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Stable MXene Dough with Ultrahigh Solid Fraction and
Excellent Redispersibility toward Efficient Solution

Processing and Industrialization

Shungui Deng, Tiezhu Guo, Frank Niiesch, Jakob Heier,* and Chuanfang (John) Zhang*

Two-dimensional (2D) transition metal carbides, and/or nitrides, so-called
MXenes, have triggered intensive research interests in applications ranging
from electrochemical energy storage to electronics devices. Producing these
functional devices by printing necessitates to match the rheological properties
of MXene dispersions to the requirements of various solution processing
techniques. In particular, for additive manufacturing such as
extrusion-printing, MXene inks with high solid fraction are typically required,
which is commonly achieved by tediously removing excessive free water
(top-down route). Here, the study reports on a bottom-up route to reach a
highly concentrated binary MXene-water blend, so-called MXene dough, by
controlling the water admixture to freeze-dried MXene flakes by exposure to
water mist. The existence of a critical threshold of MXene solid content
(~60%), beyond which no dough is formed, or formed with compromised
ductility is revealed. Such metallic MXene dough possesses high electrical
conductivity, excellent oxidation stability, and can withstand a couple of
months without apparent decay, providing that the MXene dough is properly
stored at low-temperature with suppressed dehydration environment.
Solution processing of the MXene dough into a micro-supercapacitor with
gravimetric capacitance of 161.7 F g~' is demonstrated. The impressive

chemistry, extremely high electrical conduc-
tivity coupled with exceptional mechanical,
electrochemical, and electromechanical
properties.!l The general formula of
MXene is M,,;X, (n = 1-4), which is
synthesized by selective etching of element
A from a M, ,AX, phase, where M is an
early-transition metal (Ti, Sc, Nb, V, Mo,
Zr, Hf, Cr, etc.), A is Si, Al, Ga, etc., X is
carbon or nitrogen.[?! In addition, MXene
can be readily delaminated into individual
flakes by rigorously shaking or sonica-
tion.}] The hydrophilic terminations on
the MXene surface endow homogeneous
aqueous dispersions in the absence of any
surfactants or polymeric additives, thus,
enable the formulation of additive-free
MXene inks that further allows solution
processing (including printing and coating)
into various MXene-based architectures
at ease.[*l By tuning the rheological prop-
erties of the MXene inks and matching
the requirements of solution processing,

chemical and physical stability/redispersibility of MXene dough indicate its

great promise in future commercialization.

1. Introduction

MXene, as a rapid rising family of two-dimensional (2D) ma-
terial, has gained substantial interest due to its rich surface

one is capable to realize room-temperature
directing ink writing of various devices
and patterns, such as sensors, micro-
supercapacitors (MSCs), micro-batteries,
actuators, antennas, radio-frequency
identification (RFID), etc.’) In particular, through elaborate sur-
face engineering of the substrate, and/or tailoring the solvent
chemistry of the inks, high-precision, robust devices/patterns
that strongly adhere to the substrates can be obtained, opening
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vast opportunities for printed flexible electronics in planted med-
ical applications.[®]

The most popular solutions for adapting ink properties are
tuning the concentration and/or selecting environmentally be-
nign solvents with a relatively low boiling point.l”! However, for
MZXene, solvent selection is more or less restricted to a few solvent
where a homogeneous dispersion can be realized. Only those
good solvents like ethanol, NMP, DMSO, etc. are able to disperse
delaminated MXene nanosheets without quick sedimentation.!?!
On the other hand, tuning the ink concentration is more straight-
forward and efficient. For example, diluting the dispersion to a
viscosity regime of 1-10 mPa s ensures stable jetting for inkjet
printing of MXene inks, while concentrating the dispersion to
a viscosity regime of 5-50 Pa s allows direct extrusion-printing
of MXene aqueous inks.[°] It is worth mentioning that even at
such a high viscosity range, the solid fraction (of delaminated
MXene flakes) is still quite low, or the water content is very high.
For instance, for MXene aqueous inks with concentration up to
100 mg mL~!, the MXene content is only 9 wt.% while the wa-
ter content is 91 wt.%. While the high content of water (or other
solvents) surges the cost for transporting a large amount of MX-
ene samples/products, the more detrimental fact is that water ox-
idizes MXene flakes and deteriorates the inks in a short period
of time. According to Zhang et al. and other reports,['% water is
the main oxidant for the degradation of MXene aqueous inks.
Despite replacing water with other polar solvents may work for
elongating the MXene shelflife, other issues raise such as too low
ink concentration, poor flake dispersibility, or hazardous chemi-
cals.

As such, decreasing the water amount in aqueous MXene inks
and recovering the homogeneous dispersion when necessary is
of significance toward efficient solution processing and stable
MXene storage. Although strategies focusing on the complete re-
moval of water (such as freeze-drying or vacuum-filtrating, etc.)
are able to yield freestanding MXene films/non-stacked flakes or
aerogels free from oxidation issues, it’s quite challenging to per-
form sequential solution processing based on these fully dehy-
drated MXenes.['!l This is due to the challenging, if not impossi-
ble, redispersion steps necessary to realize uniform inks consist-
ing predominantly of single-flakes. In other words, one needs to
precisely control the water amount among MXene flakes such
that the redispersibility and machinability of the resultant solids
are maintained with minimum potential of oxidation.

Dough is a unique semi-solid self-standing material state con-
taining a minimum amount of water, the latter provides the
dough with cohesive, reshapable, and processable properties.!?]
Another important aspect is that highly concentrated MXene
nanomaterials in the dough state allow high mass storage and
efficient, cost-effective transport of active materials. Synthesiz-
ing MXene dough is expected to greatly extend the shelf life of
MXene, this is because 1) most free water and with it dissolved
oxygen are removed in such a high MXene concentration state
and 2) the residual water molecules are surrounded by MXene
flakes, the proximity of the latter leading to a local confinement
effect due to the steric shielding phenomenon.['*] Moreover, the
remaining amount of water allows the dough to be redispersed
into concentrated homogeneous inks, with desirable viscoelastic
properties, for subsequent solution processing such as extrusion
printing. Liu et al. reported the synthesis of MXene dough by re-
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ducing the water amount in the MXene solutions through high-
speed centrifugation followed by direct drying.["*l However, such
a top-down route involving cascading and heating hampers the
precise control of the water content, causing uneven evaporation
rates (thus leading to locally fully dried powders) as well as posing
risks of partial MXene oxidation. In other words, straightforward
formulation of high-quality MXene dough featuring good redis-
persibility and long shelf life is of importance, but has proven to
Dbe quite challenging.

Herein, we report on the formulation of stable MXene dough
through a bottom-up strategy by adjusting the water content in
freeze-dried MXene flakes exposed to water mist. We reveal the
critical threshold of 40 wt.% blended free water, beyond which
the dough is no longer cohesive and shapable. Using the appro-
priate water admixture, such a MXene dough is able to be read-
ily redispersed into homogenous MXene solutions featuring pre-
dominantly single-layer MXene flakes. We demonstrate that, by
suppressing the water evaporation rate, the MXene dough well
maintains electrical conductivity, shapability, and dispersibilty af-
ter two months of storage in low-temperature environment. We
further show directly extruded all-MXene-based MSCs using MX-
ene dough, indicating a high capacitance of 161.67 F g™! per elec-
trode. This work provides a route for stable long-term storage
of condensed MXene flakes, and may trigger promising applica-
tions in solution processing of high-performance functional de-
vices, ranging from microscale energy storage to sensing devices,
to name just a few.

2. Results and Discussion

Unlike other 2D materials, MXene possess abundant hy-
drophilic, negatively-charged terminal functional groups on the
surface, endowing the direct formation of stable homogeneous
colloidal aqueous solutions in the absence of any surfactants or
polymers. In the MXene-water binary system, the material state
is MXene content-dependent. For instance, in diluted MXene dis-
persion with x0.2 to 3.5 wt.% MXene (Figure S1a,b, Supporting
Information), the excess free water suspends the as-delaminated
MXene flakes due to the low zeta potential (%—40 mV).I"*] In-
creasing the MXene content (i.e., to 20 wt.%) results in the for-
mation of binder-free MXene viscous inks suitable for screen- or
extrusion printing, as the storage modulus and the loss modulus
are quite high (Figure S2, Supporting Information).’! The free
water amount is also much reduced and confined within the in-
terlayers (Figure 1a). Further increasing the MXene content (i.e.,
to 40-60 wt.%) leads to a critical transition from sticky paste to
non-sticky, soft semi-solids. In particular, the water molecules are
able to slide between the delaminated MXene flakes, endowing
good deformation responses upon external stimuli. We define
the soft semi-solids with shapable, cohesive and malleable prop-
erties as MXene dough at the critical threshold MXene content
(=60 wt.%), as shown in Figure Slc,f, Supporting Information.
It's worth noting that beyond this critical point, for exam-
ple when the MXene content is above 80%, the proximity of
nanosheets leads to strong steric shield effect, leading to the
rapid increase of van der Waals (vdW) forces and hydrogen bond-
ing between MXene interlayers while limiting the ability of the
water molecules to slide between flakes.['®! Consequently, the
dough exhibits a hard solid state which is fragile and tends to be

2300660 (2 0f10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U80]7 SUOWILLOD dAReaID 8|qedt|dde ays Aq peusenob afe sepoie YO ‘8sN JO Se|nJ 10} Aeid 178Ul UQ AB[IAA UO (SUORIPUOD-pUe-SLLIBYALI0D A8 1M A eIq 1 BUI [UO//:SONY) SUORIPUOD PUe Swie 18Ul 88S *[€202/50/52] Uo Areiqiauliuo A8 |1 ‘ISd Imiisul B1RUYdS IMed Aq 099006202 SAPR/Z00T OT/I0p/W00™ A8 1M ARe.d [l juo//Sdny Wo. papeojumod ‘0 ‘78E86T2



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Weak vdW force

The states of MXene flakes with decreasing of free water

i

S

Intermediate vdW force

www.advancedscience.com

Strong vdW force

£ 823844,

£ 3 o Agais

e

I A XX37

Can oh/y slide Hard to slide

F488 - Ti,C,T, MXene

@ : Negative charge o : H,0

\
\ . &

It '®" ?»
| D I

|

I ~

20% 40%

60% 80% 100%

MXene mass fraction

Figure 1. a) The interlayer interaction of MXene-water mixture. b) Continuous mixture state transitions of binary MXene-water blend with increasing of

MXene mass fraction.

fractured into pieces upon external force, as shown in Fig-
ure 1b and Figure S1d,e, Supporting Information. The significant
changes in the macroscopic properties of the MXene-water bi-
nary system highlight the necessity of controlling the water con-
tent. Excessive free water results in inks or aqueous dispersions
while low free water leads to hard, fragile solids. Therefore, to
achieve cohesive, stable MXene dough with good ductile prop-
erties without oxidation or redispersibility issues, one needs to
ensure the water content in the MXene-water binary system falls
in the range of 40-60 wt.%, as discussed below.

2.1. Synthesis and Properties of MXene Dough

We begin with the synthesis of MXene. A minimally intensive
layer delamination (MILD) was employed to etch the precursor
Ti;AlC, MAX phase and subsequently to delaminate the multi-
layered Ti,C, T, MXene through hand-shaking and sonication.l>"!
The colloidal MXene dispersion was further subjected to freeze-
drying to obtain powders consisting of delaminated flakes (Fig-
ure S3a, Supporting Information). These dried flakes are ready to
be wetted and welded by water droplets, a behavior that is similar
to the welding effect in MXene films enabled by water droplets
reported by Fan et al..['’] By hydrating these delaminated flakes
with water mist precisely controlled by a pressurized sprayer, one
is able to obtain MXene dough through repeated kneading, as
schematically demonstrated in Figure 2a and Figure S3b-d, Sup-
porting Information. By controlling the amount of water mist
compositing with freeze-dried MXene flakes (water content of
~40 wt.%), a soft, kneadable, and non-stick MXene dough is ob-
tained (tap density ~2.8 g cm™3), as shown in Figure S4, Support-
ing Information.

According to the scanning electron microscopy (SEM) images,
the as-obtained MXene dough exhibits a compact ravine surface
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with flakes closely stacked on the surface of sphere (Figure S5a,
Supporting Information), while the interior of the dough shows
randomly oriented flakes, possessing short-range order but long-
range disorder corresponding to isotropic behaviors (Figure 2b).
The cross-sectional morphology in the dough is illustrated in
Figure S5b, Supporting Information. The uniformly distributed
water molecules interact with MXene flakes via weak hydrogen
bond, endowing MXene with good malleable, cohesive, and sha-
pable properties. For example, the soft MXene dough can be
molded into arbitrary shapes like a heart (Figure 2c¢), or continu-
ously extruded into filaments without clogging issues (Figure 2d),
suggesting promising applications in room temperature extru-
sion printing (or 3D printing) of high-performance MSCs, sen-
sors, antennas, etc.

The fresh MXene dough can be reversibly redispersed into ho-
mogeneous aqueous solution through manual shaking or brief
sonication of the dough in water (Figure S6, Supporting Infor-
mation). After redispersing, MXene dough is disentangled into
monolayered flakes, with the flakes morphology and thickness
quite similar to those of fresh MXene dispersions, as identi-
fied by SEM (Figure S7a, Supporting Information) and atomic
force microscopy (AFM, Figure 2e,f; Figure S7b, ¢, Support-
ing Information). The lateral size histogram of the flakes in
the redispersed sample changes only marginally compared to
that of fresh MXene flakes, indicating that the redispersion
process is highly reversible and free from fragmentation (Fig-
ure 2g). We note this as an important property as it maintains
the high quality of MXene flakes, ensuring a reversible recov-
ery to MXene inks with desired rheological properties while
preserving the pristine electrical conductivity. For instance, the
MXene films based on vacuum-filtrated fresh MXene colloids
and redispersed suspension (Figure S8, Supporting Informa-
tion) possess a similar compact, wrinkled ravine surface, lead-
ing to quite close electrical conductivity (3103 S cm™! for the
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Figure 2. a) Schematic synthesis of MXene dough; b) SEM of the inner structure of MXene dough, scale bar is 20 um; Photos for c) pinching and d)
extrusion of MXene dough; e) AFM images and f) corresponding height profile along the line of redispersed suspended MXene from MXene dough;
g) Lateral flake size distribution of a fresh MXene and redispersed MXene dispersion from MXene dough; h) The conductivity of a filtrated MXene film

from fresh MXene and MXene dough, respectively.

redispersed sample versus 3316 S cm™! for the pristine film,
Figure 2h).

However, the redispersibility of MXene dough is water
content-dependent. Exposure to an open environment results in
continuous evaporation of free water. For instance, only 12 wt.%
was retained after keeping the dough for 32 h under ambient air,
in sharp contrast to 58 wt.% in the fresh dough (Figure S9a, Sup-
porting Information). X-ray diffraction (XRD) patterns of MX-
ene dough exposed for different durations to air are compared
to that of fresh MXene dough as well as fresh freeze-dried MX-
ene powders. As shown in Figure S9b (Supporting Information),
the characteristic peak — (002) plane of MXene downshifts to
5.6° in the fresh MXene dough from 6.8° in the fresh freeze-
dried MXene powders, indicating a much larger interlayer spac-
ing due to the hydration of freeze-dried flakes. The hydrated
flakes gradually dehydrate by increasing the exposure time to am-
bient condition, and become a completely dehydrated dough af-
ter 15 days of exposure, in agreement with the (002) peak cen-
tering at exactly same degree as that of freeze-dried flakes. The
dehydration is also observed when MXene dough is stored un-
der hermetic condition. As shown in Figure S10 (Supporting In-
formation), after sealing the MXene dough in a hermetic vial
over 2 months, the dough becomes fragile and less cohesive, and
is posing a challenge for full recovery to a homogeneous solu-
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tion. The hydration/dehydration phenomenon highlights the ne-
cessity of developing strategies for the stable storage of MXene
dough, allowing quick redispersion into inks/dispersions when
needed.

2.2. Stability Studies of MXene Dough

In principle, the ideal storage of MXene dough should ensure
a minimum degree of oxidation and the maximum degree of
redispersibility, as illustrated in Figure 3a. As such, we evalu-
ated the effects of storage temperature and humidity on these
two essential parameters. As shown in Figure S11 (Supporting
Information), four MXene doughs were stored at room temper-
ature (Dough@RT), low temperature (Dough@LT), room tem-
perature with humidity (Dough@HRT), and low temperature
with humidity (Dough@HLT), respectively. By redispersing the
dough and measuring the UV-vis spectra, one is able to mon-
itor the oxidation extent on the MXene dough under different
storage conditions. As indicated in Figure S12 (Supporting In-
formation), the normalized extinction spectrum of pristine MX-
ene dispersion showcases a rapid decay over time, best evidenced
by the disappearance of the characteristic peak centering at
785 nm, a peak used for detecting the oxidation degree of MXene
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Figure 3. Stability of MXene dough in different storage conditions. a) Illustration of ideal storage with oxidation resistance and high redispersibility ; b)
Normalized intensity degradation of the 785 nm characteristic peak of MXene dispersions from extinction UV-vis spectra, the dotted lines are the fitting
results according to the empirical equation A = A, + A,,e~*7; c) Time constants of MXene dispersions in different environments; d) XPS of fresh
MXene and Dough@LT stored for 30 days; e) XRD of MXene dough in different storage conditions for 30 days; f) The percentage of supernatant and

sediment of MXene dispersions after above four 30-days old doughs redis

persed into water (manual shaking for 30 min) and kept at rest for over 30

hours; g) SEM to the MXene suspension after i) Dough@RT, ii) Dough@LT, iii) Dough@HRT and iv) Dough@HLT are stored over 30 days. The scale

bars are 20 um.

colloidal solutions. After 30 days, the peak intensity drops nearly
to zero coupled with the formation of cloudy white dispersion,
confirming the complete oxidation of MXene flakes (Figure
S12a,b, Supporting Information). However, when processing the
MZXene dispersion into semi-solid dough, the degradation phe-
nomenon is much suppressed (Figure S12c-f, Supporting Infor-
mation). This is especially true when storing the MXene dough
atlow-temperature, as intensity and position of the characteristic
peak remain almost unchanged after 30 days of storage (Figure
S12d, Supporting Information).

Figure 3D plots the normalized characteristic peak (at 785 nm)
intensity of redispersed solution as a function of time after stor-
ing the dough in different environments. Also included are fit-
ting curves according to the empirical law: A=A, + A,e7'/",
where A, and A,, represent the unreactive and reactive MX-
ene, respectively, and 7 is the time constant (days). Generally, a
larger 7 suggests a longer storage stability against oxidation. The
degradation kinetics follows the empirical law quite well, indicat-

Adv. Sci. 2023, 2300660 2300660

ing the edge-driven oxidation process which agrees with previous
reports.[19% 18] The fitting-generated time constant 7 for the dif
ferent samples is compared in Figure 3¢, showing a maximum
stability in Dough@LT (556 days) which has increased by 50-
fold compared to that of MXene dispersion. This indicates that
eliminating most free water and processing the dispersion into
semi-solid dough and storing under low-temperature is quite ef-
fective in elongating the shelflife of MXenes. On the other hand,
the direct exposure of MXene dough to external humidity greatly
accelerates the oxidation (Dough@HRT, 83 days). X-ray photo-
electron spectra (XPS) shown in Figure 3d and Figure S13 (Sup-
porting Information) also confirm the least oxidation (increased
marginally to 8.9% of TiO, from 5.7% in the fresh MXene) when
storing the MXene dough at LT. In contrast, humidity apparently
accelerates oxidation, as evidenced by the much-increased con-
tent of TiO, (15.7 %), as well as the formation of anatase in the X-
ray diffraction patterns (XRD, Figure 3e). The oxidation process
is also suppressed by placing the dough in LT despite the direct
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Figure 4. a) MXene dough is wrapped to seal and stored at room temperature; b) Conductivity change of Dough@WLT with days; c) The percentage of
supernatant and sediment of MXene dispersions after 30-days and 60-days old Dough@WLT redispersed into water (manual shaking for 30 min) and
kept at rest for over 30 hours; d) Scheme of oxidation resistance and redispersibility for different MXene state and different storage environment; e)

Scheme of water dynamics in MXene dough.

exposure to external humidity, as the anatase peak is quite vague
in the Dough@HLT (Figure 3e).

Besides oxidation resistance, the redispersibility of MXene
dough is another important parameter to evaluate the stability.
After storing in different environments over 30 days, the MX-
ene doughs were redispersed into aqueous colloids through vig-
orous manual-shaking. As shown in Figure S14 (Supporting In-
formation), after being kept at rest for 30 hours, the supernatant
of the colloid of Dough@RT group turns clear, while the other
three groups are still black. The percentage of remaining sus-
pended flakes were then evaluated by measuring the supernatant
concentration, revealing only 2 % of MXene flakes in the col-
loidal suspension for Dough@RT, in contrast to 6%, 36%, and
80 % for Dough@LT, Dough@HRT, and Dough@HLT, respec-
tively (Figure 3f). The maximum concentration in redispersed
colloids for Dough@HLT suggests that humidity is beneficial for
the improved redispersibility and physical stability of the MXene
dough. The SEM images of redispersed MXene suspension from
aged MXene doughs are shown in Figure 3g. The restacked MX-
ene agglomerates and flake corners can be distinctly observed in
Dough@RT and Dough@LT, which are absent in Dough@HRT
and Dough@HLT. Instead, the latter two samples are decorated
with abundant nanosized TiO,.

The abovementioned results demonstrate that temperature
and humidity greatly affect the oxidation stability and redis-
persibility/physical stability of MXene dough. Decreasing tem-
perature helps the preservation of flakes while storing in the hu-
mid environment allows redispersing at ease. However, direct ex-
posure to external humidity accelerates the oxidation process. As
an alternative, suppressing the self-evaporation kinetics of the
fresh MXene dough through minimizing the free space above

Adbv. Sci. 2023, 2300660 2300660

the dough in the vials is expected to maintain the pristine hu-
midity, and thus preserves the hydration state. This is realized by
tightly encapsulating the fresh MXene dough (60 wt.% of solid
fraction) using clings film, and storing the dough at LT (labeling
Dough@WLT), as shown in Figure 4a.

Surprisingly, the conductivity of MXene has been well pre-
served, maintaining 2610 S cm™! after 60 days of storage in
Dough@WLLI, in sharp contrast to 1070 S cm™" after storing the
dough in Dough@LT for 30 days (Figure 4b; Figure S15, Sup-
porting Information). Filtrated films obtained from the redis-
persed colloids of aged Dough@WLT for 60 days also demon-
strate rather similar surface morphology with that of fresh MX-
ene dough (Figure S16, Supporting Information). In addition,
the redispersed flakes of aged Dough@WLT for 30 days also
show a smooth surface without either micro-agglomerates or
TiO, nanoparticles (Figure S17, Supporting Information). More-
over, after 30 days and 60 days of storage in WLT, the percentage
of redispersable and physically stable flakes reach 93 % and 87.5
%, respectively (Figure 4c; Figure S18, Supporting Information).
These results demonstrate that maintaining the pristine hydra-
tion state through a simple tight encapsulation contributes to the
excellent redispersibility of MXene dough.

2.3. Best Practice for Storing MXene Dough

With a view to stability concerns on MXene dough including
chemical stability (that is, oxidation/degradation) and physical
stability, with the latter essentially valuing the redispersibility of
aged dough without sedimentation, one needs to suppress the
oxidation/degradation kinetics of MXene dispersion to prolong

(6 0f10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. a) Schematic illustration of direct extrusion printing of MXene dough. SEM of b) an extruded MXene line and c) internal structure of extruded
lines. The scale bars are 1 mm and 50 um, respectively. d) Normalized cyclic voltammogram (CV) and e) galvanostatic charge-discharge (GCD) curves

of a typical MSC fabricated by extruded lines. f) Gravimetric capacitance (C

fabricated MSC with typical GCD curve inserted.

the chemical stability of MXene dough. This can be done by in-
troducing the steric shielding effect through concentrating the
dispersion, forming MXene dough with a solid fraction above the
critical threshold (40-60 wt.%), as well as storing the dough at LT
to suppress the oxidation kinetics.

Nevertheless, the physical stability/redispersibility of the MX-
ene dough deteriorates with time, due to the dehydration of the
dough which further leads to the irreversible formation of large
agglomerates that cannot be further redispersed. Such decreased
redispersibility with days can also be found in freeze-dried MX-
ene. As shown in Figure S19a (Supporting Information), un-
like the excellent redispersibility of the fresh freeze-dried MXene
flakes, the 30 days-old freeze-dried MXene flakes are no longer
redispersable through manual shaking, which can be attributed
to the complete dehydration and formation of restacked agglom-
erates due to the strong vdW forces (Figure S19b, Supporting In-
formation). It is worth mentioning that through appropriate son-
ication, these agglomerates can be redispersed at the cost of flake
size and conductivity (Figure S20-S22, Supporting Information).
Despite the direct exposure to external humidity is beneficial in
boosting the dough redispersibility, humidity drives the degrada-
tion of the flakes. On the other hand, by elaborately maintain-
ing the internal humidity through tightly sealing the dough, the
dehydration kinetics is greatly suppressed, leading to much im-
proved physical stability even after couple of months in WLT.

As such, we propose the best practice for long shelf-life MXene
dough by plotting the redispersibility and oxidation resistance, as
schematically demonstrated in Figure 4d. While LT environment
and freeze-drying are good for chemical stability, the physical
stability after redispersing MXene dough is poor. Combining LT
with external humidity improves the physical stability with com-
promised chemical stability. On the other hand, through tight en-
capsulation and thus suppressing the water evaporation, dough

Adv. Sci. 2023, 2300660

) of fabricated MSC obtained via CV and GCD. g) Long-term cycling of the

dehydration kinetics is deaccelerated, maintaining the condensa-
tion on the surface. In addition, by controlling the relative humid-
ity with different saturated metal salts in dough storage, it is also
concluded that the partial water vapor pressure in the environ-
ment influences the MXene oxidation process (Figures S23 and
S24, Supporting Information). Indeed, the equilibrium of water
evaporation and condensation on the dough surface is important
as it can be associated with the dough oxidation and MXene ag-
glomerate formation (Figure 4e). Clarifying the mechanism of
water on promoting the dough stability may need in-depth inves-
tigation, but this is beyond the scope of this work.

2.4. Energy Storage Evaluation in all-MXene Dough
Micro-Supercapacitors

To demonstrate the potential application of stable MXene dough,
we further directly extruded the dough into MSC patterns and
evaluated the energy storage properties of the semi-solid-state de-
vices. As shown in Figure 5a and Figure S25a (Supporting Infor-
mation), the soft MXene dough is directly extruded into cylin-
drical MXene lines with a diameter of 2 mm. Benefiting from
the ultrahigh solid fraction of MXene dough, the extruded lines
maintain the solid shape without spreading. After freeze-drying,
the solid MXene line is composed of densely stacked MXene on
the surface and three-dimensional porous structures in bulk (Fig-
ure 5b,c, Figures S26 and S27, Supporting Information) with a
high mechanical strength. These lines can be stitched into var-
ious architectures such as, e.g., symmetric interdigitated struc-
tures (Figure S25b,c, Supporting Information). The specific ca-
pacitances of the extruded lines are first evaluated in a tradi-
tional three-electrode configuration with H,SO, as electrolyte
(Figure S28, Supporting Information). The pseudo-rectangular

2300660 (7 0f10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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shape and slight redox peaks in the cyclic voltammograms (CV)
demonstrate that the capacitance involves both Faradaic redox re-
action and double-layer capacitance. The specific capacitance is
determined to be 279.8 F g~! at 0.05 A g~! according to the dis-
charge behavior in galvanostatic charge-discharge (GCD) curves.
The behaviors of miniaturized supercapacitors (MSCs) are then
demonstrated using these cylindrical lines as electrodes (Fig-
ure S29, Supporting Information) with PVA-H,SO, gel as elec-
trolyte. The extruded MXene dough-based MSC exhibits a ca-
pacitive charge-storage behavior as verified by quasi-rectangular
CV and quasi-linear, symmetric GCD curves (Figure 5d, e). The
maximum specific capacitance reaches 77.48 F g~! at 2 mV s™!
and 161.67 F g' at 0.05 A g™' (per device), respectively, as indi-
cated in Figure 5f. A satisfying cycling was also achieved within
8000 cycles with 100 % of initial capacitance retaining (Figure 5g).
Since the active material loading of the 3D interdigitated device
is as high as 0.14 g cm™2, the areal capacitance for each electrode
can be calculated as ~91 F cm~2 at the current density of 7 mA
cm~2, which surpasses the capacitance performance of MXene-
based MSCs produced by other methods (Figure S30a, Support-
ing Information). The Ragone plot further showcases the poten-
tial of MXene dough-based interdigitated electrode for high en-
ergy density supercapacitors, being orders of magnitude higher
than other MSCs (Figure S30b, Supporting Information). At the
current density of 7 mA cm2, the calculated area energy density
and power density are up to 1131.5 yWh cm™2 and 2100 uW cm~2,
respectively. In addition, the tandem devices can easily power a
brightlight emitting diode (LED), demonstrating the practical ap-
plication potential (Figure S31, Supporting Information).

To evaluate the charge-storage capacities of the aged MX-
ene dough, Dough@WLT was diluted into viscous and homoge-
neous inks. And all-MXene-based interdigitated MSC was pro-
duced using viscous MXene inks painted on A4 paper substrate
(Figure S32a-c, Supporting Information). A qualitative analysis
through CV tests was carried out on MXene-based MSCs with
various MXene origin of fresh MXene, fresh MXene dough, and
Dough@WLT stored for 60 days, respectively. Interestingly, the
aged MXene dough-based MSC showcases the best rate response
compared to both of fresh MXene ink and MXene dough-based
MSC, as evidenced by the curves transited from "rugby ball"
to quasi-rectangular shape (Figure $32d-f, Supporting Informa-
tion). This is probably due to the slight oxidation during dough
storage that promotes the redox reactions (Figure S33, Support-
ing Information).*") This important discovery indicates the great
promise of our months-old MXene dough for high-performance
miniaturized energy storage devices.

3. Conclusion

To conclude, we hydrated the freeze-dried flakes using a con-
trolled water mist, and synthesized MXene dough featuring ex-
cellent redispersibility and extremely high solid fraction up to
60 wt.%. The least amount of solvent in the dough and the re-
dispersion at ease greatly reduce the transport cost while largely
preserve the pristine properties of the flakes, therefore the MX-
ene dough is of significance to the potential commercialization
and academic collaborations. By adjusting the balance between
dehydration and condensation kinetics via close wrapping us-
ing clings films, and storing the dough in LT environment, MX-
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ene dough with excellent oxidation stability and redispersibil-
ity/physical stability is achieved. Of equal importance is the di-
rect extrusion of the MXene dough for the rapid production of
quasi-solid-state MSCs, which can achieve a decent electrochem-
ical charge storage performance. It is reasonable to believe that
solution processing of MXene dough holds a bright future for the
personal manufacturing of high-performance electronic devices,
such as micro-batteries, sensors, antennas, etc. where conven-
tional device fabrication is lengthy and energy-consuming. The
broad MXene family also provides vast opportunities for mem-
bers with exotic properties to choose from.

4. Experimental Section

Preparation of Ti;C,T, MXene Dispersion: The preparation of delami-
nated Ti;C,T, MXene was performed using the minimally intensive layer
delamination (MILD) method. Typically, 2 g of MAX phase (Ti;AIC,, 11
technology, particle size ~38 um) was etched in a mixture of 40 mL 9 M of
hydrochloric acid (HCl, 37 wt%, Sigma Aldrich, USA) and 3.2 g of lithium
fluoride (LiF, Sigma Aldrich, USA) under vigorous stirring at 50 °C for 24 h.
After etching, the suspension was transformed to centrifugal tubes and
centrifuged and washed at 1500 rcf for at least 5 times till the supernatant
is dark black, followed by vortex shaking for 30 min. Later, the suspension
was sonicated for 1 h in an ice bath under Ar flow. Afterward, the sus-
pension was centrifuged at 1500 rcf for 30 min and supernatant was then
decanted. Finally, the supernatant was further centrifuged at 15 000 rcf for
30 min and the sediment was collected. MXene dispersion is obtained by
adding water to the above sediment followed by vigorous shaking.

Preparation of Freeze-Dried MXene and MXene Dough:  The freeze-dried
MXene flakes were prepared via freeze-drying of delaminated colloids. Typ-
ically, the above MXene dispersion with a concentration of ~5 mg mL™!
was prepared and then quickly frozen by immersion in a liquid nitrogen
bath. After the MXene dispersion was completely frozen, it was then trans-
ferred to the freeze dryer with a vacuum of 0.05 mbar. A spongy freeze-
dried MXene was then formed after freeze-drying for 2-3 days. MXene
dough was obtained by hydrating the freeze-dried MXene foam underwater
mist, produced by a mist generator with pure water (Figure S2, Support-
ing Information). When the color of the foam darkened or was exposed
to water mist for a certain of time, the hydrated MXene was kneaded and
rolled into a sphere. The degree of hydration can be further tuned by ad-
justing the amount of additional water mist or freeze-dried powders. When
the dough does not leave extensive stains on gloves during kneading, the
MXene mass fraction was around 60 wt. %.

Materials Characterization: The delaminated MXene flakes were im-
aged by scanning electron microscopy (SEM, FEI Quanta 650) and atomic
force microscopy (AFM, Nanoscope Icon 3, Bruker, Germany) techniques
with nanoporous anodic aluminum Oxide (AAO) and silicon substrates,
respectively. The SEM images of MXene agglomerates were obtained on
silicon substrates. The SEM images of MXene dough were performed
on the freeze-dried MXene dough. The crystal structures of freeze-dried
MXene powder, water-containing MXene doughs, and MXene films were
characterized by X-ray diffraction (XRD, BRUKER D8). X-ray photoelectron
spectroscopy (XPS, PHI Quantum 2000) was conducted to ascertain the
valence states of Ti and calculate chemical content of TiO, on the surface,
where binding energy of sp? C was set to 284.8 eV as standard. Anton Paar
MCR 301 rheometer was used to test the rheology properties of MXene ink
or MXene dough, with a parallel plate geometry of diameter of 25 mm and
gap of 0.5 mm (rotational mode) and 2 mm (oscillatory mode). Thermo-
gravimetric analysis (TGA) was carried out using a Perkin Elmer TGA7,
using a heating rate of 12 °C min~! and thereafter maintaining the tem-
perature at 120 °C under a nitrogen gas flow. UV-vis measurements were
carried out on a UV-vis spectrophotometer (CARY 50 Scan) to the diluted
MXene dispersion (~0.007 mg mL~"). All the UV-vis spectra were nor-
malized to the local minimum at 220 nm, and the intensity at 785 nm was
extracted as an indicator as a function of time.

2300660 (8 0f10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Conductivity Tests and Redispersibility Test: MXene conductivity is mea-
sured on infiltrated MXene films and calculated according to the follow-
ing equation: opc = 1/R.d, where R; and d is the sheet resistance and
thickness of the film, respectively. Sheet resistance was measured using
the four-probe technique (JANDEL MODEL RM3-AR). The thickness of fil-
trated film is measured by stylus profiler (DEKTAK 6 M). To test the redis-
persibility, MXene doughs were dispersed into water via handshaking for
30 min. The dispersion was then infiltrated into a film and dried, weighed
as m. After the dispersion is still over 30 h, same volume of supernatant
was infiltrated into a film and dried, weighed as m,. The ratio of m,/m,
was used to evaluate the redispersibility of MXene dough.

Fabrication of Three-Electrode Configuration and MSC, and Electrochemi-
cal Measurements: The MXene dough was extruded into cylindrical MX-
ene lines with 2 mm of diameter using a syringe and was straightened
through the mold. The lines made from MXene dough were then frozen
and freeze-dried into solid lines. After freeze drying, the cylindrical shape
as well as the diameter are maintained. The density of the freeze-dried MX-
ene line is weighed and calculated as ~ 0.9 g cm™3. The electrochemical
performance of the electrode was first measured in a three-electrode con-
figuration. The working electrode, counter electrode, and reference elec-
trode consisted of a freeze-dried MXene line, Pt electrode, and Ag/AgCl
electrode, respectively, where H,SO,4 (3 M) was used as electrolyte. The
MSC module was then fabricated by pacing these lines (15 mm) as inter-
digitated electrodes on A4 paper with preset patterns, and counting the
overlapped parts (10 mm) of the lines as electrode mass. The gap in in-
terdigitated structure is 500 pm, and Ag silver paste is painted as current
collector. The scheme is well illustrated in Figure S29 (Supporting Informa-
tion). PVA-H, SO, gel electrolyte was then dropped onto the pattern area to
completely wet the MSC electrode. PVA-H,SO, gel electrolyte is prepared
as previously reported.[?%] Generally, 1 g PVA was dissolved in 10 mL H,0
under constant stirring at 85 °C to obtain transparent solution and then
cooled down to room temperature. Then, 3 g of H,SO, (97 wt. %) was
slowly added and further 1 h stirred to obtain PVA-H,SO, gel electrolyte.

The CV and GCD profiles was investigated on VSP potentiostat (Bi-
ologic, France). The cyclic performances of MSC device were evaluated
at 4 A g~ for 8000 cycles on LAND battery testing system. The gravi-
metric capacitance C,, (F g~') was calculated by the following equation:
Con,electrode = JA Melectrode AV, Celectrode = /(;)Asjdv/melectrodeAvvv Con, cell =
JAt/m AV, Cpy o = fg‘ejdV/mce,,AVv, where j is the discharge current
(mA), At is discharging time (s), m is electrode mass (g), AV is voltage
window without voltage drop and v is the scan rate (V s~'). For the Ragone
plot, the areal energy density (E, uWh cm™2) and power density (P, uW
cm™2) were calculated by the following equation: E = C X (AV)%/A x 2 x
3.6, P=E x 3600/At, where C is the area capacitance of the device (mF
cm™2), Ais total geometric area (cm~2), AV is discharge potential window
and At is discharging time.

Supporting Information

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