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The scalable processing of nanomaterials 
into free-standing films that possess high 
electrical conductivity and high mechan-
ical properties is critical for enabling 
diverse applications including those in the 
area of flexible electronics, such as super-
capacitors,[1,2] electromagnetic interference 
(EMI) shielding,[3] sensors,[4] and actua-
tors.[5] To produce highly conducting and 
mechanically strong films from functional 
nanomaterials, one of the key challenges 
is to find nanomaterials with inherently 
high strength and electrical conduc-
tivity.[6,7] MXenes, a growing family of 2D 
nanomaterials that have a general formula 
of Mn+1XnTx (n = 1–4), are promising mate-
rials for making strong and conductive 
films.[8,9] Here, M is a transition metal, X 
is carbon and/or nitrogen, and Tx denotes 
terminal groups (OH, O, and F). 
Ti3C2Tx MXene in particular is the most 
studied MXene and has received signifi-
cant attention especially in energy storage 
and EMI shielding applications due to 

its high volumetric capacitance (≈1500  F  cm−3)[10] and excel-
lent electrical conductivity (up to 14  000  S  cm−1 reported for 
≈1  µm thin films).[11] Due to the presence of terminal groups, 
MXene flakes readily disperse in aqueous and organic media[12] 
and thus can be processed into pure MXene films by vacuum-
assisted filtration,[10] spray coating,[13] and spin coating.[14]

Single Ti3C2Tx flake has been demonstrated to have out-
standing Young’s modulus (≈330  GPa) and tensile strength 
(≈17.3  GPa),[15] which suggests that Ti3C2Tx is an excellent 
building block for fabricating strong films. However, ten-
sile strength values above 120  MPa[16] and Young’s moduli 
above 10  GPa[17] have yet to be demonstrated for assembled 
pure MXene films (Table S1, Supporting Information). To 
improve the tensile strength of pure MXene films, a wide range 
of materials, including poly(vinyl alcohol),[11,18,19] rubber,[20] 
cellulose nanofibers,[17,21,22] bacterial cellulose,[23] aramid 
nanofibers,[24,25] and graphene oxide[26] have been used in man-
ufacturing of MXene-based composite films (Table S2, Sup-
porting Information). As expected, those additives significantly 
improved the connection between MXene flakes, resulting in 
improved mechanical properties relative to pure MXene films. 
For instance, the tensile strength and Young’s modulus of a 
MXene/cellulose nanofibrils composite film reached 341  MPa 

Free-standing films that display high strength and high electrical conductivity 
are critical for flexible electronics, such as electromagnetic interference (EMI) 
shielding coatings and current collectors for batteries and supercapacitors. 2D 
Ti3C2Tx flakes are ideal candidates for making conductive films due to their high 
strength and metallic conductivity. It is, however, challenging to transfer those 
outstanding properties of single MXene flakes to macroscale films as a result 
of the small flake size and relatively poor flake alignment that occurs during 
solution-based processing. Here, a scalable method is shown for the fabrication 
of strong and highly conducting pure MXene films containing highly aligned 
large MXene flakes. These films demonstrate record tensile strength up to 
≈570 MPa for a 940 nm thick film and electrical conductivity of ≈15 100 S cm−1 
for a 214 nm thick film, which are both the highest values compared to previ-
ously reported pure Ti3C2Tx films. These films also exhibit outstanding EMI 
shielding performance (≈50 dB for a 940 nm thick film) that exceeds other 
synthetic materials with comparable thickness. MXene films with aligned flakes 
provide an effective route for producing large-area, high-strength, and high-
electrical-conductivity MXene-based films for future electronic applications.
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and 41.9  GPa,[22] respectively, which are the highest values 
for MXene-based composite films to date. However, since 
those binders often intercalate between MXene flakes, the 
electrical conductivities of the composites films are over two-
order of magnitude lower compared to that of pure MXene 
films.[11] These prior works clearly illustrate the challenge in 
maintaining high electrical conductivity while improving the 
strength of MXene films.

Recently, Chen et al.[16] found that processing of Ti3C2Tx dis-
persions with ≈0.1 m hydrochloric acid (HCl) solution triggers 
the self-assembly of MXene flakes. As a result, Ti3C2Tx films 
displayed high electrical conductivity (up to 10  400  S  cm−1) 
and improved tensile strength from ≈20 to 112  MPa after the 
HCl treatment.[16] This approach demonstrated the potential 
to produce pure MXene films with high strength. The lower 
electrical conductivity and tensile strength values in the case 
of pure MXene films are partly due to a combination of fac-
tors, including small MXene flake size (lateral size of couple of 
hundred nanometers), defects on MXene flakes due to sonica-
tion, voids formed in film due to the imperfect and irregular 
staking of flakes. Controlling the size, orientation, and packing 
density of MXene flakes during solution processing is crucial to 
improve the overall properties of pure MXene films. However, 
no study has investigated the effect of flake size and orientation 
of MXene flakes on the properties of their macrostructures.

To address these challenges, we demonstrate high perfor-
mance free-standing MXene film with both improved strength 
and electrical conductivity using a blade-coating method 
without the use of any binders or additives. First, MXene flakes 
that have average lateral size of 10  ±  2.1  µm are synthesized 
using large Ti3AlC2 MAX phase particles (>10 µm). These large 
Ti3C2Tx flakes in aqueous dispersion formed lyotropic liquid 
crystals and showed high viscosity and good flowability with 
increasing shear rate, which enabled the alignment of flakes 
under shear force during blade coating. As an example, we 
produced several meters of a continuous, 940 nm thick MXene 
film that exhibited the highest tensile strength (568 ± 24 MPa) 
and Young’s modulus (20.6  ±  3.1  GPa). Notably, this tensile 
strength is about 30 times higher than that of pure MXene film 
(10–20  MPa) produced by vacuum-assisted filtration without 
any treatment,[18] five times higher than that of HCl treated 
MXene film[16] and approximately two times higher than those 
of the best MXene composite films.[27] After vacuum drying at 
200 °C for 6 h, the films produced using blade-coating method 
reached an electrical conductivity value of ≈15 100 S cm−1 that 
is the highest published value to date for MXene films. As a 
practical application, the high electrical conductivity offers an 
excellent EMI shielding performance of 47.9  dB for a 940  nm 
thick film in the X-band (8.2–12.4 GHz).

Ti3C2Tx flakes are synthesized by selectively etching alu-
minum layers from Ti3AlC2 MAX phase (Carbon-Ukraine) and 
subsequently delaminated into monolayer flakes with the assis-
tance of intercalation agents, such as metal ions and organic 
molecules.[28] Although sonication and sucrose density gradient 
centrifugation allow size selection of Ti3C2Tx flakes,[29] little 
effort has been made to increase the flake size of as-synthe-
sized Ti3C2Tx. The size of the Ti3C2Tx flakes depends on three 
main factors: i) the initial size of MAX phase crystals, which 
directly limits the maximum size of etched Ti3C2Tx flakes, 

ii) the complete etching of aluminum layers inside the large 
MAX phase,[28] and iii) the effective exfoliation of monolayer 
Ti3C2Tx flakes to avoid vigorous sonication and thus ensuring 
minimum breakage of Ti3C2Tx flakes during delamination.[30] 
In the present work, we synthesized single-layer Ti3C2Tx flakes 
with average lateral size of 10 ± 2.1 µm using a modified mini-
mally intensive layer delamination (MILD) method[28,30] by 
preselecting large Ti3AlC2 MAX phase particles (those greater 
than 10  µm) from the as-received MAX phase prior to the 
selective etching step, as illustrated in Figure 1a. The details 
of the size selection procedure are presented in Figure S1 in 
the Supporting Information. The predominantly large MAX 
phase particles required the etching conditions to be slightly 
modified from the MILD method to improve the etching effi-
ciency and yield. Here, we used a 12 to 1 molar ratio of LiF to 
Ti3AlC2 in 9  m HCl solution and the etching was carried out 
at 50 °C with constant stirring for 30 h. This modified method 
led to the spontaneous exfoliation and delamination of multi-
layer Ti3C2Tx flakes when the supernatant pH reached ≈6 after 
repeated washing (Table S3, Supporting Information). Traces of 
unreacted MAX phase and multilayer Ti3C2Tx were removed by 
differential centrifugation method.

We confirmed the purity of our sample by the absence of the 
2θ peak of MAX phase at ≈39° in the X-ray powder diffraction 
(XRD) pattern (Figure  1b). The obtained large Ti3C2Tx flakes 
showed the (002) peak at 2θ ≈ 6.5°, which corresponds to a c lat-
tice parameter of 27.1 Å, which is in agreement with literature.[30] 
For comparison, the small size Ti3C2Tx samples were produced 
by probe-sonicating the as-synthesized MXene dispersion for 
20 min (refer to details in the experimental section in the Sup-
porting Information). Compared to dispersions consisting of pre-
dominantly large MXene flakes, which had a mean lateral size 
(<l>) of ≈10 µm (Figure  1c), dispersions consisting of predomi-
nantly small flakes had a <l> of ≈200 nm (Figure S2b, Supporting 
Information). Atomic force microscopy (AFM) analysis of a rep-
resentative large Ti3C2Tx flake (l  >  12  µm) revealed an average 
flake thickness (<t>) of ≈1.7 nm (Figure 1d), indicating successful 
delamination into single large Ti3C2Tx flakes.[15] We note that the 
thickness of an individual Ti3C2Tx flake is reported to be ≈1 nm 
based on transmission electron microscopy (TEM) studies and 
density functional theory (DFT) calculations.[31,32] It is known 
that factors such as AFM imaging mode (e.g., tapping and con-
tact), tip-surface interactions, presence of various surface adsor-
bents, and trapped interfacial molecules affect the flake thickness 
measurement. The higher thickness of MXene flake measured 
from our AFM image could be due to the high sensitivity of our 
AFM measurement, which detects the surface functional groups 
and/or adsorbed molecules on and under the flake.[33]

The chemical composition and structure of large and small 
Ti3C2Tx flakes were investigated by X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy. As seen from the 
high-resolution XPS spectra (Figure  1e), the peaks at 454.9 eV 
(sp3/2) and 461.2  eV (sp1/2) represent a contribution from 
TiC bonds, and the peaks at 456.6 and 462.7  eV correspond 
to TiO bonds.[34,35] The weak intensity of the TiO bonds 
means the prepared large and small Ti3C2Tx flakes have no sign 
of oxidation. The strong intensity of CTi bonds at 281.5  eV 
demonstrates the presence of TiC bonds of Ti3C2Tx while the 
intensities of CO (≈286.8  eV) and CO (≈289.0  eV) peaks 
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increased slightly for small Ti3C2Tx flakes (Figure  1f). The 
Raman spectra of both large and small flakes are displayed 
in Figure  1g. Raman fingerprint of Ti3C2Tx is located between 
100 and 800 cm−1 as shown in previous studies.[36,37] Following 
available Raman vibration predictions,[37] the prominent Raman 
bands at 204 and 724 cm−1 can be assigned to different out-of-
plane atom vibration modes (A1g). The stiffer mode is attributed 
to vibrations of titanium, carbon, and surface groups atoms, 
whereas the vibration at 724  cm−1 is assigned to vibrations of 

C-atoms. Vibrations between 250 and 500 cm−1 are assigned to 
in-plane vibrations (Eg) of surface group atoms. We also noticed 
higher intensity of peaks at 204, 384, and 724  cm−1 for large 
Ti3C2Tx flakes compared to small flakes, which may be attri
buted to the increase in flake size and uniform surface func-
tional groups of large MXene flakes, but requires further work 
to study the effects of flake size and edges on Raman spectra. 
There are no D and G bands of free carbon observed, which 
indicates that the samples were not degraded.

Adv. Mater. 2020, 2001093

Figure 1.  a) The synthesis process of large Ti3C2Tx MXene flakes from large Ti3AlC2 MAX particles. b) XRD patterns of Ti3AlC2 MAX phase powder and 
drop-cast films made from large and small MXene flakes. c) SEM image of large Ti3C2Tx flakes deposited on a silicon wafer. Bottom shows the lateral 
size distribution of large MXene flakes. d) AFM image of a typical large flake deposited on a silicon substrate. Inset shows the height profile along the 
dashed red line. e,f) XPS spectra of drop-cast large and small MXene flakes on a silicon wafer showing binding energy values associated with Ti 2p (e) 
and C 1s (f). g) Raman spectra of large and small MXene flakes drop cast on aluminum foil.



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2001093  (4 of 9)

www.advmat.dewww.advancedsciencenews.com

The large lateral size of MXene flakes resulted in a high 
aspect ratio (<l>/<t>) of ≈5880, which is ≈50 times larger 
than that of small flakes (<l>/<t> ≈120). This high aspect ratio 
resulted in lyotropic liquid crystals of dispersions of large flakes 
with a concentration of ≈30  mg  mL−1, as observed from their 
polarized optical microscope images (Figure S3, Supporting 
Information).The formation of liquid crystal indicates that 
large MXene flakes self-assembled into oriented domains in 
the dispersion.[38,39] Rheological measurements also showed 
that the dispersion of large flakes at 30 mg mL−1 presents gel-
like viscosity that is as high as 1000  Pa  s at 0.01  s−1 and the 
viscosity reduced when the shear rate increased (Figure S4a, 
Supporting Information). The higher viscosity at a low shear 
rate and rheological shear-thinning behavior enabled the large 
MXene dispersion to have excellent processability. Additionally, 
large MXene flakes also displayed higher elastic (G′) and vis-
cous (G′′) moduli than that of small flakes at the same concen-
tration (Figure S4b, Supporting Information). The high G′/G″ 
ratio of large MXene dispersion also reached to ≈10 from 0.01 
to 100 Hz, indicating the film morphology will be maintained 
when the shear force is removed.[40–42] It can be concluded that 

liquid crystal domains of ordered large MXene flakes can be 
aligned along the shear direction and the dispersion recovers 
to the gel state with maintained alignment when the applied 
shear is removed.

Laboratory-scale vacuum-assisted filtration is the most 
common method to produce MXene films in the literature; 
however, a scalable method for film preparation is important 
to eliminate the variation in properties of MXene films among 
batches, scaling up the film production, and not to be limited 
by the filtration setup dimensions. Blade coating is a scal-
able method used in industrial production of free-standing 
films and coatings. In this work, we used a blade-coating 
method to fabricate large area MXene films of varying thick-
nesses containing highly aligned MXene flakes (Figure 2a–c). 
We controlled the applied shear (γ ) to induce the alignment of 
MXene flakes by adjusting the blade speed (v), i.e., the rate at 
which we moved the blade from start to finish, and the blade 
height (h), i.e., the height between the substrate and the blade 
edge. By precisely controlling the coating procedure, we main-
tained a shear rate (γ ) of 500 s−1 by adjusting v and varying h 
between 38 and 275 µm. The corresponding thicknesses of the  

Adv. Mater. 2020, 2001093

Figure 2.  a) Schematic illustration of the blade coating process. b) Digital photograph of a 1 m long and 10 cm wide film produced from large MXene 
flakes that was blade coated onto a Celgard membrane (thickness of the Ti3C2Tx film is 940 nm). c) Digital photograph of a piece of the blade coated 
Ti3C2Tx film (2.0 cm × 6.5 cm, thickness of 940 nm) made from large flakes lifting a ≈40 g object. d) SEM image shows the cross-section of a blade 
coated film containing highly aligned large MXene flakes. e) Typical stress–strain curves of blade-coated and vacuum-filtered films prepared from 
large MXene flakes. f) Electrical conductivity of blade-coated large Ti3C2Tx films with increasing thickness before and after drying at 200 °C for 6 h. 
Electrical conductivity and thicknesses of films prepared by spin coating,[14,43,44] spray coating,[13] filtration,[11,16,18,45] electrophoretic deposition,[46] and 
rolling compressing[31] are plotted for comparison. More references are listed in Table S1 in the Supporting Information. g) EMI shielding effectiveness 
(SE) performance of blade coated Ti3C2Tx film made from large flakes in the X-band (8.2–12.4 GHz). The inset shows the average total EMI SE (SET) 
(≈940 nm) and contribution of absorption (SEA) and reflection (SER) in the X-band.



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2001093  (5 of 9)

www.advmat.dewww.advancedsciencenews.com

produced MXene films ranged from ≈214  nm to ≈2.4  µm  
(Table S4 and Figure S5, Supporting Information). The blade 
coated films had a consistent density of ≈4.3 g cm−3, which was 
higher than reported values for filtered films and compressed 
discs from MXene powder (ranging from ≈2.3 to ≈3.8 g cm−3),[3,18] 
indicating that the blade-coating method leads to highly 
densified stacking of MXene flakes (Figure S6, Supporting  
Information). Blade-coated MXene films with thickness above 
400  nm can be readily peeled from the Celgard membrane 
after drying (Figure  2d). To study the effect of flake size on 
film properties, we prepared blade coated films from a batch of 
an MXene dispersion containing predominantly large MXene 
flakes and another containing a dispersion with predominantly 
small flakes. To probe how varying the degree of alignment and 
packing density of MXene flakes affect the film properties, we 
also used the most common vacuum-assisted filtration method 
to produce MXene films from both large and small flakes.

The tensile stress–strain curves in Figure  2e show the 
superior tensile strength of blade coated Ti3C2Tx films over 
vacuum-filtered film with the same average flake size. For a 
representative ≈940  nm blade-coated film, the measured ten-
sile strength of 568 ± 24 MPa is ≈15 times higher than that of 
the filtered film (≈40  MPa, thickness of 1.2  µm) prepared in 
this study, five times higher than the best value of previously 
reported MXene films (112 MPa) and approximately twice that 
of the best value for MXene-based composite films (341  MPa 
for MXene/cellulose nanofiber composite film).[22] The ten-
sile strength remained as high as 480 ± 35 MPa for a ≈2.4 µm 
thick film indicating the excellent connection between large 
Ti3C2Tx flakes. The slight decrease in the strength of the films 
with increasing film thickness is likely due to the differences 
in flake alignment. For thick films, it is difficult to maintain 
the alignment of flakes after drying, which introduces voids 
between the flakes and results in weak interflake interactions. 
The weak interflake interactions not only reduce the strength 
of the films but also decrease their electrical conductivity by 
reducing the conduction paths. Hence, we believe that the pre-
cise control of the alignment of flakes within the film is the 
key to achieving a combination of high strength and high con-
ductivity. Moreover, all films made from large MXene flakes 
showed improved tensile strength in comparison with films 
made from small MXene flakes for both blade coated films and 
vacuum-assisted filtered films (Table S5, Supporting Informa-
tion). Additionally, films made from large MXene flakes had 
around four times higher breaking elongation (≈3.2% for the 
blade coated film and ≈2.5% for the filtered film) than those 
made from small MXene flakes (≈0.7% for the blade coated 
film and ≈1.0% for the filtered film). The higher breaking 
strain for films made from large MXene flakes could be due 
to the large flakes providing long distances for flakes to slide 
passed one another before separating, helping the load transfer 
inside the film, as observed for other films produced from 2D 
nanomaterials, such as graphene oxide and clay.[47,48] The close 
stacking of MXene flakes enabled the blade coated films made 
from large MXene flakes to have record Young’s modulus and 
toughness of 20.6 GPa and 10.2 MJ m−3 (Table S5, Supporting 
Information), respectively.

The highly oriented MXene flakes in blade coated films 
also led to very high electrical conductivity with the highest 

value of 12 300 ± 170 S cm−1 measured for a ≈214 nm thin film 
(Figure 2f). The high electrical conductivity of blade coated films 
is attributed to the large flake size and improved orientation of 
flakes in films. The electrical conductivity of blade coated films 
displayed minimal dependence on film thickness. For example, 
the electrical conductivity of a ≈2.4  µm thick film (≈11 times 
the thickness) was 10  200  ±  480  S  cm−1. For comparison, a 
vacuum-filtered film made with large flakes with ≈1.2 µm thick-
ness had a lower electrical conductivity of 9860  ±  180  S  cm−1. 
In an attempt to further improve the electrical conductivity 
by removing absorbed water from the atmosphere,[49] we 
treated the Ti3C2Tx films under vacuum at 200 °C for 6 h and 
achieved a record value of 15  100  ±  160  S  cm−1, which is the 
highest conductivity value reported for MXene films. Thermal 
treatment of blade-coated film at 200 °C has been shown effec-
tive in removing the intercalated water molecules between 
Ti3C2Tx flakes.[49] This deintercalation of water molecules leads 
to decreased interlayer spacing between MXene flakes, as seen 
in the shift of (002) peak toward higher angle in the XRD data 
(Figure S7, Supporting Information). It has also been shown 
that the surface functional groups on Ti3C2Tx flakes, such as 
OH, F, and O, start to decompose at ≈200  °C.[49–51] We 
have shown that after 6 h of thermal treatment at 200  °C, the 
water contact angle increased from 45.7° to 73.1°, which could 
be attributed to the partial removal of surface functional groups. 
The removal of intercalated molecules leads to a close inter-
connection between MXene flakes, which offers fast electron 
transfer. Hence, the thermal treatment is an effective approach 
to enhance the electrical conductivity of MXene film.

The high electrical conductivity of blade coated films made 
from large MXene flakes make them excellent candidates for 
use as an EMI shielding material.[3] We measured the EMI 
shielding effectiveness (EMI SE) of the films in the X-band 
(8.2–12.4 GHz) (Figure 2g). A 2.4 µm blade coated film showed 
a high EMI SE of 53.5  dB at 8.2  GHz, which is comparable 
with previous reports.[3] Surprisingly, the 940 nm thick film had 
an EMI SE (47.9 dB at 8.2 GHz), which means >99.99% of the 
incident microwaves can be blocked by the film. The contribu-
tion of absorption (SEA) and reflection (SER) to the total EMI SE 
(SET) is analyzed. As shown in Figure 2g inset, the film showed 
an average SET of 46.1 ± 0.7 dB at the X-band, in which SEA and 
SER are 32.6  ±  3.3 and 13.5  ±  3.7  dB, respectively. Here high 
SET and SEA values are related to higher conductivity of blade-
coated MXene film. In addition, surface terminations on the 
MXene films aligned in the direction of applied electric field 
may undergo polarization, resulting in attenuation by polariza-
tion losses.[52] The comparison between film reported in this 
work and porous films reported in the literature[55] shows that 
porous MXene foam has a higher SEA, as shown in Table S6 
in the Supporting Information. Porous structure can contribute 
to microwave absorption owing to enhanced multiple scattering 
in the foam.[53,54] When the absolute shielding effectiveness 
is normalized by film thickness (SSE/t),[3] the SSE/t of blade 
coated MXene film using large flakes (≈1.2  ×  105  dB  cm2  g−1) 
was higher than most of MXene-based films and approached 
the highest reported value for a 60  µm  thick MXene foam 
(≈1.3 × 105 dB cm2 g−1) (Figure S8, Supporting Information).[55] 
As demonstrated in previous studies,[53] increasing the porosity 
of a MXene film can further increase the SEA and the SET up to 
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70 dB. However, highly porous structures lead to poor intercon-
nection between flakes, which cannot meet the requirement for 
high mechanical strength. The film developed in this study is 
multifunctional, free-standing and can be applied to a variety of 
surfaces, providing sufficient shielding effectiveness for many 
applications such as microelectronics or wearables, where  
sub-micrometer shielding layers are needed.

Besides the unprecedented tensile strength and electrical 
conductivity, the blade-coated films exhibited excellent flex-
ibility and stable resistance after repeated bending cycles. For 
example, after bending at 180° for 500 cycles using a custom 
designed device (Figure 3a), the blade coated film made from 
large MXene flakes showed a minimal increase in resistance 
(≈0.4%) while the resistance of the filtered MXene film using 
large flakes increased by ≈2.5% (Figure S9, Supporting Infor-
mation). Extending the bending cycles to 5000 revealed <1% 
increase in resistance of blade coated films made from large 
flakes when bent at 180° (Figure  3b). The resistance of a fil-
tered film made from large flakes increased by 12% after 5000 
bending cycles and the filtered film made from small flakes 
broke after ≈2000 cycles. SEM examination of the blade coated 
film made from large flakes bent at 180°, corresponding to a 
bending radius of 62.5  µm, revealed an internal morphology 
that consisted of compact stacks of highly aligned MXene flakes 
along the film plane (Figure 3c). When the bending radius of 
film is further reduced, the large Ti3C2Tx flakes remained tightly 

stacked, even at a radius of curvature of 1.3 µm (Figure 3d,e). 
We observed minimal buckling of large flakes localized on 
the inner side of the curved surface due to the compressive 
stress imposed during bending. In contrast, multiple creases 
were observed for the filtered film even at a significantly larger 
bending radius of ≈68.1 µm (Figure S10, Supporting Informa-
tion). These results clearly illustrate that large MXene flakes 
and improved alignment along the film plane enhanced the 
connectivity between flakes within the films.

We also used small- and wide-angle X-ray scattering (SAXS/
WAXS) measurements to elucidate how MXene flakes are ori-
ented in blade coated and filtered films using large Ti3C2Tx 
flakes. As shown in Figure 4a, measurements were carried out 
at two X-ray beam orientations (parallel and perpendicular) rel-
ative to the film plane. With the parallel configuration, while 
both films showed scattering pattern along the qy direction 
(Figure  4b,c), the blade coated film revealed a narrower (002) 
peak when the integrated signals were normalized by the inten-
sity of (002) peak (Figure 4f). These results suggest that blade 
coating led to more uniformly spaced flakes than vacuum-
assisted filtration. To study the orientation of the unit cells of 
Ti3C2Tx in the film plane, we compared the azimuthal plots of 
the (002) peak, which represent the normal directions of the 
flake plane, of films produced by blade coating and vacuum-
assisted filtration (Figure 4g). Here, we adopted Herman’s ori-
entation factor (f), an indicator widely used for the analysis of 
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Figure 3.  a) Photos of a piece of MXene film (1 cm × 4 cm) undergoing a bend test. The film is mounted on two insulating poly(tetrafluoroethylene) 
blocks which can be repeatedly bent at various degrees. Conducting copper tapes were used at both ends of the sample to establish the electrical 
connection. b) Changes in resistance of MXene film after fully folded (180°) for up to 5000 cycles. Filtered and blade-coated films that are made from 
small flakes are broken after bending for ≈2000 and ≈3000 cycles, respectively. c) SEM image of blade coated film made from large flakes folded at 
180° forming a radius of ≈62.5 µm. d,e) Low-magnification (d) and e) high-magnification (e) SEM images of a blade coated film made from large flakes 
bent at an extremely small radius of ≈1.3 µm.
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polymer alignment,[56] to assess the orientation of flakes rela-
tive to the film plane (see calculation details in the Supporting 
Information). The orientation factor value ranges from 0 to 1, 

which indicates random to full alignment with respect to the 
axis of interest, respectively. As shown in Figure 4g, we found 
that the orientation factor for a blade coated film (0.75) was 

Adv. Mater. 2020, 2001093

Figure 4.  a) Schematic illustration of the positions of the X-ray beam (parallel and perpendicular to the MXene film plane) during small- and wide-
angle X-ray scattering (SAXS/WAXS). The bottom shows the predicated microstructure and orientation of MXene flakes within films produced by blade 
coating and vacuum-assisted filtration. b,c) SAXS/WAXS patterns of blade-coated films (b) and filtered films (c) prepared using large MXene flakes 
when the film plane is parallel to the X-ray beam. d,e) SAXS/WAXS patterns of blade-coated films (d) and filtered films (e) prepared using large MXene 
flakes when the film plane is perpendicular to the X-ray beam. f) Diffractograms of the film samples obtained by integration of SAXS/WAXS 2D spectra 
shown in (a) and (b) along the qy direction. g) Azimuthal plot for (002) peaks marked in (a) and (b) in azimuth range of −90° and 90°. h) Diffractograms 
of MXene films obtained by integration of (c) and (d) along the qy direction.
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higher than that for a filtered film (0.64) suggesting increased 
anisotropy when large Ti3C2Tx flakes were aligned by shear 
(blade-coating method) compared to self-assembly (filtration 
method). We also analyzed the data obtained from the perpen-
dicular test configuration. It is noteworthy that this configura-
tion enabled the detection of the (010) and (110) planes of the 
P63/mmc unit cells of Ti3C2Tx for both samples (Figure  4d,e), 
which cannot be observed in the parallel test configuration. 
Only two distinct concentric patterns were observed for the 
blade coated film, which indicate that the MXene flakes lie par-
allel to the film plane with minimum disorientation. In con-
trast, the intensity of the (010) and (110) peaks significantly 
decreased and several (01l) scattering peaks attributed to (011), 
(013), (014), and (016) planes were evident for the filtered film 
(Figure  4h). The peaks observed at around qy  =  2.78  Å−1 indi-
cate that the P63/mmc unit cells of flakes have slopes between 
the film plane, suggesting MXene flakes are stacking wrinkly in 
the filtered films. Based on these results, we infer that during 
the formation of films, MXene flakes are parallel to the film 
surface in blade coated films, while flakes are present as partly 
isotropic regions in filtered films. Such regional disorders 
in filtered films may be ascribed to the misalignment and/or 
wrinkling of the large MXene flakes that are not easily elimi-
nated by the filtration process unlike in blade coating where 
the application of shear induces the alignment of flakes. These 
results collectively support the observed superior electrical and 
mechanical properties of blade coated films made from large 
MXene flakes.

Here we demonstrated that the quality of MXene disper-
sion is necessary to produce MXene films that display both 
high strength and high conductivity. Production of high-quality 
MXene dispersions in large quantity (≈50 g per batch) has been 
recently demonstrated,[57] paving the way for the large-scale 
manufacturing of high quality MXene films. It is envisaged 
that future scaling up of film production will involve automa-
tion of the film processing parameters (i.e., blade speed, height, 
and force for a uniform and constant shear rate) to ensure the 
consistent production of high quality films. It will also involve 
both online and offline tests/measurements (i.e., electrical 
resistance, mechanical properties, etc.) to monitor the film 
properties.

In summary, we have demonstrated that it is possible to 
achieve both high strength and enhanced electrical conductivity 
of pure Ti3C2Tx MXene films using large size MXene flakes and 
a scalable blade coating process. High aspect ratio MXene flakes 
were firstly synthesized by preselecting the large MAX phase 
and then adjusting the etching conditions. Additionally, the 
formation of liquid crystalline MXene and proper rheological 
properties of dispersion enabled the alignment of flakes under 
shear force, leading to highly orientated flakes along the blade-
coated film plane. These combined metrics resulted in free-
standing thin films with record tensile strength (≈570  MPa), 
Young’s modulus (≈20.6 GPa), and high electrical conductivity 
of ≈15 100 S cm−1 (after annealing treatment). The positive effect 
of large MXene flakes and their alignment on mechanical prop-
erties and electrical conductivity is expected to enable the devel-
opment of a range of applications based on strong and conduc-
tive pure MXene films, such as EMI shielding, energy storage, 
and printed electronics.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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