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Multitasking MXene Inks Enable High-Performance
Printable Microelectrochemical Energy Storage Devices
for All-Flexible Self-Powered Integrated Systems

Shuanghao Zheng, Hui Wang, Pratteek Das, Ying Zhang, Yuexian Cao, Jiaxin Ma,
Shengzhong (Frank) Liu,* and Zhong-Shuai Wu*

The future of mankind holds great promise for things like the Internet

of Things, personal health monitoring systems, and smatrt cities. To

achieve this ambitious goal, it is imperative for electronics to be wearable,
environmentally sustainable, and safe. However, large-scale manufacture
of self-sufficient electronic systems by exploiting multifunctional materials
still faces significant hurdles. Herein, multitasking aqueous printable
MXene inks are reported as an additive-free high-capacitance electrode,
sensitive pressure-sensing material, highly conducting current collector,
metal-free interconnector, and conductive binder. By directly screen printing
MXene inks, MXene-based micro-supercapacitors (MSCs) and lithium-ion
microbatteries (LIMBs) are delicately fabricated on various substrates. The
as-prepared MSCs exhibit ultrahigh areal capacitance of 1.1 F cm=2 and the
serially connected MSCs offer a record voltage of 60 V. The quasi-solid-state
LIMBs deliver a robust areal energy density of 154 pWh cm~2. Furthermore,
an all-flexible self-powered integrated system on a single substrate based on
the multitasking MXene inks is demonstrated through seamless integration
of a tandem solar cell, the LIMB, and an MXene hydrogel pressure sensor.
Notably, this integrated system is exceptionally sensitive to body movements
with a fast response time of 35 ms. Therefore, this multipurpose MXene ink

opens a new avenue for powering future smart appliances.

The growing trends in electronic devices like the Internet of
Things, artificial intelligence, and healthcare monitoring have
further stimulated the pursuit of miniaturized flexible elec-
tronics with sensitive functions, durability, extended lifetime,
and great compatibility.'®l The full integration of miniaturized
energy harvesters (e.g., solar cells, nanogenerators, thermo-

electric devices), energy storage (e.g.,
supercapacitors and batteries), and energy
consuming devices (e.g., sensors) into a
self-powered integrated microsystem on
a single substrate is widely considered
a feasible route to fulfill the aforemen-
tioned requirements.’¥l Such systems
can convert light, vibration, or heat from
the ambient environment into electrical
energy that is instantly stored in the
internal power source to be utilized any-
time and anywhere." For instance,
graphene-based micro-supercapacitors
(MSCs) can store electrical energy con-
verted from sunlight by a solar cell and
then power light-emitting diodes;® and
polymer-based MSCs charged by a nano-
generator can stably drive pressure and
gas sensors./l However, most of such
integrated systems have been constructed
by employing cumbersome fabrication
methods (e.g., photolithography, laser
cutting, evaporation, electrodeposition)
while employing primitive assembling
technologies are unable to guarantee good
compatibility."®2%  Printing techniques,
such as screen printing, inkjet printing, and 3D printing, with
beneficial features such as full additiveness, cost-effectiveness,
high throughput, and environmental friendliness, have exhib-
ited great potential for integrated circuits and targeted func-
tional devices, such as for energy storage, gas detection, and
health monitoring.%¥l Among the printing techniques, screen
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printing enables scaling with high throughput, as the roll-to-
roll mode can be adopted, but the greater challenge lies in fab-
ricating the multitasking ink.

MXenes, an emerging class of transition metal carbides,
nitrides, and carbonitrides, have the general formula M, X, T,
(n =1, 2, or 3), where M represents the transition metal, X
denotes carbon or nitrogen, and T is the multiple termina-
tions (e.g., —F, —OH, —0).*2% In particular, Ti;C,T,, the
most widely studied MXene, has unique electrochemical, elec-
trical, optical, and mechanical properties that endow it with
great promise for use in applications like energy conversion,
electronics, transparent films, electromagnetic interference
shielding, and sensors.?#28] Of particular interest to us, is its
large energy storage capacity, metallic conductivity, and solu-
tion-processability that help in the creation of various printable
microelectronic devices.[?*-3! Using screen-printed MXene inks
as active materials, MSCs have been exploited.3?34 However,
substantial additives or unexfoliated MXene sediment existed in
the inks, leading to unsatisfactory electrical conductivity of the
printed electrodes and low areal capacitance (<300 mF cm™).
Moreover, MXene inks for full batteries with high voltage and
improved performance have not yet been achieved. Mean-
while, the abundant functional surface terminations and excel-
lent mechanical properties allow MXene to form a hierarchi-
cally viscoelastic skeleton with great exposure of sensing sites,
endowing it with high sensitivity to pressure, resistance, gas
pollutants, and chemical agents.[?#3>-%] Fully considering these
intriguing multiple functions of MXene, it is feasible to inte-
grate a multitasking MXene into one monolithic module with
preferable compatibility.

Herein, we report aqueous printable multitasking MXene
inks applied as a highly capacitive electrode, a sensitive
sensing material, a metal-free current collector, a conductive
interconnector, and adhesive additives on a single substrate.
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Benefiting from the outstanding rheology of MXene capaci-
tive inks and MXene-based battery-type inks, MXene-based
MSCs (MX-MSCs) and lithium-ion microbatteries (MX-LIMBs)
are constructed via screen printing in a versatile and scal-
able manner on various substrates, including A4 paper, wood,
fabric, SiO,-coated stainless steel, etc. Notably, the MX-MSCs
delivered ultrahigh areal capacitance of 1.1 F cm™ and energy
density of 13.8 uWh cm™2, both of which are much higher than
most reported MX-MSCs. Impressively, a highly integrated
MSCs pack consisting of 100 serially-connected MX-MSCs
output a high voltage of 60 V, the highest value for MX-MSCs
so far. Furthermore, the quasi-solid-state MX-LIMBs, composed
of only active materials and MXene, presented an increased
areal energy density of 154 uWh cm™2. Taking full advantage
of multitasking MXene inks, an all-flexible MXene-based self-
powered integrated system, composed of a tandem thin-film
silicon solar cell (Si-SC), a MX-LIMB, and a MXene hydrogel
pressure sensor on a flexible co-planar substrate is demon-
strated that sensitively monitors the bending of body parts with
a fast response of 35 ms.

The procedures for screen-printing aqueous MXene-based
inks for the stepwise fabrication of MX-MSCs, MX-LIMBs, and
the all-flexible MXene-based self-powered integrated system
are schematically presented in Figure 1. Pure aqueous MXene
ink was directly printed on the substrate through the screen
mesh with specific patterns (e.g., interdigitated shape) to fab-
ricate MX-MSCs (Figure 1a). The well-designed screen-printing
process allows precise deposition of ink at high throughput.
For the construction of MX-LIMBs, aqueous MXene-based
lithium titanate (LTO) and lithium iron phosphate (LFP)
inks were printed step-by-step on each side of the aforemen-
tioned MXene-based current collectors (Figure 1b). As a proof-
of-concept for multitasking MXene inks in electronics, the
self-powered integrated system was achieved by first depositing

MX-LIMBs

MXene
sensor

MX-LIMBs

All-flexible self-powered system

Figure 1. Schematic of the fabrication of printable MX-MSCs, MX-LIMBs, and all-flexible self-powered integrated system. a) Schematic illustration of
MX-MSCs from direct screen printing of aqueous MXene ink. b) Schematic fabrication of MX-LIMBs from stepwise screen printing of aqueous MXene-
based LTO and LFP inks. c) Schematic construction of the self-powered sensor system by step-by-step screen printing of MX-LIMBs and an MXene
hydrogel sensor with the PECVD grown Si-SC on the same side of one flexible substrate.
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a tandem Si-SC on a flexible stainless-steel substrate via plasma
enhanced chemical vapor deposition (PECVD). It should be
emphasized that, to electrically isolate the solar cell from the
other components, the substrate was coated with an insulating
SiO, layer. On this layer, MXene-based current collectors and
interconnectors were printed for the subsequent precise depo-
sition of the MX-LIMBs and MXene hydrogel pressure sensor
in their respective places to complete the fabrication process
(Figure 1c). It is noted that this is the first prototype demonstra-
tion of such an all-flexible, self-powered, integrated system with
a co-planar geometry constructed on a single substrate.

To examine the suitability for screen printing, two kinds of
MXene inks with different concentrations were synthesized
from the selective etching of Ti;AlC, in a mixture of LiF/HCI
(Figure 2a,b). The MXene nanosheets in the aqueous inks
exhibited a 2D delaminated structure (Figure 2c), large inter-
layer spacing of 1.2 nm (Figure Sla, Supporting Information),
lateral size of up to 10 um (Figure S1b, Supporting Informa-
tion), and ultrathin thickness of 2.1 nm with most nanosheets
being less than three layers (Figure S2, Supporting Informa-

www.advmat.de

tion). One of the inks was the highly concentrated MXene ink
(denoted as H-MXene ink, Figure 2a) with the mass ratio of =10
wt% (=100 mg mL~, =3.4 vol%), while the other was the less-
concentrated MXene ink (L-MXene ink, Figure 2b) with a con-
centration of =2 wt% (=20 mg mL™, =0.7 vol%). During tube
inversion tests, the H-MXene ink displayed obviously higher
viscosity than the L-MXene ink making it the prime candi-
date for the subsequent printing process. To confirm this, the
rheological properties of the H-MXene and L-MXene inks were
measured. Importantly, both of them presented a typical shear-
thinning behavior with increasing shear rate (Figure 2d), indi-
cating the behavior of non-Newtonian fluids. This rheological
behavior essentially enables the continuous extrusion of the
MXene ink during the screen-printing process. Remarkably,
the H-MXene ink at the shear rate of 0.05 s™ delivered a much
higher apparent viscosity of 3548 Pa-s than the L-MXene ink
(26 Pa-s), suggestive of the better extrusion of the H-MXene
ink. By utilizing alternating low (0.1 s™) and high (100 s7!) shear
rates, a sudden reduction of apparent viscosity was found at the
high shear rate, and an instantaneous recovery was discovered

a

A4 paper

l

H-MXene ink

-Eé-é'

MSCs on various substrates

L-MXene ink

Shear rate (1/s)

d 10¢ o € 1051 f 5
. = H-MXene ink ®  H-MXene ink 107y
103 .. v L-MXene ink 1 v L-MXene ink eeesc -}
., - 10° 185 p'l"?u".”’
5 s 5 [ ] < -
10 . -._. é o= u n é1031 o @ »
3 vvv . 2 5 H-MXene ink
10 vy ", £10°1 B { 2o
L g vy AAAAAAAAAAALL i T i
10° v, .-'l. 2 14 L T— 10! v i SO o
vy - 10° = o1 ,
- vv" 1 .‘,XVV
Vv,v 1 LYVVVVVVN “a
10? R U 10! -+ ; ;
102 100 10° 10 10 10° 0 20 40 60 80 100 120 10° 10! 10 10°

Time (s) Shear stress (Pa)

L
‘\% nordere
&

MXene ink G

Ordered

Figure 2. Properties and characterization of aqueous MXene inks. a) Optical images of aqueous H-MXene ink in the normal and inverted states (left)
and the fabricated MX-MSCs on various substrates (right). b) Optical images of L-MXene ink in the normal and inverted states (left), the prepared
MX-MSCs on PET substrate and the used screen mesh after screen printing (right). c) Transmission electron microscopy and selected-area electron
diffraction images of MXene nanosheets. d) Apparent viscosity of H-MXene and L-MXene inks versus shear rate. ) Viscosity evolution of H-MXene
and L-MXene inks as a function of the alternating low (0.1s™") and high (100 s™) shear rates. f) Storage modulus and loss modulus of H-MXene and
L-MXene inks versus shear stress. g) Photographs of various screen-printed MXene patterns, including the “DICP” logo, the earth and MX-MSCs with
different shapes. h) Top-view and i) cross-sectional SEM images of the screen-printed MXene films. j) Schematic illustration of the orderly aligned
MXene nanosheets after the shear interaction.
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when the shear rate recovered (Figure 2e). Such highly elastic
rheological property of MXene inks is essential to maintain
the architectures of the printed patterns and prevent them
from short-circuiting. The viscosity of L-MXene ink increased
over time at low shear rate, indicative of the unstable structure
and liquid-like fluidity. Furthermore, the H-MXene ink exhib-
ited both a high storage modulus (G’) and a high loss modulus
(G”) with a solid-like behavior until the shear stress reached the
yield stress of =200 Pa (Figure 2f). When the stress surpassed
the yield point, the G and G” of the H-MXene ink declined
abruptly, indicating its liquid-like behavior in the high shear
stress region. The high yield stress of the H-MXene ink was
favorable for the continuous extrusion and immediate solidifi-
cation of the printed MXene.

As expected, the H-MXene ink could be smoothly extruded
from the screen mesh onto various substrates (right of
Figure 2a and Figure S3, Supporting Information), such as A4
paper, polyethylene terephthalate (PET), SiO,-coated stainless
steel, rubber, glass, wood, and non-woven fabric. Unsurpris-
ingly, the printed shapes of the L-MXene ink were ambiguous
and short-circuited, and even the screen mesh was blocked
by the printed L-MXene ink (right of Figure 2b and Figure
S4, Supporting Information). This happened due to the low
elastic modulus and small yield stress (3 Pa, Figure 2f), likely
resulting from excessive water solvent. The printed MXene
films adapted remarkably to flexible and stretchable substrates
(Figures S5 and S6, Supporting Information). The H-MXene
ink showed a low zeta potential of —43.8 mV (Figure S7, Sup-
porting Information), which was primarily responsible for the
stability and homogeneity of this ink. Therefore, an additive-
free aqueous MXene ink for screen printing was achieved.
Because of factors like suitable viscosity, high elasticity, and
robust viscosity recovery, aqueous MXene ink could be directly
and precisely printed on the A4 paper with both simple and
intricate patterns (Figure 2g), for example, “DICP” logo, the
earth and other shapes, demonstrative of shape diversity and
wide applicability. The designed configurations were able to
be precisely stacked by repeated printing. Scanning electron
microscopy (SEM) images of the printed MXene microelec-
trodes showed a flat, continuous and intact structure of MXene
nanosheets (Figure 2h), forming a highly conductive network
(=500 S cm™). Tt was observed that MXene nanosheets in the
microelectrodes were parallelly aligned (Figure 2i), resulting
from the shear flow interaction during the printing process
(Figure 2j). This orderly stacked lamellar architecture of MXene
microelectrodes is very beneficial to ion transfer along the
plane of the MXene nanosheet.333

To evaluate the electrochemical performance, the as-printed
MX-MSCs with the interdigitated pattern on A4 paper were
tested with H,SO,/polyvinyl alcohol (PVA) gel electrolyte. As
seen in Figure 3a, MX-MSCs showed typical quasi-rectan-
gular CV curves, indicative of outstanding capacitive behavior.
To increase the areal capacitance, MX-MSCs printed with
1, 5, and 10 printed layers were constructed and denoted as
MX-MSCs-1L, MX-MSCs-5L, and MX-MSCs-10L, respectively.
With increasing number of printed layers, the charge and
discharge time at 0.4 mA cm™ were extensively increased
(Figure 3D), suggesting enhanced capacitance. MX-MSCs-10L
(Figure 3c) with an electrode thickness of =20 pm displayed
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higher areal capacitance of 1108 mF ¢cm™ in comparison with
MX-MSCs-5L (615 mF cm™2) and MX-MSCs-1L (44 mF cm™).
The low areal capacitance and rate capability of MX-MSCs-
1L resulted from an incomplete electrically conductive net-
work of the discontinuous MXene film on the A4 paper with
rough surface (inset of Figure 3d), leading to the small slope
of the I-V curve (1.5 mA V7., Figure 3d), and high equiva-
lent series resistance (103 Q, Figure S8, Supporting Infor-
mation). These traits are inferior to those of MX-MSCs-5L
(18 mA V!, 15 Q) and MX-MSCs-10L (26 mA V-, 9 Q). It is
worth noting that the high areal capacitance (1108 mF cm™2)
outperforms all previously reported MSCs fabricated by
screen printing (Table S1, Supporting Information), and is
comparable to the 3D-printed MSCs with thick electrodes
of hundreds of micrometers (0.5-3 F cm™2)1403] or 3D thick
electrode structure (0.3-5 F cm™).#1 Moreover, this value
exceeds most reported MSCs (Figure 3e), such as graphene
with metal oxides or polymers (400-300 mF cm~2),[1648] MXene
hybrids (350-150 mF cm™),3*%30 and reduced graphene
oxide (50-1 mF cm™2),553 Notably, MX-MSCs-5L revealed
extraordinary cycling performance without capacitance fade
after 10 000 cycles (Figure 3f). Additionally, MX-MSCs with
different numbers of printed layers on varying substrates
delivered considerable areal capacitance (Figures S9-S14,
Supporting Information), for example, MX-MSCs-2L on glass
(188 mF cm™2), MX-MSCs-1L on PET (63 mF cm2), MX-MSCs-
3L on wood (363 mF cm™2), MX-MSCs-4L on non-woven fabric
(218 mF cm™2), MX-MSCs-1L on rubber (72 mF cm™2), and MX-
MSCs-2L on SiO,-coated stainless steel (220 mF cm2), demon-
strative of the wide applicability of this strategy. MX-MSCs on
A4 paper, wood, and SiO,-coated stainless steel delivered con-
siderably high normalized areal capacitance (Figure S15, Sup-
porting Information), which was primarily attributed to the
abundant capillary channels or preferable wettability of these
substrates. As a result, these substrates showed a higher mass
loading of MXene with 0.8 to 0.95 mg cm™ for each printing
(Figure S16, Supporting Information). In other words, flat
substrates with strong adsorption and wettability for printing
ink are beneficial to better loading of ink and electrode struc-
ture with superb accessibility to electrolyte ions, eventually
accounting for high electrochemical performance.

A Ragone plot was created to compare the MX-MSCs with
the state-of-the-art reported MSCs. As shown in Figure 3g,
MX-MSCs-10L presented a robust areal energy density of
13.8 uWh cm™2, which was higher than the reported values
(Tables S1 and S2, Supporting Information), for example,
of HF-etched MXene MSCs (0.67 uWh cm™2),>4 all-MXene
MSCs (143 uWh cm™),5% freeze- and thaw-assisted MXene
MSCs (1.18 puWh cm™),% and graphene/MXene MSCs
(0.85 uWh cm™).51 Moreover, MX-MSCs-10L offered a high
power density of 2.5 mW cm™ with a considerable energy
density of 6.4 uWh cm™. In addition, MX-MSCs on A4 paper
showed outstanding flexibility, as indicated by the overlapped
CV curves measured at various degrees of bending from the
flat state to 180° (Figure 3h), showing the great potential for
flexible and wearable microelectronics.

In order to meet the demand of microelectronic devices (e.g.,
microrobots, microsensors), integrated MSCs connected in
series and/or parallel are essential to output tailored voltage and
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Figure 3. Electrochemical performance of MX-MSCs printed on A4 paper. a) CV curves measured from 2 to 50 mV s~'. b) GCD profiles obtained at
0.4 mA cm™2 and c) areal capacitance of MX-MSCs-1L, MX-MSCs-5L, and MX-MSCs-10L. d) I~V curves of MXene film with 1, 5, and 10 printed layers. The
insets are SEM images of MXene film on A4 paper with a scale bar of 10 um. €) Comparison of areal capacitance of this work to those of other reported
MSCs. f) Cycling stability obtained at 3 mA cm™2. Inset is the last ten cycles of GCD profiles. g) Ragone plot of MX-MSCs compared with the reported
MSCs based on MXene and graphene. h) CV curves tested at various bending states at 100 mV s7. Inset is the bending state of 180°. i) Resistance of
the printed MXene film. j) Photographs of 100 tandem linear MX-MSCs in the flat and bent states. k) CV curves of 20, 60, and 100 tandem MX-MSCs.

current. It was revealed that the metal-free MXene connections
with low resistance (73 Q, Figure 3i) were comparable to the
commercial carbon-coated Al foil (1.3 Q, Figure S17, Supporting
Information). By combining the exceptional MXene ink, highly
conducting MXene and versatile printing process, integrated
MX-MSCs with aesthetic features could be readily realized in
only one step, such as the serially-connected MX-MSCs with
the geometries of linear shapes (Figure 3j), parallel strips (inset
of Figure S18a, Supporting Information), and interdigitated
patterns (inset of Figure S19a, Supporting Information). It is
of special note that the tandem MX-MSCs used only MXene
as highly capacitive microelectrodes and conducting connec-
tions free of additives, binders, metal current collectors, and
interconnects. The serially-connected MX-MSCs with parallel
strips and interdigitated pattern showed linearly enlarged
voltage and unchanged discharge time with increasing number
of individual cells (Figures S18 and S19, Supporting Informa-
tion), indicating the extraordinary performance uniformity.
Remarkably, 100 tandem MX-MSCs were rapidly fabricated in
one second. Such modular MX-MSCs pack output an ultrahigh
voltage of 60 V (Figure 3k), suggestive of the great opportunity
for modular integrated circuits.
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To demonstrate the multifunctionality of MXene as a ver-
satile platform for depositing active battery materials, aqueous
MXene-based LTO and LFP inks were further prepared by
uniformly hybridizing conducting MXene ink (30 wt%) with
LTO or LFP (70 wt%), respectively (Figure 4a). The resulting
MXene-based LTO and LFP inks exhibited a prominent shear-
thinning phenomenon, showing the viscosities of 3428 and
6923 Pa-s at 0.05 s7! (Figure 4b), respectively. For fabricating
MX-LIMBs (left of Figure 4a), a MXene-based current collector
was initially printed on A4 paper using aqueous MXene ink,
followed by accurate deposition of the patterned MXene-based
LTO anode and LFP cathode on each side of the MXene-based
current collectors. The printed MXene-based LTO and LFP
microelectrodes, with characteristic diffraction peaks of both
MXene and LTO or LFP (Figure 4c), revealed almost no sepa-
rated interface between the current collectors and the micro-
electrodes (Figure 4d-f). Moreover, these microelectrodes
exhibited a uniform structure (Figure 4e-h and Figure S20,
Supporting Information), in which LTO and LFP particles were
entirely embedded into the conducting MXene nanosheet skel-
eton, enabling rather low sheet resistances of 8 and 6 Q [
(Figure S21, Supporting Information), corresponding to

© 2021 Wiley-VCH GmbH
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Figure 4. Characterization of aqueous MXene-based LTO and LFP inks and electrochemical performance of MX-LIMBs. a) Optical images of MXene-
based LTO and LFP inks and the fabricated MX-LIMBs. b) Apparent viscosity of MXene-based LTO and LFP inks. c) XRD patterns of MXene-based LTO
and LFP microelectrodes. d) Schematic structure of the printed microelectrodes. e-h) Cross-sectional SEM images of the printed MXene-based LTO
(e,g) and LFP (f,h) microelectrodes. The scale bars in (e-h) are 1 um. i) GCD profiles measured at varying current densities, j) capacity retention under
repeated bending, and k) cycle performance of MX-LIMBs. |) Ragone plot of MX-LIMBs to compare with the previous MBs.

electrical conductivities of 42 and 55 S cm™, respectively. Note
that the whole printing process was free of the commonly used
binder polymers, conducting additives, and organic solvents,
indicating the environmentally friendly benefits of the entire
microbattery fabrication process. It is worth emphasizing that
this is the first time such aqueous battery-type MXene inks
have been achieved for LIMBs.

The fabricated MX-LIMBs operating in an ionogel electrolyte
(LiTFSI/P,TFSI/PVDF-HFP, made up of bis(trifluoromethane-
sulfonyl)imide lithium salt, 1-butyl-1-methylpyrrolidinium,
bis(trifluoromethyl-sulfonyl)imide, and  poly(vinylidene-
difluoride-co-hexafluoropropylene)), displayed a couple of
redox peaks at 2.0 and 17 V (Figure S22, Supporting Infor-
mation), revealing a battery-like feature. Furthermore, the
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MX-LIMBs, with a stable discharge plateau at 1.75 V, delivered
high areal discharge capacity of 88 uAh cm at a current den-
sity of 20 LA cm™2 (Figure 4d), and a better rate capability with
areal capacity of 46 HAh cm™ at 100 HA cm™2 was achieved
(Figure S23, Supporting Information). Notably, MX-LIMBs
presented excellent flexibility without capacity loss even after
repeated bending for 1000 cycles (Figure 4j), ascribed to the
highly flexible scaffold formed by the MXene. Moreover, the
MX-LIMBs delivered acceptable cyclability with a capacity
retention of 82% after 1000 cycles (Figure 4k). Remarkably, the
areal energy density of the MX-LIMBs reached 154 uWh cm™
(Figure 4l), which is one order of magnitude higher than that
of the MX-MSCs (13.8 uWh cm™), and superior to those of
most reported MBs, such as Li//LiCoO, (113 uWh cm™),>8
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NiSn//Li,MnO, (65uWhem2),59Zn//MnO, (81.5 tWhcm ), 150
Zn//MnO,-polypyrrole (PPy) (66 uWh cm™2),l°0 and Li//LiFeO,
(70 uWh cm™2).[62]

To demonstrate the unprecedented potential role of multi-
tasking MXene in smart devices, an all-flexible self-powered
integrated system of MX-LIMBs (or MX-MSCs) and a MXene
hydrogel sensor was fabricated through a continuous screen
printing process to seamlessly couple with a tandem Si-SC
on the flexible stainless steel substrate (thickness of 30 pm)
(Figures 5a,b and 1c; Figure S24, Supporting Information).
To construct the pressure sensor, PVA and MXene ink were
mixed with the crosslinking agent, borax, to form MXene-
based hydrogel as a pressure sensing material (Figure S25,
Supporting Information). By virtue of its sticky nature, the
MXene-based hydrogel adhered easily to both the MXene-based
current collector and the substrate. Impressively, the MX-MSCs

Tandem solar cell MX-LIMBs

www.advmat.de

as a microscale energy storage device could power the pressure
sensor (Figure S$26, Supporting Information), but they suffered
from a considerably fast self-discharge rate (1 h from 1.2 to
0.7 V) (Figure S27, Supporting Information). Although the self-
discharge rate of MXene-based supercapacitors was efficiently
reduced by chemically interface-tailored regulation,®] further
improvement is still highly required. To extend the durability
of operation, new MX-LIMBs were constructed, presenting a
longer self-discharge time from 2.3 to 1.8 V over 9 h (Figure 5c).
Ultimately, the all-flexible self-powered integrated system con-
tained a tandem Si-SC as the energy harvester, MX-LIMBs for
energy storage, and a MXene hydrogel pressure sensor for
signal detection (Figure 5a,b), capable of operating indepen-
dently without any external charging circuit.

Notably, in this all-flexible self-powered integrated system,
MXene was fully utilized as the high-performance active material
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Figure 5. All-flexible MXene-based self-powered integrated system for pressure sensing. a) Schematic of the process for charging by the flexible tandem
Si-SC. b) Schematic of the process with the sensor powered by the MX-LIMB. c) Self-discharge profile of the MX-LIMB. d) -V curve of the flexible
tandem Si-SC on the stainless-steel substrate. e) Discharge curves of the MX-LIMB at different current densities after charging by the tandem Si-SC for
60 s. f-h) Current change of the MXene hydrogel sensor powered by the integrated MX-LIMBs in response to the bending of a finger (f), the bending
of an elbow (g), and pressing vertically (h).
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electrode, pressure-sensing material, current collector, metal-
free interconnects, and conductive binder, without the involve-
ment of the commonly used organic solvents and polymer
binders, demonstrative of the great potential of multitasking
MXene inks. Three tandem Si-SCs with the size of 8 cmx6 cm
exhibited a higher output voltage of 2.2 V (Figure 5d). Once
charged by the tandem Si-SCs for 60 s, the MX-LIMB was
capable of galvanostatically discharging for 390 and 180 s at
50 and 100 A cm™, respectively (Figure 5e). Meanwhile, the
MX-LIMB outputs a stable voltage for the efficient utilization of
the pressure sensor to monitor bodily motions via an electrome-
chanical response. Initially, the MXene-based hydrogel sensor
was attached to the outside of a finger joint. When the finger
was bent repeatedly, a clear and stable current waveform with
=12% variation of the initial current was generated (Figure 5f),
due to the tensile deformation of the MXene hydrogel. After-
ward, when the MXene hydrogel sensor was adhered to the
elbow, an anisotropic response (current increase and decrease)
was recorded (Figure 5g), ascribed to the compressive and
tensile strains during the deformation. Moreover, the MXene
hydrogel sensor could be employed as a pressure-sensing film
to quickly register the touch motion with an ultralow response
time of only 35 ms (Figure 5h and Figure S28, Supporting
Information), reflecting the remarkable sensitivity of this self-
powered integrated system. These exceptional results indicated
that the all-flexible MXene-based self-powered integrated system
could serve as a standalone working unit to achieve the pres-
sure-sensing function, demonstrating its tremendous opportu-
nities for use in future smart wearable systems.

In summary, we have demonstrated printable multitasking
MXene inks for highly compatible construction of MXene-
based microscale energy storage devices and an all-flexible self-
powered integrated system on a single flexible substrate. In this
system, MXene acts as a highly capacitive electrode, sensitive
sensing material, current collector, conducting interconnect,
and adhesive additive, justifying its role as a multifunctional
material. The developed aqueous additive-free MXene ink and
MXene-based battery-type inks allowed for fast and scalable fab-
rication of MX-MSCs and MX-LIMBs with customized shapes
on arbitrary insulating substrates. The as-prepared MX-MSCs
exhibited ultrahigh areal capacitance (1.1 F cm™2), outstanding
flexibility, and high voltage output in series (60 V) while the
MX-LIMBs offered exceptionally robust areal energy density
(154 uWh cm™). Moreover, the as-assembled self-powered
integrated system without the addition of an external power
source was capable of sensitively and repeatedly monitoring
deformation with a highly rapid response of only 35 ms. We
believe that through further exploitation of new MXene-based
materials with varying functional components, printable multi-
tasking MXene inks will open a new avenue for scalable fabri-
cation to realize the different yet highly integrated functions in
one single device or system with broad applications in energy
storage, optoelectronics, electronics, and sensing.

Experimental Section

Preparation of Aqueous MXene Ink: Ti;C,T, MXene was prepared by
selectively etching Ti;AlC, via LiF and HCL.E465 Typically, 2 g LiF (Kermel)
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was mixed with 9 m HCl (40 mL, Kermel), followed by slowly adding
1 g Ti;AIC, (<40 um, Y-Carbon, Ltd.). Then, the mixture was etched at
35 °C for 24 h with stirring. After etching, the mixture was centrifuged
(5000 rpm, 5 min) and washed four times with deionized water. Later,
20 mL water was added to the collected Ti;C,T, sediment and fast
vibration was carried out for 20 min. Afterward, the obtained Ti;C,T,
dispersion was centrifuged at 2000 rpm for 5 min to discard the non-
etched Ti3AlC, or unexfoliated Ti;C,T, and then subsequently centrifuged
at 5000 rpm for 5 min to collect the fully exfoliated Ti;C,T, MXene.
Finally, pure aqueous Ti;C,T, MXene ink with a desirable concentration,
for example, =100 mg mL™" for screen printing, was achieved.

Preparation of MXene-Based LTO and LFP Inks: 0.23 g LTO (from FDK) or
LTP (from BTR) powder was uniformly mixed with H-MXene ink (1 g) and a
little water (50 uL) using ball-milling method under an inner atmosphere, in
which the mass ratio of LTO or LTP and MXene was fixed at =7:3. To avoid
the oxidation of MXene, the freshly prepared aqueous MXene-based LTO or
LFP ink could be immediately printed through screen printing.

Fabrication of MX-MSCs: First, a screen mesh was fixed onto the printed
substrate. Second, aqueous MXene ink was loaded onto the screen
mesh and then swiftly screen printed onto the substrate. The screen
(100-300 mesh) was made of polyester fabrics and had a coating layer of
photosensitive adhesive (PLUS8000). The blade was made of polyurethane
rubber with shore hardness of 85. When the blade was applied to fabricate
the devices, the pressure of =0.4 MPa was used. After drying under
vacuum at room temperature for 24 h and coating with aqueous H,SO,/
PVA gel electrolyte and package, MX-MSCs were obtained. By repeated
screen printing, a new MXene layer was precisely stacked on the former
one after the former MXene layer was completely dried.

Fabrication of MX-LIMBs: MXene-based current collectors with two
stacked MXene layers were initially printed on the A4 paper substrate
using H-MXene ink. Then aqueous MXene-based LTO ink was
deposited on one side of the MXene-based current collectors through
the corresponding screen mesh to pattern the LTO anode for repeating
four times. Subsequently, aqueous MXene-based LFP ink was precisely
established on the other side of MXene-based current collectors to
form LFP cathode micropatterns for repeating four times. After drying
and coating with an ionogel electrolyte of LiTFSI-P,TFSI-PVDF-HFP,
the MX-LIMBs were achieved. The fabricated devices were carefully
packaged with PDMS tested in ambient condition. For the preparation
of the ionogel electrolyte, LiTFSI was initially added into Py, TFSI solvent
to obtain 1 m LiTFSI-Py,TFSI. Next, PVDF-HFP (0.2 g) was dissolved into
acetone under continuous stirring to form a transparent dispersion. Then,
LiTFSI-Py,TFSI solution (2.5 g) was uniformly mixed with the PVDF-HFP
dispersion under stirring. Finally, the ionogel electrolyte was prepared.

Fabrication of MXene-Based Sensor. 1 mL MXene ink (20 mg mL™)
was slowly mixed into 10 mL aqueous PVA (100 mg mL™', Mw = 67 000,
Aladdin) solution and the resulting mixture was continuously stirred for
1 h. Then the cross-linking agent borax (25 mg, Kermel) was added into
the above dispersion to form the MXene-based hydrogel as the pressure-
sensing material. Finally, the as-synthesized MXene-based hydrogel was
carefully coated onto the interdigitated MXene-based current collector to
obtain the MXene hydrogel sensor.

Assembly of the Self-Powered Integrated System: The all-flexible self-
powered integrated system was constructed by a combined PECVD and
screen printing process. A tandem Si-SC as the energy harvester was
initially formed on the flexible stainless steel substrate via PECVD, and
MX-LIMBs for energy storage and a MXene hydrogel pressure sensor for
energy utilization were developed via screen printing. For the preparation
of the tandem Si-SC, stainless steel with the thickness of 30 um was
uniformly coated with a silver layer (300 nm) by evaporation, followed
by the deposition of a ZnO layer (100 nm) by sputtering. Next, an
amorphous thin-film Si-SC with the size of 8 cm x 6 cm was constructed
with the structure of P-doped Si(n)/Si(i)/B-doped Si(p) on the above
modified substrate, followed by a repeat of the nip Si deposition to form
three tandem Si-SCs with a high voltage output. After indium tin oxide
was deposited on the top cell by E-beam evaporation and grids were
laminated onto the ITO for current conduction, the tandem Si-SC was
complete for integration with the MX-LIMB.

© 2021 Wiley-VCH GmbH
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With regard to the integrated MX-LIMBs and MXene hydrogel
pressure sensor, a thin SiO, insulating layer was uniformly deposited
onto the remaining unused space of the flexible stainless-steel
substrate for the construction of the MXene-based LIMBs and sensor
to avoid short circuits. Later, the patterned MXene-based current
collectors and interconnectors were built using aqueous MXene ink on
the SiO, insulating layer of the flexible stainless steel substrate. Then
aqueous MXene-based LTO ink was carefully printed on one side of the
MXene-based current collector to form the LTO anode microelectrode,
followed by the precise establishment of the MXene-based LFP cathode
microelectrode via aqueous MXene-based LFP ink, and ionogel
electrolyte was coated onto the LTO and LFP finger microelectrodes.
Afterward, MXene-based hydrogel was accurately overlaid on the
MXene-based current collector to establish the MXene-based sensor
for pressure detection. After the encapsulation of the flexible substrate
and prepared microdevices by a thin PDMS layer, the all-flexible MXene-
based self-powered integrated system with a co-planar geometry on a
single flexible substrate was completed.
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