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Herein we report on the synthesis and characterization of MXene- 

Polyacrylamide (PAM) nanocomposite films. Dimethylsulfoxide 

intercalation in-between the Ti3C2-based MXene layers led to full 

delamination of the MXene layers and hence a uniform dispersion 

of hydrophilic MXene nanosheets in aqueous PAM solutions was 

achieved. The polymer composite solutions of up to 75 wt.% were 

synthesised. The as-prepared composite samples are flexible and 

the conductivity was increased significantly to 3.3 x 10
-2

 S m
-1

 with 

only 6 wt.% (1.7 vol%) MXene loading.  

A new large family of two dimensional (2D) transition metal 
carbides and carbonitrides, so called MXenes, has recently 
been developed.1, 2 MXenes have a base composition of 
Mn+1Xn, where M is an early transition metal, X is either carbon 
or nitrogen, and n = 1-3.3 They are produced by selective 
etching of atomically thin metal layers from layered ceramics 
called MAX phases.4 Since MXenes are synthesized in fluoride 
containing aqueous solutions, their surfaces are terminated 
with a mixture of -O, -OH, and -F (hence after referred as Tx) 
groups.1, 5 MXenes have a unique combination of properties, 
that includes  electrical conductivity3, 6, 7 and hydrophilicity.3, 8 
They are also promising as electrode materials for Li- and Na- 
ion batteries9-12 and capacitors,13-15 and aqueous 
supercapacitors.8, 16, 17 In addition, they showed a great 
potential in other applications such as water purification18-20 
and sensors.21, 22  MXenes are considered to be excellent 
candidates for the production of functional nanocomposites 
due to their 2D morphology, hydrophilicity and fully 
functionalizable surfaces. However, attempts to incorporate 
MXenes in polymeric systems have been limited, only  a few 

studies have been reported thus far, for example by Ling et al. 
23and Chen et al.

24  In the former study, Ti3C2Tx MXene was 
mixed with either a charged polydiallyldimethylammonium 
chloride, PDDA, or an electrically neutral polyvinyl alcohol, 
PVA, to produce Ti3C2Tx/polymer composites.23 The 
Ti3C2Tx/PVA composite showed electrical conductivities as high 
as 2.2 × 104 S m-1, while the measured electrical conductivity 
for pure Ti3C2Tx was 2.4 × 105 S m-1.  Furthermore, the tensile 
strength of the Ti3C2Tx/PVA composites was significantly 
enhanced compared to pure Ti3C2Tx or PVA film. It is worth 
noting that the smallest MXene loading reported by Ling et al. 
was 40 wt.%, and since the film fabrication involved vacuum-
assisted filtration of MXene/polymer solution, the MXene 
layers were highly oriented parallel to the film faces. More 
recently, Chen et al.

24 grafted poly(2-
(dimethylamino)ethylmethacrylate), PDMAEMA, brushes on 
2D vanadium carbide, V2C, through self-initiated photo-
grafting and photopolymerization, where dual-responsive 
properties of PDMAEMA as a function of environmental CO2 
concentration and temperature have been investigated. In 
both cases, the key to intercalate MXenes in polymer matrices 
was the use of cationic-charged or hydrogen-bonding forming 
polymers to achieve a strong interaction with negatively 
charged OH/O/F terminated MXene surface.  
 To fabricate well-mixed MXene/polymer composites, one 
must also consider solubility in addition to polymer’s favorable 
interaction with MXene. Dimethylsulfoxide, DMSO, is known to 
intercalate in-between the Ti3C2Tx layers causing an increase in 
the d-spacing.25 When the DMSO-intercalated Ti3C2Tx is 
immersed in water, a significant swelling in the structure takes 
place, leading to full delamination of the individual MXene 
layer. Since MXene has a highly negative zeta potential in 
neutral and basic solutions, once delaminated, it forms a 
stable colloidal solution in water.25, 26 
 These two requirements motivated  us to investigate 
polyacrylamide (PAM) as a candidate for the fabrication of 
MXene-based polymer composites. PAM is a water soluble, 
hydrogen-bond forming polymer, which is widely used in 
industry such as in water and wastewater treatment 
processes, pulp and paper processing, mining and mineral 
processing, and as a soil conditioner or a solid support for the 
separation of proteins by electrophoresis.27, 28 Several 
nanocomposites with PAM matrix have been reported. For 
example, Okay and Oppermann reported PAM-clay 
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nanocomposite hydrogels by in-situ polymerization of 
acrylamide with crosslinker in the presence of Laponite,29 and 
Yang et al. reported multiwalled carbon nanotubes/PAM 
composites for Pb(II) and humic acid adsorption.30 Considering 
recent reports on MXene use for removal of lead and 
chromium ions from water,18, 19 phosphate sequestration from 
wastewater,31 manufacturing biosensors21, 32  and bactericidal 
films33, incorporation of Ti3C2Tx into PAM becomes an 
important task. 
 Here we report on the fabrication of MXene/PAM 
nanocomposite films for the first time. Ti3C2Tx was synthesized 
and intercalated with dimethylsulfoxide (DMSO) and 
subsequently mixed with PAM in aqueous solutions. The 
rational behind using DMSO intercalated MXene as the starting 
material is the fact that DMSO intercalated MXene is known to 
spontaneously co-intercalate water between the MXene layers 
when exposed to humid air or water.25 Thus, once DMSO 
intercalated MXene is mixed with an aqueous solution of the 
polymer it will spontaneously attract the solution between the 
layers leading to a well dispersed MXene/polymer composite. 
A series of MXene/PAM nanocomposites were cast from the 
aqueous solution mixture (Fig. 1) and their detailed 
microstructural and electrical property characterizations are 
presented.  

 
Fig. 1. Schematic of the synthesis of MXene-PAM 
nanocomposite films. 
 
 Ti3C2Tx was synthesized by etching Al from Ti3AlC2 using 
aqueous hydrofluoric acid, HF, (48%, Macron Fine Chemicals – 
Avantor Performance Materials, Center Valley, PA, USA) which 
was described in detail elsewhere.1-4 It is worth mentioning 
that glassware cannot be used with HF-based solutions and 
handling HF requires stringent safety precautions compared to 
other acids. The etching was achieved by soaking the Ti3AlC2 
powder (-325 mesh) in the 48% HF solution with a ratio of 1 g 
powder : 10 mL solution, and stirred for 18 h at room 
temperature. This is followed by separation of powders from 
the solution by centrifuging, and washing using de-ionized (DI) 
water till a pH value higher than 4 is reached.  The resulting 
slurry was then dried at room temperature using a vacuum-
assisted filtration device for 48 h. The dried powders were 
then immersed in DMSO (99.9%, Fisher Scientific, China) with a 
ratio of 1 g MXene : 10 mL DMSO and stirred for 18 h at room 
temperature, followed by centrifuging to separate the excess 
DMSO from slurry before mixing with  PAM, as described 
below.  

 PAM in 10 wt.% aqueous solution was purchased from 
Polysciences. According to the manufacturer, the molecular 
weight of PAM is 600,000-1,000,000 g mol-1. DI water was 
purchased from BDH Chemicals and used without further 
purification. A schematic of the synthesis of MXene-PAM 
nanocomposite films is shown in Fig. 1. MXene-PAM 
composite films were prepared by varying the mass ratio of 
MXene to PAM. For instance, the preparation of 50 wt.% 
(nominal) PAM-MXene composite film is described as follows: 
MXene (250 mg) in 4 mL DI water and PAM (250 mg) in 3 mL DI 
water were prepared in separate scintillation vials. Then each 
vial was vortexed for few seconds followed by sonication for 5 
minutes. MXene/water mixture was poured into the 
PAM/water mixture, and 2 mL of DI water was used to rinse 
residual MXene into PAM-containing vial. The combined 
mixture was vortexed, then sonicated for 10 - 15 min until the 
solution attains visual homogeneity. Vortex mixing is 
performed right before casting the film, then the vial was 
gently swirled to get rid of bubbles. The PAM-MXene solution 
was poured into a Teflon tray, gently swirled for 1 min, 
covered to avoid dust contamination, and was let to dry at 
ambient temperature for 4-5 days. After this natural drying 
step, the film was further dried in an oven at 60 °C overnight.  
 To determine the MXene content in each composite 
sample, thermal gravimetric analysis, TGA, was conducted 
using a Q500 thermobalance from TA Instruments (New Castle, 
DE, USA). The samples were heated in platinum pan under an 
air flow of 35 mL min-1 from room temperature to 900 ºC with 
a heating rate of 10 °C min-1. A Cu Kα (X1, Scintag, Cupertino, 
CA, USA) diffractometer operating at 45 kV and 40 mA was 
used to obtain the X-ray powder diffraction, XRD, for pristine 
MXene and MXene-PAM composites. The morphology of the 
MXene-PAM composites was investigated with scanning 
electron microscopy, SEM, (Zeiss Merlin VP, Carl Zeiss 
Microscopy GmbH, Oberkochen, Germany) and transmission 
electron microscopy, TEM, (JEOL JEM-2100, Japan) using an 
accelerating voltage of 200 kV. Cross-sections of the MXene-
PAM films were produced by first embedding the films in 
epoxy resin and then cutting them using a glass microtome.  
Resistance values were recorded with a digital multimeter 
(Hewlett Packard 34401A). To improve the electrical contact 
between the sample and the wire leads, a conductive silver 
epoxy was used. The temperature dependent resistance 
measurements were made in an environmental chamber 
(Tenney TJR) from room temperature to ~70 °C.  

 MXene content in each MXene-PAM composite sample 

was determined from the TGA data shown in Fig. 2a and the 

data are summarized in Table 1. Heating the MXene in air 

results in its oxidation, forming titanium dioxide and carbon.34 

The latter is then burned with further heating.35 An overall 

weight gain of ~ 11% was observed from the TGA data of the 

pristine MXene paper (produced as described in Ref.[23]) which 

was used as the 100% MXene sample. Thus, the remaining 

weight percentage after heating each film was divided by 1.11 

to estimate the actual percentage of MXene in the each 

sample. The total quantities of water and DMSO in these 

polymer MXene composite films are estimated to be in the 

range from 5.8-12.0 wt. %, based on the initial weight loss in 

TGA below 220 °C.  Although the drying step of the composite 

films were carefully conducted to remove DMSO, it is hard to 

estimate how much DMSO was still left.  Once the film was 
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exposed to moisture in the air, PAM tends to take up moisture 

from the air due to its hygroscopic nature.  Thus, the solvent 

content observed in TGA is most likely water, but a little 

amount of DMSO may be remained in these composite films. 

 

Table 1: Summary of TGA data for different MXene-PAM 

samples. 

Nominal  wt.% MXene 0 10 50 70 80 100 

Remaining wt.% from TGA 1 7 34 69 83 111 

Actual MXene content, wt.%
a
 NA 6 31 63 75 100 

Estimated MXene content, 

vol% 
b
  

NA 1.7 10.7 31.3 44.5 100 

Wt. loss below 220°C 11.

4 
12.0 11.0 8.0 5.8 1.7 

a corrected for MXene wt. gain due to oxidation. 

b using the actual wt. content and assuming densities of PAM and 
MXene to be 1.14 and 4.26 g cm-3, respectively. 
 

 The XRD pattern of Ti3C2Tx (black curve in Fig. 2b) agrees well 

with the previously reported XRD patterns.1 Only small amount of 

TiC [PDF# 05-0693] from the MAX phase precursor was observed.  

As shown in  Fig. 2b, a significant reduction in the intensity of the 

MXene (0002) peak around 9° 2ϴ was observed. This significant 

reduction indicates that most of the MXenes flakes are lacking 

order especially along the c-direction, which is indicative of well-

dispersed flakes in the polymer. In fact, corroborating evidence for 

this comes from the SEM (Figs. 2c-d) and TEM (Fig. 3 a-b) analysis 

where a good dispersion of the randomly oriented flakes is 

observed for the 6 wt.% MXene film.  

 
Fig. 2. (a) Thermogravimetric curves of MXene-PAM 

nanocomposite films with different actual Ti3C2Tx wt.% and 

100% MXene (“MXene paper”). (b) XRD patterns for Ti3C2Tx 

powders and PAM polymer in addition to MXene-PAM 

nanocomposites with different wt.% of MXenes. Black squares 

represent the peaks of TiC secondary phase [PDF# 05-0693]. 

(c) and (d) SEM images for fracture surface of the 6 wt.% 

MXene-PAM sample.  

 

 The absence of ordered MXene stacks proves the efficacy 
for the design approach of using intercalated MXene where 
the intercalant is hygroscopic so it attracts the aqueous 
solution of the polymer and allows for an in-situ 
polymerization between the MXene layers. In contrast, for the 
previously reported MXene-PVA or PDDA systems, the MXenes 
layers are found to be highly oriented,23 which is not desirable 
for applications where isotropic behavior is required. For the 6 
wt.% film, large quantities of PAM were intercalated into 
MXene layers, helping their separation. Therefore, well 
dispersed few-layer (< 4) MXene nanosheets were present 
(Fig. 3a-b). With the reduction of PAM content (increase in 
MXene loading), the intercalation of PAM occurred every 3-8 
MXene layers, which was not enough to fully delaminate the 
multi-layer MXenes and separate the MXene nanosheets. As a 
result, large amount of multi-layer MXene flakes, rather than 
few-layer flakes, were present in the 31 wt.% film. These 
results indicate that the intercalation of PAM into MXene 
layers was a multi-stages process, which was similar to the 
process of intercalating chemical compounds into graphite.36

  

 

 
Fig. 3. TEM images of (a) and (b) 6 wt.% MXene-PAM 

nanocomposite films supported on lacey carbon; and (c) and 

(d) 31 wt.% MXene-PAM nanocomposite films. Dark lines in (b) 

and (d) correspond to single layers of MXene. 

 

 The conductivities of MXene-PAM nanocomposites were 
measured and are reported in Fig. 4.  It should be noted that 
the nanocomposite films showed higher conductivity on the 
bottom side of the film due to the gravitational segregation of 
the MXene flakes during drying. Figure 4a clearly shows that 
the room temperature electrical conductivity of the composite 
sample was significantly increased, by several orders of 
magnitude, to ∼ 3.3 × 10-2 S m-1 with as low as 1.7 vol% (6 
wt.%) MXene loading. Note that, due to its very high 
resistivity,37 our equipment capability was not enough to 
measure the room temperature electrical conductivity of 
pristine PAM and hence the value from Ref. [37] has been used 
instead. With further increase in MXene loading, the 
conductivity of the nanocomposite films further increases, 
reaching to a value of 3.3 S m-1 at 44.5 vol% (75 wt.%),  
denoting the formation of a more effective conductive 
network in the PAM matrix, where the conductivity is 
controlled by the MXene flakes. 
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 As shown in Fig. 4, the increase in conductivity as a 
function of loading for the composite samples can be 
interpreted by a power-law expression 

σ ∝ (m – mth)γ for m > mth , 

where m is the MXene vol. % in PAM, mth is the percolation 
threshold for increased conductivity, and γ is a scaling 
exponent. For the present samples, mth is determined from the 
Fig. 4a as 1.7 vol.% (6 wt.%) and the value of γ is obtained from 
the slope of the linear fit shown in the inset, as ∼ 0.79. Note 
that the conductivity of a MXene-PAM nanocomposite film 
with an insulating matrix is critically dependent on the ratio of 
the conducting phase (e.g., MXene) to the polymer matrix 
(e.g., PAM). Typically, the conductivity of the composite 
polymer approaches that of the bulk conducting-phase 
material due to the formation of a percolating network,38 
where conduction takes place either through direct contact 
among the filler material or via tunneling through the polymer 
layer surrounding the filler, or both. Thus, we would expect 
the electrical properties across the composite material to 
behave more like the insulating polymer matrix support before 
the percolation threshold; and mainly being controlled by the 
MXene network after the threshold condition is reached.  
The temperature dependent resistance for the 10.7 vol% (31 
wt.%) MXene-PAM composite film was measured and the data 
are presented in Fig. 4b. Note that the resistance of a material 
fluctuates with changes in temperature providing evidence of 
bulk properties. The sample displays a linear decrease in 
composite resistivity with increasing temperature, T, between 
20 ºC and 80 ºC. This trend, negative temperature coefficient 
of resistance, TCR, effect, can be described using the following 
equation, 

� �
1

��

∆�

∆�
 

where Ro is the resistance at room temperature (~23 °C). Note 
that the decrease in composite resistance with increasing 
temperature is suggestive of the dominant influence of inter-
flake contact resistance of MXenes over the tunneling 
resistance through surrounding polymer.38  
 

 
Fig. 4. (a) Conductivity of various MXene-PAM nanocomposite 
films as a function of MXene volume loading. Measurements 
were taken on the more conductive side of the samples. Solid 
line represents the theoretical fit to the experimental data. 
Inset illustrates the power law dependence of conductivity 
above the percolation threshold, mth. (b) Temperature 
dependence of resistance for the 10.7 vol% (31 wt.%) MXene-
PAM nanocomposite film. 
 
 The observed decrease in resistance (increase in 
conductivity) with increasing the temperature may also be due 
to thermal expansion of PAM. Considering the residual 
moisture or DMSO (Fig. 2a) could plasticize PAM to lower its 

Tg.
32 We see the composite films display a negative coefficient 

of resistance even at higher volume loadings thus showing the 
impact of the polymer matrix. We can conclude that MXene 
flakes are well encompassed by the polymer up to 1.7 vol.%  (6 
wt%) and that little or no metallic contact is present. The 
composites up to this loading percentage exhibit unique 
single-sided, semiconductor-like properties. As the MXene 
loading is further increased to 10.73 vol.% (31 wt.%), the ratio 
of conducting-phase to polymer is likely high enough to allow a 
direct contact and form a percolation network, and the 
electrical properties gradually resemble a metal-like behaviour 
rather than semiconductor-like. This metal-like conductivity 
potentially allows the use of MXenes in radio frequency (RF) 
shielding and other applications, such as static charge 
dissipation, that require conductivity from polymers, especially 
in combination with improvement in mechanical properties. 
We observed an obvious increase in stiffness of the PAM after 
adding MXene, but detailed quantitative characterization of 
mechanical properties will be the subject of future studies. The 
most important outcome from this work is demonstration of a 
simple casting manufacturing process for a MXene-containing 
composite. With close to 20 different types of MXenes already 
reported and many coming, this offers an exciting opportunity 
for the development of a new generation of polymer-matrix 
composites containing MXenes. 
  In summary, we have successfully demonstrated the 
fabrication of MXene-PAM nanocomposite films. The presence 
of well dispersed nanoflakes of MXenes was confirmed by X-
ray diffraction, SEM, and TEM. The TEM images indicate the 
presence of nanoflakes in 6 wt. % MXene-PAM composite 
films. With increase in MXene loading, the conductivity 
increased significantly to 3.3 x 10-2 S m-1 for 6 wt. % (1.7 vol %) 
MXene loaded films. With further increase in MXene loading, 
we observed non-uniformity between the top and bottom 
sides of the film, mainly due to the segregation of MXene 
flakes during drying. Improving methodology of MXene-PAM 
nanocomposite, especially at high MXene loading, will be a key 
for producing highly conductive nanocomposite films with 
desired functional properties. Among various polymer 
matrices tested, PAM showed a very promising dispersion of 
MXene nanoflakes, which indicates that using a hygroscopic 
intercalated MXene with a water soluble polymer can be an 
effective route to MXene-polymer composites. This work 
opens up various possibilities of MXene-polymer composites 
for many future applications.    
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