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The practical application of 2D MXenes in electronic and energy fields has been hindered by the severe
variation in the quality of MXene products depending on the parent MAX phases, manufacturing
techniques, and preparation parameters. In particular, their synthesis has been impeded by the lack of
studies reporting the synthesis of high-quality parent MAX phases. In addition, controllable and uniform
deposition of 2D MXenes on various large-scale substrates is urgently required to use them practically.
Herein, a method of pelletizing raw materials could synthesize a stoichiometric TizAlC, MAX phase with
high yield and processability, and fewer impurities. The TizAlC, could be exfoliated into 1-2-atom-thick
2D TizC,T flakes, and their applicability was confirmed by the deposition and additional alignment of the
2D flakes with tunable thickness and electrical properties. Moreover, a practical MXene ink was
fabricated with rheological characterization. MXene ink exhibited much better thickness uniformity while
retaining excellent electrical performances (e.g., sheet resistance, electromagnetic interference shielding
ability) as those of a film produced by vacuum filtration. The direct functional integration of MXenes on
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1. Introduction

The past few years have witnessed significant development in
two-dimensional (2D) MXene research (i.e., a large group of
transition metal (TM) carbides or nitrides) as a new material for
various applications owing to its combination of unique prop-
erties and 2D layered claylike structure.' It is produced by the
selective etching of A layers from their parent MAX phase (i.e.,
precursor), where M is an early TM, A is generally an element of
group IIIA or IVA (i.e., group 13 or 14), and X is carbon and/or
nitrogen.* The structure of MXene has the general formula of
M,11X, Ty (n = 1-3) with M,,.;X,, layers and surface-terminating
functional groups represented by T, (-OH, -F, -O, -H, etc.).®
Because of their high metallic conductivities® and abundant
surface functional groups that provide electrochemically active
sites,” MXenes have shown promising performance in energy
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various substrates is expected to initiate new and unexpected MXene-based applications.

storage devices, electromagnetic interference (EMI) shielding,
catalysis, sensors, and many other applications.*** Above all,
along with these advantages, the versatile chemistry and
structural variety of MXenes allow us to tune the properties and
make them competitive with other 2D materials."*"” For
instance, Tiz;C,T, MXene, the most-studied material in the
family to date, has been exfoliated from the precursor TizAlC,
phase prepared by pressureless sintering and has shown
promise in numerous applications."®* However, compared to
the reports on the applications of MXenes, there are relatively
fewer recent reports on the synthesis, manufacturing tech-
niques, and preparation parameters of their precursor MAX
phases,*"** which decisively affects the quality and composition
of the final MXenes.>*** Moreover, the effect of sintering
conditions for the MAX phase on different impurities and the
resulting yield for the exfoliation of MXene is yet to be studied.
Pressure-assisted sintering methods for the preparation of
dense bulk MAX phases, such as hot isostatic pressing,* hot
pressing,* spark plasma sintering,* and self-propagating high-
temperature synthesis,”® have the disadvantages of high cost
and complex processes. On the other hand, commercially
available MAX powders are often contaminated to some extent
with intermediate phases and other impurities, in which the
non-stoichiometric composition leads to the reduction of
desired phases and decreased crystallinities of MXenes.””**

Nanoscale Adv, 2021, 3, 517-527 | 517


http://crossmark.crossref.org/dialog/?doi=10.1039/d0na00398k&domain=pdf&date_stamp=2021-01-24
http://orcid.org/0000-0002-9259-0460
http://orcid.org/0000-0003-3949-1479
http://orcid.org/0000-0002-5204-3032
http://orcid.org/0000-0003-1409-0046
http://orcid.org/0000-0001-9455-0000
http://orcid.org/0000-0002-6116-5576
http://orcid.org/0000-0002-7726-3154
http://orcid.org/0000-0002-8982-2400
http://orcid.org/0000-0003-2196-0986
http://orcid.org/0000-0003-3498-9761
http://orcid.org/0000-0002-2432-0418
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0na00398k
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA003002

Open Access Article. Published on 23 November 2020. Downloaded on 4/27/2026 2:21:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

Collectively, improving the quality control of parent MAX pha-
ses as well as in-depth study of the preparation parameters and
processing equipment, which strongly influence the structural
features of the final MXenes, are critical for mass production.

In addition to synthesis challenges for high-quality MXenes,
efforts to obtain MXene-based membranes and coatings
through various methods and to incorporate them into hosts
are highly required. Very recently, as a method to utilize MXene
obtained from the precursor MAX phase, developments of
viscous aqueous inks have been reported.”*' MXene inks,
which were made of MXene flakes and had hydrophilicity and
a high surface charge, could be easily applied on a variety of
substrates using affordable strategies such as writing, printing,
stamping, and painting. However, MXene inks reported to date
are rarely composed of only delaminated-MXene flakes (i.e.,
frequent presence of bulky structure in deposited flakes), and
the films made from the inks do not exhibit laterally stacked
morphologies.”* The uneven stacking of MXene flakes could
lead to a reduction in conductivity, and the applications of the
films are also limited to electrical circuits or electrodes for
energy storage devices. Therefore, formulating an MXene ink
with ideal viscoelastic properties, which would allow the 2D
flakes to be deposited more uniformly and laterally, is highly
necessary at this moment.

Herein, raw material powders were pelletized for a uniform
and dense sintering reaction, leading to a synthetic Ti;AlC,
MAX phase with a high yield and processability featured by
much fewer impurities even though it was simpler than
conventional ways with fewer process variables. We further
optimized the sintering process by observing phase changes in
the pellet based on various structural analyses, which resulted
in the formation of an ideal Ti;AlC, MAX phase pellet with high
crystallinity and accurate stoichiometry in comparison to the
commercially available MAX powders. The synthesized Ti;AlC,
could be exfoliated into 1-2-atom-thick 2D flakes of Tiz;C,T,
MXene, resulting in high-concentration dispersion in DI water
with high purity. The vacuum filtration method (followed by
a hot-pressing process) allows the uniform and controllable
deposition of MXene membranes with thicknesses ranging
from several layers to tens of micrometers over large areas. The
electronic properties can thus be tuned over three orders of
magnitude, making them potentially useful for various flexible
devices. The effectiveness of EMI shielding, which is one of the
promising applications using MXenes, can also be effectively
tuned, confirming their applicability. Moreover, a practical
MXene ink that can be easily painted on various substrates was
fabricated via a process to concentrate pure delaminated MXene
flakes. Rheological properties of the MXene ink were investi-
gated to optimize painting conditions so that the 2D flakes
could be deposited with a uniform thickness and conductivity
on substrates of various surfaces. Notably, painted MXene ink
exhibited much better thickness uniformity while keeping
a similar morphology and electrical properties to those of a film
produced by vacuum filtration, thus showing the possibility for
more diverse applications. Finally, excellent EMI shielding
ability in both filtrated and painted MXene films without any
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additives was achieved, which is comparable with pure
aluminum and copper foils.

2. Results and discussion

A titanium aluminum carbide (Ti;AlC,) MAX phase was
successfully synthesized using a new pelletizing method that we
developed in this study (Fig. S17). TiC, Ti, and Al were chosen as
raw materials, and the powders were prepared for the stoi-
chiometric composition of Ti3AlC,. These powders were mixed
by ball-milling and dried under a nitrogen atmosphere to obtain
a uniform and calcined raw-material mixture. The mixture of
the powders was shaped into a coin-shaped pellet through cold
pressing with an organic binder (i.e., polyvinyl alcohol, PVA),
and the inter-particle distance was kept sufficiently short to
produce a solid-state reaction. The pellets were then heated at
different temperatures ranging from 1400 to 1550 °C in an Ar
atmosphere. In previous studies, a homogeneous TizAlC; o
phase was observed at =1300 °C and polycrystalline bulk
samples of TizAl, ;C; g were synthesized reactively by a hot iso-
static press at =1400 °C.”>** Based on the results, a temperature
range over 1400 °C was selected as a synthesis condition for
there to be sufficient energy to form the target phase of Ti;AlC,
with accurate stoichiometry. X-ray diffraction (XRD) analysis
confirmed the uniform formation of Ti;AIC, at the ambient
pressure, as shown in Fig. 1(a). The XRD pattern of the as-milled
pellet that was sintered at =1400 °C showed peaks for TizAlC,
with TiC (with =21.5 vol%) as an impurity. By observing the
main peaks and their integral intensities, we measured the
volume fraction of Ti;AlC, and TiC (Fig. S2(a)-(d)f). As the
sintering temperature increased to = 1450 °C, the Ti;AlC, phase
increased to 86.6 vol% with TiC being reduced to 13.4 vol%,
which indicates that a greater amount of Ti-Al reacted with TiC
to produce an interleaved Al layer forming Ti;AlC,. Based on
a previous report that analyzed the reaction path for the
formation of TizAlC, from elemental powders, intermediate
phases of non-stoichiometric Ti-Al were formed after Al melting
at =660 °C.*»* Subsequently, a liquid environment created by
the intermediate phases that began to melt at =1350 °C favored
the reaction with TiC at higher temperature (= 1420 °C) to form
TizAlC,. Therefore, it is reasonable to attribute the formation of
dense TizAIC, by the solid-liquid reactions to the chosen sin-
tering condition of the high temperature above the melting
point. However, as the sintering temperature further increased
to =1500 °C, the fraction of Ti;AlC, phase slightly decreased to
84.2 vol%. At =1550 °C, TiC further increased and a peak for C
appeared, showing the same tendency for the reported TizAlC,
phase that decomposes at =~1580 °C.*? Increasing the sintering
time from 2 to 4 h did not cause significant changes in terms of
the peak position or full width at half maximum (FWHM) except
for a relative increase in the intensity of Tiz;AlC, due to the
longer reaction time (Fig. 1(b) and S2(e)-(h)}). PVA was not
detected in any of the spectra, suggesting that the organic
binder was completely removed above its boiling point (=228
°C).

The atomic ratio of Ti, Al, and C in the sintered pellet was
calculated through energy dispersive X-ray (EDX) analysis

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD patterns of as-milled TizAlC, MAX phase pellets sintered at various temperatures, (b) XRD patterns of the pellets sintered at 1500 °C

at different times, and (c) calculated atomic ratio based on sintering temperature. Photographs of a cold-pressed pellet (d) before and (e) after the
sintering process at =1480 °C for 2 h, and (f) as-milled powder. SEM images of the (g) sintered pellet surface and (h) as-synthesized MAX phase
with a layered structure after grinding. (i) EDX spectrum of a pellet, revealing the chemical composition of the TizAlC, MAX phase, and (j) XRD

patterns of commercial and as-synthesized TizAlC, MAX phase powder

(Fig. 1(c)). The Al content was kept fixed, and the stoichiometry
ranges explored for Ti,AlC, were x = 2.80-3.04 and y = 1.75-
2.38, suggesting that the sintering conditions, such as temper-
ature, affected the final stoichiometry. Based on these results,
an ideal TizAlC, MAX phase pellet was synthesized using the
optimized process conditions. Following sintering at =~1480 °C
for 2 h, the overall color of the pellet changed from dark black to
bright grey (Fig. 1(d) and (e)). The layered structure of the MAX
phase was observed in scanning electron microscopy (SEM)

© 2021 The Author(s). Published by the Royal Society of Chemistry

compared with hexagonal closed-packed TizAlC, (JCPDS 10-074-8806).

images of the pellet surface and as-milled powder, revealing
that a MAX phase formed within the entire pellet with more
than 0.5 g of the raw material (Fig. 1(f)-(h)). X-ray photoelectron
spectroscopy (XPS) analysis showed crystalline sheets with
a strong covalent bonding of Ti and C and interleaved Al layers
that involved relatively weak metallic bonding, as reported in
other studies (Fig. S31)."® For TizAlC,, Ti 2p peaks centered at
~455 eV and =459 eV could be assigned to the Ti-C bond
(formation of Ti-carbide) and Ti(iv) oxide (TiO,), respectively.** C

Nanoscale Adv., 2021, 3, 517-527 | 519
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Table 1 Comparison of TizAlC, MAX phases synthesized by three different methods in terms of volume fraction, atomic ratio, and exfoliation

yield of MXenes

Volume fraction [vol%]|

Atomic ratio

Methods Ti;AlC, (MAX phase)  TiC (impurity phase) Ti(3) Al(1) C(2) Exfoliation yield®

Commercial MAX 32.0 68.0 3.40 1 2.32 0.56 + 0.14%

Sintering (this work)  Bulky powder (5.84g)  28.6 71.4 3.04 1 2.77 2.35 + 1.86%
Pellet (0.6 g) 91.2 8.8 313 1 2.06 555+ 12.8%

¢ Exfoliation yields were calculated using the equation of (weight of exfoliated MXene flakes)/(weight of used MAX powders).

1s peaks centered at =281.9 and =285 eV were equivalent to
Ti-C and C-C bonds, respectively, and Al species occupying the
planar sites were also detected at =72.3 eV for the Al 2p peak
(with oxide species at =74.6 €V).*>*® The EDX spectrum revealed
the compositions of TizAlC, and the accurate contents of Ti, Al,
and C in the pellet (Fig. 1(i)).

XRD analysis showed the successful synthesis of the hexag-
onal close-packed structure of TizAlC,, corresponding to JCPDS
file card no. 10-074-8806 (Fig. 1(j)). To reveal the effect of
pelletizing on reducing the impurity phases and fabricating
a dense Ti3AlC, phase, a comparison with other MAX phases
was conducted, namely, commercially available MAX powder
with our synthesized one without pelletizing (Table 1).
Commercial MAX powder showed unevenly-structured parti-
cles, inaccurate stoichiometry, and intermediate phases such as
Ti,AlC and AlTi; and a large peak of C in the XRD spectrum,
leading to a low volume fraction of Ti;AlC, (Fig. S47). Sintering
without pelletizing also produced high impurity phases because
of the long inter-particle distance in uncompressed and bulky
powder, which made the diffusion of atoms difficult (Fig. S51).
In contrast, when a small amount of the powder (0.6 g) was

pelletized and heated, two main phenomena during the sin-
tering process, i.e., densification and decrease in the surface
area, occurred among the compacted particles, which were
verified by pellet shrinkage. The densification could promote
the afore-mentioned Ti;AlC, formation reaction, resulting in
a fully dense Ti;AlC, conforming to a previous report for sin-
tering with a wide range of powdered metals through pelletizing
and microwave-assisted sintering.’” Therefore, the synthesized
MAX powder with pelletizing exhibited much fewer impurity
phases except for some unreacted TiC, indicating its higher
quality and purity.

To verify the quality of our synthesized MAX precursor, 2D
MXene flakes, which have abundant surface functional groups
and a large surface area, were produced using a top-down
exfoliation method described elsewhere (Fig. S6(a)f).*® We
used hydrofluoric (HF) acid to selectively etch the Al layers from
TizAlC, without any impurities such as salt by-products. The
morphology of the multilayered Ti;C,T, showed that strong
interlayer interactions appeared after etching in an HF aqueous
solution at room temperature for 24 h followed by centrifuga-
tion (Fig. S6(b) and (c)f). Tetramethylammonium hydroxide
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(a and b) SEM images of diluted and dropped TizC,T, MXene flakes on a SiO,/Si substrate. (c and d) AFM mapping images of the TizC,T,

MXene flakes. (e) SEM cross-section image of the vacuum-filtrated TizC,T, MXene membrane. The insets in (e) are a photograph of a free-
standing membrane (left) and HR SEM image of the area marked by a white dashed line (right). (f) Sheet resistance of filtrated TizC,T, MXene on
PP membranes with different thicknesses. (g) Thickness and (h) sheet resistance of TizC,T, MXene membranes hot-pressed with different
pressure. Average and standard deviation in (g) were calculated from fifteen measurements within 1 cm of each sample. Sheet resistance in (h)
was measured three times per sample and the average and standard deviation were calculated.
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(TMAOH) was used as an organic intercalant to widen the space
and weaken the bonds between the multilayers. Then, sonica-
tion followed by centrifugation dispersed the delaminated
MXene flakes with dark supernatants present. The MXene
flakes, with a strong negative charge on their surface functional
groups, were dispersed very stably in DI water, which had
remained for several weeks.***® Non-etched Ti;AlC, and Ti;C,T,
were separated through centrifugation. When the colloidal
solution was investigated by dilution and dropping on SiO,/Si
substrates, SEM images showed very pure MXene flakes with
various lateral sizes of several hundred nanometers (and up to
several micrometers), as shown in Fig. 2(a) and (b). The size of
the flakes, which affects the application of MXenes,** could be
further controlled by optimizing the exfoliation and sintering
processes; however, the effect on the resulting MXene flakes is
yet to be studied and out of the scope of this study. The high-
resolution (HR) SEM image showed that the surface of the
flake was very clean without any significant impurities, con-
firming the purity of our MXene dispersion. When observed
through an atomic force microscopy (AFM) mapping image, the
MXene was confirmed to be exfoliated in the form of a flake with
a small thickness of =1.68 £ 0.22 nm, indicating that the
exfoliated regions consist of 1-2 layers of MXene (thickness of
an individual MXene flake studied by density functional theory
calculation and transmission electron microscopy was
=~0.98 nm (ref. 8 and 42)) (Fig. 2(c)). The image of an individual
MXene flake and the AFM height profile, measured along the
yellow dashed line, show uniform thickness of flakes with
dominantly 1-2 layers in the samples (Fig. 2(d)). In addition,
thicker regions (with a thickness of =3.04 &+ 0.11 nm) are also
visible in the AFM images, which likely arise from incomplete
exfoliation of MXene in suspension.

Solution-processed MXene flakes could be deposited for
further measurements and applications. A free-standing MXene
membrane was fabricated by vacuum filtration of a highly-
concentrated colloidal solution of up to ~1.2 mg ml ™. It was
structurally stable and could be handled without any cracking
or disintegration (inset in Fig. 2(e)). Orderly stacked flakes that
had interlayer gaps were observed by cross-sectional SEM
images (Fig. 2(e)). The EDX spectrum showed the elemental
composition of Ti and C with an atomic ratio of 3 : 1.72 and O
and F as components of the surface functional groups
(Fig. S7(a)t). We further investigated the presence and chemical
states of foreign species in the samples through XPS (Fig. S37).
For TizC,Ty, Ti 2p peaks at =455.8, =459.1, and =465.0 eV
could be attributed to Ti(u), Ti-O, ,~F, and Ti(m) bonds,
respectively.”® A strong XPS peak at =459.1 eV (due to the Ti-
O,_,—F, bond) proved the presence of large amounts of -O,
-OH, and -F functional groups on the surface of MXene flakes
after HF etching. Because of selective dissolution of Ti during
the HF etching, a C 1s line-scan spectrum exhibited a dominant
peak at =284.5 eV (because of the C-C bond) as compared to
TizAlC,, which corresponds to the graphitic C-C formation.** In
addition to the absence of Al in the EDX spectrum, disappear-
ance of the Al 2p peak demonstrated the etching of Al layers of
Ti3AlC,. XRD analysis of the membrane was performed to
confirm the structural changes in the MXene phase and its

© 2021 The Author(s). Published by the Royal Society of Chemistry
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crystallinity (Fig. S7(b)t). The results showed constant peak
positions, and the peaks were broadened because of the
decrease in the crystallite size. In contrast to the MAX precursor,
the intense (104) peak of Ti;AlC, at 2 = 38.8° completely dis-
appeared, suggesting the formation of exfoliated 2D TizC,T,
flakes after Al etching. Compared with that of the MAX
precursor, the (002) peak of the MXene, which was initially at 26
= 9°, shifted to a lower angle (i.e., to a larger d-spacing, corre-
sponding to exfoliation of MXene).*

To utilize the MXene in a large area, a hybrid MXene/
polypropylene (PP) membrane with a wide diameter (¢ = 72
mm) was fabricated by vacuum filtration of MXene on a flexible
PP filter (inset in Fig. 2(f)). The thickness of the membrane that
could be controlled by varying the amount of vacuum-filtrated
solution enabled the electronic properties of the membrane to
be tailored, suggesting the metallic nature of the material. It can
be seen from Fig. 2(f) that the increase of membrane thickness
over 5 um leads to a dramatic reduction in the sheet resistance
below =1-5 Q sq~'. The sheet resistance of the membrane
could be affected by the alignment of MXene flakes. This is
because the electrical conductivity along the vertical direction,
having strong Ti-C bonds, is much lower than that in the planar
direction.*® From the cross-sectional HR SEM images, we found
that the membranes consist of highly aligned 2D flakes when
the thickness is less than 5 um; however, they form a contin-
uous conductive network due to the presence of sufficient
disordered and nanostructured flakes in the membranes
thicker than 5 um, implying that the system dimensionality
changes from 2D to 3D (Fig. S87).

To align the flakes in the interior of the membrane and
minimize the gap between the flakes, which deteriorates the
conductivity, hot-pressing was performed on the vacuum-
filtrated MXene membrane with multiple levels of pressure.
Samples with different initial thicknesses of =4.84, =8.86, and
~21.78 pm were pressed into thin, medium, and thick
membranes, respectively. Changes in thickness and sheet
resistance were measured. The thickness of medium and thick
membranes decreased as the pressure of hot-pressing increased
(Fig. 2(g)). Interestingly, in a medium-thick membrane, the
sheet resistance decreased and reached the minimum value of
=~1-5 Q sq " as the applied pressure increased although the
pressed membrane had a smaller thickness than the bare
membrane (Fig. 2(h)). We assume that this was due to the
improved flake alignment and the formation of conductive
paths along the planar direction, as in the case of other 2D
materials such as graphene.”” The cross-sectional SEM images
of pressed membranes also show that the gap disappeared and
the flakes were densely aligned, compared to the bare
membrane (Fig. S97). On the other hand, the thick membrane,
which already had low sheet resistance, showed no significant
change. The thin membrane, with no significant change in
thickness, showed an increase in sheet resistance due to
a membrane fracture (inset in Fig. 2(h)). Therefore, it was
confirmed that the conductivity of the MXene membrane could
be increased by improving the alignment of the flakes within
a moderate thickness range.
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concentrations. (d) Painted TizC,T, MXene ink on various substrates using a brush. SEM cross-sectional images of painted TizC,T, MXene ink on

the (e and i) PP filter, (f and j) glass, (g and k) PC filter, and (h and |) filter
surface roughness) on the bare substrates is included on the upper righ

To deposit 2D MXene flakes from solution, allowing various
devices to be fabricated practically on any surface, MXene flakes
should be uniformly deposited with a constant thickness to
ensure electrical conductivity and structural stability. Our
thickness-dependent results suggest that the vacuum-filtrated
membranes are well-stacked and uniform. However, the
significant variation in thickness of thicker membranes over
~5 pum points to the fact that better control of the thickness
uniformity of the MXene membranes will be essential if films
are to be conformally deposited on various surfaces. Thus, as
a new form of MXene applicable to a variety of surfaces, an
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paper. Detailed information (i.e., contact angle and root-mean-square
tin (e—h).

“MXene ink” that can be easily painted onto various substrates
was produced using a method of concentrating purely delami-
nated flakes, as shown in Fig. 3(a). Precipitating the delami-
nated MXene flakes was possible using IPA and toluene as anti-
solvents with low polarity, as polar solvents disperse MXene
more efficiently (Fig. S10(a)t). The sedimented MXene flakes
were re-dispersed in DI water by sonication, resulting in MXene
ink (Fig. S10(b) and (c)t). The rheological properties of the
MXene inks were subsequently investigated to determine the
optimal concentration in which inks could flow and be painted
over large areas. Although all the inks exhibited Newtonian

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Thickness and (b) sheet resistance of painted TizC,T, MXene ink as a function of number of paintings. (c) Thickness of painted TisC,T, MXene

on filter paper with a different number of paintings. (d) Sheet resistance and (e) EMI SE of painted TizC,T, MXene/filter paper with different thicknesses. (f)
EMI SE and (g) EMI SE/t versus thickness of previously reported different materials. Detailed EMI shielding data are presented in Table S1in the ESI.T The
horizontal red dashed line in (f) indicates basic requirements for commercialization. Average and standard deviation of thickness in (a) and (c) were
calculated from 15 measurements within 1 cm of each of the three samples, with the same number of paintings. Sheet resistance in (b) was measured
with three samples with the same number of paintings and the average and standard deviation were calculated.

behavior below the frequency of 1 rad s™*, where the dynamic

viscosity (n’, mPa s) is constant with increasing frequency (v,
rad s~') (Fig. 3(b)), it is noteworthy that the %’ of the ink with
a concentration of 45 mg ml ' was almost one order of
magnitude higher than those of the inks prepared at low
concentrations. It should also be noted that the dynamic

© 2021 The Author(s). Published by the Royal Society of Chemistry

viscosity of all the inks appeared to have increased beyond the
frequency of 1 rad s~ with a significant fluctuation. This is
because MXene particles in the solution agglomerated at a high
shear rate regime, causing phase instability. In addition, the
storage (G') and loss (G”) moduli, which are important viscoelastic
properties, were investigated by a stress sweep test (Fig. 3(c)).
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MXene inks, with the concentration of 15 and 30 mg ml ™", showed
low loss and storage moduli with no fluctuation with increasing
stress. While the MXene ink with a concentration of 45 mg ml ™"
showed an abrupt decrease, which may be due to the fact that
MXene flakes became aggregated at high shear stress over a linear
viscoelastic (LVE) region (~10 Pa). To check the viability for
painting, the MXene inks (15, 30, and 45 mg ml~* concentrations)
were painted on several kinds of substrates with hydrophobic and
hydrophilic surfaces. A thick ink with a concentration of 45 mg
ml~* could not be painted on entire substrates due to a lack of flow
(Fig. S11%). Therefore, for uniform painting on substrates with
rough surface morphology or large area, to prevent the aggregation
of MXene flakes, liquid-like inks with concentration of less than
45 mg ml™' were considered appropriate due to their stable
rheological properties and fluidity; even though a high concen-
tration of MXene ink is advantageous for painting a thick MXene
flake layer. In this regard, an MXene ink with a concentration of
30 mg ml~" was adopted for painting applications. The ink was
painted well on hydrophobic substrates, such as the PP filter and
glass, using a brush (Fig. 3(d)).

The cross-sectional SEM images of painted MXene ink on a PP
filter, glass (DURAN, borosilicate glass (D263)), a hydrophilic pol-
ycarbonate (PC) filter, and a filter paper (Hyundai micro,
HM.00205110) showed that the MXene ink was painted with
a uniform thickness, and the flakes were stacked laterally as
compared to others made of a whole sediment that possibly con-
tained multilayer MXenes or impurities (Fig. 3(e)-(1). The lower
magnification cross-sectional SEM images of these specimens
showed their thickness uniformity over a wide range (Fig. S127). In
particular, on a filter paper, MXene was first coated on a fiber and
then stacked up, which indicated that the MXene ink was painted
conformally based on the morphology of the underlying substrate
(Fig. S137). It was also confirmed through XRD analysis that the
flakes were deposited in a manner similar to that of the vacuum-
filtrated membrane (Fig. S7(b)t).

To validate the applicability of MXene ink painting on desired
substrates, the thickness and sheet resistance of the painted
Ti;C,T, MXene inks on various substrates having areas of =20 x

View Article Online
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20 mm? were plotted as a function of the number of paintings, as
shown in Fig. 4(a) and (b). The results showed that the thickness
increased almost linearly with the number of paintings and the
sheet resistance exponentially decreased with the thickness of the
flake layer. We note that MXene ink was painted more densely on
glass having small roughness (=4.08 nm), leading to the fabrica-
tion of the MXene membrane with a high electrical conductivity
(with a thickness of =7.7 um and a sheet resistance of =4.98 Q
sq ). It is worthwhile to note that a larger deviation in the thick-
ness and sheet resistance of the painted Ti;C,T, MXene inks on the
PC filter, which was thin (with a thickness of =4.7 um) and easily
crumpled, was observed compared to those on other substrates. In
addition, the painted Ti;C,T, MXene inks on the PP filter (with
small pore size of =0.2 pum and hydrophobic surface) could not be
deposited more than 5 times because of the aggregation and spills
of the flakes, ending up with a fracture in the film (Fig. S147).

With the structure of the deposited MXene flakes being similar
to the vacuum-filtrated membrane, our painted MXene ink with
much better thickness uniformity is expected to be used in many
potential applications, as shown in Fig. 5. For comparison with the
EMI shielding performance of the hybrid MXene/PP membrane,
MXene ink was painted on a filter paper over a large area of =40 x
40 mm®. We note that the different substrates were introduced to
avoid the aggregation and penetration of MXenes and the
substrates did not affect the EMI shielding effectiveness (SE) due to
their insulating properties. Even in the large area, the thickness of
the MXene could be increased uniformly by ink painting except at
very high values over 15 (Fig. 4(c)). The thickness played a crucial
role in the EMI SE of the membrane as the effective area through
which the wave passes. For electrically conductive materials, EMI
SE can be theoretically represented by the conventional Simon
formalism;

SE =350+ 10 1og<;) +1.7t\/af 1)

where ¢ [S ecm '] is the electrical conductivity, f [MHz] is the
frequency and ¢ [cm] is the thickness of shielding materials. As
expected, the EMI shielding performance of the MXene

a b
T ~2.93 um (x 1) E ~0.86 pm (x 1)
3 258 3 o082
a ~4.69 pm (x 2) a ~1.73 pm (x 3)
g 5.15 E 1.80
2 ~6.39 pm (x 3) 2 ~4.43 pm (x 10)
© 644 v a2
[ c
© ~7.24 um (x 5 © ~12.36 pm (x 20)
§ ne 3
2 ~13.96 um (x 8) . ~15.34 pym (x 25)
= 138 — 2 157

27 21 15 -9 -3 3 9 15 21 27

Distance from center (mm)

=27 -21 <15 -9

3 3 9 15 21 27

Distance from center (mm)

Fig. 5 Graph showing the cross-section thicknesses of the (a) vacuum-filtrated MXene membrane and (b) painted MXene ink. It shows the
thickness non-uniformity of the MXene membrane deposited by two different ways over a large area of =54 mm in diameter. The numbers
above the spectrum indicate the average thicknesses (the number of vacuum filtration or painting processes) of the MXene membranes.
Photographs show the corresponding areas where the thicknesses were measured in the vacuum-filtrated MXene membrane (top) and painted

MXene ink (bottom).
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membrane exhibited a strong dependence on the metallic
MXene layer thickness. The electrical conductivity of the
membrane, which is another important property that reflects
the EMI waves, was also plotted, and the thicker MXene showed
much lower sheet resistance in both vacuum filtration and
painting (Fig. 4(d)). Consequently, the painted MXene on filter
paper showed a similar tendency for EMI SE with the vacuum-
filtrated MXene (Fig. 4(e)). Comparison of EMI SE versus thick-
ness with previously reported different materials showed that
our filtrated/painted MXene had excellent performance
exceeding the basic requirements for commercialization
(Fig. 4(f)).**** When the EMI SE in the X-band was evaluated
over a large area of =40 x 40 mm?, the pure MXene membrane
on the PP substrate showed shielding due to absorption
(=58.5%) and reflection (=41.5%) and a high total SE of up to
=46.3 dB with the MXene thickness of =13.6 um (Fig. S15%). In
addition, a more realistic parameter for determining the effec-
tiveness of a material in membrane and coating applications is
to divide EMI SE by the material thickness (SE/t). We note that
EMI SE/t values for our filtrated and painted MXene films are
much higher than those for other coating materials of different
categories (Fig. 4(g)). For example, a painted MXene sample
without any additives gives a SE/t of ~6591.8 dB mm ™', which
is at least several times higher than those of the other materials
reported so far. Moreover, we confirmed that our synthesized
MXene flakes were of an excellent quality as compared to the
previously reported ones on specific SE/t (SSE/t) values such as
graphene, CNT, metal foils, or MXenes (Table S17).

3. Conclusions

In this paper, we demonstrated a facile approach to synthesize
a highly purified precursor MAX phase and controllable deposition
of 2D MXene flakes exfoliated from the precursor using vacuum
filtration and a further alignment process. Moreover, the develop-
ment of a direct painting process with an ink composed only of
delaminated-MXene flakes enabled the 2D flakes to be easily
deposited on various substrates with improved thickness uniformity
and laterally stacked morphology. High conductivity and improved
EMI shielding ability of painted MXene films without any additives
were achieved, which are more valued in producing industrial-scale
MXene membranes and coatings that are applicable to electronic
and energy storage devices. Notably, our synthesized MXene flakes
were of excellent quality as compared to previously reported ones on
EMI shielding effectiveness using other synthetic materials. This
work not only proposes a simple method to create high-quality
precursors for MXenes with desired chemical compositions, but
also expands the availability of the MXene ink by providing a new
manufacturing method with rheological characterization. Our
results could provide a route for the translation of MXene-based
research from the fundamental to the technological realm.

4. Materials and methods
4.1 Materials

Tetramethylammonium hydroxide solution (TMAOH; ACS
reagent; 1.0 = 0.02 M in H,0) was purchased from Sigma-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Aldrich. Hydrofluoric acid (HF; ACS reagent; 48-51% solution
in H,O) was purchased from Acros Organics. Further, Ti (44 pm
average particle size, 99.5% purity) and TiC (2 pm average
particle size, 99.5% purity) were purchased from Alfa Aesar. Al
(30 um average particle size, 99.7% purity) was purchased from
US Research Nanomaterials, Inc. All elements and chemicals
were used without any further purification.

4.2 Synthesis of the parent Ti;AlC, MAX phase

TiC, Ti, and Al powders were mixed by ball milling for 18 h using
ethanol and zirconia balls in a high-density polyethylene
(HDPE) bottle at a molar ratio of 2 : 1 : 1; subsequently, these
were used as raw materials for the Ti;AlC, MAX phase. Ethanol
was dried under a nitrogen atmosphere for 24 h at 100 °C. The
calcined mixture was milled using an agate pestle and mortar
and pelletized with PVA as an organic binder using cold-
pressing under 4 MPa of pressure. The pellet was heated in
a tungsten crucible at 5 °C min~" to 1480 °C and held for 2 h
under a flow of argon. After cooling, the sintered pellet was
milled for further measurements and exfoliation.

4.3 Synthesis of Ti;C,T, MXene

The 2D Ti;C,T, flakes were delaminated using a previously re-
ported top-down exfoliation method.*® Specifically, 0.5 g of
synthesized Ti;AlC, MAX powder was added into 20 ml of 25% HF
aqueous solution at 25 °C under constant stirring for 24 h to
selectively etch the Al. The obtained suspension was washed with
deionized water several times and centrifuged to obtain a multi-
layered Ti;C,T, sediment. Subsequently, 5 ml of TMAOH with
50 ml of deionized water were added and stirred for 48 h at 25 °C.
The mixture was washed twice via centrifugation and the sediment
of intercalated Ti;C,T, was sonicated for 45 min. After centrifu-
gation for 1 h at 3500 rpm, the upper layer of the solution (35 ml of
50 ml centrifuge tube) was collected as a colloidal solution that
comprised only delaminated MXene flakes.

4.4 Fabrication of the vacuum-filtrated MXene membrane

10 ml of a colloidal solution of MXene flakes with a concentra-
tion of 1.5 mg ml~" was vacuum-filtrated on the PP membrane
filter (pore size of 0.2 pm, Sterlitech) and dried under a nitrogen
atmosphere for 24 h at 70 °C. The thickness of the MXene was
controlled by the amount of vacuum-filtrated solution added.
Alignment of MXene flakes was achieved using additional hot-
pressing at 2, 4, and 6 MPa, at 80 °C.

4.5 Fabrication of Ti;C,T, MXene ink

20 ml of a colloidal solution of MXene flakes with a concentra-
tion of 1.5 mg ml~"' was mixed with 100 ml of anti-solvents
(volume fraction of IPA : toluene = 2.25:1) and precipitated
by centrifugation for 10 min at 7830 rpm. The mixed solvents
were dried under vacuum for 30 min using a rotary pump and
the sedimented MXene flakes were re-dispersed in 1 ml of
deionized water using sonication to obtain MXene ink with
a high concentration of 30 mg ml™". The inks at concentrations
of 15 and 45 mg ml~" were manufactured by the same method,

Nanoscale Adv, 2021, 3, 517-527 | 525
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except for the initial amount of solution. The MXene ink was
painted with a brush onto various substrates heated at ~60 °C
using a hot plate for rapid solvent evaporation.

4.6 Characterization

The surface morphologies and EDX spectra of synthesized MAX
powder and exfoliated MXene flakes were obtained by cold FE-SEM
(Hitachi High-Technologies S-4800). The thicknesses of the
vacuum-filtrated MXene membrane and painted MXene ink were
measured via the cross-sectional SEM images using Image] soft-
ware. XRD patterns were recorded on a high-power X-ray diffrac-
tometer (Rigaku D/MAX2500 V, Cu Ko, radiation, A = 1.54178 A).
AFM mapping images of delaminated MXene flakes were obtained
using an AFM (Veeco MultiMode V) in tapping mode. XPS
measurements were conducted on an X-ray photoelectron spec-
trometer (ThermoFisher K-alpha). Electrical conductivity
measurements were performed at room temperature using
a standard four-probe method on a Keithley 2400 sourcemeter
measurement system. All samples were cut into a square shape
with an area of ~20 x 20 mm? and a silver paste was coated at the
edges for ease of measurement. A four-pin probe was tightly con-
tacted with the silver paste on vacuum-filtrated MXene or painted
MXene ink. Subsequently, the sheet resistance was measured.

The dynamic rheological properties of the Ti;C,T, MXene
inks with concentrations of 15, 30, and 45 mg ml ' were
measured using a rotational rheometer (Haake MARS III,
Thermo Scientific) at 25 °C; this device had coaxial cylinder
geometry with the CC16 DIN Ti accessory. To prevent evapora-
tion of the solvent during measurement, the upper surface of
the samples in the cylinder was covered by a mineral oil. The
frequency sweep tests were carried out at a constant stress of 0.5
Pa and the stress sweep tests were conducted over the range of
0.05-300 Pa at a rate of 0.5 rad s ".

The EMI shielding properties were measured using a vector
network analyzer (Keysight N5222B) using the waveguide
method within the range of 8.2-12.4 GHz. All the samples were
cut into a square shape with a size of =41 x 41 mm?® for
measurements. The total electromagnetic interference shield-
ing effectiveness (SEt) of the vacuum-filtrated Ti;C,T, MXene/
PP membrane filter and painted Ti;C,T,/filter paper refers to
the logarithm of the ratio of incident power (P;) to transmitted
power (P, of radiation, which was the sum of the absorption
(SEa), reflection (SEg) and multiple reflections (SEy):*°

SEr[dB] = 10 log (%) = SE, + SEg + SEy @)
t

The corresponding SE, and SER could be calculated as:
T Soil?
SEA[dB] = —10log( —— | = —10 log( ————— 3
Al4B] g(lfR) g<1—|sn|2) @)

SEg [dB] = —10 log(1 — R) = —10 log(1 — |S1:]) (4)
where the power coefficients of reflection (R), transmission (7),

and absorption (A) are calculated using the scattering parame-
ters (S11 and S,q).
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