers: PEEK film (Na-Ti3C2Tx@PEEK, coating thickness:
~170 nm) and Kevlar fabric (Na-Ti3C2Tx@Kevlar, coating thickness:
~870 nm) (Supplementary Fig. 19). The thermal management
mechanism is shown in Fig. 4a.When aMXene coating is applied to the
polymer sample placed on a hot plate, the low-emissivity MXene leads
to the measured by the IR camera temperature (Treduction) on the sur-
face being much lower than the hot plate temperature (Tradiation).
Figure 4b shows that when the hot plate was heated up to 300 °C for
Na-Ti3C2Tx@PEEK and 400 °C for Na-Ti3C2Tx@Kevlar, the tempera-
ture difference (Tradiation - Treduction) reached ~200 °C for Na-
Ti3C2Tx@PEEK and ~250 °C for Na-Ti3C2Tx@Kevlar. In comparison,
the Tradiation - Treduction of pure PEEK and Kevlar was only 14 °C and
58 °C, respectively (Supplementary Fig. 20). The stability of the ther-
mal camouflage properties was examined over 50 heating and cooling
cycles and in a long-termheating test for 48 hours, as shown in Figs. 4b
and 4c (see detailed data in Supplementary Figs. 21–23 and Supple-
mentaryTable 6). Theoverlappingdata at the 1st, 25th, and 50th cycles of
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both sets of samples demonstrate excellent thermal stability and
repeatability. After holding the sample at the highest Tradiation for 48 h,
Treduction reaches 117.2 °C for Na-Ti3C2Tx@PEEK and 158 °C for Na-
Ti3C2Tx@Kevlar with only a small increase of 2.8 °C and 4.9 °C com-
pared to their initial values, respectively.While the thermal camouflage
capability can be mainly attributed to the Na-Ti3C2Tx coating, the
outstanding cyclic and long-term thermal camouflage stability is a
result of the stable polymer substrate and the stable interface between
theMXene and the polymer (Supplementary Fig. 24). In addition to the
IR camera, we also used a thermocouple to probe the real surface
temperature (Treal) of Na-Ti3C2Tx@Kevlar on the 400 °C hot plate
(Supplementary Fig. 23). The real surface temperature can still reach
334.6 °C after 120 s under Tradiation of 400 °C.

We further demonstrated the Joule heating performance of Na-
Ti3C2Tx@Kevlar, as shown in Fig. 4d–f. By regulating the applied vol-
tages, different heating temperatures (75.2 °C at 4 V and 192.9 °C at 8 V
by IR camera) were rapidly achieved, where the Treal measured by
thermocouple showed similar values (71.7 °C at 4 V and 206.3 °Cat 8 V)
(Fig. 4e). Then, a long-term Joule heating test was performed at 4 V for
4 h (Fig. 4f), showing excellent stability. The stable performance can be
attributed to the robustness of Na-Ti3C2Tx@Kevlar (Supplemen-
tary Fig. 24).

In wearable/flexible applications, both the flexibility and washing
stability of MXene-coated polymer films and textiles are essential. We
tested the bending durability of Na-Ti3C2Tx@Kevlar by comparing
thermal camouflage performance and sheet resistance evolution

before and after 2000 bending cycles (Fig. 4g). Both Treduction (from
151.0 °C to 157.3 °C at Tradiation = 400 °C) and sheet resistance (from 2.7
Ohm sq−1 to 8.3 Ohm sq−1 at room temperature) experience a small
increase. We also examined the washing stability through a stirring
washing test. The solution was stirred using a magnetic stir bar at
1000 rpm in a 1 L beaker to mimic the real washing conditions. Three
types of solutionswere tested: deionizedwater (DI) water, isopropanol
(IPA) solution, and an industrial strength washing agent Synthrapol
(10%, v/v). The sheet resistances of Na-Ti3C2Tx@PEEK and Na-
Ti3C2Tx@Kevlar before and after washing were compared (Fig. 4h).
After 168 hours of continuous washing in the harshest Synthrapol
solution, sheet resistance increased from 3.4 Ohm sq−1 to 82 Ohm sq−1

for Na-Ti3C2Tx@PEEK and from 2.6 Ohm sq−1 to 86.5 Ohm sq−1 for Na-
Ti3C2Tx@Kevlar. Considering a washing frequency of once a week for
1 h, such wearables can last for at least 3 years. The strong interface
between Na-Ti3C2Tx nanosheets and the polymer substrates can
explain this excellent performance (Supplementary Figs. 25 and 26).

The combination of outstanding mid-IR reflectivity, low thermal
conductivity, Joule heating capability, and bending and washing sta-
bility of MXene-coated high-performance polymers can be used in
protective gear for individuals and equipment operating in extreme-
temperature environments. As shown in Fig. 4i, we compared the
performance range of the Na-Ti3C2Tx@Kevlar system (red region) with
the state-of-the-art values from MXene@polymer systems (gray
region) in terms of the highest Tradiation, the highest temperature dif-
ference in thermal camouflage, the highest Joule heating temperature,

Fig. 3 | Effects of cations and anions on salt-assisted assembly. aWide selection
of cations and anions in the periodic table that can be used for SAA strategy.
b Digital images of Ti3C2Tx coatings on PDMS substrates deposited using diverse

salts. Scale bar, 5mm. c Thickness, and d sheet resistance evolution of Ti3C2Tx

coatings on PDMS deposited using different salts. The error bars are based on the
standard deviation of 3 samples.
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bending durability, and washing durability. Compared with other
MXene composite structures with similar bending and washing dur-
ability, Na-Ti3C2Tx@Kevlar significantly outperforms them thermally
(Supplementary Table 7). To demonstrate the potential applications,
we designed a three-layer heat-management gear that can be used,
e.g., inMars exploration, to overcome the ultralow temperature (mean

temperature: −65 °C). As shown in Fig. 4j, from top to bottom, a Na-
Ti3C2Tx@Kevlar layer was connected to an external power source and
used as the heating layer (H-layer), an insulating Kevlar layer was used
as a separator (S-layer) to prevent short circuits, and another Na-
Ti3C2Tx@Kevlar layer was used to reflectmid-IR from the heating layer
(R-layer) and prevent radiative loss to the dry ice (about −80 °C)

Fig. 4 | Thermal management with Na-Ti3C2Tx coatings on high-performance
polymers. a Schematic illustration of thermal camouflage process. b Evolution of
reduction temperature (Treduction) for Na-Ti3C2Tx@PEEK and Na-Ti3C2Tx@Kevlar
within 50 heating cycles. c Evolutions of reduction temperature (Treduction) for Na-
Ti3C2Tx@PEEK and Na-Ti3C2Tx@Kevlar during 48h at radiation temperatures
(Tradiation) of 300 °C and400 °C.d Schematic illustration of Joule heating. eVoltage-
dependent Joule heating performance of Na-Ti3C2Tx@Kevlar. f Long-term Joule
heating performance of Na-Ti3C2Tx@Kevlar under 4 V. g Evolution of reduction
temperature at a Tradiation of 400 °C and sheet resistance of Na-Ti3C2Tx@Kevlar
during 2000 bending cycles. The error bars are based on the standard deviation of
10 samples. h Evolution of sheet resistance for Na-Ti3C2Tx@PEEK and Na-
Ti3C2Tx@Kevlar after washing with DI water, IPA solution, and Synthrapol (10% in

volume) solutionunder 1000 rpmstirring. The error bars are basedon the standard
deviation of 5 samples. i Performance range of Na-Ti3C2Tx@Kevlar systems (high-
lighted in red) compared to existing state-of-the-art values fromMXene@polymer
systems. R0 represents the initial sheet resistance of Na-Ti3C2Tx@Kevlar, R1h indi-
cates resistance after 1 h washing, and R2000c is resistance after 2000 bending
cycles49–52. j Schematic of a tri-layer H-S-R protection gear. From top to bottom, the
H-S-R gear comprises aHeating layer (Na-Ti3C2Tx@Kevlar), a Separation layer (pure
Kevlar), and a Reflection layer (Na-Ti3C2Tx@Kevlar). k The Joule heating tempera-
tures of H-S-R protection gear in contact with dry ice (−78.5 °C). Scale bar, 5mm.
For comparison, the reference sample is H-S-S in which the reflection layer is
substituted by a separation layer.
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environment (Fig. 4k). Suchgear canbe calledH-S-R gear. An IRcamera
wasused tomonitor the temperatureof theH-layer.With a 4 Vbias, the
H-layer reached 51.1 °C. For comparison, if the R-layer is substituted
with anS-layer to formanH-S-S gear, theH-layer can only reach41.7 °C.
This ~10 °C difference is significant considering that the Na-Ti3C2Tx

layer on the R-layer is only 872 nm thick. Note that it is not necessary to
build H-S-R gear all over the body. As hands and feet are the most
vulnerable body parts at low temperatures, we suggest building H-S-R
into mittens and boots to reduce energy consumption. Of course,
there ismuch room for optimization of this design. For example, other
MXenes with higher emissivity can be used for the heating layer, and a
smooth Ti3C2Tx coating on a polymer film can be used for the reflec-
tive layer.

We developed a universal salt-assisted assembly protocol for fast
large-scale assembly of MXene coatings on polymer substrates. By
adding NaCl (or dozens of other salts) to the MXene colloidal sus-
pension in water, we increased the hydrophobicity of bothMXene and
the polymer, promoting substrate-independent MXene deposition.
Furthermore, the assembly kinetics, overall coating thickness, and
architecture canbe tailored by altering the salt ions and concentration.
Coating high-performance polymers, such as Kevlar and PEEK, with
MXenes holds the potential for significant advancements in thermal
management under extremely low and high temperatures, preventing
heat loss and protecting equipment and personnel. There are numer-
ous applications for polymers coated with conductive MXene films,
which possess a variety of optical and electronic properties. Incor-
porating catalytic metals like platinum or bactericidal silver ions fur-
ther expands the range of potential applications of these materials.

Methods
Materials
All the materials used in this work are summarized in Supplementary
Table S1.

Synthesis of Ti3C2Tx nanosheet suspension
Ti3C2Txwas synthesized by the selective etching of Ti3AlC2MAX phase
powder (<40 μm particle size, Carbon-Ukraine) with a mixture of
hydrofluoric (HF) (29M,AcrosOrganics) and hydrochloric (HCl) (12M,
FisherChemical) acids36. First, 2mLofHF, 12mLofHCl, and6mLofde-
ionized (DI) waterwere combined. After that, 1 g ofMAXphase powder
was added to the solution and stirred for 24 h at 35 °C. After etching,
the reaction product was washed with DI water through 5-min cen-
trifugation cycles at 2054 × g until pH exceeded 6. The obtained
sediment was dispersed in 20mL of 1mol L−1 LiCl solution for Li+

intercalation, and the reaction was allowed to proceed for 12–24 h at
300 rpm and 35 °C. The mixture was then washed with DI water to
remove excess LiCl using 10-min centrifugation cycles at 2054 × g until
the supernatant darkened and the sediment swelled. Then a final
washing cycle was performed at 2054 × g for 1 h. The resulting clear
supernatant was decanted and exchanged with DI water to redisperse
the sediment with agitation. The mixture was centrifuged at 2054 × g
rpm for 10min, with the dark supernatant being collected as a single
layer Ti3C2Tx dispersion. Sediment redispersion, 10-minute cen-
trifugation at 2054× g, and supernatant (Ti3C2Tx) collection were
repeated till the supernatant became clear.

Assembly of Ti3C2Tx nanosheets on polymer substrates
A Ti3C2Tx nanosheet colloidal suspension (10mgL−1, 10mL) was dilu-
ted by adding aprepared salt solution (0.02mol L−1, 10mL). In thisway,
the salt-Ti3C2Tx suspensionwas fabricated,where the resultant salt and
Ti3C2Tx nanosheet concentrations were 0.01mol L−1 and 5mgmL−1,
respectively. Because theTi3C2Txnanosheets aggregationoccurswhen
mixing salt and Ti3C2Tx nanosheet suspension, the salt-Ti3C2Tx sus-
pensionwas sonicated for 15min in a sonication bath (40 kHz, 60W) to
disperse Ti3C2Tx nanosheet. After that, we used a customized dip

coater (average dipping speed = 1.5mmin−1) to coat various polymer
substrates. It is worth noting that the polymer substrates were sub-
merged in the suspension during the whole assembly process. The
assembled Ti3C2Tx coatings on polymer substrates were dried with
flowing compressed nitrogen gas to remove the excess suspension. To
prevent salt crystals from precipitating from the suspension during
drying, a DI water rinsing step was applied to the dried surface, fol-
lowed by another round of nitrogen gas drying.

Models and computational methods
Figure 2b illustrates the molecular model for energetically analyzing
the assembly process. The model consisted of a polydimethylsiloxane
(PDMS) layer serving as the substrate andMXenemonolayers arranged
parallel to the PDMS surface. The computational study involved two
steps, i.e., the PDMS-MXene assembly, followed by the MXene-MXene
assembly. The simulation box had the dimensions of 66 × 66 × 95 Å3.
Periodic boundary conditions were applied to all three dimensions.
The amorphous PDMS comprised 20 chains, each with 50 repeating
units. The PDMS model was initialized by energy minimization and
relaxation to achieve the desired density with atomistic surface
roughness. Each MXene monolayer consisted of 255-unit cells in the
17 × 15 pattern, resulting in a membrane of 45.63 Å × 44.78 Å posi-
tioned at the center of the simulation box. The Ti3C2O2MXene unit cell
structure was derived from crystallographic experimental results37,
and the surface was negatively charged to reflect MXene’s electro-
negativity. The system was filled with 7338 water molecules and
3mol L−1 Na+ and Cl− ions to study ionic effects. For comparison,
another system with pure water was built, which had 7739 water
molecules. In studying the PDMS-MXene assembly, the distance
between the top surface of PDMS and the bottom surface of MXene
varied from 15 Å to 9Å. In studying the MXene-MXene assembly, the
distance between the two MXene surfaces varied from 17Å to 10Å.

Molecular dynamics (MD) simulations were carried out using the
large-scale atomic/ molecular massively parallel simulator
(LAMMPS)38. Force field parameters for MXene were obtained from
the work by Xu et al.39,40, which is widely used to simulate the
behavior of MXene in suspension environments41,42. Water molecules
were described by the SPC/E model43. Ions were modeled by using
the parameters proposed by Loche et al.44. PDMS was also described
by the LJ potential and partial charges45–47. Detailed LJ parameters
and charges are shown in Supplementary Table 8. Interatomic LJ
interactions were described by the Lorentz-Berthelot combining
rule. A cut-off distance of 10 Å was employed for both the LJ and
Coulombic terms. Long-range interactions were handled by the
particle-particle particle-mesh (PPPM) algorithm with a 10−5

precision48. MD simulation was carried out under the NVT ensemble
with a temperature of 293.15 K maintained using the Nose-Hoover
thermostat and the atmospheric pressure. The time step was 2 fs. At
each gap distance during the assembly analysis, the system was
relaxed for 10 ns to reach equilibrium; subsequently, a production
run of 15 ns was performed to obtain the number density distribution
and averaged system potential energy.

Characterization
The X-ray diffraction (XRD) analyses of Ti3AlC2 MAX phase powder,
pristine Ti3C2Tx filmmade by drop-casting on a glass slide, and Ti3C2Tx

assemblies on PDMS substrates obtained by SAA method were per-
formed on a Rigaku Miniflex X-ray Diffractometer (40 kV and 15mA)
with Cu Kα radiation and a scanning speed of 10° min−1. The Ti3C2Tx

nanosheet size distribution was measured by the dynamic light scat-
tering (DLS) (Malvern Zetasizer Nano ZS) using a suspension diluted to
0.01mgmL−1. The monolayer Ti3C2Tx nanosheet thickness on Si/SiO2

wafer was determined by atomic force microscopy (AFM) (Park Sys-
tems NX10) in a noncontact mode. The contact angle of water and salt
solutions (~5μL) on polymer substrates and Ti3C2Tx nanosheet films
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was measured using a lab-made contact angle tester. The scanning
electron microscope (SEM) images and x-ray energy dispersive spec-
trum (EDS) mapping of Ti3C2Tx assemblies on different polymer films
and fibers were acquired using a field emission scanning electron
microscope (FE-SEM) (Hitachi S-4800 SEM) at 20 kV and 20mA with-
out sputtering. For the tilted angle view SEM images of the samples,we
coated a 6 nm gold layer on both, the top surface and the side of the
samples. The high angle annular dark field (HAADF) images, electron
diffraction spectroscopy (EDS), and elemental mapping measure-
ments were performed with double-corrected Titan cubed Themis G2
operated at 300 kV in the ElectronMicroscopyCenter (EMC) of Shared
Equipment Authority (SEA) at Rice University. The microscope is
equippedwith aCeta camera, GatanQuantum966 energy filter, and an
electron monochromator.

X-ray photoelectron spectra (XPS) were obtained using a PHI
VersaProbe 5000 spectrometer (Physical Electronics, U.S.) with a
monochromatic Al Kα X-ray source (1486.6 eV) at a 200 µm spot size
and 50Wpower. The spectrawere collectedwith a 23.5 eV pass energy
and an increment of 0.05 eV. All samples weremounted on conductive
carbon tapes and electrically grounded via copper tape. High-
resolution XPS data were fitted using the CasaXPS software package,
employing a Tougaard background for transitionmetal-based species.
The chemical states of Ti3C2Tx MXene and the cations were deduced
from core-level spectral fits. Raman spectra of Ti3C2Tx and SAS Ti3C2Tx

coatings onpolymer substrateswere obtainedusing aWITec alpha300
confocal Raman microscope at an excitation laser wavelength of
785 nmwith an 20×objective. The integration timewasfixed to2 s. The
thickness and roughness of salt-treated Ti3C2Tx assemblies on PDMS
were measured by a Keyence VK-X1000 optical profilometer. The
sample was placed under a 50× magnification lens of a Keyence VK-
X1000 optical profilometer and evaluated using laser confocal scan-
ning. Plane correction was performed on the scan using the accom-
panying software before three areas (with slight overlap and together
covering the entire scan) were arbitrarily selected for roughness cal-
culations. The areal average roughness (Sa) was chosen as the repre-
sentative roughness parameter, which is calculated as the mean of
the average height difference for the average surface. The sheet
resistance of salt-treated Ti3C2Tx assemblies was determined by four-
point probe measurements (Jandel ResTest). For each sample, 10
points were measured, the average value was presented, and the
standard deviation was calculated as the error. The surface tempera-
ture of Na-Ti3C2Tx assemblies on PEEK film and Kevlar fabrics is
recorded by an IR camera (HIKMICRO B20). The distance between the
sample and the IR camera lens is fixed at 0.3m, and the detected
wavelength ranges from 8 to 14μm. The absorbance/emissivity of salt-
treated Ti3C2Tx assemblies at different temperatures was tested using
an FTIR spectrometer (Invenio-X, Bruker, Germany). An emission
adapter (A540/3) was used to heat the samples and the black body
reference (a soot layer on the metal sheet). The emissivity in the
5–25μm range is given by the ratio of sample emission (ν) and the
reference emission at the same temperature (T).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in the main text or the supplementary informa-
tion. Source data are provided with this paper.
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