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Developing flexible, lightweight, and portable medical devices for continuous health monitoring
requires compact and sustainable energy storage solutions. Traditional devices often rely on bulky
wired equipment or battery-powered systems requiring frequent recharging, limiting practicality. We
developed a flexible and stable asymmetric supercapacitor using MXene and transition metal oxide
nanocomposite. In half cells, the electrolyte was 1M H,SOy; in full cells, a PVA/H,SO, gel was used.
Among the composites, Fe,0;@Ti;C, showed superior electrochemical performance due to surface
redox reactions enhancing pseudocapacitance. The Fe,0;@Ti;C,||TisC, electrode delivered high
specific capacitance, excellent power density, remarkable cyclic stability, and mechanical durability
over 10,000 bending cycles. The assembled device successfully powered small electronics (LEDs and
digital thermometers). Also, integrated with a pressure sensor to monitor human heartbeat signals in
real time, with wireless data transmission to a mobile device. This work demonstrates the efficiency
and applicability of Fe,0;@Ti;C, flexible supercapacitors for next-generation wearable and biomedical

electronics.

Over the past few decades, the drive to develop highly efficient, affordable,
and environmentally friendly energy storage materials has grown sig-
nificantly. This effort continues to evolve due to the impactful applications
of these materials in flexible and wearable electronic devices'. Recently,
weightless, portable, and flexible energy storage devices have become the
prime necessities for developing stretchable electronics. Supercapacitors are
the finest alternative as they can offer an incredibly higher power density
than batteries/fuel cells. Flexible supercapacitors and batteries are still
acclimated to power the wearable sensors and other prototypes'™. Most
electronic devices are powered by lithium/sodium-ion batteries. Still, these
are harmful to the environment and hazardous to health due to organic
solvents in their edifice”*. On the other hand, flexible supercapacitors (FSCs)
have prodigious mechanical compliance, high capacitance, excellent cyclic
stability, and a quick charge-discharge rate with good power density. Also,
ESCs work extraordinarily well under bending, shrinking, and twisting
states, allowing them to extend to secondary devices (power backups) for
next-generation flexible electronics’

According to the charge storage mechanism, supercapacitors (SCs)
could be classified as electric double-layer capacitors (EDLCs), pseudocapa-
citors, or hybrid supercapacitors. Carbon-based materials (carbon nanotubes,
carbon fiber, porous activated carbon, and graphene) are considered EDLCs-
based electrode materials, whereas conducting polymers, transition metal
oxides (TMOs), sulfides, and phosphides are considered electrodes with
pseudocapacitive nature due to their redox processes'®'". Due to their fasci-
nating physical and electrochemical properties, two-dimensional (2D)
materials like metal chalcogenides, boron nitride, graphene, and MXenes
have recently engrossed scientific researchers. The M, X, structure of
MXenes contains layers intercalated with an A element (like Al) in the MAX
phase. The stacking arrangement of MXene layers is beneficial for easy ion
insertion and exertion at the electrode-electrolyte interface'”"”. TisC, is a
typical 2D MXene extensively studied for supercapacitors and batteries
because of its excellent electrical conductivity, variable interlayer spacing,
good hydrophilic surfaces, and great chemical stability. Despite its improved
rate and outstanding cycle performance, the low specific capacitance restricts

"Future Energy and Innovation Laboratory, Central European Institute of Technology, Brno University of Technology, Brno, Czech Republic. 2Faculty of Electrical
Engineering and Computer Science, VSB - Technical University of Ostrava, Ostrava, Czech Republic. *Department of Chemical and Biomolecular Engineering,
Yonsei University, Seoul, South Korea. “Department of Medical Research, China Medical University Hospital, China, Medical University, Taichung, Taiwan.

e-mail: Martin.Pumera@ceitec.vutbr.cz

npj Flexible Electronics| (2025)9:120


http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-025-00489-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-025-00489-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-025-00489-2&domain=pdf
mailto:Martin.Pumera@ceitec.vutbr.cz
www.nature.com/npjflexelectron

https://doi.org/10.1038/s41528-025-00489-2

Article

the uses of Ti;C, MXene'*". Van der Waals interactions over prolonged
cycles are the primary cause of anisotropy and restacking of MXene
nanosheets'®. These interactions limit the accessibility of ions to the interlayer
sites, preventing full surface area utilization for electrochemical charge
storage'’. Hence, it is necessary to amplify Ti;C, performance, such as specific
capacitance, electrochemical stability, and tuneable mechanical robustness,
by integrating with carbon-based materials, conductive polymers, metal
oxides, phosphides, sulfides, and selenides, which serve as interlayer spacers.
This synergistic combination could lead to improved electrochemical per-
formance and increase TisC, usefulness in a range of applications. TMOs,
such as RuQ,, Fe,0s, NiO, ZnO, CuO, WO, TiO,, SnO,, and MnO,, have
been proven to provide better electrochemical stability than polymeric
materials and a greater specific capacitance for supercapacitors compared to
traditional carbon materials'>*’. TMOs store energy through ion intercala-
tion/deintercalation (redox pseudocapacitance) and provide quick diffusion
paths and extra active sites. TMOs are one of the most regularly researched
compounds due to their inexpensive cost and range of benefits” . However,
TMOs exhibit ionic diffusivity, lower electronic conductivity, very short cycle
life, and high resistance at the electrode—electrolyte interface. Therefore,
incorporating conductive 2D material into the TMO matrix effectively solves
these issues. Additionally, by acting as spacers, the TMO keeps the active
surface area constant by preventing the MXene nanosheets from restacking.

Herein, we prepared a flexible supercapacitor using four different metal
oxides (Fe,Os, MnO,, NiO, and ZnO) combined with 2D TisC, MXene.
Although various metal oxides are employed to create composites with
MXene, Fe,O; composite with Ti;C, exhibits improved qualities over other
metal oxides because of its high stability, high conductivity, many valence
states, strong catalytic activity, and low toxicity. Fe,Os nanoparticles were
evenly distributed over the sheets of Ti;C, MXene in Fe,O;@Ti;C, com-
posite, improving the active site. The ferric oxide and titanium carbide
(Fe03@TisC,) flexible asymmetric supercapacitor (FTASC) exhibits high
specific capacitance (Cp), power density, long-term cycling, and bending
durability. The FTASC was coupled in series to power a digital thermometer
and a red/blue light-emitting diode to provide a constant power source in
different warps to demonstrate a practical portable application. Moreover,
to demonstrate its applicability, the FTASC was connected to a pressure
sensor to monitor a heartbeat in real time. The heartbeat signal was mon-
itored on a smartphone via wireless communication (Fig. 1). This work
presents the first demonstration of a highly flexible, Fe,O;@Ti;C,-based
asymmetric supercapacitor (FTASC) that not only delivers superior energy
storage performance but also integrated into a real-time, wireless health
monitoring system, showcasing its strong potential for next-generation
wearable biomedical devices.

Results

Structural and morphological analysis of prepared composites
A flexible and robust device was fabricated using a Fe,O;@Ti;C,||TisC,
asymmetric supercapacitor (FTASC). To illustrate a real time health
monitoring application, the FTASC powered a pressure sensor to track a

human heartbeat in real time via wireless communication using a cellular
device. Before measuring the electrochemical performance, it is necessary to
examine the morphological and chemical structure of the Fe,O;@Ti;C,
hybrid nanocomposite. A comprehensive synthesis process of the
Fe;0;@Ti;C, and other nanocomposite preparation are provided in
methodology section. Figure 2A displays the XRD patterns of Ti;C, and
Fe,0;@T1i5C,. The exfoliated Ti;C, XRD exhibits some intense and broad
characteristic peaks at 9°, 18.7°, 34.6°, 36°, 39°, 42°, 46°, and 60.5°, which are
indexed as the (002), (004), (101), (102), (103), (105), (106), and (110) hkl
plane, respectively”. The peaks related to the (101) and (105) planes are
associated with TiC. In the case of Fe,O;@Ti;C,, new peaks of Fe,O; were
observed along with the Ti;C, peaks at 20 range of 25.2° 33.12°, 36.63°,
41.64°, 49.47°, 55.08°, 57.42° and 64° as ascribed to the (012), (101), (014),
(110),(113),(024), (116), and (300) hkl plane, respectively”’. This diffraction
Braggs angle indicates the crystalline structure of Fe,Os; nanoparticles,
which was matched with JCPDS card number 01-089-0598 for its rhom-
bohedral crystal system matrix”’. The Supplementary Fig. 1 also contains
XRD patterns of various MXene composites (MnO,@Ti;C,, NiO@Ti;C,,
and ZnO@Ti;C,). The XRD peaks of Fe,O;@Ti;C, and the non-appearance
of other peaks confirm the successful amalgamation of Ti;C, with Fe,O3 and
ratify phase purity.

For pristine Ti;C,, the (002) peak appears at 9°, whereas in MnO,@-
Ti;C,, Fe,0:@Ti:C,, NiO@TisC,, and ZnO@TiC,, slight shifts are
observed at 8.6° 5°, 8.7°, and 8.8° respectively resulting in an expansion of
the d-spacing (using Bragg’s Law) from 9.8 to 17.6 A° are discussed in
Supplementary Table 1. When four distinct metal oxides are added to the
Ti;C,, a weak peak of MXene (002) moves from 9° to 5° to the left. This
indicates that Fe,O; functions as an effective interlayer spacer, enhancing
the interlayer distance between Ti;C, layers by preventing restacking”. This
increased interlayer distance can enhance the use of active sites and is
advantageous for recurrent ion intercalation/diffusion kinetics. The XRD
results confirm the successful synthesis of the Fe,O3;@TisC, composite with
a morphology that makes it easier for the ions in the electrolyte to move
freely throughout the electrochemical process. Figure 2B displays the
Raman spectra of delaminated Ti;C, and Fe,O;@Ti;C,. The vibrational
modes of Ti;C, were noticed at 162 cm™, 258 cm™, and 604 cm™. These
vibrational modes correlate to Ti-C and Ti-O bonds™. In the case of
Fe,0;@Ti;C,, along with TisC, peaks, some new peaks of Fe,O; were
observed at A;, modes 0f 228 cm ™ and 499 cm ™!, and E,,modes 0f 289 cm’™,
409 cm™, and 609 cm . The Fe-O mode stretching between Fe and O atoms
is linked to the peaks at 289 cm™' and 409 cm ™. The presence of highly
crystalline hematite and the interaction of two magnons generated on
antiparallel near-spin sites results in the forming some less strong peaks in
the 1000-1500 cm ™ region’". Figure 2C-F displays SEM and EDS images of
Fe,0;@Ti;C, nanocomposite. Figure 2C shows the distinct spaces between
the delaminated Ti;C, MXene nanosheets. This might improve the contact
between the electrode and electrolyte, leading to effective ionic transport and
pseudo-capacitance performance. The synthesized Fe,Os; nanoparticles
(Fig. 2D), exhibit a spherical shape with clusters of aggregated nanoparticles.

Fig. 1 | Real-time health monitoring applications
by integrated Fe,O;@Ti;C,||TisC,-based flexible
device. A Schematic illustration of the Fe,Os@-
TisC,||TisC, ASC fabrication. B Integrated pressure
sensor with two series-connected FTASCs for real
time radial pulse monitoring.
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Fig. 2 | Structural and morphological characterization. A XRD spectra of (a) TisC,
MXene; (b) Fe;O3@T1;C,. B Raman spectra of (a) Ti;C, MXene; (b) Fe,0;@T1;C,.
SEM images of C delaminated Ti;C, MXene; D Fe,Os; E Fe,O;@TisC,. F Elemental
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mapping from SEM image of Fe,O;@Ti;C, nanocomposite. G Surface area analysis
of (a) TisCy; (b) ZnO@Ti;C,; (c) NiO@Ti5C,; (d) MnO,@TisCy; () Fe,0s@TisC,
and H Zeta potential of Fe,O;@Ti;C,.

Figure 2E shows the Fe,O; nanoparticles anchored on the surface of the
layers of Ti;C,. The Supplementary Information (Supplementary Fig. 2) also
contains SEM images of pristine and various MXene composites
(MnO,@T1i;C, NiO@Ti;C,, and ZnO@T1i;C;). The SEM image of MnO,

NPs exhibits a flower-like structure. The synthesized NiO nanoparticles
exhibit a spherical shape nanoparticle and the prepared ZnO shows
aggregation of petals and forms flower like morphology (Supplementary
Fig. 2). Compared to the MnO,, NiO, and ZnO, the Fe,O; combined with
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Ti;C, have two functions: i) they operate as interlayer spacers to increase the
Ti;C, MXene interlayer distance, and ii) they act as an additional electro-
catalytic active site for the reaction. Figure 2F displays the elemental map-
ping of titanium (T1), iron (Fe), carbon (C), and oxygen (O) elements in the
prepared nanocomposite. It indicates that the synthesized nanocomposite is
devoid of contaminants without other components. Figure 2G exhibits the
BET surface area of 18, 29, 53, 85, and 112m’ g ' for Ti;C,, ZnO@Ti;Cy,
NiO@Ti;C;, MnO,@Ti;C;, and Fe,O;@Ti;C, composite, respectively. The
open loop in the Fe,O;@T1;C; isotherm confirms the existence of micro and
mesopores. The delaminated layers of Ti;C,, together with the aggregation
of Fe,Oj5 particles, increase the specific surface area and pore volume. The
blend of micro and mesopores also recommends effective ion transfer,
enhancing electrochemical behavior. The nanocomposite’s pore size and
pore volume are discussed in Supplementary Table 2. Zeta potential was
employed to determine the charge at the surface, as shown in Fig. 2H. An
increased negative or positive zeta potential indicates the stability of
nanosuspension caused by electrostatic repulsive forces between nano-
particles. The lowest zeta potential value causes nanoparticle agglomeration
because of repulsive interactions, mainly van der Waals forces. The zeta
potentials of the synthesized TisC, and Fe,0;@Ti;C, were —16.8 mV and
—0.27 mV, respectively, suggesting that it is much more agglomerated and
that the intercalation of Ti;C, nanosheets and Fe,O; nanoparticles was
generated by van der Waals force. The zeta potential of Ti;C, (—16.8 mV),
MnO,@Ti;C> (—13mV), NiO@Ti,C, (—32mV), and ZnO@TisC,
(—9.5 mV) are shown in Supplementary Fig. 3. In comparison to the other
nanocomposites, this result shows that the Fe,O; can be efficiently bonded
to the Ti;C, surface, changing the charge densities because of the high
surface activity of the Fe,O; with the widespread cationic groups.

The distinctive spectrum of the Ti 2p, Fe 2p, C 1s, and O 1s elements
alone was noticed in the survey spectrum of Fe,O;@Ti;C, (Supplementary
Fig. 4a))”. From Supplementary Fig. 4b, the deconvolution of C 1s is con-
voluted into three peaks, positioned at 280, 282, and 284 eV, representing
Ti-C, C-Ti-O, and C-C, respectively. The O 1s spectrum in Supplementary
Fig. 4c) shows two peaks, attributed to Ti-O (526 eV) and C-Ti-Oy (527 eV).
The peak at 529.5 eV corresponds to the Fe-O bond, indicating a preferred
interaction between TisC, and Fe’* ions. Ti 2p deconvoluted into four
prominent peaks (Supplementary Fig. 4d). The main peak at 454 eV (Ti-C)
and the other convoluted peaks are noticed at 452 eV, 456 eV, and 460 eV,
corresponding to Ti**, Ti*", and Ti-O, respectively. Supplementary Fig. 4e
shows two primary peaks centered at 710 eV for Fe’" and 722 eV for Fe’* of
Fe, indicating a successful combination of Ti;C, with Fe,Os. Additionally,
there is a shakeup satellite peak, termed Fe*" of the hematite phase Fe,Os.
These findings demonstrate strong interactions between the two pristine
components, resulting in a compact heterojunction composite.

Electrochemical performance of three electrode cell
configuration

Using a conventional three-electrode cell configuration in 1 M H,SO,, the
electrochemical performance of the constructed half-cells, Ti;C,, Fe,Os@-
Ti;C,, MnO,@Ti;C,, NiO@Ti:C,, and ZnO@Ti;C,, was evaluated (Fig.
3A). Due to the presence of oxygen functional groups, the fabricated elec-
trodes display rectangular charge and discharging curves with redox
behavior. A higher integral area in the CV curve of the Fe,O;@TisC, elec-
trode indicates faster reaction kinetics and an improved specific surface area
when compared to the Ti;C,, MnO,@Ti;C,, NiO@T1i;C,, and ZnO@Ti;C,
electrodes. This enhancement is due to Ti;C, and Fe,Os having strong
interfacial contact, which promotes effective interaction with the electrolyte,
greater specific surface areas, and efficient electron transport. The GCD
curves were examined at current density (0.5A g’l) for the TisC,,
Fe,0;@T1:C;, MnO,@Ti;C,, NiO@Ti;C,, and ZnO@TisC, electrodes,
respectively (Fig. 3B). Each of the GCD curves displays a quasi-triangle
shape with varying charge-discharge times, demonstrating the composite’s
good reversibility and capacitive behavior. Figure 3C displays the specific
capacitance contribution of each of the constructed electrodes. The as-
fabricated Fe,O3@TisC; electrode had the highest specific capacitance of 213

Fg™', surpassing that of Ti;C, (66 Fg™"), MnO,@Ti,C, (133 Fg '), NiO@-
TisC, (99 Fg '), and ZnO@Ti;C, (78 Fg™") due to the inferior performance
of MnO,@T1i5C,, NiO@Ti3C,, and ZnO@Ti;C, is lesser than Fe,O;@Ti;C,,
resulting in an insufficient number of active sites. Moreover, there is
minimal intercalation of MnO,, NiO, and ZnO into the layers of Ti;C,,
which fails to effectively hinder its restacking tendency. Fe,O; further opens
up the active sites and allows optimal charge carrier flow by decreasing the
accumulation of layers between MXene layers, which improves the elec-
trochemical reaction. Figure 3D displays each electrode’s Nyquist curves. A
solution resistance is indicated by the R values of the fabricated electrodes
(Ti5Cz, MnO,@Ti5C,, NiO@Ti1:C,, ZnO@TisC,, and Fe;O;@TisC,). The
electrodes’ charge-transfer resistance (Rcr) is determined to be 41.9 Q,
14.8Q,17.9 0,254 O, and 7 Q. The straight line in the low-frequency range
displays the electrode material’s ideal capacitance behavior. Because of the
capacitance contribution and the conductivity gain of metal ions,
Fe,0;@TiC; had the lowest Rer value, indicating low internal resistance,
good conductivity, and the best charge transfer capabilities. The CV curves’
scan rates for the Fe,O;@TisC; electrodes with a potential window of —0.2
to 0.8 V are shown in Fig. 3E. The as-fabricated Fe,O;@Ti;C, electrode
displays a distinct and less intense oxidation peak at 0.5V and a reduction
peak at 0.2 V. It elucidates a pair of cathodic and anodic peaks due to the
reversible reactions of iron’s oxidation states (Fe*'<Fe*"). These redox
peaks indicate typical faradaic charge storage owing to the presence of Fe,0s
in Ti3C,. The CV curves show good stability even from low to high scan rates
and retain the redox peaks, indicating stable and fast electrochemical charge
storage.

The flexible Fe,O;@Ti;C, electrode’s rate performance in 1 M H,SO,
electrolyte at different current densities were assessed through the analysis of
GCD data (Fig. 3F). The quasi-triangular shape with the trivial IR drops of
the curve exhibits the combination of pseudocapacitive behavior and
excellent reversibility, which was well agreed with the performance observed
from CV curves. The lack of substantial faradaic processes is indicated by the
linear stability of the potential throughout time at high current density,
indicating excellent rate performance and a quick ion transport mechanism.
The specific capacitance (Cgp) of Fe,0,@Ti;C, is linearly lowered at varying
current densities (Fig. 3G). Additionally, it is observed that the discharge
time decreases with increasing current density. Rapid ion transport at the
electrode-electrolyte interface and inadequate use of the effective surface
area are the causes of this phenomenon. The CV and GCD curves of
MnO,@Ti;C,, NiO@Ti;C,, and ZnO@TisC; electrodes are shown in Sup-
plementary Fig. 5. There are multiple contributing factors to the Fe,O;@-
TisC, electrode’s remarkable specific capacitance. First, Ti;C, surface
terminations form strong functional bonds with Fe,Os, which has a
synergistic impact that improves energy storage capacity. Second, the
Fe,0;@TisC, electrode’s crumpled MXene sheets increase surface area
while maintaining the material’s inherent qualities, which is kinetically
advantageous throughout the charge and discharge operations. Thirdly, by
serving as interlayer spacers and enhancing the exposure of electro-
chemically active areas, Fe,0s@Ti;C, inhibit the aggregation of MXene
sheets while promoting quick mass transfer. These synergistic effects result
from the Fe,O;@Ti;C, electrode’s improved electrochemical performance
and greater ion transfer capability. Raman analysis during charging and
discharging further confirms its pseduocapacitance and the synergistic
nature of Fe,0;@Ti;sC, (Supplementary Fig. 6). Characteristic Fe-O
stretching modes (228, 289, and 409 cm™) exhibits intensity shifts in the
peaks, indicating the Fe*/Fe*" redox transition responsible for pseudoca-
pacitive charge storage. In the case of discharging, the increased intensity
peaks return to its original position which shows reversible redox which is a
key feature of pseudocapacitance. Simultaneously, stable TisC, vibrational
bands confirmed its structural integrity and role as a conductive framework.
These results support the synergistic interaction between Fe,Os and Ti;C,.
Figure 3H the bar diagram shows the diffusion-controlled and capacitive
contributions of the fabricated Fe,O;@Ti;C, electrode at different scan rates
(10, 30, 50, 70, and, 90 mV/s). The corresponding capacitive contributions
are 42%, 58%, 66%, 79%, and 83%, respectively. Figure 3I shows the
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Fig. 3 | Electrochemical performances of flexible electrodes. A Comparison of
cyclic voltammograms (10 mV s™'). B Galvanostatic charge-discharge curves of (a)
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NiO@T1i:C; (e) ZnO@Ti;C,. E Cyclic voltammograms of Fe,0;@Ti;C, at various
scan rates. F Galvanostatic charge-discharge curves of Fe,O;@TisC, at different
current densities: (a) 0.5 Ag™"; (b) 1 Ag™';(c) 1.5 Ag™";(d) 2 Ag™". G Graph of specific
capacitance versus current density. H, I Capacitive and diffusion-controlled con-
tribution calculated at different scan rates of Fe,O;@TisC; electrode.

qualitative comparison of the diffusion-controlled and total capacitance of
the Fe,0;@Ti;C, electrode for a scan rate of 60 mV/s. The diffusion-
controlled mechanism is discovered to dominate the electrode’s capacitance
at low scan rates. The intercalation/deintercalation contribution decreases
as the scan rate increases, while the non-diffusion controlled capacitive
begins to increase *’.

Fabrication of flexible asymmetric supercapacitor (ASC) device
A flexible asymmetric supercapacitor (ASC) device was constructed with
PVA/H,SO, gel electrolyte. The flexible Fe,0;@Ti;C,||TisC, (FTASC)
schematic is shown in Fig. 4A. Figure 4B, C illustrate CV curves over different
scan rates and the GCD with different current densities for the fabricated
flexible device. The CV curves are symmetric at all scan rates and provide a
clear picture of the optimal capacitive behavior of FTASC. The maximum
specific capacitance of 123 Fg ™" at the current density of 0.5 Ag™', is mar-
ginally lower than the value observed in the 1 M H,SO, aqueous electrolyte
because of the PVA/H,SO, electrolyte’s lower ionic coefficient and the
inadequate transport of jons toward the interface between the electrolyte and
the active material. The specific capacitance of the fabricated device at dif-
ferent current densities is provided in Fig. 4D, where it decreases linearly.

Figure 4E shows the cyclic voltammetry data of the diffusion-controlled and
total capacitance of the Fe;O;@Ti;C,||TisC, electrode at a scan rate of 50 mV/
s. The contribution at different scan rates for Fe,O;@Ti;C,|| TisC, was shown
in Fig. 4F. The capacitive contribution gradually increases from 45%, 56, 69%,
75%, and 80% under a scan rate of 10, 30, 50,70, and 90 mV/s. The plot
indicates that when the scan rate increases, the capacitive contribution
increases as well. With lowering scan rates, the diffusion-controlled con-
tribution is shown to rise. This could be explained by the longer time available
for the H" ion diffusion into the electrodes at lower scan rates. Diffusion
kinematics dominates the electrochemical performance of the two-electrode
system at low scan rates. A constant current density of 2 Ag™" was used to
evaluate the cycling stability of the flexible FTASC across 10,000 cycles (Fig.
4G). As shown in Fig. 4G, the specific capacitance of the FTASC increased
progressively during the initial 100 cycles. This phenomenon is commonly
attributed to an electrochemical activation process, where repeated ion
intercalation/deintercalation improves electrode—electrolyte interface con-
tact, enhances electrolyte penetration, and gradually exposes more electro-
chemically active sites. Additionally, this may involve minor structural
rearrangements or improved conductivity due to better alignment of con-
ductive pathways. Once stabilized, the capacitance plateau indicates that the

npj Flexible Electronics | (2025)9:120


www.nature.com/npjflexelectron

https://doi.org/10.1038/s41528-025-00489-2 Article
()
3
1.21 (e)(d(c) b ()
2
g =
>
Ey =
- ©
H =
g - S
= 2
3 °
o -2 o
-3
Carbon Cloth -4 A0S
00 02 04 06 08 10 12 0 50 100 150 200 250
Potential (V) Time (s)
(D) (E) (F)
140 30
< 3000
©120 < o .
w > 254 ®
X 2500
& 100 = .
8 £ ] FGS-SSG||FGS-SSG
] < 204 4 Co@Mxene||AC = 2000 ° U
5 80 - > A MXene||MnO, o 08 o
D A | —@— Ni/CCICMOH-12|| CFAC N 1500 L = .
§ 60 § 151 ¥ CF-NCS|ITCX . goe "'
9 ] ° B 300CMC-31:1||AC 556 . ¥ o4 o
& 404 510 b ® Co30,@NF|[MX@PCNF K oo . o~
© 2 104 9 @ Fey03/NPC@Fe3C/EPCNF] P> o] ee
g. 20 w @ O Present Work 5001‘ g %
[7) z(Q)
0 5 0 - T T
0.5 1.0 1.5 2.0 25 100 1000 10000 100000 0 500 1000 1500 2000
Current density (Ag™1) Power Density (W Kg™) Z@)
(G) (H) 0}
120
3 100 MWW 100 2 =
= 8’ t1oo
o ——— £ 5
2 s 12 805 = 0 2 M
-
2 508 b = E g w0
= 604 oa ,Z#A 60 © £ -2 e
@ 3 . [} < ® 60
- S oo £ = 2 e
8 4] o S0 1100 3 0 > 5 44 I
= Time (s) £06 g (3} 1 ‘ﬁ 40
© a) K 51 —— Normal ®
g 20 ( mqo 20 = 6 —— Bending 2 2 -
2 1499250 1500000 8 B —— Twisting 3 o 20 o
Time (s) &~ —— Shrinking4 Bending state
0 0 ————————————— 0
0 2000 4000 6000 8000 10000 0.0 0.2 04 06 08 1.0 1.2 14 1.6 0 2000 4000 6000 8000 10000

Cycle numbers

Fig. 4 | Electrochemical performance of Fe,0;@TisC;||TisC; in PVA/H,SO, gel
electrolyte. A Schematic illustration of the cell assembly. B Cyclic voltammograms
at various scan rates. C Galvanostatic charge-discharge curves at different current
densities: () 0.5 Ag 5 (b) 1 Ag ' (c) 1.5 Ag™'; (d) 2 Ag ™ '; (e) 2.5 Ag™". D Specific

capacitance versus different current densities. E, F Capacitive and diffusion-
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controlled contributions are calculated at different scan rates. G Cyclic stability and
coulombic efficiency (%) (insert (a) first and (b) last 10 cycles). H FTASC device’s
cyclic voltammograms were -recorded at different positions angles. I Cyclic stability
at a bending state over 10,000 cycles.

electrode reached an optimal state for charge storage*’. The maximum values
observed are 96% coulombic efficiency and 94% capacitance retention.
Examining the fabricated ASC mechanical characteristics, output power, and
adaptability is essential to validate its suitability as a portable power source for
healthcare applications. Hence, device flexibility was investigated by CV
analysis under normal, bending, twisting, and shrinking conditions (Fig. 4H).
The long-term mechanical and electrochemical stability of the FTASC under
repeated bending conditions (Fig. 4I) confirms its suitability for integration
with flexible sensing devices. After 10,000 mechanical cycles, the FTASC
retained 85% of its initial capacitance, demonstrating strong mechanical
rigidity and resilience.

This stability ensures consistent power output, when integrated with a
pressure sensor for real-time pulse monitoring. The device maintained
stable performance throughout extended operation. This indicates that the
FTASC not only preserves its energy storage capabilities under continuous
mechanical stress but also supports the stable operation of the
sensor-supercapacitor system. The slight decrease in capacitance may stem
from structural changes in the Fe,O;@Ti;C, electrode or the polymer
electrolyte’s deformation during ion intercalation/deintercalation processes,
which are typical in pseudocapacitive systems”. Furthermore, SEM and
XRD studies were performed to evaluate the morphological and structural
evolution of the Fe,O;@T1;C, composite before and after electrochemical

analysis. Despite 10,000 consecutive cycles, the results (Supplementary Fig.
7) reveal no significant morphological alterations. Even after 10,000 cycles,
the Fe,O0;@TisC; electrode is stable and does not form secondary phases.
However, the (002) peak shifts to 5° from 10.2°, resulting in a decrease in the
d-spacing from 15.9 to 10.5 A°. The shifts to a higher angle after 10,000
cycles indicate that repeated cycling induces mechanical stress on the Ti;C,
layers, forcing them to pack closer together. This can result in a permanent
reduction of the interlayer distance.

A Ragone plot shows the power (P) and energy (E) densities of the
FTASC and reveals the highest energy density of 26.15 Whkg™" at 0.5
Ag " and a power density of 1260 W kg ™" at 2.5 Ag ™', respectively. A
Ragone plot comparing the performance of Fe,0;@Ti;C,||TisC, with
different reported supercapacitors is shown in Fig. 5A. Upon comparing
the obtained energy and power densities of the ASC devices with pre-
vious research on metal oxide and MXene supercapacitor electrodes
(Supplementary Table 3), it was found that the majority of the con-
structed supercapacitors were capable of producing either high or low
energy densities. The assembled FTASC observes notable energy density
and power density. Measurements of impedance were done between
100 kHz and 1 Hz. Typical capacitor behavior is shown by the linear
vertical line in the low-frequency zone parallel to the imaginary com-
ponent of the impedance. The faradaic resistance behavior, which is
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Fig. 6 | Flexible interdigitated Fe,O;@Ti;C;||TisC. FTASC for powering health
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parallel configurations. C Schematic illustration of real time wireless (a) radial, (b)
brachial, and (c) carotid pulse monitoring. D The recorded live (a) radial, (b) bra-
chial, and (c) carotid pulse signals via the cellular device.

linked to the ion movement between the electrode and electrolyte and
limits the diffusion rate, is correlated with the semicircle diameters
(Fig. 5B). The circuit consists of charge transfer resistance R (1.63 Q
cm?) and intrinsic resistance R (1.29 Q cm?).

Real time application of flexible interdigitated Fe,0,@Ti.C,|[Ti;C,
FTASC for powering health monitoring systems

The practical applications of the fabricated FT ASC when connected in series
or parallel were tested using CV and GCD analysis (Fig. 6A, B). In addition,
two and three serially and parallelly connected FTASCs had two (2.2 V) and
three times (3.3 V) the increase in output voltage as compared to a single
FTASC with an operating potential window of 1.1 V (Fig. 4B) and a similar

discharge time was observed from GCD analysis (Fig. 4C). The fabricated
flexible asymmetric supercapacitor encased with glass slides was connected
to power-up LEDs (blue and red) for more than 1 min (Supplementary Fig.
8a and Supplementary Videos 1-3). Furthermore, the device operated a
digital thermometer display (Supplementary Fig. 8b). The FTASC was used
to power a pressure sensor to construct a real time wearable application.
Figure 6C shows the schematic illustration of real time wireless radial,
brachial, and carotid pulse monitoring. The FTASC was charged using an
electrochemical workstation and variations in current output in response to
pressure applied to the active surface were identified by the integrated
pressure sensor. The integrated device was applied to the subject’s skin
(radial, brachial, and carotid) to measure artery pulse, the software captured
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periodic current signals that showed a heart rate of about <72 beats per
minute (Fig. 6D). The pressure sensor of the serially connected FTASC was
constantly powered for 500 s at a rate of approximately 13 pW following a
2.2V charge. Lastly, a smartphone was used to wirelessly transmit data in
real time to monitor the pulse tracker data produced by the pressure sensor.
These results demonstrated that the portable integrated device can wire-
lessly monitor individual health parameters in real time with improved
stability and can discretely accumulate signals. According to the afore-
mentioned experimental findings, FTASC is a viable option for powering
portable electronic and medical devices.

Discussion

In this study, we successfully fabricated a flexible binder-free supercapacitor
based on Fe,O;@Ti;C, nanocomposite. The fabricated Fe,O;@Ti;C, half-
cell showed a maximum specific capacitance of 213 Fg™' in 1 M H,SO,
aqueous solution. The Fe,0;@Ti;C,||TisC, ASC operates in a wide potential
window from 0 to 1.1 V and exhibits high specific capacitance (123 Fg ™)
with a maximum energy density of 26.15Whkg "' at 880 W kg™". The
FTASC maintains 94% of its initial specific capacitance and 96% coulombic
efficiency after 10,000 cycles and also exhibits 85% mechanical stability in a
bent state across 10,000 cycles. Compared to the other metal and MXene
nanocomposites, these values are substantially higher. Furthermore, the
fabricated FTASCs are connected in parallel and series to improve the
output current/potential as demonstrated in our study powering LEDs and
digital thermometers. For portable electronics, the fabricated device could
surpass the energy density gap between supercapacitors and batteries.
Second, in the proof of concept tests for real-time application, the fabricated
FTASC was connected to a portable biomonitoring system (pressure sen-
sor), and live artery pulse signals (72 bpm) were detected. The findings
underscore the potential of Fe,O;@T1i;C, as a sustainable, flexible, light-
weight, and portable energy storage solution, developed through a versatile
hybrid approach suitable for various electronic device applications. These
promising results establish Fe,O;@Ti;C, electrode as a high-performance,
flexible, and sustainable electrode material for next-generation energy sto-
rage devices. However, there are significant hurdles to real-world imple-
mentation. In particular, the scalability of the synthesis and device
fabrication processes must be optimized for mass production while main-
taining consistent quality and cost efficiency. Furthermore, biocompatibility
testing is critical for applications in wearable or implantable biomedical
devices to assure long-term safety. Finally, future research should focus on
connecting these supercapacitors to IoT platforms, allowing for real-time
monitoring, data transmission, and intelligent energy management in smart
electronic devices.

Methods

Materials

The Ti;C, Ty, MXene powders were purchased from Laizhou Kai Ceramic
Materials Co. Ltd. (Hong Kong). Polyvinyl alcohol (PVA, Mw; 8000), sul-
furic acid (H,SO,), ferric sulfate (Fe(SO.)s), ferric chloride (FeCls), potas-
sium hydroxide (KOH), manganese(II) sulfate (MgSO,), sodium hydroxide
(NaOH), nickel sulfate hexahydrate (NiSO,-6H,0), zinc acetate dihydrate
(Zn(CH5CO,).2H,0), ethanol, dimethyl sulfoxide (DMSO), polyvinylidene
fluoride (PVDF), and n-methyl-pyrrolidone (NMP) were purchased from
Sigma Aldrich. The carbon fabric was purchased from a U.S. fuel cell retailer.
Interlink Electronics, Inc. supplied the pressure sensor. No additional pur-
ification or modification was applied to any of the components.

Delamination process of Ti;C,T, MXene

Delamination was successfully performed by sonication using DMSO as an
intercalant to separate the layers of MXene, which is in favor of increasing the
Ti;C,Tx MXene interlayer gap. First, Ti;C,Tx was dissolved in DMSO and left
to stir overnight at room temperature. To separate the intercalated Ti;C,Ty
powder, the colloidal residue was centrifuged for 10 min at 3000 rpm. After
that, it was cleaned with DI water and sonicated for five hours. Finally, the
blackish powder was gathered and left to dry overnight at 70 °C **.

Preparation of Fe,O; nanoparticles

Appropriate FeCl; and Fe(SO,); concentrations were combined with
100 mL of DI water and magnetic stirring for an hour at 80 °C to create
Fe,O; nanoparticles. Next, as the precipitating agent, 50 mL of 2 M KOH
aqueous solution was added drop-wise until pH 11 was attained. Then, the
precipitates were gathered and centrifuged at 5000 rpm. Following many
washes with distilled water/ethanol, the resulting blackish-brown powder
was dried for 4 h at 400 °C ”".

Preparation of MnO, nanoparticles

MnO, nanoparticles were prepared via a co-precipitation technique using
manganese acetate [Mn(CH;CO,),] and potassium permanganate
(KMnOy,). A 0.004 mol of manganese acetate was dissolved into 100 ml of
DI water followed by stirring for 60 min at room temperature. Then, 100 ml
of 0.02 M potassium permanganate solution was added slowly into the
stocked solution and stirred for 2 h. The final brown precipitate was filtered
and washed with DI water and ethanol several times. The blackish-brown
powder was dried at 100 °C for 24 h.

Preparation of NiO nanoparticles

The chemical co-precipitation method was used to synthesize NiO nano-
particles. Initially, 0.50 g NaOH and 0.7 g PVP were dissolved in 100 ml
distilled water using a magnetic stirrer. Then 1.74 g Ni (NO3),-6H,O was
dissolved in 60 ml of distilled water and added drop by drop continuously in
the NaOH solution at room temperature. The final sample was centrifuged
and washed with distilled water/ethanol 3—4 times and dried at 80 °C in the
hot air oven.

Preparation of ZnO nanoparticles

A 2.5 g of Zinc chloride was mixed in 50 ml ethanol using a magnetic stirrer
for 40 min. 1.6 g of Sodium hydroxide pellets were then dissolved in 10 ml of
DI water and added dropwise into the Zinc chloride solution at room
temperature. The final white powder was washed with DI water till the pH
was 7. The powder was then dried at 120 °C for 24 h.

Preparation of Fe,0;@Ti;C, nanocomposite

By adopting the simple ultrasonication approach, Fe,O;@Ti;C, was created.
150 mg of Fe,O; was added to an aqueous solution after 0.03 mol of Ti;C,
and 150 mL of DI water were combined under ultrasonication. Filtered and
cleaned with DI water, a dark slurry of Fe;O;@Tis;C, nanocomposite was
obtained. The resultant product was dried at 80 °C in a hot air oven for 24 h.
Finally, a black powder was labeled as FT.

Preparation of MnO,@Ti;C, nanocomposite

A MnO,@TisC, was prepared using the facile ultrasonication method where
0.03mol of Ti;C, was mixed with 150 mL of DD water under ultra-
sonication and 150 mg of MnO, was added in the TisC, aqueous suspen-
sion. A black slurry of MnO,@Ti;C, nanocomposite was filtered and
washed with DI water. The obtained product was dried in a hot air oven at
80 °C for 24 h. The same synthesis procedure was followed for the synthesis
of NiO@T1i5C; and ZnO@T1i5C..

Preparation of PVA/H,SO, gel electrolyte

A translucent, clear solution was obtained by heating 15 mL of 1 M H,SO,
solution containing 1.2 g of PVA powder in a water bath at 80 °C while
stirring vigorously. Then, to remove any bubbles and create a uniform
dispersion, the solution was ultrasonically treated. The resulting gel was
stored at room temperature for 5h. Finally, a PVA/H,SO, polymer gel
electrolyte was obtained **.

Fabrication of Fe,0,@Ti;C, electrode

A few drops of NMP were combined with the active material, which con-
sisted of 90% Fe,O;@Ti;C, and 10% carbon black. With no binders, the
resulting slurry was applied using the doctor blade technique to the flexible
carbon cloth. The Fe,Os;@ Tis;C, electrode was then prepared and dried
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overnight in a vacuum oven. The asymmetric flexible supercapacitor was
assembled with the as-fabricated Fe,Os@ Ti;C, as anode along with Ti;C, as
cathode, separated by a porous membrane and filled with PVA/H,SO,
polymer gel as electrolyte.

Materials characterization

Powder X-ray diffraction (XRD) was used to characterize the produced
materials using a Rigaku SmartLab 3 kW equipped with an accelerator
detector (Cu-Ka radiation, A = 1.5418 A). Using a 532 nm laser and a Witec
Alpha 300 R Raman spectrometer, the Raman spectra were examined in the
200-3000 cm™" range. MIRA with an EDX detector (MIRA3 XMU (MIRA-
STAN)) was used to record the surface morphologies and associated ele-
mental mapping. Brunauer-Emmett-Teller (BET, Quanta chrome instru-
ment) method. A Kratos Analytical Axis Supra X-ray photoelectron
spectrometer (XPS) with a monochromatic Al Ka (1486 V) excitation
source, was used to investigate surface chemical compositions. Each XPS
spectrum was fitted using Casa XPS software, which is consistent with the C
1s peak at 284 eV.

Electrochemical analysis
Using an electrochemical workstation (Autolab) and data analyzer powered
by Nova 2.1 software, electrochemical measurements of the manufactured
asymmetric flexible supercapacitor were examined using cyclic voltam-
metry (CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS). CV and GCD were recorded at different
scan rates and current densities.

Using Eq. (1), the specific capacitance (Cgp, Fg

1)’ was computed:

IAt
C,=4x

1
P mAV ()

The following Egs. (2) and (3) were used to compute the energy density
(E, Wh kg ") and the power density (P, W kg "), respectively:

C
| @
8
E
P = — 3
= )

where m is the total mass of the two electrodes (g), AV is the potential
window (V), I is the current density (A), and At is the discharging time (s).

To depict the energy storage kinetics, a power law equation was
employed, as presented in the Eqgs. (4) and (5).

i=ay’ 4)

logi =blog y + log a 5)

The current values (i) were measured in mA, but a and b were arbitrary
parameters that were derived from the slope of a linearly fitted line between
log i and log v. A surface-controlled process occurs at b =1, while a non-
capacitive diffusion-controlled process occurs at b =0.5.

Dunn’s approach was applied and assessed using Eq. (6) to determine
the contribution of capacitive and diffusion processes from the CV curve.

i=k, +ky (6)

While “k;” and “k,” are constants, “i” and “v” stand for the peak current
in milliamperes (mA) and the scanning rate in millivolts per second,
respectively.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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