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Abstract: Flexible 3D electrodes are showing promise in the arena of energy packing systems since they combine the
best features of supercapacitors (SCs) and batteries. But its limited potential is a result of flexibility, slow electron transfer,
mass loading, and insufficient energy density. To effectively address these concerns, a three-dimensional thermoplastic
polyurethane (3D TPU) embedded—polypyrrole (PPy)-CuO/MnO, hybrid SC electrode (3D TPU-PPy-CuO/MnQ,) is
proposed for 3D SCs. The TPU-PPy-CuO/MnO, electrode has a remarkable cyclic stability of 98.8% even after
10000 cycles, allowing it to reach the capacitance performance of 88 mFcm™. The 3D electrode’s outstanding
electrochemical property may be traced back to its peculiar composite morphology, which plays a critical role in
enabling high conductivity, rapid electron transfer, short ion diffusion distance, and superior active sites for improved
electrochemical performance. These findings highlight a simple and effective method for structurally engineering the
active SC electrode material, which should speed up the creation of more sustainable and scalable 3D hybrid
energy systems.
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Introduction

The demand for energy storage units and reworking that are
both economical and favorable to the environment has sig-
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nificantly increased, and smart devices that integrate both energy
conversion and storage have attracted increasing attention as a
major breakthrough for efficient energy usage."* Many attempts
and reports have examined and manufactured hybrid super
capacitors (SC) electrodes using unique methods, for example,
stem coating, 3D dual extrusion, microextrusion, etc.*® These
methods are expensive or can't process all the materials needed

to make polymer composite SC electrodes. To create functional
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SCs, various techniques were needed. Additive engineering 3D
printers can construct practically several geometrically com-
plicated outline and pattern cutting-edge materials with exact
conformal depositions.”” It has been used to develop flexible
SCs, but it is still difficult to attain good and stable perfor-
mance, especially under mechanical bending.'"™!" Other benefits
of this technology include making complicated SCs, flexible
packaging due to 3D forms, and commercial consumer 3D
electronic fabrications.

In terms of thermoplastic polyurethane (TPU) matrix for 3D
production of TPU-constructed flexible electrodes, it appears
easy to achieve polymer hybrid coatings, efficient structures,
and strategies by merging the bendable TPU constructed fil-
aments with particular category of exceedingly conductive filler,
for example, carbon nanotubes (CNT) or silver nanowires. This
can be done by combining the highly conductive filler with the
exceedingly elastic TPU substantial filaments.">"

However, the technical challenge is that inappropriate and
excessive additions can quickly lead to well hard TPU matrix
filaments for SC electrode material coating. This is a result of
the fact that TPU matrix composite filaments are made of ther-
moplastic polyurethane. Additionally, the dispersion of con-
ductive sources in the TPU layer also has a direct influence on
the mechanical and electrochemical capabilities of the 3D
SCs.">!® Therefore, it is stated that the precondition for achieving
good performance capabilities is both advanced operational
flexibility and improved material regularity for 3D printing of
TPU matrix composites. This is because of how flexible the
structure is for SCs. As a potential method for improving the
materials that are used to store and conduct energy, polypyrrole
(PPy) has been given a lot of consideration as a prospective
component in the development of SCs. This is as a result of
their remarkably extraordinary power density, increased lifes-
pan, express charging and discharging capabilities, and great
possibilities for adoption in a variety of industries, including
the automotive and aerospace industries.

In recent years, there has been an uptick in research and
development efforts directed toward the production of energy
storage and sensors and dependable nitrite sensors through the
utilization of a wide variety of nanocomposite materials, includ-
ing those that are based on PPy. SCs electrode materials com-
position with current directing polymer matrixes or nanomaterials
(metal oxides), as a result of the faradaic charge storage,
pseudocapacitors always have larger specific capacitances than
the electrical double-layer capacitors.'™"” As of their extraordinary
specific capacitances, transition metal oxides perhaps MnO,,
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CuO, V,0s, WO, etc."™? are interesting active electrode mate-
rials for the use of SCs. Specifically, MnO, has a potential spe-
cific capacitance, is cheap, and is easily available.

In order to improve conductivity, specific capacitance, mechan-
ical stability, and flexibility, linking conducting polymers through
MnO, was found to be a good technique. The MnO,/PPy com-
posite is commonly used in the fabrication of SCs because of
PPy’s high conductivity, strong environmental stability, and ease
of synthesis.”* While CuO shows promise as a high-capacity

electrode,”

it still faces obstacles such as low experimental
specific capacitance, poor conductivity, and cycling stability.
Many studies have focused on modifying CuO through com-
positing with other transition metal oxides in an effort to find
solutions to the aforementioned issues. In our previous reports,
we developed 3D TPU/PPy for strain sensor applications and
evaluated the performance of PPy through the vapor phase
polymerization (VPP) process.”*

From the aforementioned observations and views, the pres-
ent work focused its attention on the intention technique of
elastic formations, the progression assurance for structural con-
structions, fabrications route, and the electrical-mechanical
comportment of 3D TPU matrix as flex-SCs that were studied
from fabricated 3D printing matrixes. The 3D-printed TPU
matrix composite substrates were designed for periodic geom-
etries, and their substrates were incorporated with PPy under
VPP on TPU film. According to the electrical-mechanical
experiments, with the assistance of PPy-CuO/MnO, matrixes
for high-performance SCs.
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Figure 1. Schematic representation of 3D-produced TPU, TPU-PPy,
and TPU-PPy-CuO/MnO, composites.
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Experimental

Materials and Reagents. The substrate used for the 3D
fabrication process was a TPU foundation (eSUN, eTPU-95A,
breadth 1.75 mm, China). During oxidative polymerization,
ethanol (Samchun Pure Chemical, Korea) was utilized as the
solvent for the oxidizing mediator, iron(III) p-toluenesulfonate
(FTS, Sigma-Aldrich, USA). The conductive polymer PPy
monomer utilized for the oxidative polymerization was pyrrole
(ACROSE, GEEL, Belgium). To improve the SC’s chemical
and electrical performance, additional additives such as copper
oxide and manganese dioxide were added. Metal oxides were
adsorbed on the substrate surface using ethylene glycol (Sam-
chun Pure Chemical, Korea).

Fabrication of 3D TPU, TPU-PPy, and TPU-PPy-CuO/
MnQO,. 3D printer (ROKIT, AEP II, Korea), was utilized to
assemble TPU. Flexible TPU was 3D printed with a substrate
angle of 0 degrees and a 70% infill density. After being soaked
in ethanol containing an oxidizing agent at a concentration of
30 weight percent (wt%) for 30 minutes, the TPU was agitated
for about 10 minutes. The finished product was allowed to air
dry at room temperature for 60 minutes. After adding FTS to
the TPU, the mixture was placed in a polymerization room,
where PPy was polymerized for 6 hours in a nitrogen atmo-
sphere. The resultant TPU-PPy was air-dried for a minimum of
12 hours after being rinsed in ethanol for 20 minutes to elim-
inate any residual oxidizing agents.”’

The TPU-PPy-CuO/MnO,-PPy-CuO/MnO, made by mixing
0.02 g CuO, 0.02 g MnO,, and 15 mL of ethylene glycol for
10 minutes while stirring at 1200 rpm. Then, we added 35 mL
of DI water and sonicated the mixture at 50 C up to 90 min-
utes. The TPU-PPy composite was mixed with the dispersion
solution, then subjected to a 6-hour reaction in an oil bath at
60C, followed by 12-hours of drying in an oven at the same
temperature. Figure 1 shows the preparation procedures for
TPU-PPy-CuO/MnO, composites.

Testing and Analyzing Characteristics. The Fourier trans-
form infrared spectrometer (FTIR, PerkinEImer, USA) and
field emission scanning electron microscopy (FE-SEM, TES-
CAN, Cesko) were operated to analyze the morphology of the
matrixes. Universal testing machine (UTM, Hounsfield, H10KS,
USA) to check the physical property analysis. Electrochemical
impedance spectroscopy (EIS) measurements of the SC's per-
formance were taken exhausting a Workstation (SP-150, Bio-
logic, France) and a 6M KOH alkaline electrolyte.
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Figure 2. FTIR studies data for (a) TPU; (b) TPU-PPy; (c) TPU-
PPy-CuO/MnO, composites.

Results and Discussion

FTIR studies of 3D TPU-PPy and TPU-PPy-CuO/MnQO.,.
In order to study the chemical composition and interaction
between TPU, TPU-PPy, and TPU-PPY-CuO/MnQO, in 3D
matrixes, as well as to determine the impact of processing VPP
technique and material composition on the 3D composite, FTIR
analysis was carried out (Figure 2). The peak around 3400 cm’
for clean 3D TPU is explained by the stretching of hydrogen
bonds (Figure 2(a)). Aliphatic CH, exhibits symmetric and
asymmetric axial deformation, respectively, as indicated by the
bands at 2904 and 2917 cm™.2® The 1730 ¢cm™ point is also
related to free carbonyl stretching vibration; however, the 1707
cm’ band is accompanied by carbonyl groups that are hydro-
gen bound. The FTIR of TPU-PPy (Figure 2(b)), the unique
engagement peaks of C-OH promises on the external of TPU
were linked to the strong extending vibration peaks seen at
1120 cm™ and 1137 cm™ notations a and b, respectively. The
C-N stretching, N-H bending, and aliphatic C-O stretching are
accompanied by peaks at 1970, 1527, 1306, and 1220 cm”,
respectively.”’

After polymerization and metal oxide coating, the FTIR
results show (Figure 2(c)) that the N-H peaks that were pre-
viously attributable to TPU and PPy, which ranged in frequency
from 2959 to 3317 cm™, widened significantly because PPy
was present. In addition, the peaks corresponding to the metal
oxides (CuO, MnQO,) that were studied in this experiment were
seen at 529 cm’ (Cu-O) and 507 cm” (Mn-O) peaks.***!

Morphological Analysis TPU-PPy-CuO/MnO, Composites.

Polym. Korea, Vol. 48, No. 3, 2024
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Figure 3. SEM analysis of 3D (a, b) TPU; (b, ¢) TPU-PPy; (e, f, g)
TPU-PPy-CuO/MnO, composite surface; (h) cross-section of TPU-
PPy-CuO/MnO,.

3D-printed TPU, TPU-PPy, and TPU-PPy-CuO/MnO, com-
binations were evaluated by TESCAN-MIRA 2- FE-SEM and
compared in Figure 3. The 3D-printed TPU surface clearly
shows the filmy surface (Figure 3(a) and (b)), and the TPU-PPy
sample surface contains particles of PPy with a dependable size
and distribution all over the TPU matrix (Figure 3(c) and (d)).
Figures 3(e) and f show that for the TPU-PPy-CuO/MnQO,, the
composites showed compact block morphologies independent
of the residence period for the first step of PPy via VPP. The tiny
cores were coated with polymers with short chains because the
oxidant (FTS) to monomer ratio was high. As a result of their
small size and high specific area, the TPU-PPy-CuO/MnQO, com-
posite particles tended to agglomerate, lowering the surface
energy.

Zav, A|484 A3, 20243

Figure 4. EDS mapping of the analysis TPU-PPy-CuO/MnO, com-
posite.

As demonstrated in the SEM of TPU-PPy and TPU-PPy-
CuO/MnO,, the combined morphology changed from amor-
phous blocks to aggregated spheres (PPy), metal oxide needles
(CuO), and flaks as the residence.

At high magnification, the cross-section surface clearly shows
the morphological changes from metal oxide coatings (Figure
3(g) and (h)). From these surface results, the metal particle’s
crystal size grows as the lodging time for the initial major stage
increases, which is the expected outcome. Additionally, par-
ticle aggregation was reduced due to the production of poly-
mers by extensive chains caused by CuO and MnO, in the
TPU-PPy-CuO/MnO, combination. Also, the EDS mapping
(Figure 4) of composite clearly showed the important elements
appearances (Cu, Mn, N, C and O), which are the confirmation
of the composite formation.

Mechanical Possessions of 3D TPU-PPy and TPU-PPy-
CuO/MnO,. The mechanical actions of TPU-PPy and TPU-
PPy-CuO/MnQO, combinations are depicted in Figure 4 and can
also be found in Table 1. The clean TPU matrix stress-strain curve
makes it abundantly clear (Figure 5(a)), and the addition of
TPU-PPy and TPU-PPy-CuO/MnO, causes a reduction in both
the modulus and the strength of the material. The horizontal
percentage was also influenced (Figure 5(b)). Table 1 also
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Figure 5. (a) Stress-strain curve; (b) horizontal percentage TPU,
TPU-PPy, and TPU-PPy-CuO/MnO, composites.

Table 1. Stress-strain Curve of TPU, TPU-PPy, and TPU-PPy-
CuO/MnO, Composites

Tensile Strength ~ Horizontal at break

Samples

(Kg/mm?®) (Kg/mm?)
TPU 0.26 4.05
TPU-PPy 0.43 3.67
TPU-PPy-CuO/MnO, 0.16 3.14

clearly indicates the tensile properties of the composites; the
tensile strength is reduced from 0.26 Kg/mm? (TPU) to 0.16
Kg/mm? (TPU-PPy-CuO/MnO,). Both the uniform dispersion
of CuO and MnO, particles, which have stiff characteristics,
and the uniform dispersion of PPy particles, which lend flex-
ibility to the TPU matrix, can be credited with this result. The
observed decline in mechanical characteristics can be recognized
to a number of factors, including the weakening of intermo-
lecular connections, changes in thermal, chemical, and struc-
tural properties brought on by oxidation, and the addition of
heat brought on by CuO and MnO,.

The infill patterns of 3D TPU also impact the mechanical
characteristics of soft TPU, TPU-PPy, and TPU-PPy-CuO/MnQO,
composites that are 3D printed. The tensile stress appears to be
distributed evenly all over the infill outline track for all 3D-printed
matrixes when the material is stretched in their particular two
directions. The structural lines, relative to the extending track,
are able to resist the initial threshold of stretching of the infill
shapes. Distinct square or pattern fillings with metal oxide coat-
ings, the infill patterns of 3D TPU can be altered by adjusting
or narrowing the original angle. This effect enables three infill
patterns to withstand greater stress and strain for pure 3D TPU,
and the metal oxide coatings are leading to increased dura-
bility. Conversely, lower stress and strain values were observed
for the pure TPU patterns due to the stress being concentrated
and layered on the two side edges. Also, VPP polymerizing PPy

through TPU also influenced the maximum stress and strain.
Increased rigidity and stiffness can be achieved by crosslinking
TPU with PPy and CuO/MnQO, through hydrogen and van der
Waal’s bonding.*

Electrical Characterizations of TPU-PPy and TPU-PPy-
CuO/MnO, Constructed SCs. The electrochemical behaviors
of the TPU-PPy and TPU-PPy-CuO/MnO, SC electrodes were
examined from a workstation (SP-150, BioLogic). This instru-
ment was employed to achieve the corresponding cyclic vol-
tammetry (CV), galvanostatic charge-discharge (CD), and
electrochemical impedance spectroscopy (EIS).

The fabrication of the SC electrode, which was accomplished
through the use of a symmetric sandwich-type configuration,
to provide further information, the sandwich-type system was
used to create the composite film SC. electrolyte of the gel type,
composed of 6 M KOH and PVA, was developed for use in
flexible electrodes. Coating the electrolyte over a 3D printed
electrode region of the film surface was accomplished through
the use of the doctor-blade approach, which ensured equal dis-
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Figure 6. CV, EIS (low-high frequency regions), and GCD profiles

of 3D printed: (a, ¢, ¢) TPU-PPy; (b, d, f) TPU-PPy-CuO/MnO,

composites.
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tribution. Additionally, filter paper (Whatman) was utilized as
a separator. For additional insulation and to ensure that there
was no leakage, the system that was manufactured was wrapped
with safety tape (Scotch). Each and every one of the CV, CD,
and EIS readings were carried out in a KOH electrolyte at the
indicated scan rates.

Figure 6(a) and (b) display the CV illustrations of the TPU-
PPy and TPU-PPy-CuO/MnO,-based SCs that were obtained
at a variety of scan rates. With regard to the symmetric devices,
it was noted that the inclusive potential window sweeps con-
tained redox peaks that were of significant significance. CV
was used to test the composite film SCs, in which the voltage
assortment was from 0 to 0.8 V and the scan rate was varied.
Each and every one of the CV profiles that were carried out for
the composite electrodes had the following search rates: The
scan rates of each CV curve are 25, 50, 75, 100, 125, 150, and
200 mV/s. The fact that the CV details were not symmetrical
and contained two different collections of redox peaks pro-
vided evidence that the nature of the material was pseudo-
capacitive. The TPU-PPy-CuO/MnO, SCs exhibit an increased
area of CV curve when compared with TPU-PPy. It was deter-
mined that the agreeing typical redox peaks.

EIS was performed to recognize the charge transfer status
and resistance in the TPU-PPy and TPU-PPy-CuO/MnO, SCs
electrode/electrolyte boundaries and inner area. The Nyquist
scheme is shown in Figures 5(c) and (d). The electrode mate-
rials' EIS curves show solution resistance (Rs), the frequency
section in Figure 6(c), and an uncurving line superior above
45° to the actual axis (real) near the imaginary axis in the squat-
frequency section (Figure 6(d)), demonstrating good capacitive
behavior. The EIS line has fewer imaginary sections and is more
vertical, suggesting low diffusion resistance (Warburg imped-
ance, W).*

Figure 6(e) and (f) depict the galvanostatic charge/discharge
(GCD) data with corresponding current densities extending from
0.25 mA to 2.0 mA. These curves appear at different current
densities. The trend of the CV curve was similar to the shape
of all of the TPU-PPy and TPU-PPy-CuO/MnO, curves, which
were triangular in shape and relatively symmetrical.

The galvanostatic charge-discharge (GCD) summaries of all
composite SCs exhibit their typical curves at various current
densities (0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 mA). This evidently
validates the characteristic pseudo-capacitance and electric
double-layer capacitor behavior of the TPU-PPy-CuO/MnO,
electrode materials. Moreover, the curves are straight and sym-
metrical. An extremely minute quantity of the typical internal
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resistance was noticed in each and every discharge curve. This
was due to the fact that the electrode materials were electrically
connected to one another. By utilizing rapid surface adsorp-
tion-desorption reactions, electrode materials that possess a
high electrical conductivity are able to progress electron charge
transfer reactions at the interface. The galvanostatic discharge
curves were employed to compute the specific capacitance,
and eq. (4) was utilized to calculate the perofimances.*
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The abbreviations /(A) indicate the current, #(s) symbolizes
the time for thorough discharge, A(cm?) represents the area of
the dynamic electrode substantial, and V represents the voltage
alteration afterward full charge or discharge. The obtained areal
capacitances are shown in Figure 7(a). The specific capacitances
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Figure 7. (a) 3D graph of specific capacitance with capacitance

retention; (b) cyclic stability TPU-PPy and TPU-PPy-CuO/MnO,
composites.
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Table 2. Comparison of 3D TPU-PPy-CuO.MnO, with Other 3D Metal Oxide and Polymer SC Electrode with Recent Reports

3D SC electrodes Spc, Capacitance Cyclic stability (cycle) Flexible conditions Ref.
TPU-PPy-CuO/MnO, 88 mFcm™ 12000 Horizontal Bending This work
MXene-N@Zn-Co 78 F g 6000 NA 39
Porous Carbon printing 328 mFem™ 400 NA 40
graphene aerogel/MnO, 11.9 Fem™ 1000 NA 41
MXene@PTC* 30.2 mFem™ 10000 Bending only 42
Graphene/MoS, 11.6 mFem? 10000 NA 43

NA: No data available; *PTC: PLA/TPU/CB (polylactic acid/Thermoplastic polyurethane/ carbon black); MoS,: molybdenum sulfide

of the combination electrodes have been estimated on the dis-
charge curves. The specific capacitance of the TPU-PPy and
TPU-PPy-CuO/MnO, 3D printed composite SCs was that the
TPU-PPy performed with around 40 mFem™ and 88 mFem™
for the TPU-PPy-CuO/MnOQ,. This is a significant improvement
over the TPU-PPy-CuO/MnO, 3D SC, which is evidence of
the effect on the polymerization process, and metal oxide coat-
ings have good performance and considerable improvements
after CuO/MnO, treatments.

Figure 7(b) shows that cyclic stability is another criterion for
evaluating the performance of the SC. The 3D composite SCs
made of TPU-PPy and TPU-PPy-CuO/MnO, were studied for
their long-term cyclic performance more than 10000 cycles using
GCD tests conducted. The two 3D SCs have substantially lower
capacitance retention rates (~98.8%). This type of 3D flexible
SC device for storing energy levels over a prolonged period of
time would benefit from the stability and capacitance retention
capabilities achieved. The composite electrode materials are
likely responsible for the achieved cyclic stability. Merging 3D
TPU with PPy and CuO/MnO, strengthens the bonds between
the composite's constituent parts, leading to enhanced mechan-
ical characteristics and capacitance cycle stability.*>=

The fabricated 3D SC device was checked under different
elongating and bending conditions to check in order to study
the mechanical strength and flexibility (Figure 8). The obtained
CV graph (Figure 8(a)) at both conditions revealed a slight dif-
ference in the redox conditions, and the EIS plot (Figure 8(b))
showed similar performance, which may be due to the ion trans-
port delay under elongation or the electrode spore distance dif-
ference. This elongation and bending state are not permanent
conditions; the flexibility or elasticity is continuously changing
behavior. Also, the current variation, as previously checked SC
area is 1 cm? and for the real-time SC for elongation studies,
the SC area is 4 cm”. Due to the large size of the SC the current
and conductivity differences showed.
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Figure 8. (2) CV; (b) EIS of TPU-PPy-CuO/MnO, SC performance
under elongation and bending conditions.

The 3D printed SC performance was compared with recent
reports in terms of 3D printed metal oxides and polymer com-
posites (Table 2). From the comparison data, this reported 3D
TPU-PPy-CuO/MnO, SC exhibited better cyclic stability and
flexibility performances. Also, it clearly seems the bending and
horizontal performances are very important, even with the high
capacitance obtained. The PPy composed of 3D structural elec-
trode surfaces; the preferred TPU-PPy-CuO/MnO, composite
samples are abundant in carbon, oxygen, and nitrogen in a vari-
ety of charge-discharge states. Going along with the contradictory
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trend as the -N+ component is the prospectively dependent -N
= section of PPy. It is clear from these findings that the oxi-
dation and reduction of PPy nitrogen are responsible for the
charge-storage of the composite electrode in the TPU-PPy-
CuO/MnQO, hybrid system.

Hence, PPy can be intercalated between TPU and CuO/MnO,
layers, increasing the distance between them and hence speed-
ing up charge transfer in TPU-PPy- CuO/MnO, energy storage
devices. Freestanding flexible electrodes based on TPU-PPy-
CuO/MnO, were conceptualized as conductive polymer-based
electrodes with much improved electrochemical performances
through the intercalation of PPy into 3D TPU. The results
demonstrate that the electrolyte penetration, diffusion, and
mass transfer are all affected by the intercalation of PPy, which
inhibits the restacking of metal oxides.. The PPy backbones are
reinforced by the strong connections formed with the CuO/
MnO, and TPU surfaces, which not only have good conductivity
but also accurate charge-carrier transport pathways. Moreover,
a standalone 3D TPU-PPy-CuO/MnO, supercapacitor with
outstanding capacitance flexibility is built utilizing this com-
posite.””*® The proposed composite enabled electron transport
and ionic diffusion in a three-dimensional (3D) network. In
addition to CuO/MnO, stacking and PPy development, the 3D
printed scaffolding improves the structural stability of the nano-
composite. The electrolyte that is adsorbed onto composite lay-
ers spontaneously might be thought of as an additional liquid
"spacer" that allows for rapid ion diffusion kinetics.

The incorporation of thermoplastic urethane (TPU), which
allows for mechanical flexibility in the design of energy stor-
age electrodes, has also led to the development of a flexible
supercapacitor. As an ultrafast electron transport layer, metal
oxide decorated films are used on the electrodes of super-
capacitors. The specific capacitance is evidently improved by
the PPy layers, which also decrease internal resistance, increase
the rate of electron transfer, and improve the transit rate of
electrolyte ions in the diffusion layer. It is also possible to assess
the cycle-life of PPy by using a layer of metal oxides, which
have great mechanical properties, as a support material. The
improved capacitance property of PPy is a result of its homog-
enous thin layer presentation on TPU and metal oxide surfaces,
which greatly improves electrode-electrolyte interaction. More-
over, PPy’s aromatic rings would interact strongly with one
another, considerably simplifying the charge-transfer process.***

In addition, the capacitive characteristics can be improved
for metal oxide-coated SCs because CuO/MnO, loading can
lead to severe PPy and metal oxide agglomeration and restack-
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ing, which includes the conductivity of the electrochemically
active mass transport PPy and metal oxide network that allowed
electrons to flow between the two materials, leading to PPy’s
significant capacitance contribution. In addition, the 3D-printed
composite-based SC device had better capacitance and cycling
stability due to the PPy and CuO/MnQO, tight attachments to
the 3D TPU sheets.

Conclusions

3D-printed flexible TPU-PPy-CuO/MnO, functionalized com-
posites were used to successfully fabricate a 3D SC. The 3D-
printed film electrode performed excellently in electromechanical
and mechanical strength experiments. In terms of electromechan-
ical SC performance, the 3D film electrode functioned excel-
lently. With a specific capacitance of 88 mFem. The 3D-printed
energy storage system was able to maintain its initial per-
formance level (98%) even after 10000 cycles. Smart electronic
and flexible 3D devices may one day make use of the combined
flexible multifunctional energy storage system as a SC.
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