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HIGHLIGHTS

® A low-strength-centrifugation-assisted approach for rapid gelation of Ti;C,T, MXene with a very low dispersion concentration into

multifunctional 3D architectures is developed.

® On the basis of pH-induced surface termination changes, the MXene gels exhibit reconfigurable internal structures and tunable rheo-

logical, tribological, electrochemical, infrared-emissive and photothermal-conversion properties.

e By adopting a gel with optimized pH value, high lubrication, remarkable capacitance, long-term capacitance retention and high-

precision screen- or extrusion-printing into high-resolution anticounterfeiting patterns can be achieved.

ABSTRACT Due to the mutual repulsion between their hydrophilic
surface terminations and the high surface energy facilitating their ran-
dom restacking, 2D MXene nanosheets usually cannot self-assemble into
3D macroscopic gels with various applications in the absence of proper e
linking agents. In this work, a rapid spontaneous gelation of Ti;C,T, ' = Anti-co:rr\]tderfeiting
MXene with a very low dispersion concentration of 0.5 mg mL™! into
multifunctional architectures under moderate centrifugation is illustrated.

The as-prepared MXene gels exhibit reconfigurable internal structures

and tunable rheological, tribological, electrochemical, infrared-emissive
and photothermal-conversion properties based on the pH-induced changes in the surface chemistry of Ti;C,T, nanosheets. By adopting a
gel with optimized pH value, high lubrication, exceptional specific capacitances (~635 and~408 F g=' at 5 and 100 mV s, respectively),
long-term capacitance retention (~96.7% after 10,000 cycles) and high-precision screen- or extrusion-printing into different high-resolution
anticounterfeiting patterns can be achieved, thus displaying extensive potential applications in the fields of semi-solid lubrication, control-

lable devices, supercapacitors, information encryption and infrared camouflaging.
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1 Introduction

As an emerging family of 2D metal carbides or nitrides
where M, X and T
represent transition metal, carbon/nitrogen and surface ter-

generally formulated with M, X, T,,
minations of —F, —O and —OH, respectively, MXene has
found a diverse range of potential applications in energy
storage[1, 2], catalysis [3, 4], sensing [5, 6], lubrication
[7, 8] and eco-friendly inks for printing and anti-counter-
feiting techniques [9-11] in the past decade, thanks to its
remarkable electrical conductivity, high surface hydrophi-
licity, tunable electronic properties, excellent tribologi-
cal performance, low toxicity and good dispersibility in
aqueous solutions. The major bottleneck problem that may
negatively influence the performance of MXene-based
materials is the random, irreversible restacking or aggre-
gation of MXene nanosheets, which usually results in a
profound attenuation in their accessible surface areas or
ion diffusion capacities [4, 12, 13]. To address this issue,
numerous strategies intending to assemble the 2D MXene
nanosheets into a variety of 3D macroscopic architectures
(including gels) have been developed [14-16].

Previous studies have shown that 2D inorganic nanoma-
terials can form gels when they self-assemble into inter-
connected 3D networks capable of holding a large quan-
tity of water via electrostatic interaction, van der Waals
association and hydrogen bonding [17-21]. Nonetheless,
the presence of mutually repulsive —O and —OH termi-
nal groups usually makes the adjacent MXene nanosheets
hard to crosslink with each other. Hence, different kinds
of binders such as divalent metal ions, graphene oxide
(GO) and cationic surfactants or polymers are usually
required to effectively overcome the electrostatic repul-
sive forces and link the nanosheets together [4, 12, 14,
22-25]. However, the introduction of additional organic
or inorganic linkers suffers the risk of adversely altering
the inherent properties such as electrical conductivity and
lubricity of MXene nanosheets [4]. And the approaches
relying on GO and organic molecules all involve a rela-
tively complicated process where MXenes are inclined to
be oxidized because of their high chemical activity [12].
Although demonstrated to be a fast and convenient strat-
egy, the metal ions-assisted gelation is only accessible to
an MXene dispersion with concentration above 5 mg mL™!
[12]. In other words, developing novel approaches for
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creating functional MXene gels at very low particle con-
centrations and mild conditions remains a great challenge
[23, 26]. Moreover, MXene gels linked by different mate-
rials have found potentials applications in the fields of
energy storage, catalysis, ink printing and thermal camou-
flage depending on their structures and properties [4, 12,
14, 22-25], but a facilely prepared and low-cost MXene
gel with functional versatility that can be employed for
multiple purposes has still seldomly been reported.

Here we illustrate a spontaneous gelation of Ti;C,T,
MXene into a water-rich (>96 wt%) gel with functional
versatility after only 30 s, 400 X g centrifugation with a
dispersion concentration as low as 0.5 mg mL™'. On the
basis of pH-induced variations in the surface chemis-
try of the nanosheet gelator and subsequent topological
reconfigurations in its internal structure, the resultant gel
exhibits excellent and controllable rheological, tribologi-
cal, electrochemical, near-infrared (NIR)-emissive and
photothermal-conversion properties that are comparable
or even superior to the previously reported linkers-contain-
ing MXene gels. With optimized surface terminations and
internal microstructures, the gel is testified to be an ideal
candidate for high-performance semi-solid lubricants,
supercapacitor electrodes and inks for printing and anti-
counterfeiting applications, by virtue of its excellent fric-
tion and wear resistance, attractive specific capacitances,
favorable capacitance retention, good viscoelasticity and
thixotropy, large yield stress and tunable NIR emissiv-
ity and light-to-heat transition efficiency. Our study may
therefore provide a simple and low-cost paradigm for cre-
ating novel MXene-based materials applicable to a vari-
ety of systems in materials science, colloidal chemistry,
mechanical engineering, nanotechnology and tribology.

2 Experimental Section
2.1 Materials

Ti;AIC, MAX powder was purchased from Jilin 11 Tech-
nology Co. Ltd, China. Lithium fluoride (LiF), ferrous
chloride (FeCl,), zinc chloride (ZnCl,) and polydimethyl-
diallyammonium chloride (PDDA) aqueous solution (20
wt%) were all purchased from Shanghai Aladdin Biochem-
ical Technology Co. Ltd, China. Hydrochloric acid (HCl,
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36-38%) and sodium hydroxide (NaOH) were received
from Sinopharm Chemical Reagent Co. Ltd, China. All the
chemicals have a purity > 98% and were used as received.
Ultrapure water (p=18.25 m€ cm) was used to prepare
all the MXene dispersions and gels.

2.2 Preparation of MXene Dispersions

In a typical procedure, 0.9 g Ti;AlC, powder was mixed with
0.9 g LiF and 20 mL, 9 mol L~ HCI under magnetic stirring
at 35 °C for 24 h, followed by washing with iced deionized
water under 10 min, 1200 X g centrifugation for several times
until the pH of the supernatant reached ~ 6. Subsequently, the
products were re-dispersed in 40 mL deionized water under
alternate hand-shaking and sonication for 1 h and 5 min,
respectively. The mixture was then centrifuged at 1500x g
for 1 h to obtain the MXene dispersion (10 mg mL™").

The PDDA-modified MXene dispersion was prepared
as follows [27]: First, aqueous solution of PDDA (10 mL,
1 wt%) was added dropwise into a 100 mL, 0.1 mg mL™!
MXene dispersion under magnetically stirring for 24 h; the
mixture was then centrifuged at 1200 x g for 1 h and the
resultant sediment was washed with deionized water under
1 h, 1200 X g centrifugation for three times; at last, the prod-
ucts were re-dispersed in deionized water and sonicated for
5 min to obtain a homogenous dispersion of PDDA-modified
Ti;C,T, nanosheets.

2.3 Preparation of MXene Gels

The centrifugation-assisted MXene gels were prepared by
centrifuging aqueous dispersions of Ti;C,T, MXene (pH
10,>0.5 mg mL™") at velocity above 400x g for 30 s at
ambient temperature. This process segregated the pristine
uniform MXene dispersion into a MXene-rich sediment
that was collected as the gel and a nanoparticle-free super-
natant that was removed by pipetting. The MXene-PDDA
composite gel was prepared using PDDA-modified Ti;C,T,
dispersions instead. The metal ions-assisted MXene gel was
prepared by adding 200 pL, 1 mol L™ FeCl, or ZnCl, solu-
tion into a 5-mL MXene dispersion with concentration above
5mg mL~! to a mass ratio of 3: 8 (metal chloride-to-MXene)
in the absence of external centrifugal forces. Aqueous solu-
tions (0.1 mol L™") of NaOH and HCI were used to adjust
the internal pH value of MXene gels.
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2.4 Characterization

A JEM-1011 transmission electron microscopy (TEM,
JEOL, Japan) and a Multimode8 atomic force microscopy
(AFM, Bruker, Germany) in tapping mode were used
to characterize the microstructure of exfoliated Ti;C,T,
nanosheets. A JSM-7610F field-emission SEM (Zeiss,
Germany) and a HITACHI SU3050 cryogenic SEM (cryo-
SEM) were utilized to examine the internal microstructure
of MXene gels. Samples for cryo-SEM observations were
prepared by “sandwiching” a small amount of MXene gel
between two gold planchettes. The “sandwich” was then
quickly plunged into liquid ethane and transferred under
vacuum into a nitrogen-cooled BAF060 freeze-fracture
system (BalTec AG, Liechtenstein). At last, the sample
was transferred to the precooled stage of SEM for obser-
vations using a BalTec VCT100 shuttle precooled with
liquid nitrogen.

A ZetaNano ZS90 potential analyzer (Malvern, UK) was
employed to measure the zeta potential of MXene disper-
sions at different pH values. A D8 Advance diffractometer
(Bruker, Germany, Cu Ka, 1=0.154 nm) and a SAXSess
MC2 high-flux SAXS instrument (Anton Paar, Austria, Cu
Ka, 4=0.154 nm) were used to conduct XRD and SAXS
analyses on lyophilized gel samples. A Escalab 250 Xi XPS
spectrometer (Thermo Fisher, USA, Al Ka) was employed
for XPS analyses with the C 1s peak at 284.6 eV used for
calibrating the binding energy. A DXR2 Raman spectrom-
eter (Thermo Fisher, USA) using a 633-nm laser as exci-
tation source was utilized to obtain the Raman spectra of
Ti;C,T, gels at different pH values. A VERTEX-70/70v
spectrometer (Bruker Optics, Germany) was used to carry
out FTIR measurements in transmission mode. The lyo-
philized gel samples were stored in a desiccator to avoid
moisture adsorption before the measurements. Spectra over
4000-400 cm™! were obtained by taking 64 scans with a
final resolution of 1 cm™'. An MCR-302 rheometer (Anton
Paar, Austria) with a plate-plate system and a sample gap
of 1.0 mm was employed to study the viscoelasticity, thix-
otropy and yield stress of the MXene gels. An ASAP 2460
instrument (Micromeritics, USA) was utilized to determine
the N, adsorption—desorption isotherms of the MXene gels
at pH 4 and 10. The specific surface area was calculated
according to the Brunauer—Emmett—Teller (BET) equation.
A four-probe instrument (TH26011CS, China) was utilized
to determine the electrical conductivity of a lyophilized
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aerogel monolith by repeating the measurement in at least
ten different positions.

2.5 Tribological Tests

An UMT-TRIBOLAB friction and wear tester (Bruker, Ger-
many) with a reciprocating ball-on-disc configuration using
the ZrO, ball (d=10 mm) and steel substrate (d =24 mm) as
counterparts was employed to measure the CoF of MXene
gels at applied normal loads of 10, 30, 50 and 70 N and slid-
ing velocity between 0.2 and 60 mm s~!. Both the ball and
substrate were cleaned ultrasonically in petroleum ether and
methanol before the measurements. A MicroXAM-800 3D
noncontact surface profilometer (KLA-Tencor, USA) was
used to detect the wear volume and 3D surface profile of a
steel substrate after lubricated with different gels. All the
tribological measurements were repeated for at least three
times to ensure good reproducibility.

2.6 Electrochemical Measurements

A CHI660E electrochemical workstation (Shanghai Chen-
hua, China) with a conventional three-electrode configura-
tion was used to test the electrochemical performance of
MXene gels that were adhered onto a glassy carbon current
collector as the electrode directly. The measuring poten-
tial range was between— 1.1 and —0.15 V for both the CV
and CGD curves. Active carbon rod and Hg/Hg,SO, were
selected as the counter and reference electrodes, respec-
tively, and 3 mol L™' H,SO, solution was used as the elec-
trolyte. The EIS data were obtained in a range from 10 mHz
to 100 kHz with a potential amplitude of 10 mV. The mass
of adhered free-standing MXene gels was determined from
the weight difference between an electrode before and after
loading the gels. The amount of real active materials in an
electrode was then calculated according to the water con-
tent of a MXene gel pre-determined from the weight dif-
ference of a gel before and after complete lyophilization.
All the mass values were obtained from multiple repeated
measurements. The mass loading of active materials in free-
standing pH 4 and 10 MXene gel electrodes was measured
to be 0.42 +0.07 and 0.38 +0.05 mg, respectively.

The specific capacitance based on the CV curves was cal-
culated according to Eq. 1:

© The authors
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where C is the gravimetric capacitance (F g™ '), I is the cur-
rent (A) determined during the CV tests, V is the potential
window (V), s is the scanning rate (V s71, and m is the
weight of active materials in an electrode (g).

The capacitance from the GCD curves was calculated by
Eq. 2:

At 5
mAV )

where C is the gravimetric capacitance (F g™!), I is the dis-
charge current (A), At is the discharge duration (s), m is the
weight of active materials in an electrode (g), and AV is
voltage change during the discharge process.

2.7 Ink Printing and Anti-counterfeiting Tests

A LAMBDA 1050+ UV-VIS-NIR spectrometer (Perki-
nElmer, USA) equipped with an integrating sphere was
used to measure the NIR emissivity of MXene gel inks at
pH 4 and 10. In a typical screen-printing process, a certain
amount of gel inks was spread onto a PET substrate that have
been coated, cured and washed previously. Afterward, the
inks were rapidly scraped across the patterns by a scraper.
Alternatively, the inks can be directly extrusion-printed into
different passwords or patterns on the substrate via a syringe.
The thickness of the gel coatings can be regulated by mul-
tiple times printing. After natural drying, the anticounter-
feiting performance was analyzed either photoemissively by
heating the gel films with a HP-E1515 hot plate (Hanbang
electronics, China) at 50 °C or photothermally by illumi-
nating the ink coatings with an 808-nm FC-11 NIR laser
(Changchun New Industries Optoelectronics Technology,
China) at 3 W cm™2. A UTi120S thermal imager (Yuride,
China) was used to detect the surface temperature and IR
images of the screen- or extrusion-printed patterns.

3 Results and Discussion

3.1 Preparation and Characterization of the MXene
Gel

Ultrathin MXene nanosheets (~ 1.5 nm in thickness and
1.2+0.3 pm in lateral size) terminated with —F, —O and —-OH

https://doi.org/10.1007/s40820-023-01302-3
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groups were prepared by LiF/HCI etching of bulk layer-
structured Ti;AIC, MAX powders followed by proper wash-
ing, shaking and ultrasonication as schematically illustrated
in Fig. 1a [5, 12, 14]. Their microstructures and morphology
were characterized by the transmission electron microscopy
(TEM) and atomic force microscopy (AFM) observations
(Fig. Sla—d) and were found to be prominently different
from the pristine MAX phase and the multilayered MXene
obtained after etching (Fig. Sle, f). They all had a smooth
surface free of any oxide particles, and their thickness was
consistent with previous reports [28—30]. The results thus
indicate a successful production of high-quality monolay-
ered Ti;C,T, MXene nanosheets that were able to act as
effective building blocks for various 3D MXene architec-
tures [28-30]. Zeta potential measurements in Fig. S2 reveal

Ti;AIC, MAX phase

a Multilayered MXene

HCI+LiF

»

Highly crosslinked MXene gels

Dispersive MXene nanosheets b 14

Loosely structured MXene aggregates

that the colloidal stability and interparticle electrostatic
repulsion of Ti;C, T, nanosheets both attained highest at pH
10 with a value of —39.5+1.59 mV [31, 32].

A few previous works including our own have certified
that an aqueous dispersion of charged inorganic nanosheets
sometimes exhibits gel-like behavior once the nanosheets
are constrained close to each other by external centrifugal
forces so that their mutual electrostatic repulsion can be
sufficiently strong to confine their mobility in the system
[17, 20, 21, 33, 34]. To examine whether this approach
is also applicable for overcoming the repulsive forces
between MXene nanosheets and inducing their gelation, pH
10 Ti;C,T, particles with a highest electronegativity were
used as a representative MXene gelator in this study. In a
typical procedure (see details in Experimental Section),
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Fig. 1 Preparation and characterization of the MXene gel. a Schematic illustration of producing Ti;C,T, MXene gelators and centrifugation-
assisted MXene gels. b Phase diagram of different-concentration pH 10 Ti;C, T, dispersions after exposure to different relative centrifugal forces
(RCFs). The blue-colored region refers to a particle concentration and RCF required for obtaining a gel. ¢ Water content of MXene gels prepared
with Ti;C,T, dispersions in different concentrations. d Scanning electron microscopy (SEM) observation of a MXene gel formed with a disper-
sion concentration of 10 mg mL~!. e Rheological property of the gels prepared with different initial particle concentrations. f Thixotropic prop-
erty of the gel formed with a dispersion concentration of 10 mg mL~!. T=25 °C. (Color figure online)
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centrifugation at an optimal external force and nanoparticle
concentration could rapidly (within 30 s) segregate a pris-
tine, homogenous MXene dispersion into a gel-like sediment
and a Ti;C,T -free supernatant that can be easily removed
via pipetting. Phase diagram in Fig. 1b and photographs in
Figs. S3 and S4 demonstrate that the centrifugation-induced
MXene gels can be acquired with a very low initial particle
concentration of 0.5 mg mL~! when the centrifugal force
reached 400 x g. By contrast, as suggested in Figs. S5a, b,
metal ions such as Fe>* and Zn** cannot induce gelation
of pH 10 Ti;C,T, MXene at a particle concentration lower
than 5 mg mL~! in absence of external centrifugal forces.
And an aqueous dispersion containing 2 mg mL~' Ti,C, T,
MXene and 5 mmol L~! Fe?* can be transformed to gels
upon exposure to 400 X g centrifugation for 30 s (Fig. S5c¢).
The results thus verify the effectiveness and dominant role
of external low-strength centrifugal forces in triggering rapid
gelation of Ti;C,T, MXene at low particle concentrations.
Figure 1c demonstrates that the as-prepared MXene gels
using different initial Ti;C,T, concentrations all had a high
water content between 96.5 and 98.2 wt%. And changing
the external centrifugal force in a broad range between 400
and 16,000 X g only caused the water content to vary within
1 wt%. A large area of highly crosslinked 3D networks can
be discovered in a freeze-dried gel as displayed in the SEM
imaging in Figs. 1d and S6a. On the contrary, direct lyo-
philization of the pristine Ti;C,T, dispersion only resulted
in relatively loosely structured aggregates (Fig. S6b). The
results therefore suggest that the spontaneous interconnec-
tion between Ti;C,T, nanosheets into a swelling gel net-
work was essentially triggered by the applied centrifugal
forces as schematically illustrated in Fig. 1a. Figure S7 fur-
ther demonstrates that the lyophilization essentially trans-
formed a MXene gel into an aerogel monolith as no promi-
nent collapses or fractures in the 3D macrostructures could
be detected after freeze-drying. Cryogenic SEM observa-
tions (Fig. S8) also show a formation of highly crosslinked
networks with developed numerous pore structures inner a
pristine MXene gel. Rheological measurements in Fig. le
show that the MXene-rich sediments could maintain a stor-
age modulus (G") > loss modulus (G") behavior over a broad
sweeping frequency range from 0.01 to 10 Hz, which was
indicative of their gel-like natures. And the gels prepared
with different dispersion concentrations all yielded G’ and
G" values at around 10* and 10> Pa, respectively, due to
their very close water contents. An excellent thixotropic

© The authors

performance of the centrifugation-assisted MXene gel was
revealed in Fig. 1f, in which its viscosity could exhibit fast
response and recovery upon alternately changing external
shear rates. It should be noted that although possessing an
equal water content of ~97 wt%, the Fe?™- and Zn**-assisted
MXene gels displayed shear moduli that were more than one
order of magnitude lower than those of a centrifugation-
induced gel (Fig. S9). The prominently improved viscoe-
lasticity and splendid thixotropic property could not only
enable the MXene gel to serve as inks for high-precision
screen- or extrusion-printing [35, 36], but also as semi-
solid lubricants that usually require potent deformation- and
creep-recoiling capacities [37, 38].

The formation of loosely structured MXene aggregates
in Fig. S6b suggests that the presence of Na* cations may
screen the electrostatic repulsion between adjacent MXene
nanosheets and consequently lead to weak association
or crosslinking between them. This can be confirmed by
Fig. S10a, in which pH 10 MXene dispersions prepared with
other alkalis, i.e., KOH, NH,OH and (C,H,),NOH can all
afford gels after an identical short and low-strength centrif-
ugation, and the addition of (C,Hy),NOH can even cause
coagulation of Ti;C,T, nanosheets before centrifugation.
It demonstrates that univalent cations including Na*, K,
NH,* and (C4Hy),N* were able to attenuate the inter-particle
repulsion and the (C,H,),N* was more effective in neutral-
izing negative charges according to the Hofmeister series.
SEM observations in Fig. S10b further show that the result-
ant MXene gels all had similar highly crosslinked internal
network structures. Previous study by Yang et al. has demon-
strated that divalent or trivalent metal ions such as Fe?* and
A" can effectively trigger fast gelation of Ti;C,T, MXene
in the absence of external forces at a particle concentration
above 5 mg mL~!, while univalent cations (e.g., K*) cannot
due to its relatively low hydration energy [12]. Figure S5c¢
shows that divalent Fe** at a concentration equal to the uni-
valent Na* (~5 mmol L™!) also cannot induce gelation of
pH 10, 2 mg mL™" Ti;C,T, MXene unless the mixture was
exposure to external 400 X g centrifugal forces. In addition,
Zhang et al. and Fan et al. have shown that a MXene dis-
persion without pH control and addition of alkaline can be
transformed into highly concentrated inks after centrifuga-
tion at a sufficiently high speed and long period [39-41].
Hence, the applied external centrifugal forces should play a
more dominant role than the cations in triggering rapid gela-
tion of Ti;C,T, MXene at very low particle concentrations.

https://doi.org/10.1007/s40820-023-01302-3
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Building on our findings in Figs. 1 and S1-S10, the mech-
anism for low-strength centrifugation-assisted fast gelation
of Ti;C,T, MXene can be summarized as follows: First,
the Na* ions in the pristine aqueous dispersion screened
the electrostatic repulsion between MXene nanosheets at
relatively high pH values and induced formation of loosely
structured aggregates. Such metastable weakly associated
or crosslinked MXene precursors were then kinetically
entrapped into a gel-like sediment with the mobility of
MXene nanosheets strongly restricted and eventually grew
into highly crosslinked network structures after exposure to
external centrifugal forces. Corresponding schematic illus-
tration is displayed in Fig. 1a.

SEM observations in Fig. 2a depict a pH-induced inter-
nal nanosheets rearrangement of the MXene gel, although
such microstructural changes would not cause significant
variations in its mechanical elasticity (Fig. S11). This
microstructure-independent elasticity was similar to the
previously reported aqueous graphene oxide gels [42]. It

should be noted that all the rheological measurements in
this work were commenced straight after loading the sam-
ple and the viscoelasticity of MXene gels did not display
significant variations over time as illustrated in Fig. S12.
Small-angle X-ray scattering (SAXS) data in Fig. 2b show
that the Ti;C,T, particles reorganized into layer-by-layer
configurations with two Bragg diffraction peaks detected at
q,=~0.49 and g,= ~0.98 nm~!, respectively, as the pH of
the gel lowered from 10 to 8, corresponding to the formation
of long-range ordered lamellar architectures with a uniform
periodicity of ~12.8 nm (d =2x/q) [17, 20, 21]. This set of
diffraction peaks exhibited a profound shift to large angles
upon further reducing the pH to 4, owing to shrinkage of
the interlamellar spacing to~6.54 nm [21]. The nanosheets
became closely and randomly arrayed with no measurable
diffractions as the pH value reached as low as 2. Raman
spectra in Fig. S13a show that all the gel samples exhibited
two weak I and II bands related to Ti—C at around 400 and
600 cm™" as well as D-(disordered) and G-(graphite) bands

b ——pH=2 pH=10 d O1s
| € /
-~ ——pH=8 5 | pH=2 .
3 —ph=t0| g i 3 a
s < i s
2 z =
2 2 =
[ o 5
‘3 £ pH=2 €
k O-H,¢ C=0
oH,, C¢F 10
00 05 1.0 15 20 25 4000 3500 3000 2500 2000 1500 1000 500 538 536 534 532 530 528 526
q (nm-) Wavenumber (cm-1) Binding Energy (eV)

Fig. 2 pH-dependent internal structures of the MXene gel. a SEM images, b SAXS profiles, ¢ FTIR spectra and d XPS O 1s patterns of freeze-
dried Ti;C,T, gels with different internal pH values. Insets in a are schematic illustrations of the aggregation behavior of MXene nanosheets

inside a gel. T=25 °C
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at~ 1400 and ~ 1590 cm™!, respectively. The intensity ratio
of the D and G bands attained as high as 0.87 and 0.94 at
pH 8 and 4, indicative of a high degree of graphitization and
orientational ordering of Ti;C,T, MXenes as a consequence
of formation of lamellar phases [43], whereas it reached a
minimum of 0.68 at pH 10 due to the presence of amorphous
interconnected network structures [43]. The signature (002)
peak of MXene can be traced in the X-ray diffraction (XRD)
patterns for all the gel samples (Fig. S13b), which suggests
that the pH variations did not disrupt the inherent crystal-
line structure of Ti;C,T, nanosheets [23]. A shift in the peak
position to large angles of the pH 4 gel compared to that of
the pH 8 one also demonstrates a shortening of interlamellar
distance among the MXene layers [23]. Figures S10 and S14
show that such internal structural changes can be achieved
using other alkalis and acids including KOH, NH,OH,
(C,Hy),NOH, H,SO, and HNO; for regulating the internal
pH value of a MXene gel other than NaOH and HCl, result-
ing in nearly identical microstructures at both relatively high
and low pH values.

Figure 2c illustrates that a lyophilized MXene gel dis-
played major vibration bands ascribed to O-H, C=0, C-F
and Ti—O at around 3425, 2940, 1640, 1130 and 560 cm™’,
respectively. Both the intensity ratio of vg_; to v,_g and ve_g
to vc—o prominently attenuated as a function of pH, possibly
due to an alkali-induced deprotonation of the —OH groups
and conversion of fluorines into oxygens at the surface
terminations [23, 43, 44]. Such findings can be confirmed
by the X-ray photoelectron spectroscopy (XPS) profiles
in Figs. 2d and S15, where the intensity of the absorption
bands correlated to —O terminal groups at around 532 eV
significantly enhanced while that of the bands from —OH
or —F terminations at around 530 and 685 eV, respectively,
strongly reduced upon elevating pH from 4 to 10. Quantita-
tive analysis in Table S1 further shows that the content of -O
termination, determined by the deconvolution and integra-
tion of corresponding band areas in XPS spectra, improved
from 23.9 to 48.0% with pH rising from 4 to 10. By contrast,
the contents of —F and —OH terminal groups lowered from
50.4% and 25.7% to 30.3% and 21.7%, respectively. Zeta
potential measurements in Fig. S2 indicate a highly strength-
ened electrostatic repulsion between Ti;C,T, nanosheets
under basic conditions, since their potential values nearly
doubled with pH rising from 2 to 10 [31]. A hypochromatic
shift by ~ 10 cm™" in the band position of v, 5, which cor-
responds to disruption of the hydrogen bonding between
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terminal hydroxyl groups [20, 45], can also be discovered
in the Fourier transform infrared (FTIR) spectra in Fig. 2¢c as
pH changed from 2 to 10. Figures 2d, S15, S16 and Table S1
further show that such transitions in surface chemistry of
Ti;C,T, MXenes were reversible, since both the FTIR and
XPS absorptions of pristine pH 4 gel can be recovered after
an alternate alkaline and acid treatments. Similar findings
can be discovered in Hong et al.’s work [46], where the —F
terminations of Ti;C,T, MXene can gradually evolve to
—OH and then to —O after an alkali-induced treatment, and
the resultant Ti;C,(OH), and Ti;C,0, powders regained a
relatively high amount of —F groups after re-submerged in
HF solutions. Hence, the pH-controlled internal structural
alterations of MXene gel can be attributed to an interplay
between the protonation/deprotonation of —OH groups and
reversible conversion between the terminal —F and —O,
which determined the strength between the competitive
hydrogen bonding associations and mutual electrostatic
repulsions among the nanosheets. A control experiment in
Fig. S17 shows that addition of an equal amount of NaCl
instead of NaOH to a pH 4 gel cannot reproduce the micro-
structure of a pH 10 gel, thus verifying that the internal topo-
logical reconfigurations were essentially caused by changes
in pH rather than ionic strength. It is worthwhile to note
that although all the gel samples used in this study were all
prepared with a dispersion concentration of 10 mg mL™!,
however, due to the addition of HCI/NaOH for adjusting
pH and formation of internal microstructures with different
packing densities, the final particle concentration in the gels
with different pH values can be slightly different between 3
and 5 wt%; such minute variations in MXene concentration
should not cause prominent alterations in the gel properties.

3.2 Tribological Property of the MXene Gel

Semi-solid lubricants (e.g., gels and greases) are advan-
tageous to traditional liquid lubricants in their excellent
mechanical strength, anti-creeping and creep-recoiling
properties [47—49]. And the use of a purely inorganic gel
lubricant can further reduce the environmental burdens
and safety concerns caused by the presence of flammable
and toxic organic base oils and additives such as mineral
oils and thickeners [20, 21]. To probe whether the MXene
gel can also function as an effective semi-solid lubricant,
we tested its tribological behavior at different pH values

https://doi.org/10.1007/s40820-023-01302-3
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for the steel/ZrO, tribopair under 10-N applied normal
load and 10 mm s~! sliding velocity. Corresponding exper-
imental results are displayed in Fig. 3a. It can be seen that
the gel exhibited relatively high coefficients of friction
(CoF) of ~0.25 and ~ 0.45, respectively, at the lowest and
highest studying pH values, whereas it can provide CoF
as low as ~0.08 that indicates a good lubricity at inter-
mediate pH values (i.e., 4 and 8). Comparative measure-
ments in Fig. 3b show that a pH 8 MXene gel initiated
by Fe?* or Zn* exhibited largely deteriorated lubrication
with CoF reaching up to~0.39 and ~0.51, respectively.

Figure S18 demonstrates a potent load-carrying capacity
of the Ti;C,T, gel lubricant, given that its low CoF can
be retained with external normal load attaining as high
as 70 N. And the gels prepared with different dispersion
concentrations all had an identical anti-friction capability.
Although having negligible differences in the CoF, the pH
4 MXene gel was testified to possess a preferable abrasion
resistance to the pH 8 one as it can provide much smaller
abrasive scars and twofold lower wear volumes for a steel
substrate as illustrated in Figs. 3¢, d and S19.
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Figure 3e depicts the relationship between the CoF of
MXene gels and sliding velocity at a constant normal load
of 10 N. As shown, at velocity below 2 mm s, the gels in
different pH values all yielded a nearly invariable CoF at
around 0.45, featuring a typical boundary lubrication where
the gels preserved their nonflowable, solid-like behavior
with no hydration layer generated at the metal/ceramic inter-
face (Fig. 3f(i)). At velocity above 2 mm s, the CoF of gels
declined versus sliding velocity, corresponding to transition
of lubrication mechanism into mixed lubrication, in which
the gel networks collapsed and resulted in a liquid hydration
layer capable of providing relatively high lubricity in the
contact area as schematically illustrated in Fig. 3f(ii). We did
not employ a sliding velocity higher than 60 mm s~ due to
the upper measuring limit of the friction and wear tester used
in this study. Figure S20 displays that the gel can revers-
ibly convert its lubrication mechanism between boundary
and mixed lubrications for several cycles without significant
changes in its CoF, thus testifying its efficacy as an effec-
tive semi-solid lubricant that can act as a liquid lubricant to
provide excellent friction and wear resistance for metallic
materials upon exposure to strong external sliding forces.
And it was able to restore its native solid-like behavior to
furnish splendid anti-creeping property once the frictional
forces were highly reduced or removed. A superior lubricity
of gels with internal lamellar microstructures during mixed
lubrication was likely because, on the one hand, the weak
interlayer associations may facilitate fracture separations to
take place at the face-to-face region that consequently makes
the MXene nanosheets easy to shear [20, 50], and on the
other hand, the formation of randomly arrayed, intercon-
nected structures may introduce additional shear resistance
at the stagger site [51]. Corresponding schematic diagram of
such structural influence is displayed in Fig. 3f. Figure S21
shows that Ti;C,T, MXene modified with a cationic ligand
polydimethyldiallyammonium (PDDA) could produce gels
with layer-by-layer and interconnected internal architectures
at pH 2 and 8, respectively. And the PDDA-containing gel
was found to provide much lower CoF and much smaller
wear tracks at pH 2, thus verifying the profound impact of
internal nanosheets configuration on the tribological perfor-
mance of a MXene-based gel.

Although MXene has been employed as effective addi-
tives for improving the functionality of conventional
organic-based semi-solid lubricants, to date, there have been
no reports on gel lubricants entirely consisting of MXene
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nanosheets and water. Here we have achieved organic-free
MXene gel lubricants with the aid of external centrifugal
forces. The lubricity of resulting gels was also comparable
to that of the gel lubricants from MXene-organic molecule
hybrids, which had similar CoF at around 0.1 [52-54]. As a
consequence, our work may provide new insights into devel-
oping new-generation eco-friendly semi-solid lubricants that
are thoroughly free of any flammable and toxic organic base
oils and additives. In addition, the pH-controlled lubrication
may further enable the MXene gel to serve as a versatile
lubricant allowing on-demand control over the tribologi-
cal interaction between two contacting moving parts of a
machine or device [55, 56]. For instance, it can effectively
reduce the friction and abrasion of the moving parts of both
a large equipment and small device that contributes to pro-
longing their service life at intermediate pH values. And
on the contrary, it can provide relatively high friction to
maintain the operations of a machine at desired accuracy,
efficiency and reliability at both a low and high pH values.
Such property is crucial for developing advanced technolo-
gies such as smart devices and surfaces, microfluidic tech-
nology, lab-on-chip systems and controllable transportation
systems [20, 55-57].

3.3 Electrochemical Performance of the MXene Gel

The electrochemical performance of the centrifugation-
assisted MXene gel was evaluated to probe its potential
applications as a freestanding electrode for supercapacitors.
The advantages of using such freestanding gel electrodes
include their facile fabrication and no use of inactive bind-
ers or conductive additives [12]. Representative photographs
of an electrode produced from the centrifugation-assisted
Ti;C,T, gel are displayed in Fig. S22. Figure S23 evidences
that the gel could maintain a long-term structural stability
with no collapse or swelling occurring after immersed in a
water reservoir for about one month, thus being suitable for
directly used as a free-standing electrode without drying into
an aerogel or printing into a pattern [58]. The water content
before and after immersion was determined to be 96.4+0.9
wt% and 96.9 + 0.7 wt%, respectively. Figure 4a, b shows
that the gel yielded cyclic voltammetry (CV) curves with
two pairs of redox peaks detected at~—0.9 and —0.6 V (vs.
Hg/Hg,S0O,) in the potential range between —1.1 and -0.15 V
at both pH 4 and 10, featuring a signature pseudo-capacitive
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behavior of Ti;C,T, MXene [2]. The redox peaks can be
reserved as the scanning rate attained as high as 200 mV s,
indicative of a high surface utilization of Ti;C,T, nanosheets
and a good rate capability [12]. Figure S24 displays the gal-
vanostatic charge—discharge (GCD) profiles of the Ti;C,T,
gel at current densities between 0.1 and 50 A g~!, where
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the charge/discharge curves for both pH 4 and 10 gels were
nonlinear with no presence of apparent potential platforms,
suggestive of a synergistic contribution of pseudo- and
double-layer capacitances. The discharge time of a pH 4 gel
was also much longer than that of a pH 10 gel at the same
current density, corresponding to its much higher specific
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capacitance, which was consistent with the experimental
results of the CV curves. Figure 4c reveals a remarkable spe-
cific capacitance at between 635.2 +34.3 and 407.9+29.1
F ¢! for the pH 4 MXene gel in a scanning rate range from 5
to 100 mV, which consequently exhibits a massive potential
for creating high-performance energy storage materials, as
well as a satisfactory rate capability as it was able to produce
a capacitance of 233.1+11.7 F ¢! even when the scanning
rate attains as high as 500 mV. While excellent capacitances
such as 322.1+37.6 F g' at 10 mV s™! and 288.4 +26.9
F g™'at 100 mV s~! can also be obtained when using the pH
10 Ti5C,T, gel with a strongly improved rate performance,
given its capacitance did not fall significantly over a broad
scanning speed range from 5 to 500 mV. It is worthwhile
to note that the specific capacitance of pH 4 MXene gel
(e.g.,6352+343Fglat5mV s and 603.7+35.7F g
at 10 mV s7!) was very likely to be the highest among the
MXene gel electrodes using the same three-electrode cell
configuration with the same Hg/Hg,SO, reference electrode
and H,SO, electrolyte reported so far. It was also exceed-
ingly comparable to a list of other previously reported
MXene-gel-based electrodes with different reference elec-
trodes and electrolytes as summarized in Table S2.

The Nyquist plot of pH 4 MXene gel shows a much
smaller semicircle in the high-frequency region relative
to that of the pH 10 gel in Fig. 4d, which represents a fac-
ile charge transport and smaller interfacial contact resist-
ance positively contributing to a profoundly improved
capacitance [59]. On the contrary, it also shows a rela-
tively longer 45° line (i.e., the so-called Warburg type-
line) corresponding to reduced reactive sites accessible in
a brief period than that of the pH 10 gel, which may lead
to deteriorated rate capability [59]. Four-probe measure-
ments on lyophilized aerogel monoliths uncover a ultra-
high electrical conductivity at~20,400 m S~! of the pH 4
MXene architecture with relatively closely packed internal
layer-by-layer structures, which is exceedingly comparable
to and surpass a number of previously reported MXene-
based aerogels (Table S3) detected using the same method,
while a pH 10 Ti;C,T, aerogel having relatively loosely
structured internal porous networks yielded a signifi-
cantly lower conductivity ~3,800 m S~!. Similar findings
have been discovered in previously reported graphene-
based capacitive electrodes, in which relatively densely
packed nanosheet assemblies could lead to a relatively
lower resistance and higher conductivity [58]. The N,
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adsorption/desorption measurements in Fig. S25a show
that both the pH 4 and 10 gels exhibited characteristic
type-IV isotherms with prominent adsorption hysteresis
loops between 0.5 and 1 and between 0.1 and 1 relative
pressures, respectively, indicating the presence of numer-
ous mesopores. The pore size was determined to be ~2
and ~3.9 nm for the gels at pH 4 and 10, respectively,
as displayed in Fig. S25b. The specific surface area was
measured to be ~ 10.2 and ~35.7 m? g~! for the pH 4 and 10
gels, respectively. The facile charge transport and ultrahigh
conductivity may lead to the splendid specific capacitance
of the pH 4 MXene gel, whereas the lower rate capability
of a pH 4 MXene gel relative to that of a pH 10 gel may be
due to, on the one hand, the threefold lower surface area
reducing the surface utilization and available active sites
of Ti,C,T, MXene, on the other hand, a smaller interlayer
spacing between MXene nanosheets (Figs. 2b and S13b)
and a declined pore size and distribution restricting a fast
ion diffusion [59, 60].

Figure 4e illustrates an excellent cyclic performance of
the pH 10 MXene gel with a 96.7% capacitance retention
after 10,000 cycles. The results are comparable to a list
of previously reported MXene-based 3D macrostructures
(Table S2). And the shape of the GCD profiles for the initial
and last five cycles was nearly identical to each other. In
comparison, although possessing a much higher capacitance,
the cyclic stability of a pH 4 gel was good but relatively
lower with an 85.9% retention in its capacitance over the
same period. The GCD curves of the first and last five cycles
also exhibited certain differences. Our results thus suggest a
pH-controlled electrochemical performance of the linkers-
free MXene gel, which can be utilized to fabricate advanced
supercapacitors capable of providing either exceptional
capacitances with satisfactory longevity or both splendid
capacitances and cyclic stability depending on the concrete
working conditions. The relatively lower cyclic stability of a
pH 4 MXene gel in comparison with that of a pH 10 gel may
be an interplay between the layer-by-layer arrangement of
Ti;C,T, nanosheets at pH 4 introducing volumetric deforma-
tion that can generate osmotic stress to crack, pulverize or
detach active materials in an electrode during the long and
repetitive charge—discharge cycles [61] and the formation
of numerous porous structures at pH 10 providing sufficient
free spaces that can buffer the volumetric variations of active
materials during the cyclic measurements at a relatively
large current density [62].
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3.4 Ink Printing and Anti-Counterfeiting Applications

Figure 5a depicts a typical shear-thinning behavior of the pH
4 and 10 Ti;C,T, gels, which is indispensable for continu-
ous extrusion through screen meshes as inks [63]. Figure 5b
displays a good viscoelasticity (G'> 5 kPa and G"'> 1 kPa),
large G'/G" ratio (~5.3 for pH 4 and~ 11.3 for pH 10) and
high yield stress (~49 Pa for pH 4 and ~ 138 Pa for pH 10)
of the gels that allow rapid and high-precision screen- or
extrusion-printing into various high-resolution and com-
plicated patterns [35]. Together with their impressive

thixotropic property (Fig. 1f), these gels were ideal candi-
dates for direct ink writing, high-viscosity printing and other
liquid processing techniques. Figures Sc and S26 illustrate
a higher near-infrared (NIR) emissivity at high wavelength
and light-to-heat conversion efficiency of the pH 10 MXene
gel relative to those of the pH 4 gel, which can be exploited
to produce temperature differences under thermal imaging
and consequently colorful screen- or extrusion-printed pat-
terns prospective for IR camouflage and anti-counterfeiting
applications [9, 35, 64]. The higher emissivity and light-to-
heat transition efficiency were likely owing to the relatively
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low content of —F and —OH terminations at pH 10 and inter-
connected MXene architectures acting as crumpled or hier-
archical textures with multiple light scattering and trapping
[9, 65].

Figure 5d shows the design and screen-printing process
of the gel-like MXene ink, and well-defined, high-resolution
patterns including jellyfish, butterfly, flower and dragonfly
(Fig. 5e) printed from a binary mixture of the pH 4 and 10
gels. Figure S27 demonstrates that the gel ink could tightly
and flexibly adhere onto a polyethylene terephthalate (PET)
substrate used for screen-printing. After placing onto an
external heating plate, significant color differences appeared
on the pristine black composite patterns, in which the pH 4
gel-covered regions emitted cool color and the pH 10 gel-
coating parts exhibited warm color under a thermal imager
(Fig. 5e). As a consequence, the anticounterfeited jellyfish
and dragonfly patterns decoding the encrypted messages can
be detected in the thermal images after heating (Fig. 5e).
The high yield stress and good thixotropy also allowed high-
precision extrusion-printing of the gels into patterns of num-
bers, bowknot and abbreviation of our institute (i.e., “LICP”)
as schematically and photographically illustrated in Figs. 5f,
g and S28. After exposure to external NIR irradiations, the
anticounterfeited passwords or patterns can be recognized by
thermal imaging building on the prominent color differences
between the low- and high-temperature regions covered by
pH 4 and 10 MXene gels (Fig. 51, g), respectively. To elimi-
nate any interferences from insufficient heat transfer or light
absorption, all the gel ink coatings were heated or irradiated
for abundant time of at least 10 min. Our results therefore
may indicate a new design strategy for developing functional
gel-like MXene inks capable of achieving both photoemis-
sive and photothermal security and encryption.

So far, MXene-based IR anti-counterfeiting and thermal
camouflage usually rely on different amounts of surface coat-
ings that are able to effectively distinguish the light-emissive
or light-to-heat transition efficiency of resulting 3D MXene
architectures under external heating or IR irradiations [9,
11, 35, 65]. Herein, taking advantages of mild centrifugation
leading to gel-like MXene inks with excellent rheological
properties and the pH-controlled internal self-assembly of
Ti;C,T, nanosheets resulting in distinct photoemissive and
photothermal-conversion efficacies, our study may provide
new paradigms toward high-performance, low-cost and
eco-friendly MXene inks that are anticipated to have good
prospects in modern military, information encryption and

© The authors

anticounterfeiting fields [9, 66]. Together with their robust
and controlled lubricity and ultrahigh capacitance and good
longevity, we envision that the versatile MXene gels may
find a diverse range of potential applications in materials
science, nanotechnology, green tribology and mechanical
engineering, by contrast to some of MXene-based architec-
tures restricted to a specific purpose.

In previous work, we have fabricated a centrifugation-
induced graphene oxide gel displaying responsive lubrica-
tion and both mechanical and tribological adaptivity build-
ing on similar pH-controlled internal structural changes,
which can not only act as a new type of smart and green
semi-solid lubricant but also provide guidance for design
and creation of novel purely inorganic-based biomimetic
soft materials [20]. In this study, taking advantages of the
excellent electrical conductivity, high specific capacitance
and tunable light-emissive and photothermal-conversion
properties of the MXene gelator, a centrifugation-triggered
inorganic gel capable of functioning as supercapacitor elec-
trodes and NIR-based anticounterfeiting inks in addition to
pH-controlled lubricant has been produced. It may further
expand the potential applications of such centrifugation-
assisted gelated semi-solid material in the fields of energy
storage, screen- and/or extrusion-printing, thermal camou-
flage and security coding.

4 Conclusions

We have demonstrated a “proof-of-concept” of creating
high-water-content MXene gels thoroughly free of any link-
ers using brief and moderate centrifugation. Such simple
and low-cost strategy could induce an effective spontane-
ous gelation of Ti;C,T, MXene nanosheets with a very low
dispersion concentration of 0.5 mg mL~'. The resultant
gels possessed high viscoelasticity, large yield stress and
excellent thixotropic performance that were applicable to
high-precision screen- or extrusion-printing into multifari-
ous high-resolution, complicated patterns. On the basis of
acid/alkaline-triggered variations in the surface terminations
of MXene nanosheets and consequently topological recon-
figuration in their internal structures, the gels expressed low
CoF and abrasion related to potent lubrication and remark-
able specific capacitances promising for advanced superca-
pacitors at relatively low pH values (e.g., 4), while relatively
high friction necessary for maintaining desired efficiency,
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accuracy and reliability of machines and devices as well
as favorable and durable capacitances useful for developing
long-life energy storage materials at high pH values (e.g.,
10). Their distinct NIR emissivity and light-to-heat transi-
tion efficiency at pH 4 and 10 can be utilized to achieve both
photoemissive and photothermal security and encryption,
which showed good prospects in information encryption and
anticounterfeiting fields. Therefore, our study may provide
new insights into developing facilely prepared, low-expense,
high-performance and multifunctional MXene-based soft
materials that are anticipated to find extensive applications
in materials science, colloidal chemistry, nanotechnology,
tribology and mechanical engineering.

Acknowledgements This work is financially supported by the
Hundred Talents Program of Chinese Academy of Sciences
(E30247YB), the Special Talents Program of Lanzhou Institute of
Chemical Physics (E0SX0282), the National Natural Science Foun-
dation of Shandong Province (ZR2022QB190) and the Innovative
Research Funds of Shandong Laboratory of Advanced Materials
and Green Manufacturing at Yantai (E1IR06SXMO07, EIR06SXM09
and E2R06SXM14).

Declarations

Conflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-023-01302-3.

References

1. M. Ghidiu, M.R. Lukatskaya, M.-Q. Zhao, Y. Gogotsi, M. W.
Barsoum, Conductive two-dimensional titanium carbide

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

10.

11.

12.

13.

14.

‘clay’ with high volumetric capacitance. Nature 516, 78—81
(2014). https://doi.org/10.1038/nature13970

M.R. Lukatskaya, S. Kota, Z. Lin, M.-Q. Zhao, N. Shpigel
et al., Ultra-high-rate pseudocapacitive energy storage in
two-dimensional transition metal carbides. Nat. Energy 2,
17105 (2017). https://doi.org/10.1038/nenergy.2017.105

. Y. Liu, W. Zhang, W. Zheng, Quantum dots compete at

the Acme of MXene family for the optimal catalysis.
Nano-Micro Lett. 14, 158 (2022). https://doi.org/10.1007/
$40820-022-00908-3

Y. Chen, X. Xie, X. Xin, Z.-R. Tang, Y.-J. Xu, Ti;C,T,-based
three-dimensional hydrogel by a graphene oxide-assisted
self-convergence process for enhanced photoredox cataly-
sis. ACS Nano 13, 295-304 (2019). https://doi.org/10.1021/
acsnano.8b06136

Y. Ma, N. Liu, L. Li, X. Hu, Z. Zou et al., A highly flexible
and sensitive piezoresistive sensor based on MXene with
greatly changed interlayer distances. Nat. Commun. 8, 1207
(2017). https://doi.org/10.1038/541467-017-01136-9

Z. Yang, S. Lv, Y. Zhang, J. Wang, L. Jiang et al., Self-
assembly 3D porous crumpled MXene spheres as efficient
gas and pressure sensing material for transient all-MXene
sensors. Nano-Micro Lett. 14, 56 (2022). https://doi.org/10.
1007/540820-022-00796-7

M. Malaki, R.S. Varma, Mechanotribological aspects
of MXene-reinforced nanocomposites. Adv. Mater. 32,
€2003154 (2020). https://doi.org/10.1002/adma.202003154

S. Liu, Q. Gao, K. Hou, Z. Li, J. Wang et al., Solvent-free
covalent MXene nanofluid: a new lubricant combining the
characteristics of solid and liquid lubricants. Chem. Eng.
J. 462, 142238 (2023). https://doi.org/10.1016/j.cej.2023.
142238

Y. Li, C. Xiong, H. Huang, X. Peng, D. Mei et al., 2D Ti,C,T,
MXenes: visible black but infrared white materials. Adv.
Mater. 33, 2103054 (2021). https://doi.org/10.1002/adma.
202103054

X. Wu, T. Tu, Y. Dai, P. Tang, Y. Zhang et al., Direct ink
writing of highly conductive MXene frames for tunable elec-
tromagnetic interference shielding and electromagnetic wave-
induced thermochromism. Nano-Micro Lett. 13, 148 (2021).
https://doi.org/10.1007/s40820-021-00665-9

Y.-Z. Zhang, Y. Wang, Q. Jiang, J.K. El-Demellawi, H. Kim
et al., MXene printing and patterned coating for device appli-
cations. Adv. Mater. 32, €1908486 (2020). https://doi.org/10.
1002/adma.201908486

Y. Deng, T. Shang, Z. Wu, Y. Tao, C. Luo et al., Fast gelation
of Ti;C,T, MXene initiated by metal ions. Adv. Mater. 31,
1902432 (2019). https://doi.org/10.1002/adma.201902432
M.-Q. Zhao, X. Xie, C.E. Ren, T. Makaryan, B. Anasori et al.,
Hollow MXene spheres and 3D macroporous MXene frame-
works for Na-ion storage. Adv. Mater. 29, 1702410 (2017).
https://doi.org/10.1002/adma.201702410

F. Song, J. Hu, G. Li, J. Wang, S. Chen et al., Room-tempera-
ture assembled MXene-based aerogels for high mass-loading
sodium-ion storage. Nano-Micro Lett. 14, 37 (2021). https://
doi.org/10.1007/s40820-021-00781-6

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01302-3
https://doi.org/10.1007/s40820-023-01302-3
https://doi.org/10.1038/nature13970
https://doi.org/10.1038/nenergy.2017.105
https://doi.org/10.1007/s40820-022-00908-3
https://doi.org/10.1007/s40820-022-00908-3
https://doi.org/10.1021/acsnano.8b06136
https://doi.org/10.1021/acsnano.8b06136
https://doi.org/10.1038/s41467-017-01136-9
https://doi.org/10.1007/s40820-022-00796-7
https://doi.org/10.1007/s40820-022-00796-7
https://doi.org/10.1002/adma.202003154
https://doi.org/10.1016/j.cej.2023.142238
https://doi.org/10.1016/j.cej.2023.142238
https://doi.org/10.1002/adma.202103054
https://doi.org/10.1002/adma.202103054
https://doi.org/10.1007/s40820-021-00665-9
https://doi.org/10.1002/adma.201908486
https://doi.org/10.1002/adma.201908486
https://doi.org/10.1002/adma.201902432
https://doi.org/10.1002/adma.201702410
https://doi.org/10.1007/s40820-021-00781-6
https://doi.org/10.1007/s40820-021-00781-6

94 Page 16 of 17

Nano-Micro Lett. (2024) 16:94

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

A. Vahid Mohammadi, J. Rosen, Y. Gogotsi, The world of
two-dimensional carbides and nitrides (MXenes). Science 372,
eabf1581 (2021). https://doi.org/10.1126/science.abf1581

X. Xu, T. Guo, M. Lanza, H.N. Alshareef, Status and prospects
of MXene-based nanoelectronic devices. Matter 6, 800-837
(2023). https://doi.org/10.1016/j.matt.2023.01.019

K. Sano, N. Igarashi, Y. Ebina, T. Sasaki, T. Hikima et al.,
A mechanically adaptive hydrogel with a reconfigurable net-
work consisting entirely of inorganic nanosheets and water.
Nat. Commun. 11, 6026 (2020). https://doi.org/10.1038/
s41467-020-19905-4

C. Luo, W. Lv, C. Qi, L. Zhong, Z.-Z. Pan et al., Realizing
ultralow concentration gelation of graphene oxide with artifi-
cial interfaces. Adv. Mater. 31, 1805075 (2019). https://doi.
org/10.1002/adma.201805075

H.-P. Cong, X.-C. Ren, P. Wang, S.-H. Yu, Macroscopic mul-
tifunctional graphene-based hydrogels and aerogels by a metal
ion induced self-assembly process. ACS Nano 6, 2693-2703
(2012). https://doi.org/10.1021/nn300082k

L. Hu, Y. Yang, J. Hao, L. Xu, Dual-driven mechanically and
tribologically adaptive hydrogels solely constituted of gra-
phene oxide and water. Nano Lett. 22, 6004-6009 (2022).
https://doi.org/10.1021/acs.nanolett.2c01489

Y. Yang, H. Sun, B. Zhang, L. Hu, L. Xu et al., Hydrogels
totally from inorganic nanosheets and water with mechani-
cal robustness, self-healing, controlled lubrication and anti-
corrosion. Nano Res. 16, 1533-1544 (2023). https://doi.org/
10.1007/s12274-022-4730-7

T. Shang, Z. Lin, C. Qi, X. Liu, P. Li et al., 3D macroscopic
architectures from self-assembled MXene hydrogels. Adv.
Funct. Mater. 29, 1903960 (2019). https://doi.org/10.1002/
adfm.201903960

Z. Fan, J. Jin, C. Li, J. Cai, C. Wei et al., 3D-printed Zn-ion
hybrid capacitor enabled by universal divalent cation-gelated
additive-free Ti;C, MXene ink. ACS Nano 15, 3098-3107
(2021). https://doi.org/10.1021/acsnano.0c09646

R. Bian, R. Lin, G. Wang, G. Lu, W. Zhi et al., 3D assembly
of Ti;C,-MXene directed by water/oil interfaces. Nanoscale
10, 3621-3625 (2018). https://doi.org/10.1039/c7nr07346a

G. Shi, Y. Zhu, M. Batmunkh, M. Ingram, Y. Huang et al.,
Cytomembrane-inspired MXene ink with amphiphilic sur-
factant for 3D printed microsupercapacitors. ACS Nano 16,
14723-14736 (2022). https://doi.org/10.1021/acsnano.2c054
45

J. Orangi, F. Hamade, V.A. Davis, M. Beidaghi, 3D printing
of additive-free 2D Ti;C,T, (MXene) ink for fabrication of
micro-supercapacitors with ultra-high energy densities. ACS
Nano 14, 640-650 (2020). https://doi.org/10.1021/acsnano.
9b07325

L. Ding, D. Xiao, Z. Lu, J. Deng, Y. Wei et al., Oppositely
charged Ti;C,T, MXene membranes with 2D nanofluidic
channels for osmotic energy harvesting. Angew. Chem. Int.
Ed. 132, 8798-8804 (2020). https://doi.org/10.1002/ange.
201915993

Y. Yang, J. Wang, Y. Yang, A. Chen, J. Wang et al., Low-
load MXene nanosheet/melamine composite sponges for

© The authors

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

enhanced electromagnetic interference shielding. ACS Appl.
Nano Mater. 6, 10953-10959 (2023). https://doi.org/10.1021/
acsanm.3c01723

L. Yin, Y. Yang, H. Yang, H. Kang, J. Wang et al., Rapid foam-
ing of dense MXene films induced by acid-base neutralization
reaction. Cell Rep. Phys. Sci. 4, 101421 (2023). https://doi.
org/10.1016/j.xcrp.2023.101421

W. Wang, T. Cai, Z. Cheng, Y. Yang, J. Wang et al., A shape
programmable MXene-based supermolecular nanocomposite
film. Compos. Part A Appl. Sci. Manuf. 159, 106997 (2022).
https://doi.org/10.1016/j.compositesa.2022.106997

L. Xu, L. Feng, R. Dong, J. Hao, S. Dong, Transfection effi-
ciency of DNA enhanced by association with salt-free cat-
anionic vesicles. Biomacromolecules 14, 2781-2789 (2013).
https://doi.org/10.1021/bm400616y

L. Xu, L. Feng, S. Dong, J. Hao, Magnetic controlling of
migration of DNA and proteins using one-step modified gold
nanoparticles. Chem. Commun. 51, 9257-9260 (2015). https:/
doi.org/10.1039/C5CCO01738F

L.J. Michot, I. Bihannic, S. Maddi, S.S. Funari, C. Baravian
et al., Liquid-crystalline aqueous clay suspensions. Proc. Natl.
Acad. Sci. U.S.A. 103, 16101-16104 (2006). https://doi.org/
10.1073/pnas.0605201103

M.D. Mourad, D.V. Byelov, A.V. Petukhov, H.-W. Lek-
kerkerker, Structure of the repulsive gel/glass in suspensions
of charged colloidal platelets. J. Phys.: Condens. Matter 20,
494201 (2008). https://doi.org/10.1088/0953-8984/20/49/
494201

Z. Deng, L. Li, P. Tang, C. Jiao, Z.Z. Yu et al., Controllable
surface-grafted MXene inks for electromagnetic wave modula-
tion and infrared anti-counterfeiting applications. ACS Nano
16, 16976-16986 (2022). https://doi.org/10.1021/acsnano.
2¢07084

D. Chen, Y. Long, Z. Wu, X. Dong, N. Wang et al., A gelation-
assisted approach for versatile MXene inks. Adv. Funct. Mater.
32, 2204372 (2022). https://doi.org/10.1002/adfm.202204372

Y. Bai, Q. Yu, J. Zhang, M. Cai, Y. Liang et al., Soft-nanocom-
posite lubricants of supramolecular gel with carbon nanotubes.
J. Mater. Chem. A 7, 7654-7663 (2019). https://doi.org/10.
1039/C8TA11051D

Y. Bai, C. Zhang, Q. Yu, J. Zhang, M. Zhang et al., Supramo-
lecular PFPE gel lubricant with anti-creep capability under
irradiation conditions at high vacuum. Chem. Eng. J. 409,
128120 (2021). https://doi.org/10.1016/j.cej.2020.128120

C.J. Zhang, L. McKeon, M.P. Kremer, S.H. Park, O. Ronan
et al., Additive-free MXene inks and direct printing of micro-
supercapacitors. Nat. Commun. 10, 1795 (2019). https://doi.
org/10.1038/541467-019-09398-1

Z. Fan, H. He, J. Yu, J. Wang, L. Yin et al., Binder-free
Ti;C,T, MXene doughs with high redispersibility. ACS Mater.
Lett. 2, 1598-1605 (2020). https://doi.org/10.1021/acsmateria
Islett.0c00422

H. Ma, J. Wang, J. Wang, K. Shang, Y. Yang et al., Blade-
coated Ti;C,T MXene films for pseudocapacitive energy
storage and infrared stealth. Diam. Relat. Mater. 131, 109587
(2023). https://doi.org/10.1016/j.diamond.2022.109587

https://doi.org/10.1007/s40820-023-01302-3


https://doi.org/10.1126/science.abf1581
https://doi.org/10.1016/j.matt.2023.01.019
https://doi.org/10.1038/s41467-020-19905-4
https://doi.org/10.1038/s41467-020-19905-4
https://doi.org/10.1002/adma.201805075
https://doi.org/10.1002/adma.201805075
https://doi.org/10.1021/nn300082k
https://doi.org/10.1021/acs.nanolett.2c01489
https://doi.org/10.1007/s12274-022-4730-7
https://doi.org/10.1007/s12274-022-4730-7
https://doi.org/10.1002/adfm.201903960
https://doi.org/10.1002/adfm.201903960
https://doi.org/10.1021/acsnano.0c09646
https://doi.org/10.1039/c7nr07346a
https://doi.org/10.1021/acsnano.2c05445
https://doi.org/10.1021/acsnano.2c05445
https://doi.org/10.1021/acsnano.9b07325
https://doi.org/10.1021/acsnano.9b07325
https://doi.org/10.1002/ange.201915993
https://doi.org/10.1002/ange.201915993
https://doi.org/10.1021/acsanm.3c01723
https://doi.org/10.1021/acsanm.3c01723
https://doi.org/10.1016/j.xcrp.2023.101421
https://doi.org/10.1016/j.xcrp.2023.101421
https://doi.org/10.1016/j.compositesa.2022.106997
https://doi.org/10.1021/bm400616y
https://doi.org/10.1039/C5CC01738F
https://doi.org/10.1039/C5CC01738F
https://doi.org/10.1073/pnas.0605201103
https://doi.org/10.1073/pnas.0605201103
https://doi.org/10.1088/0953-8984/20/49/494201
https://doi.org/10.1088/0953-8984/20/49/494201
https://doi.org/10.1021/acsnano.2c07084
https://doi.org/10.1021/acsnano.2c07084
https://doi.org/10.1002/adfm.202204372
https://doi.org/10.1039/C8TA11051D
https://doi.org/10.1039/C8TA11051D
https://doi.org/10.1016/j.cej.2020.128120
https://doi.org/10.1038/s41467-019-09398-1
https://doi.org/10.1038/s41467-019-09398-1
https://doi.org/10.1021/acsmaterialslett.0c00422
https://doi.org/10.1021/acsmaterialslett.0c00422
https://doi.org/10.1016/j.diamond.2022.109587

Nano-Micro Lett.

(2024) 16:94

Page 170f 17 94

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

S. Barwich, M.E. Mobius, The elastic response of graphene
oxide gels as a crumpling phenomenon. Soft Matter 18, 8223—
8228 (2022). https://doi.org/10.1039/d2sm00918h

D. Zhao, R. Zhao, S. Dong, X. Miao, Z. Zhang et al., Alkali-
induced 3D crinkled porous Ti;C, MXene architectures cou-
pled with NiCoP bimetallic phosphide nanoparticles as anodes
for high-performance sodium-ion batteries. Energy Environ.
Sci. 12, 2422-2432 (2019). https://doi.org/10.1039/CO9EEQ
0308H

H. Chen, Y. Wen, Y. Qi, Q. Zhao, L. Qu et al., Pristine titanium
carbide MXene films with environmentally stable conductiv-
ity and superior mechanical strength. Adv. Funct. Mater. 30,
1906996 (2020). https://doi.org/10.1002/adfm.201906996

W. Xing, C. Liu, Z. Zhou, L. Zhang, J. Zhou et al., Superior
CO, uptake of N-doped activated carbon through hydrogen-
bonding interaction. Energy Environ. Sci. 5, 7323-7327
(2012). https://doi.org/10.1039/C2EE21653A

H. Hong, H.Y. Kim, W.I. Cho, H.C. Song, H.C. Ham et al.,
Surface-functionalized three-dimensional MXene supports to
boost the hydrogen evolution activity of Pt catalysts in alkaline
media. J. Mater. Chem. A 11, 5328-5336 (2023). https://doi.
org/10.1039/D2TA08852E

D. Zhang, J. Liu, Q. Chen, W. Jiang, Y. Wang et al., A sand-
castle worm-inspired strategy to functionalize wet hydrogels.
Nat. Commun. 12, 6331 (2021). https://doi.org/10.1038/
s41467-021-26659-0

Z.Zhang, C. Qin, H. Feng, Y. Xiang, B. Yu et al., Design of
large-span stick-slip freely switchable hydrogels via dynamic
multiscale contact synergy. Nat. Commun. 13, 6964 (2022).
https://doi.org/10.1038/s41467-022-34816-2

R. Xu, M. Hua, S. Wu, S. Ma, Y. Zhang et al., Continuously
growing multi-layered hydrogel structures with seamless inter-
locked interface. Matter 5, 634—653 (2022). https://doi.org/10.
1016/j.matt.2021.11.018

W. Guo, J. Yin, H. Qiu, Y. Guo, H. Wu et al., Friction of
low-dimensional nanomaterial systems. Friction 2, 209-225
(2014). https://doi.org/10.1007/s40544-014-0064-0

Z. Xue, X. Li, X. Chen, C. Huang, H. Ye et al., Mechanical
and tribological performances enhanced by self-assembled
structures. Adv. Mater. 32, €2002004 (2020). https://doi.org/
10.1002/adma.202002004

J. Guo, C. Zeng, P. Wu, G. Liu, F. Zhou et al., Surface-func-
tionalized Ti;C,T, MXene as a kind of efficient lubricating
additive for supramolecular gel. ACS Appl. Mater. Interfaces
14, 52566-52573 (2022). https://doi.org/10.1021/acsami.
2¢17729

J. Guo, P. Wu, C. Zeng, W. Wu, X. Zhao et al., Fluoropolymer
grafted Ti;C,T, MXene as an efficient lubricant additive for
fluorine-containing lubricating oil. Tribol. Int. 170, 107500
(2022). https://doi.org/10.1016/j.triboint.2022.107500

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

J. Guo, Z. Shang, Y. Sun, C. Li, J. Xia et al., Surface-modified
Ti;C,T, MXene as anti-wear and extreme pressure additive
for PFPE supramolecular gel. Tribol. Int. 186, 108611 (2023).
https://doi.org/10.1016/j.triboint.2023.108611

Y. Wu, Q. Wei, M. Cai, F. Zhou, Interfacial friction control.
Adv. Mater Interfaces 2, 1400392 (2015). https://doi.org/10.
1002/admi.201400392

L. Zhai, Stimuli-responsive polymer films. Chem. Soc. Rev.
42, 7148-7160 (2013). https://doi.org/10.1039/c3cs60023h

Y. Ru, R. Fang, Z. Gu, L. Jiang, M. Liu, Reversibly thermose-
creting organogels with switchable lubrication and anti-icing
performance. Angew. Chem. Int. Ed. 59, 11876-11880 (2020).
https://doi.org/10.1002/anie.202004122

X. Yang, C. Cheng, Y. Wang, L. Qiu, D. Li, Liquid-mediated
dense integration of graphene materials for compact capacitive
energy storage. Science 341, 534-537 (2013). https://doi.org/
10.1126/science.1239089

T.S. Mathis, N. Kurra, X. Wang, D. Pinto, P. Simon et al.,
Energy storage data reporting in perspective—guidelines for
interpreting the performance of electrochemical energy stor-
age systems. Adv. Energy Mater. 9, 1902007 (2019). https://
doi.org/10.1002/aenm.201902007

M. Hu, H. Zhang, T. Hu, B. Fan, X. Wang et al., Emerging 2D
MXenes for supercapacitors: status, challenges and prospects.
Chem. Soc. Rev. 49, 6666—6693 (2020). https://doi.org/10.
1039/d0cs00175a

T. Wang, H.C. Chen, F. Yu, X.S. Zhao, H. Wang, Boosting the
cycling stability of transition metal compounds-based super-
capacitors. Energy Storage Mater. 16, 545-573 (2019). https://
doi.org/10.1016/j.ensm.2018.09.007

T. Liu, Y. Li, Addressing the Achilles’ heel of pseudocapaci-
tive materials: long-term stability. InfoMat 2, 807-842 (2020).
https://doi.org/10.1002/inf2.12105

H. Li, J. Liang, Recent development of printed micro-super-
capacitors: printable materials, printing technologies, and per-
spectives. Adv. Mater. 32, e1805864 (2020). https://doi.org/
10.1002/adma.201805864

A. Shahsafi, P. Roney, Y. Zhou, Z. Zhang, Y. Xiao et al.,
Temperature-independent thermal radiation. Proc. Natl. Acad.
Sci. U.S.A. 116, 26402-26406 (2019). https://doi.org/10.1073/
pnas.1911244116

K. Li, T.-H. Chang, Z. Li, H. Yang, F. Fu et al., Biomimetic
MXene textures with enhanced light-to-heat conversion for
solar steam generation and wearable thermal management.
Adv. Energy Mater. 9, 1901687 (2019). https://doi.org/10.
1002/aenm.201901687

R. Hu, W. Xi, Y. Liu, K. Tang, J. Song et al., Thermal cam-
ouflaging metamaterials. Mater. Today 45, 120-141 (2021).
https://doi.org/10.1016/j.mattod.2020.11.013

@ Springer


https://doi.org/10.1039/d2sm00918h
https://doi.org/10.1039/C9EE00308H
https://doi.org/10.1039/C9EE00308H
https://doi.org/10.1002/adfm.201906996
https://doi.org/10.1039/C2EE21653A
https://doi.org/10.1039/D2TA08852E
https://doi.org/10.1039/D2TA08852E
https://doi.org/10.1038/s41467-021-26659-0
https://doi.org/10.1038/s41467-021-26659-0
https://doi.org/10.1038/s41467-022-34816-2
https://doi.org/10.1016/j.matt.2021.11.018
https://doi.org/10.1016/j.matt.2021.11.018
https://doi.org/10.1007/s40544-014-0064-0
https://doi.org/10.1002/adma.202002004
https://doi.org/10.1002/adma.202002004
https://doi.org/10.1021/acsami.2c17729
https://doi.org/10.1021/acsami.2c17729
https://doi.org/10.1016/j.triboint.2022.107500
https://doi.org/10.1016/j.triboint.2023.108611
https://doi.org/10.1002/admi.201400392
https://doi.org/10.1002/admi.201400392
https://doi.org/10.1039/c3cs60023h
https://doi.org/10.1002/anie.202004122
https://doi.org/10.1126/science.1239089
https://doi.org/10.1126/science.1239089
https://doi.org/10.1002/aenm.201902007
https://doi.org/10.1002/aenm.201902007
https://doi.org/10.1039/d0cs00175a
https://doi.org/10.1039/d0cs00175a
https://doi.org/10.1016/j.ensm.2018.09.007
https://doi.org/10.1016/j.ensm.2018.09.007
https://doi.org/10.1002/inf2.12105
https://doi.org/10.1002/adma.201805864
https://doi.org/10.1002/adma.201805864
https://doi.org/10.1073/pnas.1911244116
https://doi.org/10.1073/pnas.1911244116
https://doi.org/10.1002/aenm.201901687
https://doi.org/10.1002/aenm.201901687
https://doi.org/10.1016/j.mattod.2020.11.013

	Versatile MXene Gels Assisted by Brief and Low-Strength Centrifugation
	 Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Preparation of MXene Dispersions
	2.3 Preparation of MXene Gels
	2.4 Characterization
	2.5 Tribological Tests
	2.6 Electrochemical Measurements
	2.7 Ink Printing and Anti-counterfeiting Tests

	3 Results and Discussion
	3.1 Preparation and Characterization of the MXene Gel
	3.2 Tribological Property of the MXene Gel
	3.3 Electrochemical Performance of the MXene Gel
	3.4 Ink Printing and Anti-Counterfeiting Applications

	4 Conclusions
	Acknowledgements 
	References


