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Since the discovery of two-dimensional (2D) transition metal carbides and nitrides, known as MXenes,
research on these wonder 2D inorganic compounds has become increasingly intensified with their
members quickly expanding. MXenes' state-of-the-art applications are heavily dependent on their
processing strategies and manufacturing methods. Nevertheless, the solution processing of MXenes has
not been comprehensively reviewed. This review summarizes progress regarding solution processing of
MXenes over the past decade as well as outlines key perspectives for future scalable manufacturing
strategies. Etching of MAX phases and delamination of MXene are briefly introduced. Rheological
properties of MXene dispersions and wetting of the MXene inks, which are crucial for the achievement
of high-resolution printing and homogeneous coating, are discussed in detail. We have discussed the
ink formulation strategies and fine-tuning of the ink properties to match with that of the targeted
substrates to yield efficient yet high-quality printed/coated films/structures. As such, we demonstrate a
“map of guidelines” for solution-based processing of MXenes toward high-performance applications,
such as electrochemical energy storage, conductive electrodes, electromagnetic interference shielding,
and so on.
Introduction
The exotic properties of graphene, mechanically exfoliated from
graphite, indicated that by thinning down the thickness of three-
dimensional materials to 2D atomically thin sheets, electrical,
optical, mechanical, and electrochemical properties can be
adjusted profoundly [1–6]. This groundbreaking discovery
greatly proliferated the studies on the synthesis and characteriza-
tions of high-quality 2Dmaterials beyond graphene [7–10]. Tran-
sition metal dichalcogenides (TMDs) and oxides (TMOs) [11–15],
silicene [16], germanene [17], borophene [18], etc., are all fasci-
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nating 2D materials, adding a large diversity with unique proper-
ties to this 2D family, which is still expanding quickly.

Transition metal carbides, carbonitrides, and nitrides, known
as MXenes, are a new class of 2D materials that have attracted an
ever-increasing research attention in many aspects, and are
standing at the frontier of the 2D materials community [17,19].
Up to now, over 30 MXene members have been experimentally
synthesized and many more (hundreds) are predicted to be ther-
modynamically stable [20]. Therefore, unlike other 2D materials,
MXenes themselves are a big family of materials with a diversity
of properties such as high electrical conductivity, volumetric
capacitance, and electromagnetic interference shielding perfor-
mance [19,21–24]. These outstanding performances suggest that
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MXenes are promising in many applications such as electro-
chemical energy storage, transparent conductive electrodes and
electrical contacts for thin-film transistors, electromagnetic inter-
ference shielding, photodetectors, sensing, etc. [19,25–33]. Cen-
tral to these applications lies in the fabrication of advanced
MXene-based architectures, including nanostructured electrodes,
high-quality continuous thin films/contacts, as well as patterns
toward functional devices.

Amongst different processing methods, solution processing is
arguably the most widely used technique as it enables the scal-
able production of high quality MXene films/structures. The
solution-based methods are also highly preferred since MXenes
are mainly synthesized in solutions (will be discussed later).
Understanding the basic principles of individual processing
routes, and matching the physicochemical properties of MXenes
(such as rheology, particle size, terminal groups, etc.) with the
surface chemistry of target substrates, are of paramount impor-
tance for efficient manufacturing of MXene-based functional
devices. For instance, inkjet printing, which allows the forma-
tion of high-resolution paths on a small footprint area, requires
inks with low solid content and specific rheological properties;
too viscous inks are not jettable, and large particle sizes inevita-
bly lead to nozzle clogging issues [34,35]. On the other hand,
screen printing and extrusion printing require high solid content
with specific yield strength and pseudoplasticity [36]. Therefore,
MXene properties such as morphology, rheology, concentration,
etc., heavily determine the corresponding processing strategies
that are the most efficient at the lowest manufacturing cost. In
other words, outlining a “property-process map” for guiding
MXene processing is of significance to bridge the MXene materi-
als and functional devices. Although numerous excellent reviews
are available on the synthesis, properties, and applications of
MXenes [37–39], little attention has been paid to their solution
processing and its fundamentals.

For an easy integration, aimed atMXene beginners, milestones
of etching routes and delamination strategies, as well as the
important physicochemical properties of the MXenes are briefly
reviewed in the second section. Advanced readers may skip this
section and continue reading from the third section where we
have first discussed the basics of solution processing, and then,
the colloidal and rheological properties of MXenes. In the fourth
and the fifth sections, we have reviewed the recent developments
in the MXenes solution processing, including printing (inkjet-,
extrusion-, screen-, etc.) and coating (blade-, spin-, spray-, etc.),
and provided guidelines for ink formulation and application of
each method. Finally, challenges on MXenes processing toward
high-performance thin films/devices and future perspectives are
provided and explained in the last section.
Synthesis of MXenes and their properties
MXenes have the general formula of Mn+1Xn, where M is a transi-
tion metal (such as Ti, Sc, Nb, V, Mo, Zr, Hf, Cr, etc.) and X is car-
bon and/or nitrogen. A single layer of MXene is composed of n
layers of element X alternatively sandwiched between n + 1 layers
of element M [40]. MXenes are typically obtained by the selective
removal of “A” atomic layers fromMAX phases, where A is an ele-
ment from group 13 or 14 in the periodic table such as Al or Ga (M
2
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and X refer to the same elements in MXenes) [9,40–44]. Due to
the strong chemical bonds of M–A–M, mechanical cleavage of
the MAX precursors is challenging and has low yields [45], as a
result, chemical etching methods were developed. The first
reported MXene (Ti3C2Tx), was obtained by the selective etching
of Al layers from Ti3AlC2 in a concentrated hydrofluoric acid (HF)
solution [44]. Following this groundbreaking discovery, dozens of
other MXenes were also successfully prepared by the HF-etching
method. When MXenes are synthesized by wet-etching pro-
cesses, their surfaces are terminated by functional groups and
their general formula is written as Mn+1XnTx where Tx represents
the functional groups. Flake size, surface chemistry, and defects
density of the delaminated flakes are etching routes-dependent;
changing from HF etching to non-HF etching inevitably results
in MXenes with different physicochemical properties [46], which
further influence their processability. Thus, before discussing the
solution processing of MXenes, we summarize their synthesis
routes (etching and delamination) as well as their physicochemi-
cal properties in brief.

Etching and delamination of MXenes
MXene selective etching routes
To prepare monolayer or few-layer MXenes, the first step is the
selective etching of MAX phases. These routes include HF etch-
ing, fluoride-containing etching, alkali etching, and molten-
salts etching. Fig. 1a shows the major milestones regarding selec-
tive etching to give multilayered MXenes. As the first developed
method, HF etching is efficient in etching the MAX phases and
gives corresponding MXenes with accordion-like structure
[40,44]. In a typical run, 1 g of Ti3AlC2 is slowly added to
10 mL of a 50 wt.% concentrated HF solution and stirred for
2 h at room temperature, where the following reactions occur
[9,44]:

Ti3AlC2(s)+3HF(aq)=Ti3C2(s)+AlF3(aq)+1.5H2(g) ð1Þ

Ti3C2(s)+2HF(aq)=Ti3C2F2(s)+H2(g) ð2Þ

Ti3C2(s)+2H2O(aq)=Ti3C2(OH)2(s)+H2(g) ð3Þ
The proof of a successful etching trial should be based on X-

ray diffraction (XRD) patterns rather than scanning electron
microscopy (SEM) images, as the etched multilayered MXene
may not necessarily showcases an accordion-like morphology
[47]. The absence of characteristic peaks of Ti3AlC2 MAX phase
coupled with a strong peak centering at 9.5�, which is attributed
to the (0 0 2) plane of Ti3C2Tx MXene, is a generally accepted cri-
terion for the successfulness of a synthesis [47]. It is worth men-
tioning that the etching conditions are MAX-phase-dependent.
For instance, Nb2AlC MAX phase requires 90 h of etching in a
50 wt.% HF solution [48], while a Ti3AlC2 MAX phase only needs
24 h of immersion in a 5 wt.% HF solution [47]. In general, a
higher value of n in the MAX phase requires more concentrated
HF and/or longer etching time (e.g. Nb4C3Tx needs two times
longer etching than Nb2CTx under similar etching conditions)
[49].

Different HF concentrations leads to a variety of surface func-
tionalities (-OH, -O and/or -F) as well as different density of
defects. Etching in less-concentrated HF solutions results in more
ps://doi.org/10.1016/j.mattod.2021.02.010
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FIGURE 1

Milestones of etching MAX phases and delamination of multilayered MXenes. (a) The first MXene member, Ti3C2Tx, was firstly reported in 2011 and other
members discovered in 2012, using HF etching route. In 2014, Ti3C2Tx was etched by ammonium bifluoride (reproduced from ref. [57] with permission from
American Chemical Society) and by LiF + HCl (reproduced from ref. [54] with permission from Springer Nature) routes, respectively. A modified route of LiF
+ HCl was reported using excessive LiF to give high-quality MXene flakes (reproduced from ref. [46] with permission from Wiley-VCH). The first nitride MXene,
Ti4N3Tx, was reported in 2017 using fluoride molten salt etching (reproduced from ref. [63] with permission from Royal Society of Chemistry), while the F-free
MXene was obtained through hydrothermal alkali etching (reproduced from ref. [59] with permission from Wiley-VCH). In addition, Ti3C2Tx MXene from non-
Al MAX (Ti3SiC2) was reported in 2018 using HF-H2O2 as etchant (reproduced from ref. [62] with permission from Wiley-VCH). In 2020, MXenes were reported
using Lewis acidic etching with tunable terminated surface chemistry (reproduced from ref. [22,66] with permission from Springer Nature and AAAS,
respectively). (b) MXenes were firstly delaminated using urea intercalation assisted by sonication in 2013 (reproduced from ref. [43] with permission from
Springer Nature), then amine was found to be effective in swelling the Nb2CTx (reproduced from ref. [67] with permission from Wiley-VCH). In 2015, Ti3CNTx
was intercalated by TBAOH followed by manual shaking (reproduced from ref. [68] with permission from Royal Society of Chemistry) while double-metal
MXenes were firstly reported through DMSO intercalation (reproduced from ref. [51] with permission from American Chemical Society). In 2016, large-size
MXene was produced through increasing lithium salt amount such that Li+ pre-intercalate into MXenes, allowing the ease delamination through manual
shaking (reproduced from ref. [46] with permission from Wiley-VCH). In 2017, MXenes with in-plane ordered vacancies was firstly produced (reproduced from
ref. [52] with permission from Springer Nature).
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O and less F (higher O/F ratio) terminated on the MXene surface,
while etching in a more-concentrated HF solution leads to
MXenes with more defects/pin-holes and stronger interlayer
interactions [46,50]. This allows the effective tuning of the sur-
face chemistry and properties of the MXenes. After etching, the
metallic M–A bonds are replaced by weak bonds such as hydro-
gen and van der Waals bonds, providing vast possibilities for
intercalation chemistry while ensuring the delamination into
monolayer or few-layer flakes, as will be discussed below.

Besides mono-metal Mn+1AXn, double-metal MXenes can also
be produced through concentrated HF etching of the corre-
sponding M0

2M00AlC2 and M0
2M00

2AlC3 phases, where M0 (outer
layer metal) and M00 (inner layer metal) are Ti, V, Nb, Ta, Cr or
Mo with M0 andM00 located in different planes (out-of-plane order-
ing MAX phases, o-MAX) [51]. Double-metal MXenes, including
Mo2TiC2Tx, Mo2Ti2C3Tx, and Cr2TiC2Tx, were reported in 2015
through etching their corresponding MAX phases where A = Al
in 48–51% HF solution for different durations [51]. In particular,
by selectively etching in-plane ordering (M0

2/3M00
1/3)2AC (i-MAX

phases), i-MXenes with in-plane ordered vacancies can be pre-
pared through HF route. A typical example is Mo1.33CTx which
Please cite this article in press as: S. Abdolhosseinzadeh et al., Materials Today, (2021), htt
is obtained by etching Y (or Sc) and Al out from (Mo2/3Y1/3)2AlC
(or (Mo2/3Sc1/3)2AlC) [52]. The discovery of i-MXenes with
ordered vacancies greatly expands the MXene family [53].

Considering the hazardous nature of HF acid, a mild etching
strategy based on the in-situ formation of HF upon mixing
lithium fluoride (LiF) and hydrochloric acid (HCl) was developed
in 2014 (Fig. 1a) [54]. By adding 5 M of LiF powder to 6 M HCl
solution, a diluted HF solution with a low concentration of 3–5
wt.% is thus formed according to equation (4):

LiF (aq.)+HCl (aq.)=HF (aq.)+LiCl (aq.) ð4Þ
It is worth noting that the LiF-HCl etched multilayered

MXenes don’t exhibit accordion-like structures. Li+ ions interca-
late into multilayered particles and/or exchanges with surface
protons to further enlarge the interlayer spacing, as confirmed
by a larger shift of the (0 0 2) peak in the XRD pattern of multi-
layered MXene [54]. Due to their swollen nature, the etched
MXenes behave like a “clay”. Increasing the molar ratio of LiF
to MAX from 5:1 to 7.5:1, and immersing in 9 M HCl instead
of 6 M leads to Li+-preintercalated multilayered-MXenes, allow-
ing delamination into nanosheets upon solvent exchange at ease
3
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(i.e. washing & manual shaking) [46]. Such a modified etching
route is called minimally intensive layer delamination (MILD)
developed in 2017 (Fig. 1a). Compared to the HF route, MILD
route is able to produce MXenes with fewer pin-holes/defects
and a higher O/F ratio [46]. Nanosheets delaminated from MILD
method are also typically larger in lateral size, �3 lm vs hun-
dreds of nm from the HF route. Besides etching MAX phases,
non-MAX layered ceramics can also be etched and leave out
MXenes. For instance, the HF route and LiF-HCl route are able
to leach out Ga from Mo2Ga2C, ending up Mo2CTx [55]. Further-
more, Zr3C2Tx and U2CTx MXenes were obtained by the removal
of Al3C3 layers from Zr3Al3C5 and U2Al3C4, respectively using the
HF etching route [56].

Aside from LiF-HCl, other fluoride-based etchants such as
hydrogen bifluoride (NH4HF2) are also able to remove the A lay-
ers from MAX phases (Fig. 1a). By immersing 0.5 g of Ti3AlC2

MAX into 10 mL of 2 M NH4HF2 solution at room temperature
for 24 h, NH3 and/or NH4

+-preintercalated multilayered Ti3C2Tx

MXene is obtained with much larger interlayer spacing between
adjacent layers according to the equations (5) and (6) [47,57,58]:

Ti3AlC2(s)+3NH4HF2(aq)=Ti3C2(s) + (NH4)3AlF6(aq)+1.5H2(g) ð5Þ
Ti3C2(s)+aNH4HF2(aq)+bH2O(aq) = (NH3)c(NH4)dTi3C2(OH)xFy(s)

ð6Þ
Although HF or in-situ HF (also fluoride-containing) etching

routes are able to etch away the A elements from MAX phases,
the strong corrosive nature of the HF as well as the large amounts
of the wasted acid after washing raise serious safety issues and
environmental concerns. As an alternative, alkali etching has
been reported in 2018 to produce good quality MXenes
(Fig. 1a). By a hydrothermal reaction of MAX powders with con-
centrated sodium hydroxide deaerated solution at 270 �C, fol-
lowed by multiple washing steps, F-free MXene (terminated
with –O and OH) is obtained according to the equation (7) and
(8) [59]:

Ti3AlC2 (s)+OH� +5H2O(aq)=Ti3C2(OH)2 (s)+Al(OH)4�(aq)+2.5H2(g)

ð7Þ
Ti3AlC2 (s)+OH� + 5H2O(aq) = Ti3C2O2 (s)+Al(OH)4�(aq)+3.5H2(g)

ð8Þ
Although all the MAX phases can be theoretically etched, the

replacement of the A element from Al to Si in the MAX phase
drastically increases the difficulty of etching. This is because
the Ti-Si bonds are considerably stronger than the Ti-Al bonds
in Ti3AC2, rendering the resistance of Ti3SiC2 to strong acid
and bases, regardless of etchant concentration [60,61]. It is until
2018, that the Ti3C2Tx MXene was successfully obtained from a
MAX phase with an A-element other than Al (Fig. 1a). Such a
process relies on a two-step etching in an aqueous mixture of
HF-oxidant (such as H2O2, HNO3, (NH4)2S2O8, KMnO4, FeCl3,
etc.): (1) stepwise oxidation of the Si layers of the MAX phae
by the oxidant and (2) further dissolution of the Si oxides by
HF [62]. Producing MXenes from Ti3SiC2 is of particular interest
since Ti3SiC2 is commercially available and is less expensive com-
pared to Ti3AlC2.
4
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While carbide MXenes have been frequently reported, the
production of nitride MXenes has proven to be quite challeng-
ing. HF or in-situ HF routes are unable to leach out the A ele-
ments from nitride MAX phases without dissolving the
unstable nitride MXenes [17]. The first nitride MXene, Ti4N3Tx,
was reported in 2017 by etching the Ti4AlN3 MAX phase in a
mixture of fluoride salts (LiF, NaF, KF) at 550 �C (Fig. 1a) [63].
Interestingly, Ti2NTx was reported in KF-HCl route, probably
due to a small n in the MAX phase which requires a less strong
etchant [64]. Nitride MXenes can also be produced through
ammoniation of the corresponding carbide MXenes at high tem-
peratures [65].

Very recently, a general etching route was proposed to prepare
MXenes through reacting the MAX phases with A = Al, Zn, Si,
Ga, by Lewis acidic molten salts (majorly chlorides) at 750 �C
(Fig. 1a) [66]. These molten salts include but not limited to:
CuCl2, NiCl2, FeCl2, AgCl, CdCl2, CoCl2, etc. [66]. For instance,
to etch the Ti3SiC2 MAX phase in CuCl2, the Si atomic layers
are firstly oxidized into Si4+ by the Lewis acid Cu2+, leading to
the formation of Cu metal and SiCl4 gas, the latter expands the
sheets and create gaps in the resultant multilayered particles.
Excessive CuCl2 further reduces the as-formed Ti3C2, leading to
Cl-terminated Ti3C2 and Cu metal. Further washing the etched
products in ammonium persulfate (or another chemical whose
potential of redox couple is higher than that of Cu2+/Cu) effec-
tively removes the Cu metal while adding O-containing groups
to the surface (resulting in Ti3C2OxCly) [66]. These molten salts-
etched MXenes are hardly obtainable by other methods (i.e. HF
or in-situ HF routes), broadening the choices of the MAX phases
and the functional groups of the MXenes (by choosing other
molten salts with anions like Br�, I�, SO4

2�, or NO3
�, etc).

To step forward, Talapin et al. successfully modified the sur-
face chemistry of molten-salts etched MXenes through reacting
Br-terminated MXenes with Li2Se, Li2O, and NaNH2, which
yielded Ti3C2Se, Ti3C2O, and Ti3C2(NH) MXenes, respectively
[22]. In -F and -OH terminated MXenes these surface chemistry
modifications are not possible since F-Ti and OH-Ti bonds are
stronger (as evidenced by much higher bonding energies and
bonds formation enthalpies) than the Cl-Ti and the Br-Ti bonds
(in Ti-based MXenes) [22]. Additionally, by reacting the Ti3C2Br2
and Ti2CBr2 with LiH at 300 �C, they were able to produce bare
Ti3C2h2 and Ti2Ch2, respectively, where h stands for the
vacancy sites [22]. These findings allow unprecedented control
over MXene surface chemistry and hence on their structural
(e.g. in-plane lattice expansion is observed in Ti3C2Te and Ti2-
CTe) and electronic properties, enabling new applications (e.g.
superconducting fields). In other words, the halide molten salts
etching route is not only effective in producing multilayered
MXenes terminated with halides, but also guarantees exotic
properties by replacing/removing the halide elements with other
surface terminations.

Multilayered MXene delamination routes
Isolating monolayers or few-layers from multilayered MXenes is
of particular interest for both fundamental studies and practical
applications (where few-layers are preferred). The key to MXene
successful delamination is to weaken the interactions between
adjacent layers. To this end, intercalating big organic molecules
ps://doi.org/10.1016/j.mattod.2021.02.010
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or ions, followed by manual shaking or sonication, are plausible
ways to prepare single-layer or few-layer MXenes, ending up with
stable, colloidal solutions [43,67]. The first report on MXene
delamination employed dimethyl sulfoxide (DMSO), urea,
hydrazine, and other molecules causing a big swelling of multi-
layered MXenes (Fig. 1b) [43]. For instance, the c-lattice parame-
ter (c-LP) increases from 19.5 Å in the pristine Ti3C2Tx to 25.5 Å
in hydrazine-intercalated Ti3C2Tx, and further boosts up to
44.8 Å in DMSO/water co-intercalated Ti3C2Tx [43]. The huge
expansion on the interlayer spacing greatly weakens the bonding
between adjacent layers. Subsequent sonication efficiently
delaminates the swollen multilayered particles into single- or
few-layered flakes with the lateral size around hundreds of nm.
For the delamination of Nb2CTx, isopropylamine intercalation
assisted by stirring for 18 h is required (Fig. 1b) [67].

Besides these polar solvents, large molecules such as organic
bases, tetrabutylammonium hydroxide (TBAOH, (C4H9)4NOH),
choline hydroxide, and n-butylamine, etc., are also able to inter-
act with multilayered MXenes, leading to a large increase in the
interlayer spacing (Fig. 1b) [67–69]. For instance, after mixing
with TBAOH for 4 h, the c-LP in Ti3CNTx and V2CTx increases
to 39.24 Å and 38.72 Å from 21.39 Å and 19.86 Å, respectively.
Slight agitation or mild sonication results in full delamination
of large quantities MXene dispersions. On the other hand, due
to the MXene negative surface charges, metal cations such as
Li+, Na+, K+, Mg2+, NH4+, etc., are able to spontaneously interca-
late into multilayered MXenes [70], weakening the van der Waals
force among the sheets. This is especially true in the LiF-HCl
etched multilayered MXenes. For the “clay” route, with the LiF:
Ti3AlC2 molar ratio of 5 and HCl concentration of 6 M, the son-
ication is necessary for the complete delamination of the etched
MXenes. However, when the LiF:Ti3AlC2 molar ratio is 7.5 and
the HCl concentration is 9 M, the excessive intercalated Li+ ions
are exchanged with water molecules upon multiple washing and
manual shaking steps, leading to the full delamination when the
pH 7 is reached. Due to the elimination of the sonication step,
this MILD route allows the production of high-quality, low-
defect MXene flakes with lateral dimensions of up to 6 lm
(Fig. 1b) [46].

Properties of MXenes
Electrical properties
The most outstanding property of the MXenes is their metallic
behavior with a well-fixed electron density near the Fermi level,
similar to their precursor MAX phases [71]. The electronic band
structure can be adjusted by tuning the MXene composition/sur-
face chemistry (e.g. using different etchants), and controlling the
intercalated ions, interlayer spacing, defects, and grain bound-
aries [72,73]. Aside from controlling the MAX phase etching
routes, the surface chemistry of MXenes can also be modified
through other methods such as aromatic coupling-
diazotization to graft sulfonic groups [74]. Annealing MXenes
under vacuum or inert gas flow (e.g. Ar, N2) can remove the sur-
face terminations and/or water molecules that are trapped
between the adjacent MXene layers [50,75], increasing the carrier
mobility up to 10 times (substantially higher electrical conduc-
tivity). Intercalation of ions (i.e., Li+, Na+, K+) can improve the
electrical conductivity by increasing the carrier density in
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MXenes. Nevertheless, intercalating bulky cations into MXene
lamellas may also induce the metallic to semiconductor transi-
tion due to the great expansion of the interlayer distances and
suppression of the inter-flake electron hopping [73].

MXenes’ electrical conductivity is also morphology-
dependent. For instance, ultrathin, compact MXene films with
highly aligned flakes showcase a very high electrical conductivity
up to 15,100 S/cm [21,76]. Grain boundaries can affect the elec-
tron hopping behavior as well; smaller flakes correspond to more
flake boundaries and thus more inter-particle junctions, resulting
in an inferior electrical conductivity in the films. This is best evi-
denced by the much higher conductance on flakes produced
from spin-casting method, which produces more compact films
(easer electron hopping). On the other hand, MXene-based aero-
gels are highly porous, which substantially lower down the elec-
trical conductivity by two orders of magnitude [29,77].
Experimentally, metallic MXene, in particular Ti3C2Tx films pos-
sess higher electrical conductivity than any other 2D materials,
including exfoliated graphene, metal sulfides/hydroxides, etc.
[5,20]. It is worth noting that the etching methods also affect
the electrical conductivity of MXenes; a stronger etchant means
higher defects density in the resultant MXene samples. For
instance, HF-etched Ti3C2Tx powders showcase moderate electri-
cal conductivities (<1000 S/cm) [47,78].

Work function
The work function of MXenes can be adjusted by surface groups
through controlling the Fermi level shift and electronic redistri-
bution [79,80]. Based on the surface dipole modification capabil-
ities, MXenes terminated with pure –O groups possess a larger
work function compared to pure –F terminated MXenes, fol-
lowed by bare MXenes and pure –OH terminated MXenes in
sequence. According to this principle, one can achieve quite
low work function-MXenes by surface modifications ending up
with a major percent of –OH functionalities [80]. The work func-
tion of Ti3C2Tx MXene can be shifted in the range of 3.9–4.8 eV,
depending on the annealing temperature associated with the sur-
face termination moieties [81]. Upon high temperature anneal-
ing, surface groups tend to decompose while protons escape
from hydroxyl groups forming –O terminations. A kelvin probe
detection indicates the work function of Ti3C2Tx MXene thin
film is �5.3 eV and decreases to 4.6 eV in the –O terminated Ti3-
C2Tx [75,82], being good electrical contacts for semiconductors.
Moreover, Ti3C2Tx MXene with a very low work function of
4.37 eV is able to form a good Schottky contact with n-Si by
van der Waals forces at room temperature, or Schottky-barrier-
free contacts, acts as a transparent electrode, etc., enabling the
separation and transport of photoinduced carriers in self-driven
photodetectors [83,84].

Optical properties
When delaminating multilayered MXene into few-layers sus-
pended in water, a Tyndall effect is typically observed. By per-
forming UV–Vis spectroscopy of ultrathin films made of
delaminated flakes, a transmittance up to 97% can be achieved,
corresponding to continuous coverage of single-layer MXene
nanosheets (supported on a substrate). This implies that mono-
layer MXene leads to �3% loss in transmittance, a value that is
5
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quite similar to graphene (2.3% loss per layer) [26,76]. Consider-
ing the thickness of a monolayer MXene, which is four times
thicker than graphene (1.5 nm vs 0.34 nm), one can expect that
the MXene possesses even higher optical transmittance and bet-
ter optoelectronic properties to those of graphene. In the UV–Vis
spectrum, a broad absorption peak � 800 nm is typically
observed in Ti3C2Tx MXene, which is attributed to the inherent
out-of-plane interband transition [85,86].

When reducing the lateral dimension of MXene flakes to
quantum size (<3 nm), photoluminescence (PL) phenomenon
is observed in MXene dispersion due to due to strong quantum
confinement. The light emission properties of MXenes can be
used for biomedical imaging and as the gain medium of random
lasers, such as white lasers [87,88]. The nonlinear optical
response of few-layer Ti3C2Tx MXene have been systematically
investigated from 800 to 1800 nm by z-scan method, showing
the one-photon saturable absorption process dominates the non-
linear absorption at low pulse energy coupled with two or
multiple-photon absorption processes as increasing the pulse
energy [89]. On the other hand, strong two-photon absorption
in gapless MXene monolayers is observed, due to structures of
the MXene energy bands near the Fermi level [90]. It is worth
mentioning that the saturable absorption behavior in MXenes
may inspire advanced ultrafast photonics and optoelectronic
devices such as ultrafast lasers [91] and photonic diodes [92].
The metallic conductivity of MXenes enable a platform for
photon-electron coupling at the surface, facilitating the excita-
tion of surface plasmons and implicating promising applications
in biomedical imaging and sensing [85,93].

Magnetic properties
Compared to the optical and electrical properties, the magnetic
properties of MXenes are less investigated. There is a big gap
between theoretical predictions and experimental verifications.
Most of the predicted magnetic MXenes are based on magnetic
transition metal elements (i.e. Cr, V, Mn, Fe, Co and Ni) or their
mixtures (forming solid-state solutions) [7,94]. Ti2C and Ti2N
MXenes were claimed to show a nearly half-metallic ferromag-
netism [95], while Mn2C monolayer shows an antiferromag-
netism with a high Neel temperature of 720 K [96]. By surface
functionalizing, Mn2CTx (T = F, Cl, OH, O and H) monolayer
turns to a ferromagnetic state with high Curie temperature
(520 K) [97]. Bare MXenes were also reported to be ferromagnets;
however, solution-etched MXenes are always terminated with
functional groups, thus behave different from the theoretical
predictions. The first synthesis of magnetic MXenes was reported
by Yoon et al., who found the magnetic susceptibilities
(w = 5.7�52 � 10�6) of reduced Ti3C2Tx are temperature indepen-
dent as T > 10 K, indicative of Pauli paramagnetic properties [98].

Oxidation stability
Oxidation stability of the MXenes, especially in suspensions is a
major concern [105,106]. While the oxidation (or partial oxida-
tion) can be used for some applications (e.g. energy storage
[107,108], disposable electronics [109], sensing [110]), it is usu-
ally avoided when the electrical conductivity is important. Pin-
holes and defects, which are formed during the synthesis, accel-
erate the oxidation of MXenes and shorten their shelf life. Water
6
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and dissolved oxygen are playing the main role in the oxidation
of MXenes; therefore, storing MXene aqueous dispersion in Ar-
filled vials and low temperatures (<5 �C) can considerably pro-
long their shelf life [105,111]. Freezing the aqueous dispersions
under �20 �C is reported to be capable of preserving the MXene
flakes up to two years [112]. After oxidation, methane (CH4) gas
may evolve from Ti3C2Tx dispersion while cloudy-white titanium
oxides settle down on the bottom [113]. For Ti3CNTx, ammo-
nium gas can be detected after the solution is oxidized [113].

Defects density and flake size strongly control the oxidation
kinetics. Higher density of defects and smaller flake size will
speed up the oxidation of MXene dispersions. Since oxidation
is more intense on the edges of the flakes, capping the edges with
polyanionic salts (such as polyphosphates, polysilicates or polyb-
orates) can effectively mitigate the oxidation [114,115]. Further-
more, treating MXenes with sodium L-ascorbate can improve
their oxidation stability based on the same edge-capping mecha-
nism by the ascorbate anions [116]. Although these technique
are effective, removing the added salts to restore the intrinsic
MXene properties complicates the whole process.

Dispersing MXene nanosheets in non-aqueous polar solvents,
such as NMP, DMSO, ethanol, etc., can minimize their interac-
tions with water and/or dissolved oxygen, extending their shelf
life. Potential good solvents are those possessing a high surface
tension, a high boiling point, and a high dielectric constant,
which are able to stabilize MXene nanosheets [117]. Preparation
of organic MXene dispersions can be achieved through multiple
solvent exchange (3 times) without sonication [118]. Improving
the oxidation stability by transferring to non-aqueous solvents is
particularly of more interest for solution processing of MXenes
since in the majority of the deposition techniques, because of
the surface tension and adhesion considerations, organic disper-
sions are more preferred (will be discussed later).
Basics of solution processing of MXenes
Since MXenes are mainly synthesized by solution-based meth-
ods, liquid-phase fabrication techniques such as printing, or
coating are preferable for their further processing (e.g. device fab-
rication). Through these techniques, stable MXene dispersions
are processed into continuous films with acceptable adhesion
to the target substrate. Such a dispersion is called an ink and con-
ventionally contains additives (e.g. binders, surfactants) for
improving its processability and film formation behavior [119].
In most of the cases, additives degrade the electronic properties
of the films/structures and should be removed at the end of the
fabrication process. However, due to the presence of abundant
surface functional groups on MXenes, the formulation of
additive-free MXene-based inks is easier than most other materi-
als [27]. The colloidal stability, rheological properties, and film
formation behavior of MXene inks are mainly governed by the
type and concentration of the surface groups. The surface ten-
sion and adhesion of the inks which mainly depend on the prop-
erties of the selected carrier solvent (the dispersion media) are
also indirectly dictated by the surface groups (through MXene-
solvent interactions). Hence, the properties of MXene inks are
mainly determined by the physicochemical properties of the
MXene itself, and the carrier solvent. Even though each process-
ps://doi.org/10.1016/j.mattod.2021.02.010
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ing technique require an ink with specific properties (and hence,
different composition), there are some general considerations in
ink formulation which will be discussed here before reviewing
the details of each technique. In order to maintain the continuity
of the text and aid the readers with better comprehending the
following discussions, basics of viscoelastic behavior of inks
and surface energy related issues are also concisely reviewed.

Wettability, adhesion, and film formation of MXene inks
The interactions between inks and substrates (wettability and
adhesion) are mainly depending on their surface energies and
can be described by Young's and Dupre's equations,

csg ¼ csl þ clgcoshYoung
0s ð9Þ

Wsl ¼ csg þ clg � csl Dupre0s ð10Þ
where W, c, and h are work of adhesion, surface energy, and contact
angle, respectively [120]. These equations suggest that for a good wet-
ting (h ! 0), the surface energy of the carrier solvent should be lower
than the surface energy of the substrate (clg < c

sg
; inferred from

Young’s equation), and for a good adhesion (0 < Wsl), the interfacial
energy between the ink and the substrate should be lower than the
sum of their individual surface energies (csl < csg þ clg ; inferred from
Dupre’s equation). However, it is very important to note that these
requirements are necessary but not sufficient for having a good wet-
ting and adhesion. The reason lies in the origin and nature of the sur-
face energy. In any material, the surface atoms, compared to the bulk
atoms, are under-coordinated, which is thermodynamically unfavor-
able. Hence, there is always a tendency in materials to minimize this
additional energy (surface energy) either by reducing the surface area
or by saturating the surface dangling bonds [121]. An ideal case for sat-
uration of the surface atoms is the formation of a bond with similar
characteristics of the bonds in the bulk of that material. Hence, good
wetting and adhesion to the substrate are only achieved when, in
addition to the total surface energies, the individual components of
the surface energies (disperse, polar, hydrogen, etc.) of the ink and
substrate also match with each other (Fig. 2a).

While substrate wettability can be qualitatively examined by a
simple contact angle measurement, it is more convenient to plot
the wetting envelopes of that substrate using a quantitative sur-
face energy model (e.g. Owens, Wendt, Rabel, and Kaelble
model; OWRK model) [122,123]. To plot the wetting envelopes,
polar and disperse components of the surface energy of the sub-
strate should be determined first. This can be done by the appli-
cation of the OWRK model and two probe liquids with known
polar and disperse components (e.g. water and diiodomethane).
According to the OWRK model, the interfacial energy between a
solid and a liquid (csl) can be interpreted as the geometric mean
of the disperse part (cD) and the polar part (cP) of the surface
energy [124,125]:

csl ¼ cs þ cl � 2
ffiffiffiffiffiffiffiffiffiffi
cDs c

D
l

q
þ

ffiffiffiffiffiffiffiffiffi
cPs c

P
l

q� �
ð11Þ

By substituting the csl in Young’s equation (equation (9)) from
equation (11) and rearranging it according to the unknown val-
ues (cDs and cPs ), the following linear equation (Y ¼ axþ b) can be
obtained:

cl 1þ coshð Þ
2

ffiffiffiffiffi
cDl

p ¼
ffiffiffiffiffi
cPs

q ffiffiffiffiffi
cPl

p
ffiffiffiffiffi
cDl

p þ
ffiffiffiffiffi
cDs

q
ð12Þ
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By plotting cl 1þcos hð Þ
2

ffiffiffiffi
cD
l

p versus
ffiffiffiffi
cP
l

pffiffiffiffi
cD
l

p for at least two probe liquids

(for which, cPl and cDl are known) and fitting a line to the obtained
points, the slope and intersection point with the Y axis (x ¼ 0)
will give the cDs and cPs , respectively (Fig. 2b). Once cDs and cPs
for a substrate is determined, equation (12) can be used for plot-
ting the wetting envelopes for every chosen contact angle
(Fig. 2c).

Now, without direct measurements, the contact angle of any
ink (liquid or liquid mixture) can be easily estimated by locating
it between different wetting envelopes (each corresponding to a
specific contact angle; h) based on its surface tension compo-
nents (cDl and cPl ). Hence, a wetting envelope plot can provide
ink developers with guidelines for the selection of the carrier sol-
vent (or solvents mixture) [126]. The usefulness of these plots in
ink formulation becomes clearer when considering the fact that
the colloidal stability of MXene dispersions also highly depends
on the surface tension components of the carrier solvent (will be
discussed later). We note that another significant advantage of
using wetting envelopes for designing inks, is the ability to adjust
the contact angle to a specific value [123]. This is important since
complete wetting (h ¼ 0) is not always desirable (e.g. for fine-line
printing) as it leads to uncontrolled spreading of ink (Fig. 2d).

When optimizing the composition of an ink, together with
the wettability and adhesion, the drying behavior of the ink
should also be considered. For instance, as shown in Fig. 2e,
assuming a droplet of a well-wetting ink (with pinned edges) is
placed on a substrate, due to the uneven evaporation of the sol-
vent from the sides (because of the higher surface area to volume
ratio), an outward flow from the center of the droplet to the
edges is generated to replenish the evaporated solvents, in partic-
ular in low viscosity inks. Such a flow carries and accumulates the
particles on the edge of the droplet and forms a ring-like struc-
ture (also known as coffee-ring) [127]. This problem can be
addressed by the application of multicomponent carrier solvents
for ink formulation. Due to the disparity of evaporation rate of
different components in the inks, surface tension, and composi-
tional gradients form within the droplet and give rise to inward
Marangoni flows, creating a more uniform redistribution of the
particles [119] (Fig. 2f).

Despite the great ability of water in dispersing MXenes (solid
loading and zeta potential of up to 70 wt.% and �80 mV, respec-
tively), considering the aforementioned requirements for surface
energy of inks, it cannot be a suitable carrier solvent for the for-
mulation of MXene inks, especially for polymeric substrates. In
conventional inks, additives (e.g. surfactants) are used to address
the surface energy mismatches; however, in the case of MXenes,
due to their oxidation sensitivity, formulation of additive-free
dry-only inks is crucial. In other words, due to the restriction
of employing additives, methods available for the production
of stable dispersions (which are necessary for ink formulation),
are thus limited. Minimization of the energetic cost of the delam-
ination process by matching the surface tension of the dispersion
media with the surface energy of the target material (here
MXene) is a promising approach for the production of 2D mate-
rials dispersions [128]. When MXene is delaminated and dis-
persed in a solvent (or solvent mixture), a huge number of new
7
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FIGURE 2

Basic surface energy characterizations and drying behavior of inks. (a) Schematic illustration of the interactions between the surface energy components of
an ink and a substrate. Although total surface energies are equal in both cases, only the ink with matching surface energy components can properly wet the
substrate. Keys and locks with different colors are symbolically used to convey this message that: only matching keys can unlock the locks. (b) Calculation of
the surface energy components of a substrate (cDs and cPs ) by OWRK method. (c) A schematic example of wetting envelope plots (with envelopes for two
different wetting angles). (d) Effect of ink-solvent interactions; (I) strong interaction with complete wetting is not suitable for fine-line printing; (II) an optimum
interaction leads to high-fidelity printing; (III) weak interaction leads to dewetting. (e) Schematic illustration of uneven evaporation of solvent from edges of a
droplet and formation of a coffee-ring structure. (f) An inward Marangoni flow (by addition of a co-solvent) can redistribute the particles more evenly which
leads to the formation of flat and homogenous films.
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surfaces are generated which increases the interfacial energy of
the system. This excess energy is the driving force for the aggre-
gation of the dispersions, and its minimization can slow-down
the aggregation process. Hence, all the discussions in matching
the surface energy of the ink and the substrate are also valid here.
However, unfortunately, the determination of the surface energy
components (SECs) of the 2D materials (MXene) is not as
straightforward as the substrates. Furthermore, variations in the
SECs of the particles (MXenes) are usually synthesis route-
dependent, which makes their determination even more
challenging.

A common practice in the estimation of the SECs of a 2D
material is based on the comparison of stabilized concentrations
of dispersions in various solvents (with different SECs). Higher
concentration refers to better matching and closer estimation
to the intrinsic SECs of the 2D material (Fig. 3a). In the case of
Ti3C2Tx MXene, it is found that the optimal parameters include
surface tensions between 35 and 42 mN/m and the ratio of
polar/dispersive components between 0.61 and 0.87 (Fig. 3b),
whereas the ability of the solvent to form hydrogen bonds is
not necessarily important [117]. For instance, solvents like
propylene carbonate, NMP, DMF, and DMSO are good carrier sol-
vents for the Ti3C2Tx MXene. It is also shown that the synthesis
route and types of the surface groups of MXene have consider-
able effects on its dispersibility, which allow the utilization of dif-
ferent types of solvents for ink formulation throughmodification
of the MXene surface chemistry [117]. With such an approach, it
is even possible to transform the hydrophilic MXene to
8
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hydrophobic and disperse it in organic solvents. For instance, ter-
minal groups of MXenes (-OH, -O, -F) can be replaced with long
hydrophobic alkyl chains by treating the MXene with an
alkylphosphonic acid (e.g. dodecylphosphonic acid; C12PA)
[129]. The resulting surface-modified MXene which can be dis-
persed in nonpolar solvents (e.g. chloroform) exhibits decent
colloidal and chemical (oxidation) stability. However, the surface
functionalization slightly degrades the electrical conductivity as
insulating alkylphosphate ligands grafted on the MXene flakes,
slightly disturb the electronic conduction (Fig. 3c).
Colloidal and rheological properties of MXene inks
Particle-based inks (including MXene inks) are complex fluids
and exhibit intricate mechanical responses to applied stresses
(or strains) mainly due to the geometrical constraints imposed
by the particles. Therefore, understanding the rheological behav-
ior of these inks is crucial for their proper processing. Indeed,
during all stages of solution-based processes, from storage to
application, and drying, inks are under various types of stresses
and their rheological properties determine their behavior at each
stage. MXene inks can offer a broad spectrum of rheological
properties. This is due to the extensive effect of MXene concen-
tration on the flow behavior of the inks (will be discussed later
with more details), and the exceptional dispersibility of MXenes
which leads to stable dispersions with a wide range of concentra-
tions. To better understand the diverse rheological behavior of
MXene inks, it is helpful to first review the viscoelastic properties
ps://doi.org/10.1016/j.mattod.2021.02.010
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FIGURE 3

Surface energy of MXenes and their dispersions. (a) Relationships between Ti3C2Tx/solvent absorbance per cell path length (A/l) at 800 nm supported by a
solvent and its Hansen solubility parameters: dispersive, polar, and hydrogen bonding, respectively. Star data points represent data for “good” solvents.
Reproduced from ref [117] with permission from American Chemical Society. (b) Surface tension and Hansen polar solubility parameter divided by Hansen
dispersive solubility parameter are plotted with concentration of Ti3C2Tx in each solvent. The red areas are associated with higher concentrations and the blue
areas are for lower concentrations. Reproduced from ref [117] with permission from American Chemical Society. (c) Schematic illustration of simultaneous
interfacial chemical grafting reaction and phase transfer for preparing a stable nonpolar Ti3C2Tx dispersion; Contact angle measurements for pristine Ti3C2Tx
and Ti3C2Tx-C12PA films at room temperature; Electrical conductivity of pristine Ti3C2Tx and Ti3C2Tx-C12PA films. Reproduced from ref [129] with permission
from American Chemical Society.
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of particle-based inks and their conventional characterization
methods.

All particulate inks are viscoelastic materials, meaning that
their rheological behavior has both viscous and elastic character-
istics. Pure carrier solvents are ideal Newtonian fluids with com-
pletely viscous behavior [130]. When deformed, their
deformation rate (strain rate; _c) is linearly proportional to the
applied stress ( _c ¼ /s), and the proportionality coefficient (fluid-
ity) is the reciprocal of their viscosity (Fig. 4a). The deformation
is irreversible, and all the applied energy dissipates as heat [131].
By the addition of solid particles, due to the particle–particle and
particle-solvent interactions, the flow behavior of the carrier sol-
vent starts to deviate from the Newtonian fluids and its viscosity
becomes shear-rate dependent (Fig. 4a). In typical inks, increas-
ing the shear rate decrease the viscosity (also known as shear-
thinning). In addition to the viscous behavior, these inks show
some elastic behavior as well, meaning that a part of the defor-
mation energy can be stored in the inner structure of the ink.
By further increasing the solid content and percolating the parti-
cles, sol–gel transition (fluid-like behavior to solid-like behavior)
occurs and inks exhibit non-zero yield stress at zero shear rate
(Fig. 4a). In this case, there is a range of strains (starting from rest)
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at which the elastic behavior of the inks dominates their viscous
behavior [132]. Depending on the desired deposition technique,
gelation can be both detrimental (e.g. inkjet printing) and bene-
ficial (e.g. 3D extrusion printing). Therefore, determination of
the composition (solid content) at which, the sol–gel transition
occurs and understanding the effect of different parameters on
it (e.g. particle’s aspect ratio, solvent type) are of great impor-
tance for ink formulation.

The rheological properties of inks can be studied by numerous
instruments and methods, but the most informative characteri-
zation is done by rheometers (especially by dynamic shear
rheometers, DSR). The most commonly used experiments are
rotational and oscillatory tests which are carried out by various
geometries (e.g. concentric cylinder or cone and plate, Fig. 4b)
depending on the specific properties of the inks and the required
information. Rotational tests are mainly used for plotting the
flow curves. First, the shear rate is continuously increased, and
the required torque is recorded. Then the viscosity is calculated
from the torque data and plotted versus shear rate (g ¼ s

_c; the tor-

que and s relation depends on the measurement geometry). A
typical flow curve when plotted in a log–log scale has three main
9
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FIGURE 4

Basic rheological characterizations of inks. (a) Relation between shear stress and strain rate for three main types of inks (fluids). (b) Four different
measurement geometries for a rheometer; left top: plate-plate, left bottom: cone-plate, middle: concentric cylinder, right: spindle type. (c) A typical flow curve
for a power-law shear-thinning ink. (d) Three interval thixotropy test. (e) Phase shift between the maximum strain and maximum stress for a viscoelastic
material (middle) in an oscillatory test. (f, g) Preset (strain) of an amplitude sweep test and two possible responses (read-outs). (h, i) Preset (strain) of a
frequency sweep test and three possible responses (read-outs); (i) left: a viscoelastic solid, middle: a gel, and right: a viscoelastic liquid.

TABLE 1

Range of shear rates at different stages/methods of processing [134].

Process Shear rate, _c [s�1] Process Shear rate, _c [s�1]

Sedimentation of particles � 0.001 . . . 0.01 Extrusion 10 . . . 1000
Surface leveling of coatings 0.01 . . . 0.1 Coating, printing, rolling, blade coating (manually) 100 . . . 10,000
Sagging of coatings, dripping, flow under gravity 0.01 . . . 1 Spraying 1000 . . . 104

Dip coating 1 . . . 100 Blade coating (machine), high-speed coating 1000 . . . 107
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regions: low shear, power-law, and high shear (Fig. 4c). In low
and high shear regions, the ink behaves like Newtonian fluids
and the viscosity is shear-rate independent (plateau). In the
power-law region (also known as Ostwald–de Waele power-
law), the viscosity is given by equation (13) in which, K and n
are the flow consistency and flow behavior indices, respectively
[133].

geff ¼ K _cn�1 ð13Þ

For a Newtonian fluid, the flow behavior index (n) is equal to
1, for a dilatant fluid (shear-thickening) it is larger than 1 (usually
not favorable for solution processing), and for a pseudoplastic
10
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fluid (shear-thinning) it is smaller than 1. Hence, n, which is
the slope of the linear section of the flow curves (in log–log scale)
in the power-law region, can be used for comparison of the pseu-
doplasticity of different inks. Flow curves are especially useful for
the determination of the processability of an ink for a specific
method, as each shear rate (and the behavior of the ink at that
shear rate) can be correlated with a specific processing technique
(Table 1).

The viscosity of some non-Newtonian fluids, after a deforma-
tion and removal of the stress (or reduction of its level), may not
immediately recover to its initial value (which is called thixo-
tropy). Thixotropy can be studied by another type of rotational
ps://doi.org/10.1016/j.mattod.2021.02.010

https://doi.org/10.1016/j.mattod.2021.02.010


R
ES

EA
R
C
H
:
R
ev

ie
w

Materials Today d Volume xxx, Number xxx d xxxx 2021 RESEARCH
test in which, the ink is subjected to two different levels of shear
strain within three successive time intervals (1st: low shear, 2nd:
high shear, and 3rd: same low shear as the 1st interval; Fig. 4d),
and the viscosity changes are monitored. While this property is
useful in some solution-based processes (e.g. leveling of the
films), it can be detrimental in some others (e.g. 3D extrusion
printing).

While rotational tests provide valuable information about the
rheological properties of the inks, the viscous and the elastic
components of the flow behavior cannot be distinguished. For
this purpose, oscillatory tests are developed (Fig. 4e) in which,
a sinusoidal strain (equation (14)) is applied to the ink, and cor-
responding required stress is measured (equation (15)). For an
ideally elastic material (consider a spring), the maximum stress
is observed at the maximum strain (no phase shift; d ¼ 0), while
for a purely viscous material (consider a dashpot), the maximum
stress is experienced at the beginning of the deformation (mini-
mum strain, which corresponds to a p

2 phase shift). For a vis-

coelastic material, this phase shift locates between two
extremes (0 < d < p

2), and d ¼ p
4 represents the sol–gel transition

point (0 < d < p
4 corresponds to solid-like behavior, and

p
4 < d < p

2 corresponds to fluid-like behavior). Now it is possible

to study the viscous and elastic components of the flow behavior
separately as shown in equations (14) and (15) where, c0, s0, and
x are strain amplitude, stress amplitude, and angular frequency,

respectively. The first term in equation (15) (G
0
xð Þc0 sinxt) is in-

phase with the deformation and represents the elastic behavior

and the second term (G
0 0
xð Þc0 cosxt), which is out-of-phase, cor-

responds to the viscous behavior of the ink. G
0
and G

0 0
are elastic

and loss moduli (respectively) and are extensively used for the
evaluation of the ink behavior in all oscillatory tests [135].

c tð Þ ¼ c0 sinxt ) _c tð Þ ¼ c0x cosxt ð14Þ
s tð Þ ¼ s0 xð Þ sin xt þ d xð Þ½ � ¼ G
0
xð Þc0 sinxt þ G

0 0
xð Þc0 cosxt ð15Þ

Oscillatory rheological characterizations usually start with an
amplitude sweep test (especially for gel inks) in which, the ampli-
tude of the strain is increased at each cycle and the elastic and
loss moduli are plotted versus strain or stress (Fig. 4f, g). For gel
inks, the limit of the linear viscoelastic region (LVR), which is
the maximum strain up to which, the ink can be deformed with-
out destroying its internal structure can be determined by ampli-
tude sweep tests. Yield stress of gel inks as a very important figure
of merit (FOM) in some solution-based processes (e.g. extrusion
printing) can also be extracted from amplitude sweep tests. After
the determination of the LVR, another important oscillatory
characterization, the frequency sweep test, can be carried out.
In frequency sweep tests, a deformation with an amplitude smal-
ler than the LVR is applied and the elastic and loss moduli are
plotted versus the frequency (Fig. 4h, i). The response of the sam-
ple at high and low frequencies represent the short- and long-
term behavior of the ink, respectively [136].

The rheological properties of MXene dispersions have been
extensively investigated, and the concentration of MXene, as
well as its aspect ratio, are found to be the most important factors
in the determination of the flow behavior [36,137,138]. Single-
layer MXene dispersions (average flake size � 1 lm), in contrast
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to their multi-layer counterparts and even other types of nano-
materials, exhibit a very steep viscosity rise by increasing their
concentration (or volume fraction), mainly due to the very high
aspect ratio of the flakes (Fig. 5a) [137]. While this behavior limits
the formulation of high-solid-content inks, which is necessary
for some applications (e.g. energy storage), it provides a unique
opportunity for the deposition of thin and transparent films. Sur-
prisingly high levels of elastic behavior have been observed in
dilute dispersions of MXene (even as low as 0.36 mg ml�1) which
is beneficial for thin-film processing methods such as spin- and
spray-coating [76,139] as it assists with the elimination of
process-imposed perturbations [140]. By increasing the MXene
concentration to 0.9 mg/mL (close to the sol–gel transition
point), a volume-spanning percolating network starts to form
within the system, which is reflected in the soft-solid-like behav-
ior of the dispersion at low frequencies and fluid-like behavior
(power-law scaling) at high frequencies (Fig. 5b). This rheological
behavior could be suitable for techniques such as inkjet printing
(will be discussed later) in which, the ink should become jettable
under application of the shear stress and be able to regain its vis-
cosity and rigidity after the deposition (at rest). At higher con-

centrations, G
0

becomes frequency-independent and its

crossover point with G
0 0
shifts to higher frequencies. This rheo-

logical behavior resembles that of soft gels [141]. Similar trend
but at much higher concentrations in the rheological behavior
of multi-layer MXene is also observable (Fig. 5c–f).

When developing an ink for a specific application, the substan-
tial difference in the rheological properties of single- and multi-
layerMXenes is thefirst parameter for consideration. For instance,
if deposition of a thick film is required, the ultra-high viscosity of
the high concentration single-layer MXene inks will render them
unprocessablewith themajority of the solution-based techniques.
In contrast, for achieving the highest possible transparency in the
deposited films, defect-free large flakes of single-layer MXene
would be the best choice. Once the material is selected according
to the application, then the deposition technique should be cho-
sen. Numerous parameters, such as fabrication throughput, reso-
lution, and ability of contact/non-contact deposition should be
considered in this stage. As such, a “property-processmap” is plot-
ted in Fig. 6, as guidelines for MXene processing. Using this map
and considering the desired properties (i.e. resolution, conductiv-
ity, film thickness, or film transparency) and expected through-
put, one is able to locate the most suitable processing technique
and corresponding viscoelastic properties of the ink.

Since the rheological properties of the inks can be easily
adjusted by changing the solid content, inks for various process-
ing methods can be formulated accordingly. Due to the depen-
dence of the rheological properties to other factors such as
nanosheets’ aspect ratio and the selected carrier solvent, concen-
tration vs. viscosity relation should be determined individually
for every specific system. It should be also noted that the viscos-
ity values can only provide rough estimations on the processabil-
ity of the inks since steady-state rheological properties (e.g.
viscosity) are not usually sufficient for the determination of the
optimum ink/printing parameters [142]. Hence, the dynamic
rheological properties should also be considered for processabil-
ity evaluations.
11
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FIGURE 5

Rheological properties of MXene dispersions. (a) Relative viscosity versus volume fraction plot for single- and multilayer Ti3C2Tx dispersions. Along with the
same data for polystyrene and kaolin clay (for comparison). (b, c) Plots showing viscoelastic measurements conducted on single-layer MXene suspensions at
various concentrations: (b) 0.9 mg mL�1 and (c) 3.6 mg mL�1. (d–f) Plots showing viscoelastic measurements conducted on multilayer MXene dispersions at
various solid loadings: (d) 10 wt.%, (e) 40 wt.%, and (f) 70 wt.%. All the figures are reproduced from ref [137] with permission from American Chemical Society.

FIGURE 6

The map of guidelines for solution processing of colloidal MXenes. Relation between the throughput, ink viscosity, resolution (only applies for printing
methods), film conductivity, film thickness and film transparency for major printing/coating methods are provided.
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Printing of MXenes
Printing is an additive manufacturing technique that offers enor-
mous possibilities for simple, large-scale, and low-cost device fab-
rication [143]. Compared to conventional silicon-based
12

Please cite this article in press as: S. Abdolhosseinzadeh et al., Materials Today, (2021), htt
electronics or gas-phase deposition techniques which require
sophisticated and lengthy manufacturing processes, printing is
done in a maximum of three steps: pretreatment of the substrate,
printing, and post-treatment (ideally only drying; sometimes
ps://doi.org/10.1016/j.mattod.2021.02.010
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heat treatment). Despite the great advancements in printing
technologies, functional printing and ink development are still
in their infancy. This is mainly due to the difficulty of developing
additive-fee, high-performance inks. However, MXenes can
change the game by offering exceptional possibilities for the pro-
duction of such inks (as discussed before). Since MXenes are in
their early stages of development, their printing is currently lim-
ited to the techniques which are frequently used and are avail-
able in the research labs. So far, only three printing methods
including inkjet-, screen-, and extrusion-printing have been
reported for processing MXenes which will be reviewed here.

Inkjet printing
Inkjet printing (IJP) is a digital non-contact method, which is
vastly used in both research and industry. IJP is one of the best
techniques for parameter optimization, and fast prototyping
since the printing pattern is provided to the printer as a digital
file (can be modified easily) and ink consumption is very low
(1–2 mL) [144]. Based on the droplet generation mechanism,
there are two main types of inkjet printing, continuous inkjet
printing (C-IJP) and drop-on-demand inkjet printing (DOD-IJP)
[145]. C-IJP is mostly used in industry while DOD-IJP is more
suitable for research purposes. In C-IJP, drops are continuously
formed by the Rayleigh instability of a liquid column that is
ejected under pressure through a small nozzle. A small potential
is applied to the ink to slightly charge the generated droplets.
Due to their charge, unwanted droplets (according to the print-
ing pattern) can be deflected by an electric field into a gutter
FIGURE 7

Inkjet printing of MXenes. (a, b) Schematic diagram showing the principles of o
(DOD) inkjet printing system. (c) A high-speed photographic image showing th
(scale bar: 200 mm). (d) Processing window for formulation of inkjet printable
Transferring MXenes to organic solvents by repeated centrifugation/redispersi
Inkjet printed dots and stripes by MXene inks (in IPA) with negligible coffee-ring
The sheet resistance, Rs, plotted as a function of printing pass. Inset shows the op
printing Reproduced from ref. [35] with permission from Springer-Nature.
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(Fig. 7a). The size of the droplets is about 100 lm which is bigger
than DOD-IJP (20–50 lm). In DOD-IJP, as its name implies, dro-
plets are generated when they are needed (according to the print-
ing pattern). Jetting is done by the propagation of a pressure
pulse in the ink reservoir behind the printing nozzle (Fig. 7b).
The pressure pulse can be generated by two methods: heating
of a thin film which leads to the formation and bursting of a bub-
ble in the ink, or by direct mechanical actuation using a piezo-
electric transducer [145].

Droplets formed in DOD-IJP have a characteristic shape
(Fig. 7c). First, the ink column thins to form the main leading
droplet which is usually associated with an elongated tail or liga-
ment. Rupture of this tail can lead to the formation of a smaller
droplet which follows the main drop (therefore known as satel-
lite drop) and can often merge with the main drop if the flying
distance between the printing head and the substrate is enough.
However, if it lands as a separate droplet on the substrate, noncir-
cular and irregular patterns with a deleterious influence on
deposit precision, resolution, and accuracy will form [145]. The
droplet formation and its properties, including velocity and size,
heavily depend on the shape and amplitude of the pressure pulse
which can be easily tuned in piezoelectric DOD-IJPs. Jettability of
the inks and properties of the droplets, in addition to the prin-
ter’s operational parameters, are heavily dependent on the sur-
face tension and rheological properties of the inks. Almost all
stages of the IJP, including droplet formation (depends on the
surface tension and velocity of the drop), stable jetting, the for-
mation of satellite droplets, and even drop splashing upon
peration of (a) a continuous inkjet (CIJ) printer, and (b) a drop-on-demand
ree drops ejected from a DOD printer at different stages of drop formation
inks. Reproduced from ref. [145] with permission from Annual Reviews. (e)
on. Reproduced from ref. [35] with permission from Springer-Nature. (f, g)
effect. Reproduced from ref. [91] with permission from Springer-Nature. (h)
tical images of various printed lines (2 cm in length) with different overlayer
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impact with the substrate, can be characterized by a number of
dimensionless physical constants such as Reynolds (Re), Weber
(We), and Ohnesorge (Oh) numbers. For stable drop formation
it is found that the inverse Ohnesorge number (Z) of the ink
which can be calculated by equation (18) should have a value
of 1 < Z < 14 [35,91,146]. In some references, possessing
1 < Z < 10 is defined as preferable inks [145]. In these equations,
t, c, q, a, andg are velocity, surface tension, density, a character-
istic length (diameter of the nozzle in IJP), and dynamic viscos-
ity, respectively [145].

Re ¼ tqa
g

ð16Þ
We ¼ t2qa
c

ð17Þ
Z ¼ 1
Oh

¼ Reffiffiffiffiffiffiffiffi
We

p ¼ cqað Þ1=2
g

ð18Þ

Since the formation of a new droplet is associated with an
increase in the surface energy, the droplet should possess a min-
imum velocity (energy) to overcome the ejection energy barrier.
In this regard, it is suggested that the ink’s Weber number should
be bigger than 4. It is also found that the splashing of an ink on a

flat and smooth substrate occurs when 50 < We1=2Re1=4 [145].
Considering the aforementioned guidelines, it is possible to con-
struct a map in parameter space, with coordinates Re and We,
that can be used for ink formulation for DOD-IJP (Fig. 7d).

As mentioned earlier, due to their high surface tension, aque-
ous MXene inks are not suitable for printing on non-porous sub-
strates. In the case of IJP inks, the selection of carrier solvent is
even more critical since the coffee-ring effect is stronger in low
viscosity inks (such as IJP inks). Transferring MXenes to organic
solvents can be done either by drying/redispersion [91] or
repeated centrifugation/redispersion in the target solvent
(Fig. 7e) [35]. It should be noted that when LiF is used for the
etching process of the MAX phase, the drying/redispersion
approach is not suitable since the residual Li+ ions make the
redispersion step more difficult [117]. Application of a low boil-
ing point solvent such as isopropyl alcohol for IJP inks can con-
siderably reduce the coffee-ring effect (Fig. 7f, g) while fulfilling
the specific requirements of the IJP inks for satellite-free stable
jetting (for a �2 mg mL�1 ink and nozzle diameter of 22 lm:
Z � 8.3). The rheological requirements of the IJP inks limit its
application to low-solid-loading inks which are suitable for print-
ing thin/transparent films/structures. Since the lateral dimen-
sions of the as-synthesized MXene flakes are in the range of
few micrometers, they can easily clog the nozzles of the printer.
Hence, it is highly suggested to reduce the flake size by ultrasonic
treatment to 1/50 of the nozzle diameter [91]. We note that the
IJP method allows to print paths with a high resolution and line
width down to 50�80 lm, and is thus extremely suitable for
printing prototype devices in the lab scale. However, its working
mechanism implies a low printing throughput (Fig. 6), limiting
its application in scalable printed electronics.

Thanks to the exceptional conductivity of MXenes, the resis-
tivity of the printed tracks is very low and suitable for lots of
applications. By overlayer printing, the sheet resistance can be
14
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significantly decreased (down to 10 X sq�1 for a Ti3C2Tx MXene
with 5 layer overprints; Fig. 7h) [35]. The highly conductive
MXene films can also provide an efficient electromagnetic inter-
ference shielding to 50 dB with a film thickness of 1.35 microm-
eters [34]. To leverage the excellent broadband nonlinear optical
responses, the printed MXene films have been incorporated into
diverse laser resonators, both fiber and solid-state configurations,
to generate pulsed laser output [91]. The operation wavelength
overlaps 1�3 micrometers, and the generated pulse duration
can be as short as �100 femtoseconds.
Screen printing
Unlike inkjet printing, screen printing (SP) is a fast and efficient
contact printing method in which, the ink is deposited on the
substrate through a mesh with some open (printing pattern)
and blocked (non-printing) areas. The printing can be done in
manual or automated mode, and in both cases, the printing
setup is very simple and inexpensive (compared to other printing
methods). SP is mainly used for deposition of thick films (1–
100 lm), and if done in the flatbed automated mode (sheet-to-
roll), printing speed can reach up to 70 m/s [144]. It is also pos-
sible to carry out the SP in a roll-to-roll manner which reaches
higher printing speeds (up to 100 m/s) but requires a different
type of cylindrical rotating screens. In the flatbed mode, the
screen is placed with a small gap on the substrate (snap-off dis-
tance) and the ink is flooded over the screen to fill its openings.
Then a squeegee is drawn across the screen to push out the ink
and transfer it to the substrate (Fig. 8a). Considering the ease of
fabrication of the screens, SP can even serve as a fast prototyping
method. The fabrication of screens is simple and requires little
training and tools (Fig. 8b) which makes it widely accessible.

Despite the simplicity of the printing method itself, ink for-
mulation is very challenging due to its complex rheological
requirements. Recommended viscosities for SP inks are very
diverse but are usually in the range of 2–50 Pa�s (at _c ¼ 100s�1)
[142]. Inks should exhibit shear-thinning behavior, and thixo-
tropy, to some extent would also be beneficial since it allows
the ink to level-out and reduces the mesh marks on the prints.
High yield stress is generally desirable since it helps the ink to
stay in the openings of the screen (after flooding) and maintain
its shape after deposition. The importance of proper adjustment

of G
0
and G

0 0
becomes more evident when considering the thick-

ness of the wet films, which can easily spread (ink bleeding) and
deteriorate the quality of the printed patterns. However, it

should be noted that high G
0
values may result in tacky inks

which hang-up on the squeegee during the printing [142].
Except for MXenes and few other materials, fulfilling these
requirements is impossible without extensive application of bin-
ders and rheology modifiers. This is one of the biggest advan-
tages of MXene for developing functional inks which can be
processed at room temperature on almost any substrate.

As mentioned earlier, a slight concentration increase of
delaminated MXene inks leads to a large increase in viscosity.
This means that the solid loading of screen-printable delami-
nated MXene inks are usually much lower than other nanomate-
rials, which is undesirable for some applications where
transferring a large amount of material is needed (e.g. energy
ps://doi.org/10.1016/j.mattod.2021.02.010
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FIGURE 8

Screen printing of MXenes. (a) Left: Flooding ink over the screen to fill its openings. Right: Pushing the ink out of the screen to transfer it to a substrate. (b)
Screen fabrication process: 1. Screens are made by stretching and attaching a mesh (made of silk/polymer/metal threads) to a rigid frame; 2. The mesh is
coated with a water-soluble, UV-curable monomer (photo-emulsion); 3. After drying (in dark), the desired pattern which is printed on a transparent foil is
placed on the mesh; 4. The photo-emulsion is polymerized by illumination of UV light, everywhere expect for the areas under the pattern; 5. The open areas
of the screen (printing pattern) is obtained by washing the non-polymerized areas (monomer) with water. (c) Rheological properties (pseudoplasticity) of
screen-printable sediment inks (top) and examples of printed structures (bottom). Reproduced from ref. [36] with permission from Wiley-VCH. (d, e)
Rheological properties of nitrogen-doped, screen printable MXene inks: (d) Amplitude sweep test; and e) frequency sweep test. Reproduced from ref. [147]
with permission from Wiley-VCH.
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storage). In this case, multilayer MXene is a better choice for SP.
Due to the high conductivity of the MAX phase, it is even possi-
ble to formulate high-concentration SP inks with the sediments
of the MXene synthesis process which are usually discarded
[36]. The rheological properties of the sediment inks fulfill the
requirements of the SP inks with proper elasticity and shear-
thinning behavior. Considering the low exfoliation yield of
MXenes (<10–20%), this approach can significantly lower the
production cost and pave the road towards commercial printing
of electronics. Screen-printed structures based on MXene have
been fabricated on paper with high resolution and spatial unifor-
mity, including micro-supercapacitors, conductive tracks, inte-
grated circuit paths (Fig. 8c). The existance of nanosheets
among the layered MXene microsheets act as efficient conduc-
tive binders, maintaining the mechanical integrity and thus
the metallic conductive network. An impressive sheet resistance
of 2.2 X/sq can be achieved (16 X/sq for 1 pass printing; film
thickness of 1.4 lm) with decent mechanical properties.

Furthermore, the nitrogen doping can improve the conductiv-
ity and redox activity of MXene and thus boost the electrochem-
ical performance of devices. As a result, the screen printed N-
Please cite this article in press as: S. Abdolhosseinzadeh et al., Materials Today, (2021), htt
doped MXene microsupercapacitor delivers an areal capacitance
of 70.1 mF/cm2 and outstanding mechanical robustness [147].
Interestingly, MXenes can exhibit these exceptional rheological
properties even after functionalization/doping or hybridizing
with other nanomaterials (Fig. 8d, e). Despite these progresses,
formulation of screen printable MXene inks requires further
attention since aqueous inks suffer from fast evaporation of the
solvent (water). This leads to an increase in the viscosity of the
inks and shortens the printing time which is not suitable for
industrial applications. Unfortunately, organic solvents which
are capable of dispersing high concentrations of MXene (e.g.
NMP, DMSO) are not compatible with the conventional emul-
sions which are used for making SP screens. Therefore, develop-
ing organic inks in less aggressive solvents is strongly required.
Extrusion printing
In extrusion printing, a gel-like ink (solid-like behavior) is
extruded as a filament through a nozzle and deposited on a sub-
strate (Fig. 9a). It can be used for both 2D [35] and 3D [148] print-
ing of materials, but the 3D mode requires more specific
rheological properties to be able to print in a layer-by-layer man-
15
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FIGURE 9

Extrusion printing of MXenes. (a) Flow curve of a 2D-extrusion printed MXene ink; inset is a schematic illustration of extrusion printing method. Reproduced
from ref. [35] with permission from Springer-Nature. (b, c) Rheological properties of the 3D-extrusion printable inks: (b) Thixotropy, and (c) Yield stress tests.
Reproduced from ref. [138] with permission from Wiley-VCH. (d) Schematic of the MXene solution at low and high concentrations; adding SAP beads to the
dispersion resulted in a uniform concentrated MXene solution. Reproduced from ref. [149] with permission from American Chemical Society. (e) Cross-
sectional SEM image and magnified cross-sectional SEM image of an extrusion-printed, freeze dried MXene-AgNW-MnONW-C60 composite, showing the
binder-like effect of MXene. Reproduced from ref. [148] with permission from Wiley-VCH. (f) Optical images of the 3D-printed TOCNFs/Ti3C2 fabrics with a
woodpile structure. Reproduced from ref. [150] with permission from Wiley-VCH.
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ner. 2D extrusion printing is suitable for the deposition of thick
films/structures with very high conductivities (Fig. 6). High yield
stress (usually > 100 Pa but depends on the printer) and very lit-
tle thixotropy are the two most important requirements (Fig. 9b,
c). Since single-layer MXene inks have relatively low volumetric
solid content (because of low concentration), considerable
shrinkage can happen upon drying. To circumvent this problem
and preserve the initial 3D structure, printed parts are usually
freeze-dried. As a result, extremely porous structures are obtained
which have vast applications in energy storage [138].

Due to the high surface charge (zeta potential) and strong
repulsion of the MXene flakes in aqueous suspensions, increas-
ing their concentration is very challenging. This problem can
be solved by the application of superabsorbent polymer beads
to remove the excess water and increase the concentration to
as high as 290 mg/mL (Fig. 9d) [149]. This ink complies well with
the predicted processing window (2 < G0/G00 < 20,
0.01 < x < 10 Hz) for extrusion printing of the single-layer
MXene. Thanks to the strong interactions between MXene
nanosheets, even extremely thick (�100 lm) extrusion printed
structures are robust and show great flexibility.

The exceptional film formation ability and the strong inter-
layer interactions of flakes make MXenes a perfect alternative
for conventional binders. For instance, by the addition of
MXenes to other nanomaterials which themselves, are unsuit-
able for the formulation of additive-free inks, 3D printable inks
can be formulated (Fig. 9e). The addition of other nanomaterials
such as nanowires can also increase the yield stress and improve
the rheological properties of the MXene inks. Extrusion printing
16
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is a versatile method that can also be used for the fabrication of
free-standing devices. For instance, a composite of MXene and
cellulose nanofibrils ink can be used for printing a smart textile
(Fig. 9f). For this purpose, instead of a conventional substrate,
the ink is printed into an ethanol coagulation bath. Because of
the rapid solvent exchange between water and ethanol within
the printed ink, a continuous and stable gel fiber is obtained
[150]. These smart microfibers and textiles are responsive to pho-
tothermal, electrothermal, and electromechanical stimuli.
Coating of MXenes
Besides printing strategies to fabricate MXene-based patterns and
devices, coating of MXene dispersions have also been extensively
studied in the past decade. For occasions requiring thin, contin-
uous conductive films or electrodes, direct coating techniques
represent promising routes with great versatility. These tech-
niques include but are not limited to spin-casting, spray-
coating, dip-coating, stamping, vacuum-assisted filtration, etc.
The as-obtained MXene thin, conductive coatings can be further
employed for the fabrication of high-performance, state-of-the-
art functional (stretchable, bendable, and foldable) electronics.

Dip-coating
Dip-coating is known for the simplicity and potential for scalable
fabrication of large-area thin films. According to the guideline
map (Fig. 6), when the viscosity of MXene dispersions is low,
dip-coating is recommended to give MXene films ranging from
highly transparent with good conductivity to relatively thick
films. MXene colloidal dispersions typically possess negative zeta
ps://doi.org/10.1016/j.mattod.2021.02.010
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potentials (�30 to �80 mV), resulting in repulsive interactions
among negatively-charged MXene nanosheets and forming
stable, homogeneous dispersions that are suitable for dip-
coating. In general, dip-coating can be divided into four steps,
namely dipping, immersion, deposition and drainage, and sol-
vent evaporation, as shown in Fig. 10a. Briefly, a pre-treated sub-
strate is immersed in MXene dispersions for a certain period of
time and then raise out at a constant speed by a motorized
arm. Upon the removal of the substrate, a thin MXene layer
deposits on the substrate while excessive dispersion returns to
the bulk solution. Further evaporation leads to the formation
of MXene film adhere to the substrate. As such, multiple factors
govern the resultant MXene films' quality and homogeneity, i.e.
MXene concentration, quality of MXene flakes, pulling speed,
number of dips, immersion duration, substrate surface, and envi-
ronment humidity, etc. For instance, dipping the pre-treated
glass in MXene baths with concentrations of 1–10 mg/mL (flake
size � 1–2 lm, Fig. 10b) and pulling at a constant speed (2 mm/s)
give continuous, smooth MXene films with thickness ranging
from 20 nm (transparent) to 150 nm (Fig. 10c), depending on
the concentration [151]. Increasing the number of dips results
in thicker MXene films.

To further enable a diversity of functionalities on the device,
modifying the substrate surface has been proven to be effective.
It is generally known that while directly depositing MXene flakes
FIGURE 10

Dip-coating of MXene dispersions. (a) Dip-coating steps to fabricate thin films. Re
optically transparent Ti3C2Tx MXene film prepared by dip-coating (left), flake siz
dip-coated MXene films on glass substrates. Reproduced from ref. [151] with perm
Reproduced from ref. [152] with permission from AAAS. (e) Schematic image of a
the cotton glove sewed with MXene threads (bottom). Reproduced from ref. [15
the cross-sectional of cotton yarn coated with MXene flakes (top) and correspon
knitted with interlock stitch pattern. (h) Assembly of capacitive knitted pressu
scheme (top) and read device (bottom). Reproduced from ref. [154] with perm
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onto hydrophobic polymer substrates is unable to produce high-
quality films, hydrophilic treatment (i.e. oxygen plasma) would
inevitably lead to the shrinkage of the polymer substrates, ren-
dering the homogenous coating of MXenes on the soft polymer
substrates rather challenging. To this end, imparting polymer
soft substrate with a layer of positively-charged material, such
as poly(diallyldimethylammonium chloride) (PDAC, zeta poten-
tial � 18 mV) to allow for the layer-by-layer assembly process by
electrostatic interactions, is quite promising [152]. For instance,
alternatively dipping the substrate in PDAC and MXene disper-
sions lead to the easy fabrication of conductive, stretchable,
and bendable films (Fig. 10d), based on which wearable sensors
were built with excellent performance [152]. Similarly, by
immersing pre-treated, NH2-terminated PET fiber-like threads in
the aqueous dispersion of MXene, MXene-coated polymer
threads can be readily achieved, allowing for sewing and knitting
into wearable heaters for electrothermal applications (Fig. 10e)
[153].

In addition, dip-coating enables the quick deposition of high
loading of MXene flakes on cellulose-based yarns such as cotton,
bamboo, fibers, etc., forming conductive yarn electrodes. These
cellulose substrates provide a much higher surface area than that
of the planar substrate such as glass or PETs, leading to much
thicker films as shown in Fig. 10f [154]. The natural hydrophilic
groups on the yarns greatly facilitate the attachment of MXene
produced from ref. [216] with permission from MDPI. (b) Schematic image of
e distribution (right) of MXene dispersion. (c) Cross-sectional SEM images of
ission from Wiley-VCH. (d) Optical images of dip-coated MXene-PDAC films.
PET fiber coated with MXene flakes (top) and the corresponding IR image of
3] with permission from American Chemical Society. (f) Schematic image of
ding cross-sectional SEM image (bottom). (g) MXene dip-coated cotton yarn
re sensor based on MXene dip-coated and knitted fabric electrodes with
ission from Wiley-VCH.
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flakes, providing a strong adhesion on the as-obtained yarn elec-
trodes. It is worth mentioning that for these porous, lightweight,
cellulose substrates, the abovementioned processing techniques
such as inkjet printing, aerosol jet printing, and screen-printing
are not suitable due to the uneven distribution of flakes upon
deposition; only the substrate surface are utilized while plenty
of internal fibers are left as blank. On the other hand, the dip-
coating strategy is particularly suitable for these porous cellulose
substrates to produce MXene-based yarn electrodes. By designing
stitch patterns, these MXene-yarn electrodes can be further knit-
ted into smart textiles (with half-gauge and interlock patterns,
Fig. 10g) for pressurized sensor applications (Fig. 10h) [154].

Similar to previous fabrication techniques, these dip-coated
MXene thin films can also be employed as microsupercapacitors
for energy storage, yet features a high optical transmittance, up
to 98% at 550 nm, due to the intrinsic low optical absorption
properties of MXene [151]. Interestingly, it is recently revealed
that a dip-coated MXene film can functions as both a transparent
conductive electrode and an electrochromic device. The absorp-
tion peaks can shift from 770 to 670 nm, due to the protona-
tion/deprotonation process of oxide-like surface functionalities
on MXene [155].

Spray-coating
When the viscosity of MXene dispersion is relatively low, direct
spraying of the colloidal dispersion allows for the fabrication of
large-area MXene films for the quick examination of materials/
devices properties, as guided by Fig. 6. Up to now, delaminated
MXene aqueous dispersions are typically utilized for spray-
coating in order to give conductive thin films; Except for
ethanol-based colloidal solution [139], reports on non-aqueous
MXene dispersions are quite limited. This is because non-
aqueous solvents that are able to disperse MXene flakes are lim-
ited to polar organic media whose Hildebrand and Hansen
parameters match well with those of MXenes [117]. While dis-
persing the flakes well, the majority of these polar organic sol-
vents possess a high boiling point, leading to the difficulty in
evaporating the solvent at low temperature thus limiting the film
thickness and procedure efficiency. This is schematically demon-
strated in Fig. 11a. In general, delaminated MXene aqueous dis-
persion with concentration ranging from 0.1 mg/mL to 10 mg/
mL are suitable for spray-coating. It is worth noting that even
under similar solid fraction, delaminated flakes dispersion pos-
sesses higher viscosity compared to that of multilayered MXene
suspension [137], rendering their solution processing methods
different.

Typically, MXene dispersions loaded in the spray gun are
ejected by the high-pressure carrier gas in the form of aerosol dro-
plets. The velocity and diameter size of the droplet are controlled
by the gas pressure. Once ejected and deposited on hot sub-
strates, the droplets merge and are subjected to solvent evapora-
tion, leaving dried flakes aligned in parallel to the substrate.
Through the movement of the spray-gun in the X-Y direction,
the percolative network starts to form and thus continuous
MXene thin films/coatings are achieved. In other words, spray
coating allows fast fabrication of large-area thin films (from nm
to lm range). Uniformity of the resultant MXene films is gov-
erned by parameters such as solvent type, velocity, the distance
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between substrate and nozzle, temperature, etc. [156]. Through
optimizing the substrates' surface (i.e. plasma treatment, etching
the surface oxide layer, etc.), the as-deposited MXene film can be
strongly attached to the substrates without peeling-off, even
under repeated deformation such as bending.

Due to the excellent electrical and mechanical properties in
the delaminated MXene nanosheets, the sprayed MXene film
can be employed as electrical contacts (i.e. gate, source, and
drain) for thin-film transistors (Fig. 11b) [82], current collectors
(Fig. 11c) [160], bottom electrodes for triboelectronic nanogener-
ators (Fig. 11d) [161], mechanical reinforcements (Fig. 11e) [162],
transparent conductive electrodes [139], etc.

Of particular attention is the applications of the sprayed
MXene thin films in wireless communication, as shown in
Fig. 11f. It is revealed that the reflection coefficient is MXene
thickness-dependent; thicker films generally give higher reflec-
tion coefficient and lower attenuation (Fig. 11f) [163]. As
MXenes provide the highest conductivity, as well as water-
dispersible, among other solution-processed 2D materials, direct
spraying of MXene dispersions holds great promises for scalable
manufacturing of radio-frequency antennas. On the other hand,
through the spray coating technique, microsupercapacitors can
be easily fabricated by template masking [157], scalpel engraving
[151], laser scribing [158–160], etc. It is worth mentioning that
these fabrication routes only produce symmetric microsuperca-
pacitors, with the electrode thickness depending on the spray
coating conditions as explained above. Due to the excellent elec-
trical and charge storage properties of MXenes, the spray-coated
MXene films not only function as the current collector, but also
active material, eliminating the necessity of bulky metal foils to
transport electrons. As a result, spray-coated MXene microsuper-
capacitor generally showcase excellent power handling and good
capacitance, as seen in Fig. 11g [157].

Spin-coating
As increasing the viscosity of MXene dispersions to the medium
range (10�200 mPa�s) or medium concentration range
(1�20 mg/mL), then spin coating is recommended to process
MXene dispersions (Fig. 6). The spin-coating technique is the
most well-known solution-processing method to produce thin,
uniform films from dispersions. In general, the dispersion first
wets the substrate, and the liquid layer starts to spread over the
substrate upon rotation. As spinning continues, the majority of
the dispersion flies off, leaving a thin liquid layer behind on
the substrate and enabling a fast solvent evaporation rate. Conse-
quently, homogeneous thin films are achieved (Fig. 12a) whose
thickness depends on MXene concentration, spin speed, dura-
tion, etc. For instance, Spin-coating of MXene dispersion with
a higher concentration (i.e. >10 mg/mL) results in films that
are thicker compared to that of more diluted dispersion (i.e.
�1 mg/mL) at a given spin speed [139]. Typically, films with
thickness ranging from nm to lm and various transmittances
can be simply obtained through spin-coating technique, thus is
particularly suitable for lab-scale prototype devices with a flat
substrate surface.

Indeed, spin-coated films possess better flake alignment com-
pared to films fabricated by other methods. This is largely attrib-
uted to the centrifugal force applied on the liquid layer, forcing
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FIGURE 11

Spray-coating of MXene dispersions. (a) Schematic demonstration of boiling point effect on the resultant film morphology and quality. (b) Spray-coating of
top MXene contacts and patterning of TFT devices with all-MXene contacts (left) and noise margin extraction from the butterfly plot (right). Reproduced from
ref. [82] with permission from Wiley-VCH. As-sprayed MXene films as (c) current collector, (d) bottom electrode for the TENG, (e) mechanical reinforcement, (f)
wireless communication with schematic and digital photo of the MXene CPW TLs (left) and attenuation vs thickness (right). Reproduced from ref. [160–163]
with permission from Royal Society of Chemistry, Elsevier, Wiley-VCH, AAAS, respectively. (g) Bode phase angle plots of Ti3C2Tx MXene film-based
microsupercapacitor prepared by spray-coating. Reproduced from ref. [157] with permission from Wiley-VCH.
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the suspended nanosheets to comply and align in parallel to the
direction of outward centrifugal force in order to minimize the
free energy. As shown in Fig. 12b, the spin-coated MXene flakes
are compactly aligned and lie flat on the substrate without wrin-
kles or porosity [76], the latter morphology typically found in the
spray-coated MXene films [164]. The highly aligned nature of the
flakes after spinning is further evidenced by the strongest (0 0 2)
peak among other (0 0 l) peaks in the X-ray diffraction pattern, as
well as the higher intensity of (0 0 2) peak in the spin-coated
sample than that of spray-coated one (Fig. 12c) [78]. The ordered
alignment of flakes results in an improved transport of charge
carriers among the interflake junctions, leading to higher electri-
cal conductivity, lower contact resistance/sheet resistance, and
smaller surface roughness in the resultant spin-coated MXene
films.

Benefited from such an aligned architecture, spin-coated
MXene films have demonstrated quite promising performances
in prototype thin films/devices such as perovskite solar cells
[165], field-effect transistors (FET) [166], transparent conductive
electrodes (TCEs) [78], light-emitting diodes (LEDs) [167], super-
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capacitors [26,76], etc. Particular attention has been paid to the
fabrication of microsupercapacitors assisted by laser scribing
strategy (Fig. 12d) [168], where interdigitated electrode fingers
are easily formed on a wafer-scale substrate. By decreasing the
MXene concentration or increasing the spin speed, the film
thickness can be effectively reduced to the nanoscale, resulting
in highly transparent conductive MXene films [75,78]. These
spin-coated transparent films exhibit excellent bulk conductivity
without percolation problems [76], thus can be used for the elec-
trical contacts in various optoelectronic devices. For instance,
organic FETs based on spin-coated MXene doped with NH3

showcase a maximum carrier mobility of �1 cm2�V�1� s�1 and
an on–off current ratio of �107 (Fig. 12e) [169].

On the other hand, through chemical modification of the
spin-coated MXene films surface with a conducting polymer
hole-injection layer, high quantum-efficiency (�28.5% ph/el),
flexible organic LEDs are thus engineered (Fig. 12f) [167]. Beyond
that, the spin-coated MXenes have also demonstrated a great
potential for replacing gold in GaAs photodetectors, since the
former exhibits significantly higher responsivities and quantum
19
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FIGURE 12

Spin- and blade-coating of MXene dispersions. (a) Scheme of spin-coating steps. (b) SEM images of spin coated (top) and spray coated (bottom) MXene films
with their corresponding XRD patterns shown in (c). Reproduced from ref. [76,78] with permission from Wiley-VCH. (d) Digital image of MXene-based on-chip
MSCs. Reproduced from ref. [168] with permission from Elsevier. (e) Scheme image of OFET device based on spin-coated MXene electrodes. Reproduced from
ref. [169] with permission from American Chemical Society. (f) Luminance plotted as a function of voltage of OLEDs based on ITO and spin-coated MXene
electrode, respectively (insets are OLED device (left) and device structure (right)). (g) Current-voltage profile of photodetector based on spin-coated MXene
electrode at 532 nm with inset being the confocal microscopy image of the real photodetector device. Reproduced from ref.[167,170] with permission from
Wiley-VCH. (h) Cross-sectional SEM image of blad coated MXene films (inset shows the aligned flakes). (i) Electrical conductivity comparison for MXene films
through different processing methods. Reproduced from ref. [21] with permission from Wiley-VCH. (j). Cross-sectional SEM image of MXene-Si blade-coated
films. Reproduced from ref. [172] with permission from Nature Publishing Group. (k) Cross-sectional TEM image (left) coupled with elemental mapping of Ti
(top right) and S (bottom right) of blade-coated MXene-S films. Reproduced from ref. [179] with permission from Wiley-VCH.
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efficiencies under similar dark currents (Fig. 12g) [170], implying
wide potential applications in low-cost flexible optoelectronic
devices. In addition to energy- and optical-related devices, the
2D compacted and confined space in the spin-coated MXene
films also facilitate potential applications for nanofluidics (i.e.
molecular sieving, gas separation, and transportation) [171].
Blade-coating
Another solution-processing technique for large-scale produc-
tion of MXene films is blade-coating, the technique that suits
MXene dispersions with a higher concentration (20�200 mg/
mL) or viscosity (up to 2000 mPa�s), as shown in Fig. 6. Similar
to spin-coating, blade-coating of concentrated MXene disper-
sions results in large-area freestanding MXene films with highly
oriented flakes, leading to excellent electrical conductivity and
mechanical properties (such as tensile strength, Young's modu-
lus). Blade-coating typically gives mm-thickness MXene films
20
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depending on the blade height and MXene concentration. It is
known that delaminated, concentrated MXene dispersions (i.e.
apparent viscosity > 1 Pa�s) exhibit a rheological shear-thinning
behavior, enabling good flowability and processability [172].
Diluted dispersions with a low concentration (<10 mg/mL), how-
ever, tend to spread over the substrate since the viscosity is rela-
tively low, thus is not suitable for blade-coating. Blading viscous
MXene inks creates the shear force that drives MXene flakes to
align along the direction of velocity. In addition, dispersions
with higher elastic (G0) and viscous (G00) moduli and a high G0/
G00 ratio are preferred, which are beneficial for recovering to the
gel state and maintaining the flake alignment once the shear
force is removed [21]. Upon solvent evaporation, large-area con-
ductive MXene films are thus achieved.

Importantly, pre-selection of MAX particle size has been pro-
ven effective to produce MXene flakes with larger lateral size,
leading to a higher orientation factor value (0.75) thus increased
ps://doi.org/10.1016/j.mattod.2021.02.010
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anisotropy compared to that of the self-assembled film (i.e. filtra-
tion method, orientation factor of 0.64), as well as compacted
film morphology without plenty of voids, as shown in Fig. 12h
[21]. Consequently, the blade-coated MXene film (thick-
ness � 214 nm) demonstrates the highest conductivity up to
15,100 S/cm, greatly surpassing those of spray- and spin-coated
MXene films under similar film thickness (Fig. 12i) [21]. When
blade-coating delaminated/multilayered MXene mixed slurries,
the film surface uniformity is greatly compromised due to unde-
sirable flake alignment, thus inevitably results in inferior conduc-
tivity [173].

Indeed, the blade-coating technique has been widely applied
in battery electrodes fabrication [174–176]. For most MXene-
based rechargeable battery anodes, multilayered MXenes were
utilized for blade coating [177,178]. These multilayered particles
function either as active materials for accommodating Li+ or
hosts for guest active species to store Li+. By employing delami-
nated MXene nanosheets as conductive binders through forming
an interconnected network with active materials such as Si, S by
a simple blade-coating of MXene-active material mixtures, large-
area battery electrodes can be manufactured. For example, the
blade-coating MXene-Si mixture results in quite thick electrodes
(up to 450 mm) with the aligned flakes providing good mechani-
cal reinforcement as well as conductivity (Fig. 12j) [172]. On the
other hand, blade-coating MXene-S inks lead to large-area, con-
ductive, robust cathode with highly densified stacking of MXene
flakes (Fig. 12k), which have shown excellent rate performance
and ultralow capacity decay rate in Li-S battery [179]. It is worth
noting that the alignment of MXene flakes would be disrupted
once the thickness increase beyond a critical threshold after dry-
ing, introducing voids and weak interflake interactions, thus
compromising the electrical and mechanical properties [21]. In
other words, thick, super-strong, and conductive MXene films
by blade-coating technique are still yet to develop and should
be the next research focus regarding this processing method.

Interfacial assembling
Interfacial assembling allows the assembly of MXene nanosheets
with nanoscale thickness. Due to negative charge groups such as
–OH, –F, and –O groups terminated on the MXene surface, elec-
trostatic repulsive force suspends delaminated MXene flakes
homogeneously in water. Through mixing with another type
of dispersion with a positive zeta potential, the negative surface
charges on MXene flakes are screened, leading to flocculation
and consequently the formation of hybrids (Fig. 13a) [77,180].
Polymers, metal oxides, and other guest species (CNTs, graphene
oxides, silicon carbide nanowires, etc) can be chemically modi-
fied to render their surface positively charged [181–183]. Com-
posites such as MXene/CNTs [180], poly
(diallyldimethylammonium chloride)/MXene [184], MXene/
polystyrene [77], and other hybrids [183] can be effectively
obtained through such an interfacial assembly technique. In
addition, the interfacial assembling is useful for the fabrication
of conformal coatings and nanoscale control over the entire lay-
ered film thickness due to the self-limiting nature of the electro-
static adsorption [185,186]. Nevertheless, this method lacks
scale-up possibility with film thickness typically limited within
lm. Thicker films can also be prepared by combining interfacial
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assembling with other processing methods such as blade-coating
or vacuum-assisted filtration. Besides relying on electrostatic
adsorption to perform the assembly process, engineering the sur-
face functionalities on the guest species (i.e. polymers) also turns
out effective. For instance, MXene flakes tend to spontaneously
wrap poly(methyl methacrylate) (PMMA) spheres due to the
hydroxyl surface groups on the latter through hydrogen-
bonding [187]. By vacuum-filtrating the MXene/PMMAmixtures
followed by annealing, a 3D macroporous film consisted of hol-
low MXene spheres was obtained (Fig. 13b), which showcased
excellent Na-ion storage capacity [187].

Of particular attention is the formation of MXene-based
heterostructures. Through polymerization of resin/block copoly-
mer micelles on MXene substrate (where cross-linking occurs),
mesostructured nanosheets can be achieved with uniform poros-
ity and a sandwiched morphology (Fig. 13c) [188], being an ideal
host for S for achieving high-performance Li-S battery cathode
after removing the F127 [188,189]. In addition, hydrothermal
assembly is also effective in constructing MXene-based
heterostructures, such as rGO/MXene aerogels [190], carbon-
MoSe2/MXene (Fig. 13d, where the delaminated MXene flakes
are used as conductive substrate and anchor the MoSe2 seeds
through strong covalent bonds, similar as Fig. 13c) [191], TiO2/
MXene [192], etc., despite that MXenes are likely to be oxidized
under the hydrothermal condition. Aside from these energy-
intensive strategies, and also to avoid potential degradation of
MXenes, van der Waals (vdW) assembly triggers non-harmful,
spontaneous formation of metal oxides/MXene micelle-like
heterostructures at the interface of MXene-poor solvent such as
tetrahydrofuran [193]. The vdW assembly technique opens vast
opportunities for constructing a range of high-performance
heterostructured hybrids at room temperature, rendering great
potential applications in fields like energy storage, catalysis, sens-
ing, etc.

Beyond assembling of MXene-guest species hybrids, sponta-
neous assembly of MXene thin films is also possible at the liq-
uid–air interface [194] or liquid–liquid interface [129,195,196].
MXene flakes tend to undergo direct assembly of 2 nm
monolayer-thick films at the liquid–air interface at pH � 8, while
in the acidic medium, anion coordination of MXene flakes is trig-
gered with the formation of anion/MXene/subphase interface,
and finally assembled into dense monolayer films by layer com-
pression with a surface pressure �40 mN/m [194]. As of liquid–
liquid interfacial assembly, typically a second organic solvent is
required to create a water–oil interface. Based on that, adding
organic acid ligands (such as alkylphosphonic acid) is able to
drag MXene flakes from the water phase to the oil phase due to
the formation of a covalent Ti-O-P bond by an interfacial nucle-
ophilic and sequential condensation reaction [129]. Another
example is that adding aminefunctionalized polyhedral oligo-
meric silsesquioxane (POSS-NH2) to toluene is able to signifi-
cantly reduce the water-toluene interfacial tension. This
facilitates the cooperative assembly of MXene nanosheets and
POSS-NH2 in the interface, leading to the assembly of MXene-
surfactant robust film that possessing a hydrophobic tail when
jammed (Fig. 13e and f) [197]. Similarly, when adding n-
butylamine to MXene aqueous dispersion-toluene mixture,
MXene nanosheet surfactant is formed and jammed at the inter-
21
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FIGURE 13

Interfacial assembly of MXenes. (a) Scheme of assembly of Ti3C2Tx MXene nanosheets on polystyrene spheres (PS) based on electrostatic interaction.
Reproduced from ref. [77] with permission from Wiley-VCH. (b) Cross-sectional SEM image of 3D macroporous MXene film consisted of hollow MXene
spheres. Reproduced from ref. [187] with permission from Wiley-VCH. (c) Scheme of MXene-F127 micelles@resol composite. Reproduced from ref. [188] with
permission from Nature Publishing Group. (d) Scheme of MXene/MoSe2/carbon heterostructure. Reproduced from ref. [217] with permission from American
Chemical Society. (e and f) Scheme of pickering emulsions and MXene aerogels by using MXene surfactants. Reproduced from ref. [197] with permission from
Wiley-VCH. (g) Printing of sculpted structure in silicone oil based on MXene-ligand surfactant. Reproduced from ref. [195] with permission from American
Chemical Society. (h and i) Cross-sectional TEM images of monolayer and 5-layer assembled MXene films, respectively (left) and as-assembled MXene
transparent conductive films (right). Reproduced from ref. [196] with permission from Wiley-VCH. (j) Optical images of interfacial-assembled MXene films
transferred to various planar substrates using the static transfer method. Reproduced from ref. [198] with permission from American Chemical Society.
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face, resulting in 3D sculpted liquids that enabling further pro-
cessing such as all-liquid printing (Fig. 13g) [195].

On the other hand, densely packed, ultrathin MXene films
can be assembled by the strong vertical convection induced by
the evaporation of ethyl acetate, as well as the Marangoni effect
derived from the surface tension difference between water and
ethyl acetate [196]. The interfacial assembled film is of atomic-
level precision with thickness well-controlled (Fig. 13h) and
forming highly transparent and conductive films (Fig. 13i)
[196]. When hydrochloric acid is added to the above MXene-
water/ethyl acetate mixture, the interflake electrostatic repulsion
is minimized due to higher zeta potential, resulting in films that
strongly adhering to various substrates, including curved struc-
tures (Fig. 13j) [198].
Vacuum-assisted filtration
Vacuum-assisted filtration is one of the most common routes to
fabricate thin films with thicknesses ranging from nanoscale to
microscale. Typically, this process involves MXene dispersions
and commercial filtering membranes such as cellulose ester or
polypropylene membrane (Celgard 3501, separator) and a
22
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vacuum-generated setup. The pore size of the filtering membrane
is critical for trapping MXenes particularly for nanosheets with
small lateral flake size. As MXene aqueous dispersion is filtered
through the ester membrane, for example, water is able to pass
through the pores while MXene flakes are trapped above the
membrane. The filtration rate is governed by the accumulation
of MXene flakes above the pores. Therefore, as the number of
MXene flakes increases at a given location on the filter paper,
the filtration speed decreases but does so to a lesser degree at
thinner or uncovered regions. As such, the filtration process is
intrinsically self-regulating [199], allowing the fabrication of uni-
form MXene films with reasonably even thickness. By simply
varying the concentration of MXene dispersions, and/or filtrat-
ing volume, MXene films with different thicknesses can be thus
achieved on the filter paper. While filtrating on hydrophilic Cel-
gard 3501 membrane enables automatic peeling-off of MXene
films after the paste gets dried naturally, films filtered on cellu-
lose ester need to be transferred to target substrates by dissolving
the membrane (i.e. immersing in acetone). We note that despite
MXene films may be transferred by this method, possible wrin-
kles or damages may occur on the films after transferring. In
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addition, incomplete dissolution of the filter paper may also
compromise the film quality, limiting the vacuum-filtration/
transfer plausibility when high-quality MXene films are desired.

Prior to vacuum filtration, MXene inks should be diluted to
the state that apparently flowable; too much viscous inks are
not suitable for vacuum filtration since non-uniform films would
thus form. In addition, dispersions with very high concentra-
tions greatly extend the filtration time to complete the process,
exposing MXene flakes to ambient conditions thus resulting in
MXene degradation. However, as stated previously, the filtrating
speed gradually becomes slow as the process continues, there-
fore, excess volume inevitably leads to almost “static” filtration
once the flakes are assembled into a compact film with much
sluggish water transport kinetics. In other words, the thickness
of MXene filtrated film is typically limited to several lm. Thicker
MXene films can be achieved through other techniques such as
blade-coating mentioned above.

Apart from film thickness, the flake alignment in the filtrated
film is not as orientated or compact as that of blade-coated film,
the latter creates a strong shear effect to force the flakes to align.
Instead, after vacuum filtration, MXene flakes stacked due to van
der Waals force and possess wrinkled, loosely packed sheets
(Fig. 14a), leading to a specific surface area of 22.6 m2/g in a
vacuum-filtrated MXene freestanding film (Fig. 14b) [200]. As
such, the filtrated MXene membrane provides ideal channels
for nanofluidic transport with ionic conductivity 1–2 orders of
magnitude higher than that of bulk electrolyte (Fig. 14c) [201].
When the filtrated film is immersed in 3 M H2SO4 electrolyte,
the resultant MXene hydrogel films showcase very high rate-
handling properties (pseudocapacitive response maintained at
100 V/s), due to the fast nanofluidic transport behavior within
the nanochannels, as well as high accessibility of protons to
the deeper redox-active sites (Fig. 14d) [202]. While hydrophilic
MXene films are preferential for the nanofluidic devices, other
applications such as waste oil removal, require hydrophobic,
lightweight foam. To this end, filtrated MXene films can be
switched to hydrophobic, lightweight foam through annealing
in hydrazine, which selectively reduces and gasifies the
oxygen-containing surface groups on MXene (Fig. 14e) [203].

In addition to filtrate pure MXene dispersion, filtrating blend
suspensions or alternative filtration result in MXene-based
hybrid films that possessing properties from both components,
i.e. high conductivity, good mechanical flexibility, and high
capacitance, etc. MXene/CNT (Fig. 14f) [204], Fe(OH)3/MXene
[205], Co3O4/MXene [206], polymer/MXene [102], and other
related composite films can be similarly fabricated through vac-
uum filtration. For instance, when filtrating polyvinyl alcohol
(PVA) and MXene blend suspension, PVA molecules are well
intercalated within MXene flakes (Fig. 14g), resulting in much
enhanced mechanical properties while still being conductive as
long as MXene content is higher than 10 wt.% [102]. It is worth
mentioning that the as-filtrated hydroxides/MXene and oxides/
MXene hybrid films can be used to create MXene membranes
with short transport pathways, by etching away hydroxides
and oxides, respectively [205]. These unique MXene or MXene-
based membrane thus open vast opportunities for applications
ranging from water purification, energy storage, sensing, cataly-
sis, and so on [25,30,207].
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Other techniques
Besides processing techniques discussed above, other approaches
such as Meyer rod coating [173], stamping and painting [208],
patterning [209], etc. are also emerging for solution-processing
MXene dispersions. Meyer rod coating involves viscous MXene
pastes which is spread by a Meyer rod on the substrate [173]. Sub-
strates should be hydrophilic regardless of porous (i.e. paper, tex-
tiles) or non-porous (i.e. glass, metal foil). This method works
fundamentally based on the shear force created upon the rod
movement, which is similar to that of the blade-coating tech-
nique. However, coatings produced by Meyer rod typically pos-
sess a much rougher film surface and less even thin thickness
[173]. Moreover, these viscous MXene pastes can be used as clay
for stamping assisted by 3D printed stamps, enabling quick fab-
rication of various functional devices/patterns, such as micro-
supercapacitors (Fig. 14h) [208]. On the other hand, by printing
patterns as a template prior to vacuum-assisted filtration of
MXene dispersions, planar symmetric micro-supercapacitors
can be achieved after sputtering and lift-off processes [209].

It is also worth mentioning that when coming to real practical
devices such as micro-supercapacitors, techniques with a low fab-
rication cost and a high compatibility to current industrial facil-
ities while showcasing high device-level performance, are highly
desired. To this end, developing new approaches is of signifi-
cance to push MXene towards real-world and practical applica-
tions. For example, direct writing of aqueous MXene ink
enables simple but efficient fabrication of conductive tracks,
and micro-supercapacitors for electronics and electrochemical
energy storage, respectively (Fig. 14i) [210]. Functional MXene-
based fibers with enhanced electrical and mechanical properties
is another instance, which is realized by electrospinning of
MXene dispersions [211]. Apart from these methods, freeze-
drying MXene dispersions also allow the preparation of few-
layered MXene powders with minimal flake restacking
[176,212,213]. In particular, by adding high-aspect-ratio nano-
materials (carbon nanotubes, graphene, cellulose nanofibrils,
etc.) into MXene dispersion followed by freeze-drying, ultralight
MXene-based aerogels and sponges can be fabricated with high
electrical conductivity (Fig. 14j). These lightweight aerogels have
showcased excellent performances in strain sensing [214], energy
storage [215], electromagnetic interference shielding [29], etc.
Summary and perspectives
MXenes are a new and fast-growing class of 2D materials,
exhibiting plenty of exotic properties and enabling numerous
promising applications. Cutting-edge technologies and high-
performance devices require efficient processing of MXene col-
loidal dispersions into films/structures. This highlights the signif-
icance of the solution processing and formulation of functional
MXene inks. Of the same importance is the understanding of
the colloidal and rheological properties and methods to tune
the flow behavior of the inks, their wetting (and adhesion), dry-
ing kinetics, etc. In other words, mastering the basics of the solu-
tion processing is necessary for the proper selection of a
processing method and systematic optimization of the process
parameters, which is a vital requirement for the successful utiliza-
tion of the MXenes in different applications.
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FIGURE 14

Vacuum filtration of MXene dispersions and other emerging techniques. (a) Cross-sectional SEM image of a pure filtrated MXene film and its N2 adsorption/
desorption isotherms in (b) with inset showing the pore size distribution. Reproduced from ref. [200] with permission from Wiley-VCH. (c) Scheme of MXene
filtrated film for water transport within the nanochannels. Reproduced from ref. [201] with permission from American Chemical Society. (d) Cyclic
voltrammograms of a filtrated MXene hydrogel film under various scan rate. Reproduced from ref. [202] with permission from Nature Publishing Group. (e)
Scheme of formation of the MXene foam (top) and its corresponding cross-sectional SEM image (bottom). Reproduced from ref. [203] with permission from
Wiley-VCH. (f) SEM image of a filtrated MXene/CNT film. Reproduced from ref. [204] with permission from Wiley-VCH. (g) Cross-sectional TEM image of a PVA/
MXene filtrated film. Reproduced from ref. [102] with permission from National Academy of Sciences of the United States of America. (h) Scheme of stamping
of micro-supercapacitor patterns based on 3D printed stamps and MXene viscous inks. Reproduced from ref. [208] with permission from Wiley-VCH. (i) Direct
written pattern using a homemade pen filled with MXene dispersions. Reproduced from ref. [210] with permission from Wiley-VCH. (j) Scheme of
MXene/cellulose nanofabrils aerogel achieved through unidirectional freezing process of the mixed dispersion. Reproduced from ref. [29] with permission
from Wiley-VCH.
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As such, here in this contribution, we have reviewed the solu-
tion processing strategies for colloidal MXene dispersions in
detail. In particular, we have proposed a “map of guidelines”
for solution-based processing. This map allows the efficient pro-
cessing of MXenes into high-performance devices by considering
the throughput and important figures of merit. These processing
guidelines can be beneficial to both MXene beginners or expert
researchers working on other topics, who wish to set their foot
in this booming investigation field.
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Indeed, we believe the physicochemical properties of
MXenes have profound effects on the solution processing.
For example, delaminated MXenes with larger lateral size
and/or oxygen-containing terminated groups possess a lower
viscosity at a giving solid content in the colloidal solution,
which impacts the ink formulation. Therefore, to unveil such
influences and achieve more efficient solution processing of
MXenes, we believe future efforts should be dedicated to the
following:
ps://doi.org/10.1016/j.mattod.2021.02.010
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(1) Expanding the understanding of their basic physicochem-
ical properties and manipulating these properties through
either physical or chemical strategies. In particular, reveal-
ing the impact of MXene surface modifications on the
bandgap, electrical conductivity, work function, mag-
netism, superconductivity, etc., and determining these
impacts in different MXenes coupled with different M, X,
should be investigated in more depth. The surface engi-
neering brings changes to MXenes' hydrophilicity, ink for-
mulations, and thus rheological properties, which further
influence the processing methods. In other words, the flow
behavior of surface-modified MXenes should be con-
ducted, based on which suitable processing routes can be
determined.

(2) From a broader perspective, scalable processing is required
to turn MXenes into real products. This means that
MXenes should be etched and delaminated in large quan-
tities, instead of several grams on the lab-scale. New etch-
ing/delamination methods are strongly needed with
minimal impact on the environment. Recently, manufac-
turing 50 g multilayered MXenes have been reported
[212]. However, scalable production of MXenes is associ-
ated with another critical issue – oxidation stability of
delaminated MXene dispersions. Measures to extend the
shelf life of MXene aqueous dispersions in the absence of
additional chemicals are more preferred.

(3) Finally, for scalable printing and coating of MXenes on dif-
ferent industrially-important substrates (e.g. polyethylene
terephthalate, PET) with high resolution, MXene ink for-
mulations require more research attention. As screen print-
ing or aerosol-jet printing requires inks completely
different from inkjet printing (according to the map in
Fig. 6), one cannot easily convert an inkjet-printable ink
to a screen printing or other printing methods ink. As
such, developing suitable ink formulations for individual
printing techniques and each MXene is of great impor-
tance. For example, upon screen printing, drag-out inks
from the substrate is typically observed, which is due to
the high elasticity of the MXene inks, compromising the
quality of printed lines. Developing suitable ink formula-
tions and subsequently printing high-resolution lines (that
is, uniform yet narrow line-width along the axial direction)
and smooth surface (that is, a small surface roughness) are
of great importance, which can revolutionize MXene-
based electronics, such as miniaturized energy storage,
electromagnetic interference shielding, radio-frequency
identification, wearable sensors, to name just a few.
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