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storage with MXene textile
supercapacitors for real world use†

Alex Inman, ‡a Tetiana Hryhorchuk, ‡a Lingyi Bi, ab Ruocun (John) Wang, a

Ben Greenspan,c Taylor Tabb, c Eric M. Gallo,c Armin VahidMohammadi,a

Genevieve Dion,b Andreea Danielescu *c and Yury Gogotsi *a

Successful implementation of wearable electronics requires practical wearable energy storage systems that

can meet certain power and energy metrics. However, flexible, stretchable, and truly textile-grade energy

storing platforms have so far remained missing from most e-textile systems due to the insufficient

performance metrics of current available materials and technologies. Two-dimensional (2D) transition

metal carbides and nitrides (MXenes) offer unique combinations of properties including metallic

conductivity, high specific capacitance, hydrophilicity, and solution processability, as well as mechanical

flexibility and robustness that render these materials promising for flexible wearable energy storage

technologies. Here we demonstrate textile-based electrochemical capacitor devices with a high areal

loading of Ti3C2Tx that can be integrated in series via a stacked design approach and meet the real-

world power requirements for wearable electronics. A demo textile supercapacitor with 5 cells in series,

a footprint area of 25 cm2 and an MXene loading of 24.2 mg cm−2 could operate in a 6 V voltage

window delivering an energy density of 0.401 mW h cm−2 at a power density of 0.248 mW cm−2, and an

areal capacitance of 146 mF cm−2 at a 0.16 mA cm−2 discharge current. The MXene textile

supercapacitor powers a temperature monitoring system requiring high current densities with wireless

data transmission to a receiver for 96 minutes. Power time is a crucial subject for integration of flexible

supercapacitors with commercial microelectronics and successful commercialization of smart garments.

This initial report of an MXene textile supercapacitor powering a practical peripheral electronics system

demonstrates the potential of this family of 2D materials to support a wide range of devices such as

motion trackers and biomedical monitors in a flexible textile form factor.
Introduction

Smart wearable electronics is a quickly developing area of
research.1–3 A subeld of these wearables, known as electronic
textiles or e-textiles, integrates conformable electronics with
traditional so goods.4–6 E-textiles have relevance across a range
of technologies like Internet of Things (IoT), extended reality7

and especially healthcare, where remote8 and in-person care9

can benet greatly from prolonged wireless monitoring using
so, human-friendly materials.
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MXene-based energy storage devices (Fig. 1a) allow for an
integrated sensing, processing and communication system
powered only by a small textile energy storage unit. Previous
studies10–17 focused primarily on material characterization and
were limited in their ability to power a real system consisting of
peripheral electronics hardware (Table S1†). Our work focuses
on developing a textile-based supercapacitor energy storage
device that can meet the real-world power requirements for
wearable electronics, enabled by a novel approach in cong-
uring and stacking Ti3C2Tx MXene electrodes on cotton
prepared through a drop casting method.

MXenes have a general formula of Mn+1XnTx (n = 1, 2, 3 or 4),
where M is an early transition metal, X is carbon or nitrogen,
and Tx stands for the surface terminations (e.g., OH, O or F).
MXenes can be synthesized from a variety of available layered
ceramic precursor materials, such as MAX phases,18 and pro-
cessed into aqueous dispersions, printing inks, coatings on
textile, and pure or composite bers.19,20 Ti3C2Tx MXene has
negatively charged –F, –O, and –OH terminated surfaces,
resulting in its highly negative zeta potential of below −30 mV
in water at neutral pH,21 resulting in stable water dispersion
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) MXene-based energy storage potential applications (b) requiredmetrics (properties) for integration of a textile supercapacitor, focusing
on flexible energy storage and its integration with peripheral electronics, where a Ti3C2TxMXene textile supercapacitor with a 5× 5 cm2 footprint
powers programmable electronics.
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without the need for additives or surfactants.22 These stable
dispersions can be applied via dip coating,23 spray coating24 and
drop casting25 or other techniques to bers, yarns and fabrics.
Ti3C2Tx is the most studied MXene composition with estab-
lished and scalable synthesis methods,20 a high electronic
conductivity (∼20 000 S cm−2)26 and specic capacitances
reaching beyond 400 F g−1 (operating at charging rates of up to
100 V s−1).27 These properties make Ti3C2Tx a promising elec-
trode candidate for fabrication of textile supercapacitors.
Moreover, its solution processability makes Ti3C2Tx compatible
with various existing textile-processing techniques in the
industry. Previous studies have integrated Ti3C2Tx into bers
and textiles through dip coating,23 thermal inkjet printing,22 wet
spinning,28 and electrospinning.29 Some studies reported suffi-
cient mechanical strength to withstand industrial knitting.30

However, demonstrated applications only include simple
devices such as a wearable wrist band28 or lighting up LEDs.22

Despite these considerable efforts in fabrication of MXene
bers and textiles and development of wearable supercapacitors
based on them (Table S1†), the majority of the reported data
show relatively low energy values, making them impractical for
real-world use.

Herein, we use aqueous Ti3C2Tx paints and woven hydro-
phobic textiles to fabricate supercapacitors for powering real
world electronics (Fig. 2). We evaluated two coating approaches:
dip coating and drop casting – to nd the more efficient way for
fabric coating and device fabrication. Moreover, we demon-
strate a device prepared by stacking 5 cells in series that can
operate in a 6 V voltage window with an energy density of 0.401
mW h cm−2, at a power density of 0.248 mW cm−2 and which is
capable of powering a wireless programmable sensor system.

A key consideration in designing textile-based supercapacitors
is tomaximize the energy storage capability perminimal garment
area. This consideration minimizes device footprint and mass of
the MXene active material, therefore reducing overall cost, and
increases device design exibility and wearability of the e-
garment. To achieve this, we manufactured textile super-
capacitors by drop-casting Ti3C2Tx dispersed in water onto cotton
fabric and assembling the MXene-inltrated fabric in a stacked
This journal is © The Royal Society of Chemistry 2023
conguration. We optimized charge/discharge protocols and, as
a proof-of-concept, powered peripheral electronic hardware
consisting of a modied Arduino Pro Mini, a 2.4 GHz transceiver
and a temperature sensor, solely using the fabricated MXene
textile supercapacitor. Our demo MXene-based device proves
successful prolonged powering of an integrated sensor-processor
system, without ultra-low power optimization typical of
commercial wearables. In particular, the system demonstrates
the ability of an MXene supercapacitor to handle rapidly
switching loads, typical of wearable applications where energy
saving techniques frequently use standby methods to limit
consumption between active periods.

One of the approaches to maximize the performance of the
device was using LiCl/PVA gel electrolyte which signicantly
increases the voltage window while providing a less aggressive
environment in opposite to conventional acidic electrolytes
such as H2SO4,25,27 H3PO4,30 etc. which in opposite to LiCl/PVA
are known to provide higher capacitance but a lower voltage
when used when coupled with active MXene material. It is also
worth noting that acidic electrolytes are less desired for textile
devices, as they are more likely to corrode wiring or cause skin
irritation if the sealing is damaged during use.

Experimental

More detailed experimental protocols are available within the
ESI.†

MAX and Ti3C2Tx MXene synthesis

The Al-Ti3AlC2 MAX powder (MAX phase high stoichiometry
ratio of Ti : C) was produced through the high-aluminum
content protocol as developed by Mathis et al.26 For Ti3C2Tx

MXene synthesis, the mixed HF/HCl acid etching solution
protocol was applied.31–33

Ti3C2Tx MXene ake size selection

It was shown previously34 that the size distribution of MXene
affects its electrochemical performance. A Ti3C2Tx MXene
J. Mater. Chem. A, 2023, 11, 3514–3523 | 3515
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Fig. 2 Ti3C2Tx coating of (a) yarns and (b) fabrics. (c) Mass loading of Ti3C2Tx in dips of approximately 390 nm, 15 mg mL−1 aqueous Ti3C2Tx
solution for yarn coating and (d) mass loading of Ti3C2Tx in drop casting cycles of approximately 530 nm, 14 mg mL−1 aqueous Ti3C2Tx solution
for fabric coating.
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dispersion in DI water was probe sonicated using a sonic dis-
membrator, Fisherbrand Model 503, applying an ‘on’ pulse
time of 8 s, ‘off’ pulse time of 2 s; vibration amplitude 20%. The
dispersion concentrations and ake sizes were of comparable
Fig. 3 (a) Schematic and image of a 6 V ‘stacked’ supercapacitor, packag
and total capacitance per device vs. supercapacitor geometry config
interdigitated 1, ‘I.2’ interdigitated 2 and ‘2.Electrodes’. The ‘stacked’ con
capacitance values) and from the device design standpoint (capacitance p
easy to bend.

3516 | J. Mater. Chem. A, 2023, 11, 3514–3523
values: approximately 15 mg mL−1 and approximately 390 nm
for yarn dip coating; approximately 14.0 mg mL−1 and approx-
imately 530 nm for fabric drop casting (Fig. S1†).
ed in a vacuum sealed bag. (b) Comparing the gravimetric capacitance
urations. The geometry configurations are as follows: ‘Stacked’, ‘I.1’
figuration is most efficient from the material's standpoint (gravimetric
er device values). (c) Additionally, a ‘stacked’ supercapacitor is thin and

This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d2ta08995e


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
i 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

5/
10

/2
02

4 
07

:2
4:

49
. 

View Article Online
Gel electrolyte preparation

20.4 g anhydrous LiCl (lithium chloride, anhydrous, 99%, −20
mesh, purchased from Alfa Aesar) was mixed manually with
60 mL DI water, and thereaer mixed with 6 g of PVA powder
(poly(vinyl alcohol) Mw 85 000–124,000, 99+% hydrolyzed linear
formula: [–CH2CHOH–]n, purchased from Sigma-Aldrich) at 80 °
C and 400 rpm for 6 h.

Supercapacitor device fabrication

Electrode preparation is described in detail within the ESI.† The
assembly of the device was carried out as follows. The bottom
electrode was placed underneath a at surface. Electrolyte was
added on top of the electrode to cover the footprint area. A
porous cotton separator was placed on top to prevent the elec-
trode from shorting while allowing ions in the electrolyte to
pass freely from one electrode to the other. Next, a portion of the
Fig. 4 (a) Different charging protocols for a textile-based supercapacito
device with alternating currents for (c) standby and power mode charged
mA and (e) 2.0 mA. Galvanostatic cycling with potential limitation aka co
areas at (f) 1.0 mA, (g) 5 mA and (h) 10 mA.

This journal is © The Royal Society of Chemistry 2023
electrolyte was added on top of the cotton separator. In such
a manner, cotton, acting as a porous separator, was soaked with
LiCl/PVA gel electrolyte. Since the electrolyte was added on both
the top and bottom of the cotton separator there was approxi-
mately 20 mL of electrolyte soaked per each square centimeter of
porous cotton separator lying within the footprint area of the
device. It is important to control the amount of electrolyte
measured by the micropipette (Fisherbrand™ Elite™
Adjustable-Volume Pipette) in order to prevent the leakage of
electrolyte which will cause electrical shortage. The rst bended
electrode pair was placed on top of the electrolyte layer. The next
layer of electrolyte was added on the top electrode located from
the opposite side of the Kapton (polyimide) insulator layer, and
a cotton separator was placed thereaer until ve pairs of
electrodes were stacked in series. At the end, the stacked
conguration was obtained with ten electrodes forming ve
r and (b) the resulting discharge profiles. The discharge profile of the
with LSV for 30 minutes, and analysis of single power cycles of (d) 0.5

nstant current (CC) analysis of sandwich design 6 V cells with different

J. Mater. Chem. A, 2023, 11, 3514–3523 | 3517
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cells connected in series. The topmost and bottommost elec-
trodes were attached to copper tabs and the whole device was
vacuum sealed. The same procedure (described above) was used
for preparation of all devices. There were four devices prepared
with footprint areas of 4 cm2, 9 cm2, 16 cm2 and 25 cm2 (MXene
loading was as follows: 3.9 mg cm−2, 3.5 mg cm−2, 2.8 mg cm−2,
and 5.3 mg cm−2 respectively (Tables S2 and S3†)). The volume
of LiCl gel electrolyte per device was 0.4 mL, 0.9 mL, 1.6 mL and
2.5 mL, respectively. Each device contained 10 electrodes
stacked on top of each other in a ve cell series conguration.
Additionally, at device congurations with multiple electrodes
were explored (Fig. S2†). However, the stacked conguration
showed more promise from an application standpoint (Fig.
S3†).
Electrochemical characterization

The charging methods shown in Fig. 4a are denoted as follows:
CV (constant voltage), 10% CC (constant current), 30% CC, 50%
CC, 100% CC and LSV (linear sweep voltammetry). In the CV
charging tests, the sample was immediately brought to 6 V. The
percentage CC tests are the percentage of time the device spent
charging at CC to reach 6 V, and the remainder of the time was
under CV conditions at 6 V. To calculate the current necessary to
reach 6 V in the allotted time, a calibration curve was generated,
and the sample was charged with the calculated currents (Fig.
S4†). LSV ramped the voltage up linearly from 0 V to 6 V over
27.5 min.
Results and discussion

In the fabricated textile devices, binder-free and additive-free
Ti3C2Tx MXene acts as the active material in both the positive
and negative electrodes. MXene electrodes do not require metal
current collectors. Hydrophobic woven cotton textile is used as
the substrate and separator (Fig. S5†), and LiCl/PVA gel is used
as the electrolyte. For the device design, we integrated cells in
series via a stacked architecture. This allows us to accommodate
the voltage requirements for peripheral hardware. The device
voltage linearly increases (based on eqn (1)) by increasing the
number of cell stacks within the device in a serial architecture
while the overall specic capacitance decreases according to
eqn (2). However, since stored energy is proportional to the
square of the operating voltage (eqn (3)), such an architecture
results in an overall increase in the energy density of the device.

Vseries ¼
X

i

Vi (1)

1

Cseries

¼ 1

C1

þ 1

C2

þ.
1

Cn

(2)

E ¼ 1

2
CseriesVseries

2 (3)

Our nal device combined ve cells in series to achieve
a voltage window of 6 V, and an electrode area of 25 cm2. To
limit the space taken up by the device on the garment for
3518 | J. Mater. Chem. A, 2023, 11, 3514–3523
practical use, the cells were stacked one on top of another to
achieve a footprint area matching the electrode area of 25 cm2.
To test the device design, we compared and determined the
optimal charging protocol and measured the effects of variable
current discharge and electrode area on performance. Finally,
the device is integrated with a voltage regulator to power
peripheral hardware, demonstrating its practical use for wear-
able electronics.
Material design: MXenes and textile

The standard physical characteristics of Ti3C2Tx MXenes are
shown in Fig. S1 and Table S4.† The synthesized Ti3C2Tx

materials showed an electronic conductivity of ∼9210 S cm−2

and hydrophilic properties, making them ideal building blocks
for textile-based supercapacitors and real-world exible elec-
tronics. Due to the high vapor pressure of water, the coated
substrates can be air dried under ambient conditions. To ach-
ieve the desired loading, deposition can be repeated as many
times as necessary. Increasing the Ti3C2Tx MXene loading leads
to higher conductivity of the coated bers and fabrics and
enhanced capacitance of the textile supercapacitors.23 Cellu-
losic bers, yarns, and fabrics (e.g., cotton, linen, and bamboo)
are good substrates for MXene coating as the brous structure
supplies a large surface area for MXenes to adhere to. As shown
in Fig. 2 cotton yarn (Nile Organic Cotton from Silk City Fibers)
and woven muslin cotton (Mybecca 100% Natural Cotton
Muslin Woven Fabric Unbleached) were used as substrates.
Ti3C2Tx MXene with a small ake size (approximately 530 nm)
was used in this study because it was shown to minimize the
loss of MXene from fabric since smaller akes cover individual
bers more efficiently and adhere stronger to the cellulose.23 A
smaller ake size is also benecial for fast transport of ions.
This work compares two different techniques to coat textiles
with Ti3C2Tx MXenes, dip coating cotton yarns (Fig. 2a) and
drop casting on hydrophobic cellulosic fabrics (Fig. 2b) with
Ti3C2Tx dispersions consisting of small akes. Both processes
were repeated with air drying between coatings. The effective-
ness of the two coating methods is compared in Fig. 2c and d.
Aer 38 rounds of dip coating, the linear loading of MXenes on
hydrophilic cotton yarn is 2.14 mg cm−1 and the mass percent
loading of MXene of the yarn is 75.3%. On the other hand, aer
8 drop cast cycles the areal loading of MXenes on hydrophobic
cotton fabrics (Fig. S5†) was 17.5 mg cm−2 and the mass percent
loading was 55.9%. Since achieving the same loading on the
yarn by dip-coating would require about 20 cycles, a higher
percent loading of MXenes is achieved per deposition by drop
casting than by dip coating. This increase in effectiveness is due
to the surface tension of the MXene solution when drop cast
onto hydrophobic cotton fabrics, which allows for thicker wet
deposition when compared to dip coating, resulting in more
MXenes deposited per deposition.23 Drop casting results in
MXenes mostly remaining on the surface of the fabric (Fig. 2b)
while dip coating allows MXenes to penetrate deeply into the
fabric (Fig. 2a). Therefore, the tested devices were fabricated by
drop casting MXene akes onto hydrophobic cotton. For the
coated textile to store enough energy and power peripheral
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d2ta08995e


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
i 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

5/
10

/2
02

4 
07

:2
4:

49
. 

View Article Online
electronics hardware, an appropriate amount of the Ti3C2Tx

MXene should be loaded onto the textile substrate. The
minimum loading for tested samples was 3 to 4 mg cm−2. The
maximum resistance for the tested samples was 30 U per 9 cm
length of the electrode as tested by using a 2-point probe (Tables
S2 and S3†).
Device design: supercapacitor conguration

To achieve the necessary power and energy requirements for
running a microcontroller, we used the stacked supercapacitor
design conguration shown in Fig. 3a. Before settling on
a stacked design for the nal case study, a series of designs were
rst investigated. As shown in Fig. 3b gravimetric capacitance (F
g−1) and total capacitance (F) are compared with respect to
Ti3C2Tx supercapacitor congurations. For this comparison,
four different designs were tested. The rst conguration is
a ‘stacked’ design (Fig. 3a), where two electrodes are stacked on
top of each other with a porous cotton fabric separating them.
In the second conguration (‘2.Electrodes’), we placed two
electrodes with the same area of active Ti3C2Tx side by side. The
other two congurations are interdigitated designs, one that
has the same total electrode area as the stacked design (inter-
digitated ‘I.2’) and one that takes up the same footprint area as
the stacked design (interdigitated ‘I.1’). The two interdigitated
designs were chosen as “classic” congurations that minimize
ionic resistance and eliminate the need for a separator, when
the design is limited to two dimensions.6 The electrode areas,
electrode masses, footprint areas and spacing between the
electrodes can be found in Table S5.†

Fig. 3b shows that the single cell stacked design outperforms
the other designs in both gravimetric capacitance as well as the
total capacitance (Fig. S6†) of the single cell devices. The
increase in gravimetric capacitance is assumed to be due to the
decreased gap between the electrodes. The decrease in the gap
distance is allowed by the stacked design with a porous cotton
separator sandwiched between the electrodes as opposed to the
large gaps between electrodes in the side-by-side congura-
tions. Moreover, stacked devices can be assembled in series
vertically while preserving the footprint of a single cell. When
we put cells in series, it extends the voltage of the super-
capacitor that is necessary for powering many peripheral elec-
tronic hardware systems, including the peripheral hardware we
used in this work. The area, which the device would take up on
a garment (i.e., the footprint area), was tested using four
different devices. Each device had ve cells stacked in series,
with one device on top of another (Fig. 3a) providing a voltage
window of 6 V. Because of the stacked conguration, the cells
had electrode areas that were the same as the footprint area: 4
cm2, 9 cm2, 16 cm2, and 25 cm2 (MXene loading was as follows:
3.9 mg cm−2, 3.5 mg cm−2, 2.8 mg cm−2, and 5.3 mg cm−2,
respectively (Tables S2 and S3†)). The devices were tested using
the galvanostatic charge–discharge technique at discharge
currents of 1 mA, 5 mA and 10 mA (Fig. 4f–h). The time the
devices took to discharge from 6 V to 0 V is proportional to the
footprint area and inversely proportional to the withdrawing
current. At a given current, the total discharge time of a device
This journal is © The Royal Society of Chemistry 2023
was relative to its area with a 25 cm2 footprint area (5.3 mg cm−2

MXene loading) performing the best across all the currents, and
a 4 cm2 footprint area performing the worst. Discharge current
is inversely proportional to the time for the device to discharge
from 0 V to 6 V. The best performance was a discharge time of
47 min 12 s for the 25 cm2 footprint area (5.3 mg cm−2 MXene
loading) device at a discharge current of 1 mA. The performance
of the devices was also examined by monitoring the time for
which the devices were able to power an Arduino Pro Mini 3.3 V
microcontroller (Fig. S3†). No loss in efficiency (as the time for
which devices were able to power microcontrollers increased
with respect to the increase in footprint area) was observed
relative to the electrode area or the mass loading as the devices
increased in footprint area (Fig. S7†). This shows scalability of
the proposed design. Aer examining the differences in
performance as a function of device design (Fig. 3b) and elec-
trode size (Fig. 4f–h), we decided on a nal design that had 25
cm2 electrodes in a stacked conguration. To accommodate the
voltage requirements of the peripheral electronics we stacked 5
cells, one on top of the other, to achieve a maximum of 6 V
(Fig. 3a).

The nal supercapacitor had a footprint of 25 cm2 per elec-
trode (MXene loading of 24.2 mg cm−2). For device preparation
and testing a LiCl/PVA gel electrolyte was used. LiCl electrolytes
signicantly increase the voltage window for MXene super-
capacitors,35 which is important to achieve higher energy
densities in devices for powering peripheral electronics hard-
ware. In contrast, using PVA/H2SO4 as the electrolyte for the
fabricated textile supercapacitors, oxygen evolution reaction
peaks and MXene oxidation are observed at potentials higher
than 0.5 V (Fig. S8†) limiting the operating voltage window of
our devices.

The LiCl/PVA gel electrolyte, however, allows a single cell to
reach 1.2 V. The use of gel as the electrolyte is optimal from
a packaging point of view for wearables because a higher
viscosity means better control of the deposition on the electrode
than when using a non-gel electrolyte and a lower probability of
leakage and electrolyte loss. Another advantage of the LiCl/PVA
electrolyte over other electrolytes (in particular H2SO4) is that
LiCl is safer to use next to skin and less aggressive towards the
textile substrate.35,36 It should be noted that the shelf life of the
textile supercapacitor is strongly affected by water evaporation.
Therefore, we used vacuum sealing as the packaging method to
seal the device from the environment. This packaging approach
could be applicable to commercial products by laminating
polymer layers on both sides of the textile supercapacitor aer
assembly.
Charging methodology and electrical characterization

Variable current discharging. Rapidly switching current
loads are commonly found in low power electronic designs,
with the devices operating in short bursts to conserve power but
preserve core functionality, like reading a sensor or trans-
mitting data. When not performing a measurement, the system
goes into standby, drawing considerably less power. To validate
how the MXene textile supercapacitors would handle
J. Mater. Chem. A, 2023, 11, 3514–3523 | 3519
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a switching load current, simulated testing was performed to
evaluate performance as the current switched between
a “standby” current of 0.2 mA (50 s) and “power cycle” current of
0.5 mA or 2 mA (10 s) repeatedly during discharge, representing
realistic values for the assembled validation electronics (Fig. 4c–
e, S9 and S10†). For testing, a 25 cm2 (5.3 mg cm−2 MXene
loading) device with ve cells in series was used. The cell was
charged at a constant voltage of 6 V for 27.5 min and then
discharged at alternating current applying “standby” 0.2 mA for
50 s following a 10 s “power cycle” current of either 0.5 mA or 2
mA. Device discharge times signicantly increase (106 min
discharge with “standby” vs. 60 min at −0.5 mA) when
“standby” current is introduced compared to when no
“standby” current is used (Fig. S9 and S10†). We also observe
that energy provided through multiple discharge cycles is
consistent, when comparing the rst power cycle with the 71st
power cycle as shown in Fig. 4d–e and S9.† Consistency in
energy provided during each discharge “power cycle” (Fig. S9†)
as well as no device degradation at variable currents (Fig. S10†)
guarantees that the peripheral hardware will function normally.
Also, in Fig. S9† we can see that the energy delivered by the
textile supercapacitors remains quite constant, which indicates
a stable MXene/textile substrate interface. If the interface was
broken, some small supercapacitors would have been discon-
nected from the system, which is not the case. This result shows
that the variable current discharging testing matches the needs
with respect to real-world wearable microelectronic
Fig. 5 (a) Discharge curves of devices being powered with a 5× 5 cm2 6
MXene powered sensing, computing, and transmitting device described
hardware configuration that integrates a flexible textile-based supercapac
and peripheral hardware, from which the discharge curve data in (a) was

3520 | J. Mater. Chem. A, 2023, 11, 3514–3523
applications. In addition to wearables, the developed large-area
exible textile-based devices can be used for distributed energy
storage in transportation, collapsible/inatable tents, etc. They
can also be combined with solar, triboelectric and other energy
harvesting devices, providing full energy autonomy.37

Integration with electronics. While there's no shortage of
exible-form factor electronics suitable for e-textiles,5 power for
these devices still largely relies on traditional form factors like
lithium-polymer (LiPo) and coin cell lithium batteries. As such,
most e-textile systems do not use a exible e-textile architecture
that includes exible energy storage. The MXene supercapacitor
developed in this study lls the void, providing a textile-based
energy storage solution that can power exible electronics. We
designed a simple peripheral electronics hardware system to
validate our MXene textile supercapacitor, which includes the
key components for any smart textile system – a sensor,
a processor and a wireless transmitter/receiver for communi-
cation. Our supercapacitor is not only capable of powering
a smart textile system but also compatible with other recent
product developments highlighted in the literature.38–43 The
MXene-powered portion of the system (Fig. 5b, Device A)
provides measurements from a temperature sensor (100 K
thermistor) to a microcontroller (Arduino Pro Mini 3.3 V) which
interfaces with a 2.4 GHz radio (NRF24L01+). It is important to
note that the only power going to the microcontroller is from
the supercapacitor, so the power consumption and the power
output are identical. The microcontroller and rmware of
V textile-based supercapacitor with Ti3C2Tx electrodes. (b) Image of the
in the hardware diagram. (c) System diagram for a basic computing
itor as a power supply. Point * denotes the layer between textile MXene
measured.

This journal is © The Royal Society of Chemistry 2023
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Device A were modied to reduce power consumption by
removing onboard LEDs and utilizing a range of low-power
open-source libraries to enhance sleep mode. However, in
commercial e-textile devices,2 custom designed hardware opti-
mized for ultra-low power operation would further reduce the
energy needs beyond our test setup, further increasing the
runtime of the device. The system was programmed to take
periodic measurements and transmit data to the receiver, while
otherwise remaining in low power sleep mode (210 ms ‘on’ and
30 s ‘standby’), drawing an average current in standby of 0.67
mA and peaking to 4.5 mA when on. The full system was con-
structed on a rigid board for testing with an MXene super-
capacitor. While this board was composed of non-optimized
components, the MXene textile supercapacitor was able to
power the system and provide reliable wireless data output to
a receiver for 96 min (Fig. 5a). Electronics were limited to
operation between 6 and 2.1 V input due to onboard regulation
on Device A, with input voltages below 3 V drawing considerably
larger average currents, limiting the power accessible within the
supercapacitor. Measurements using identical average current
saw a time to discharge to 0 V time of 12 h 19 min (Fig. S11†),
indicating that improved regulation could enable day-long use
of the sensing device. Additionally, basic electrochemical
performance of the textile device at various scan rates, various
applied voltage windows and various discharge currents is
provided in Fig. S6, S8 and S11.† Also, regarding the distribu-
tion of MXenes on yarn and electrochemical properties with
different coating methods, Fig. S11† shows better performance
with increased mass loading while Fig. 2 shows increased
loading per deposition for drop casting. Fig. 5a shows voltage
and current measurements of Device A gathered via a potentio-
stat (the schematics of the set-up for temperature measure-
ments is shown in Fig. S12,† the discharge time into the
temperature sensor system aer supercapacitor precycling is
shown in Fig. S13† (in Fig. S13† coulombic efficiency increases
with cycling due to increase in charge density with subsequent
cycles), and electrical circuit assembled for measurements
using a potentiostat is shown in Fig. S14†), as well as the
temperature data measured from Device A's onboard sensor.
The simplied system diagrams in Fig. 5c illustrate the working
principle of Devices A and B. Although the performance data in
Fig. 5c were gathered from a freshly produced MXene sample,
electrochemical testing signies that the supercapacitor can
operate even aer 20 days of storage (Fig. S15†). An insignicant
decrease in performance aer storing for 20 days is due to
minor water evaporation since manual vacuum sealing was
used (Bonsenkitchen Vacuum Sealer Machine). On taking
further steps towards commercialization of the device, such
issues should not be a problem due to the use of a commercial
vacuum sealing set-up. Dynamic bending of the device is
demonstrated in ESI Video S1†.

Charging protocols. The textile MXene Ti3C2Tx super-
capacitor having a 25 cm2 footprint area and 5.3 mg cm−2

loading with ve cells vertically stacked in series was tested in
a 6 V voltage window. Various chargingmethods were utilized to
investigate the effect of charging protocols on the electro-
chemical performance of the supercapacitor. The techniques
This journal is © The Royal Society of Chemistry 2023
include linear sweep voltammetry (LSV), galvanostatic cycling
with potential limitations aka constant current (CC), constant
voltage (CV), combination of CC with CV (as follows: CV, 10%
CC, 30% CC, 50% CC, and 100% CC) and LSV. We set up all the
charging procedures so that they lasted 27.5 min and reached
a nal voltage of 6 V. Longer charging minimized self-discharge
due to ion redistribution within the large electrodes. To
measure the effect that charging techniques had on the
discharge behavior, galvanostatic discharge cycles were per-
formed immediately aer charging at a withdrawing current of
2.25 mA to 0 V, as shown in Fig. 4b (current and time was
chosen based on a calibration curve provided in Fig. S4†). The
LSV and 100% CC charging cycles underperformed compared to
the others in terms of discharge time. The discharge cycles that
performed the best were the cycles whose potentials had been
held at 6 V using a 30 V/10 A DC Power Supply PS-3010DF. The
charge cycle that spent the entire time at 6 V, performed the
best, giving the longest discharge time (22 min 54 s at 0.858
mA h capacity, 20.602 mF cm−2 capacitance and 0.074 mW h
cm−2 energy density). Therefore, a constant voltage of 6 V was
chosen as the charging protocol in the rest of the studies. The
Ti3C2Tx MXene supercapacitor we used to power the peripheral
electronics (Fig. S12 and Table S6†) was a ve-cell device with
a 25 cm2 footprint area and an MXene loading of 24.2 mg cm−2.
The textile supercapacitor was charged using a power supply (Dr
meter 30 V/10 A DC Power Supply PS3010DF) while holding
a constant voltage of 6 V for 60 minutes. There was no signi-
cant difference in device performance observed aer 1 h and 2 h
charging (Fig. S13†). For additional testing of the 25 cm2 foot-
print area device (5.3 mg cm−2 MXene loading) (Fig. 4a and b),
various commercially available unmodied microcontroller
boards were powered (Fig. S3†). By substituting the micro-
controller boards with sub-threshold processors or ultra-low
power microcontrollers and reducing average current draws to
under 0.1 mA, the MXene textile supercapacitor can be expected
to provide considerably extended operation times.

Conclusions

We have demonstrated that a textile-based energy storage
device fabricated using a conductive additive-free Ti3C2Tx

dispersion in water produces enough power to operate periph-
eral electronics hardware while remaining exible and textile
compliant. A Ti3C2Tx MXene textile supercapacitor device with
a footprint area of 25 cm2 and MXene loading of 24.2 mg cm−2

reached an energy density of 0.401 mW h cm−2 at a power
density of 0.248 mW cm−2 having a capacitance of 146 mF cm-2
at 0.16 mA cm−2 discharge current and a 6 V voltage window.
The fully charged MXene supercapacitor was able to power
unoptimized wireless electronics, transmitting temperature
data every 30 seconds for 96 min, showing no degradation due
to switching currents. A system designed and optimized for low
power can be expected to operate considerably longer on
a single 25 cm2 cell, potentially enabling a full day of use with
multiple cells. The key to optimizing design is incorporating
voltage regulation that accounts for the linear drop in the
output voltage during discharge. Future work includes
J. Mater. Chem. A, 2023, 11, 3514–3523 | 3521
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development of ultra-low power electronics, while integrating
our supercapacitor set-up as wearable garment patches,
mechanical testing of MXene coatings on fabrics and yarns, and
packaging optimization for increasing the shelf life.
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