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SUMMARY

Manganese dioxide (MnO,) is extensively used in supercapacitors, but its poor conductivity and low power
density limit its applications. This study employed a one-step electrochemical deposition method to fabricate
a polyaniline (PAni)/MnQ,/carbon cloth (CC) composite electrode, which was assembled into flexible super-
capacitors. Optimal process parameters were determined through exploring the effect of deposition dura-
tions on the electrochemical performance. With optimized synergistic effects between the components,
the PAni/Mn0O,@CC composite electrode exhibits high specific capacitance of 1,694.25 mF cm 2 at 1 mA
cm~2, which is remarkably better than that of PAni@CC, MnO,@CC, and other reported PAni-based elec-
trodes. The assembled supercapacitor displays high energy density, superior bending performance, and
good cycle stability. This easy-to-prepare composite electrode, with excellent energy storage capability, of-
fers significant potential for flexible energy storage devices.

INTRODUCTION

The rapid development of wearable electronic devices has
significantly increased the demand of flexible energy storage de-
vices, such as batteries and supercapacitors, among which
supercapacitors have been proved to be excellent power sour-
ces due to their environmental friendliness, rapid charge/
discharge capabilities, high power density, and extremely long
cycle life." Based on their energy storage mechanisms, superca-
pacitors can be categorized into electrical double-layer capaci-
tors (EDLCs)*® and pseudocapacitors.” EDLCs store energy
through a physical process that involves the adsorption of ions
from the electrolyte onto the surface of the electrodes. In
contrast, pseudocapacitors primarily involve electron transfer
and redox reactions occurring within the electrode materials,®
which enables them to achieve superior capacitive performance.

The two main types of electrode materials employed in pseu-
docapacitors are transition metal compounds (such as metal ox-
ides,®” carbide,® phosphide,’ nitride,’® and boride'"'?) and
conductive polymers (such as polyaniline [PAni], polypyrrole,
and polythiophene).”®'® Nowadays, transition metal phos-
phides/borides serving as the pseudocapacitive materials have
attracted considerable scientific attention owing to their superior
electrical conductivity, high theoretical capacity, and prominent
thermal stability. Whereas, the low-cost engineering of transition

metal phosphides/borides with specific composition and struc-
ture as well as satisfying electrochemical performance remains
a knotty problem. Among these transition metal compounds,
manganese dioxide (MnO,) %" offers a high theoretical specific
capacitance, abundant surface area, and low production cost.
However, its low conductivity severely limits its widespread
applications. On the other aspect, PAni'®'° demonstrates excel-
lent reversible electrochemical properties and good ionic con-
ductivity, facilitating charge transfer and storage, thereby
enhancing the energy density and charge-discharge efficiency
of supercapacitors. Nevertheless, PAni suffers from volume
changes during the charge/discharge process and the burial of
active sites due to agglomeration, resulting in poor rate perfor-
mance and low specific capacitance. In order to achieve the
complementary advantages of the two materials, a plenty of
research studies are focused on composite materials consisting
of MnO, and PAni applied to supercapacitors. Sun et al.>® syn-
thesized MnO./PAni electrode materials by redox and chemical
oxidative polymerization methods, with a specific capacitance of
565 F g~' at a current density of 0.8 A g~ and a capacitance
retention of 77% after 1,000 cycles at 8 Ag~". Zhu et al.?" syn-
thesized the PAni@y-MnO,/carbon cloth (CC) electrode by hy-
drothermal and electropolymerization methods with a specific
capacitance of 1,105 mF cm~2 at a current density of 1 mA
cm2in 1 M H,SO,. It has been proved that the MnO,/PAni
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Figure 1. Schematic of electrode preparation and device charge storage mechanism
(A) Schematic diagram of the preparation process of PAni/MnO,@CC electrodes and symmetric supercapacitors.

(B) lon transferring mechanism in the composite electrode.

hybrid electrode can make full use of both components, and thus
improve the electrochemical performance of the assembled
supercapacitors. Despite these advances, existing methods
often involve complex, multi-step processes that require
oxidizing agents, limiting their scalability and cost-effectiveness.
Therefore, it is of great practical significance to study and
develop PAni/MnO, composite materials with simple synthesis
methods along with excellent electrochemical properties.

In this work, a simple and efficient one-step deposition
method was employed to directly synthesize PAni/MnO, com-
posites onto CC substrates without the usage of binders, which
would simplify the fabrication process and at the same time
ensure excellent conductivity together with adequate active sur-
face areas. Furthermore, MnO, nanoparticles within the PAni
membrane can effectively alleviate the volume change, thereby
to obtain synergistic electrochemical performance superior to
the sole component. By systematically analyzing the structure-
performance relationship, the material preparation process
was optimized, and then high-performance electrodes were
developed and assembled into supercapacitors. The resulting
devices exhibit superior specific capacitance, excellent stability,
and significant potential for scalable production, addressing crit-
ical challenges in energy storage applications. This innovative
approach not only advances the state of the art in PAni/
MnO,?* composites but also provides a practical pathway for
developing next-generation energy storage technologies. Sche-
matic of electrode preparation and device charge storage mech-
anism is shown in Figure 1.

RESULTS
Material characterization of PAni/MnO, deposited on
ccC

The morphology of MnO,@CC, PAni@CC, and PAni/MnO,@CC
is shown in Figure 2. As shown in Figure 2A, uniform and dense
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MnO, nanoparticles have been grown on CC.?® The enlarged
SEM image in Figure 2D reveals that the MnO, film consists of
numerous nanorods, which exhibit a rough, uniform, and
worm-like shape. Additionally, some sea urchin-like clusters
are observed on the MnO, film, which likely result from the
self-agglomeration of nanorods in the deposition solution.
Figures 2B and 2E present the densely distributed morphology
of PAni on CC, where more ordered and regular nanorods with
diameters of approximately 50 nm are visible. Figures 2C and
2F demonstrate that after co-deposition of PAni/MnO,, the com-
posite exhibits a typical irregular morphology, with a significantly
increased fibrous structure thickness. Unlike the MnO,@CC and
PANni@CC samples, the PAni/MnO, composite tends to form an
interconnected membrane, which not only creates a more abun-
dant electroactive surface and improves electrical conductivity
through continuous film formation but also buffers the volume
changes resulting from repeated ion insertion and extraction.
To further characterize the PAni/MnO,@CC composites,
transmission electron microscopy (TEM) measurements were
conducted. As shown in Figure 3A, MnO, exhibits a spheroidal
flower-like shape, with irregular stacking of ultra-thin nanosheets
on the outer ring of the spheroid, which makes the distribution of
small crystalline domains more pronounced. Figure 3B shows
that PAni exhibits a distinct nanorod structure, consistent with
the SEM results of PAni. In the TEM images of the PAni/MnO,
composites in Figures 3C and 3D, it can be observed that
MnO, particles are distributed on the surface of the rod-shaped
PAni, with some MnO, also being wrapped by PAni. This not only
increases the specific surface area of the PAni/MnO, composite
but also provides abundant electrochemically active sites,
further enhancing the electrochemical properties of the material.
The high-resolution TEM (HRTEM) image (Figure 3D) reveals that
MnO, nanoparticles with a typical size of ~10 nm are encapsu-
lated by amorphous PAni, resulting in the unapparent layered
structure of the MnO, due to the shielding of PAni. The inset of
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Figure 2. SEM images of three different electrodes
(A and D) SEM images of MnO,@CC.

(B and E) SEM images of PAni@CC.

(C and F) SEM images of PAni/MnO.,@CC.

Figure 3D shows the enlarged view of MnO, nanolayers, showing
their interlayer space of ~0.28 nm. The observation reveals that
MnO, particles are uniformly distributed and exhibit typical
nanoscale features, indicating good synthetic control. Further-
more, the interface between the MnO, layer and the PAni matrix
is clearly visible, suggesting strong interactions and interface
bonding between PAni and MnOs,.

The composition of the obtained electrodes was characterized
using X-ray diffraction (XRD), as shown in Figure 4A. All three
patterns exhibit the representative graphitic carbon diffraction
peaks at 25.52° and 43°, which can be attributed to (002) and
(100/101) crystal planes, respectively. The MnO,@CC material
shows typical peaks at 36.84° and 66.43°, corresponding to
the (006) and (119) crystal planes of MnO, (JCPDS card number
PDF # 18-0802), respectively. The weak peak may be attributed
to the poor crystallinity and fine grain size of MnO,. For
PANni@CC, a broad peak appears in the range of 20°-25°, which
is characteristic of the amorphous nature of PAni. The PAni/
MnO,@CC composite possesses all the characteristic peaks
of MnO,@CC and PAni@CC with no displacement occurred,
verifying the successful deposition of PAni and MnO, via the
co-deposition method.

Figure 4B presents the X-ray photoelectron spectroscopy
(XPS) survey spectrum of PAni/MnO.@CC, in which four ele-
ments of Mn, O, N, and C could be observed. The Mn element
originates from MnO,, while the C element comes from CC.
The high-resolution C 1s spectrum in Figure 4C displays two
peaks at 284.8 and 285.9 eV,** corresponding to non-oxygen-
ated carbon (C-C/C=C) and oxygenated carbon (C-0), respec-
tively. In the high-resolution O 1s spectrum shown in Figure 4D,
three distinct peaks are observed, corresponding to Mn—-O-Mn
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(529.2 eV), Mn-O-H (530.5 eV), and H-O-H (532.2 eV).?* Fig-
ure 4E shows the deconvoluted N 1s spectrum, revealing four
peaks located at 396.9, 398.1, 399.4, and 402.5 eV. These peaks
correspond to =N—, -NH-, -NH*-, and =NH*-, respectively, with
the presence of -NH*- and =NH*- indicating that PAni is in a
doped state. Figure 4F displays the high-resolution Mn 2p spec-
trum, with two peaks at 641.7 and 653.4 eV, corresponding to
Mn 2p3/2 and Mn 2p1/2, respectively. The orbital splitting en-
ergy between Mn 2p3/2 and Mn 2p1/2is 11.7 eV,?®?” confirming
the presence of Mn** ions and indicating the presence of MnO,
in the material.

Electrochemical performances of electrodes

To investigate the effect of deposition time on the properties of
PANi/MnO,@CC electrodes, three samples, i.e., PAni/MnO,@
CC-100 s, PAni/MnO,@CC-300 s, and PAni/MnO,@CC-500 s,
were tested using three-electrode system in 1 M H,SO, electro-
lyte. Figure 5A presents the cyclic voltammetry (CV) curves of the
obtained samples at a scan rate of 5 mV s~ within a potential
range of —0.2to 0.8 V. The results show that the background cur-
rent significantly increases when the deposition time is extended
from 100 to 300 s. However, when the deposition time is further
increased to 500 s, the background current noticeably de-
creases, indicating that 300 s is the optimal deposition duration.
The comparative galvanostatic charge-discharge (GCD) curves
of the ternary composites tested at a current density of 1 mA
cm™~2 are shown in Figure 5B. All discharge curves exhibit an
approximately linear shape with a slight bending at the begin-
ning, which can be attributed to the pseudocapacitive property
of PAni. Among the samples, PAni/MnO.,@CC-300 s shows
the longest discharge time, indicating the highest specific
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capacitance, which is consistent with the CV results. The spe-
cific capacitance decreases from 300 to 500 s, possibly due to
the more compacted active material deposited on CC leading
to reduced active sites and lower electrochemical utilization
efficiency.?®

Since PANi/MnO,@CC-300 s exhibits the best electrochemi-
cal performance, it was selected for the subsequent tests. Fig-
ure 5C shows the CV curves of PAni/MnO,@CC-300 s at
different scan rates ranging from 5 to 100 mV s~ . As the scan
rate increases, an increase in peak current is observed, indi-
cating good ion diffusion dynamics and ideal capacitive perfor-
mance. With higher scan rates, the oxidation peak shifts posi-
tively, and the reduction peak shifts negatively, due to the
increased ion transport resistance within the electrode. Howev-
er, at the high scan rate of 100 mV s, the redox peaks disap-
pear, and the voltammogram distorts from the typical rectan-
gular shape, likely due to the limitations of the electrochemical
reaction rate and ion diffusion. Although the electrode exhibits
some shape distortions in the voltammograms, these occur
only at scan rates higher than 50 mV s, suggesting that the
composites maintain good electroactivity. The GCD curves at
various current densities in Figure 5D show that GCD profiles
at high current density take the form of symmetrical triangles,
confirming ideal electrochemical reversibility and fast reaction
kinetics.
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Figure 3. TEM images of three different
electrodes

(A) TEM image of MnO,@CC.

(B) TEM image of PAni@CC.

(C) TEM image of PAni/MnO,@CC.

(D) HRTEM image of PAni/MnO,@CC. The white
outlines are used to clarify the distribution of MnO,
nanoparticles.

To verify the synergistic effect of PAni
and MnO, on the electrode performance,
comparative electrochemical tests were
conducted on MnO,@CC, PAni@CC,
and PAni/MnO,@CC-300 s. The CV re-
sults in Figure 6A show that all CV curves
of PAni-based electrodes exhibit two
distinct pairs of redox peaks, which are
related to the redox transition of PAni
between the leucoemeraldine form and
the protonated emeraldine form, the
transformation of the p-benzoquinone/
hydroquinone couple,”®*° and the redox
transition between emeraldine and perni-
graniline. The merging of these redox
peaks with a high background current
density indicates the typical pseudoca-
pacitive performance of PAni.*' In com-
parison, the CV curve of MnO,@CC dis-
plays a much smaller area, illustrating its
significantly lower capacitance. The
peak current of PAni/MnO,@CC is higher
than that of the individual materials, indi-
cating the largest specific capacitance of PAni/MnO,@CC. The
maximum capacitance value of the hybrid electrode is caused
by the synergistic action of various components. CC provides
high specific surface area with its 3D textile structure. PAni
framework can not only increase the pseudocapacitance but
also improve the conductivity of the electrode. MnO, takes an
important part in improving specific capacitance performance.
Particularly, the co-deposited PAni/MnO, on CC has an inter-
connected membrane, which could provide sufficient surface
area to deliver more shuttle channels and effective ion exchange
between the electrolyte and the two active materials. There is
also H bonding between MnO, and PAni, which plays an impor-
tant role in the enhanced electrochemical performance.

As seen in the GCD profiles in Figure 6B, the charge and
discharge curves exhibit distinct potential platforms around 0.7
and 0.4 V, respectively, which are consistent with the anodic
and cathodic peaks in the CV curves. The discharge duration
of PAni/MnO,@CC is the longest, with a calculated specific
capacitance of 1,694.25 mF cm~2 based on Equation 1. Fig-
ure 6C shows the GCD-based areal capacitance of MnO,@CC,
PANni@CC, and PAni/MnO,@CC at current densities ranging
from 1 to 5 mA cm 2, according to Equation 1. At a current den-
sity of 1 mA cm™2, the areal capacitance of PAni/MnO,@CC is
calculated to be 1,694.25 mF cm™2, which is significantly higher
than the sum of PAni@CC (1,093.88 mF cm2) and MnO,@CC
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Figure 4. XRD and XPS images of the PAni/MnO,@CC electrode
A) XRD patterns of MnO,@CC, PAni@CC, and PAni/MnO,@CC.

B) XPS survey spectrum of PAni/MnOs.

C) C 1s spectrum.

D) O 1s spectrum.

E) N 1s spectrum.

F) Mn 2p spectrum.
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(30.37 mF cm™2). The capacitance retention of PAni/MnO,@CC
is 81.6% as the current density increases to 5 mA cm~2, which is
superior to that of the other two samples. The significantly
enhanced areal capacitance and rate capability of the PAni/
MnO,@CC hybrid electrode can be attributed to the synergistic
effects of the composite constituents.

Figure 6D shows the Nyquist plot obtained from electrochem-
ical impedance spectroscopy (EIS) testing at open-circuit poten-
tial over a frequency range of 0.01-100 kHz. The curve consists
of two distinct regions: the semicircle in the high-frequency re-
gion and the straight line in the low-frequency region. The inter-
cept of the curve on the z’ axis represents the electrolyte resis-
tance (Rs), and the charge transfer resistance (Rc) can be
calculated from the semicircle.®> As shown in the inset, PAni/
MnO,@CC exhibits the lowest Rg of 1.329 Q and R of 0.1 Q,
indicating that the hybrid material has the best charge transfer
capability, verifying the improved conductivity after PAni intro-
duction. By linearly fitting the real part of the impedance (Z) to
the —1/2 power of the angular frequency curve (v %5) in the fre-
quency range of 0.01-0.0825 Hz, the Warburg coefficient (o, Q
s7%%) can be extracted and used to further quantitatively analyze
the ionic diffusion resistance (Figure 6E).*® The value of o in-
creases with the content of MnO,, from 0.125 Q s %5 of
PANi@CC to 0.812 Q s~°® of MnO,@CC, indicating that the pres-

Binding Energy(eV)

400 404 408 635 640 645 650 655 660

Binding Energy(eV)

ence of MnO, results in a greater contribution from diffusion-
controlled processes.

Figure 6F presents the long-term cycling performance of
PAni@CC and PAni/MnO,@CC. After 2,000 cycles, the capaci-
tance of PAni/MnO,@CC remains around 72.7%, while that of
PANi@CC remains at approximately 54.2% in 1 M H,SO,4 electro-
lyte at 5 mA cm~2. PAni/MnO,@CC exhibits enhanced cycling
performance compared to PAni@CC thanks to the existence of
PAni, which acts as a scaffold to improve the interfacial contact
and impedance matching of MnO, nanoparticles, and thus to
strengthen the structural stability.

To further explore the electrochemical behavior of the elec-
trodes, a kinetic analysis was conducted.®® In the CV tests, by
analyzing the relationship between current and scan rate at
different potentials, the specific capacitance in PAni/
MnO,@CC can be categorized into electric double-layer capac-
itance and pseudocapacitance. The relationship can be calcu-
lated using Equation 1.

i=av (Equation 1)
where i (mA) is the peak current, v (mV s~ ") is the scan rate, and b
are adjustable parameters. When b = 0.5, charge storage is pri-
marily controlled by a diffusion-controlled Faradaic intercalation
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Figure 5. CV and GCD curves of electrodes
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b = 1, charge storage is mainly governed by a capacitive pro-
cess, indicating an electric double-layer capacitance contribu-
tion.®> As shown in Figure 7A, the values for the four peaks are
0.68, 0.86, 0.75, and 0.81, respectively, indicating that the en-
ergy storage mechanism of the sample is controlled by both
capacitive and diffusion processes. To further quantify the pro-
portion of these two charge storage mechanisms, the Dunn
method is applied.*® This can be calculated using Equation 2.

i(V) = kv +kov'/2 (Equation 2)

where i is the total current (A) at a constant voltage (V), k1 and k»
are constants, which represents the current contribution
controlled by capacitance, and kov'/? represents the current
contribution controlled by diffusion.®”*® At a scan rate of 5 mV
s, the contributions of capacitance and diffusion mechanisms
in the presence of the PAni/MnO,@CC electrode are shown in
Figure 7B. The closed curve represents the capacitance-
controlled contribution, and the remaining area represents the
contribution controlled by diffusion. As shown in Figure 7C, as
the scan rate increases from 5 to 100 mV s, the capacitance
contribution increases from 11.8% to 38.4%. With the increase
in scan rate, the capacitance-controlled contribution becomes
more significant, indicating that the electrode material exhibits
rapid kinetics and efficient ion diffusion characteristics. Corre-
spondingly, the diffusion-controlled contribution gradually de-
creases. This behavior occurs because, at high scan rates,
ions cannot fully penetrate the electrode layers or pores for inter-
calation/de-intercalation redox reactions, but can only partici-

6 iScience 28, 111774, February 21, 2025

irreversible. Furthermore, the peak currents are less defined,
indicating diminished redox processes. However, the capacitive
nature of the device is maintained even at high scan rates. The
GCD curves at different current densities, as shown in Figure 8B,
exhibit nearly symmetrical triangular shapes, indicating good
electrochemical reversibility. The slight asymmetry of the trian-
gular curves can be attributed to the pseudocapacitive behavior
of both PAni and MnO,, with their electrochemical behaviors
mutually influencing one another. PAni and MnO, may exhibit
different electrochemical activities within different potential
ranges, and this potential mismatch may contribute to the asym-
metry of the GCD curves. The variation of the areal capacitance
of the symmetric SC with increasing scan rates is shown in Fig-
ure 8C. Based on Equations 4 and 5, the areal capacitance of the
SCis calculated to be 287.8 mF cm 2 at a current density of 1 mA
cm™2, and 246.6 mF cm~2 at a current density of 5 mA cm~2.
Considering the loading mass of active materials, the gravimetric
capacitance of the SC is calculated to be 285.4 F g~ at a current
density of 1 Ag™', and 369.8 F g~ at a current density of 2.5 A
g~ ', demonstrating good rate performance. According to Equa-
tions 6, 7, 8, and 9, the assembled SC achieves an areal energy
density of 25.58 uWh cm~2 at a power density of 477.9 pW cm 2
under 1 mA cm~2, while the supercapacitor achieves an energy
density of 25.37 Wh kg~ at a power density of 804.6 W kg~ at 1
A g '. Figure 8D shows the cycling stability of the PAni/
MnO,@CC symmetric SC after 2,000 charge-discharge cycles
at a current density of 2.5 mA cm 2, retaining 64.1% of its initial
capacitance and 84.3% Coulombic efficiency. The notable drop
on cycling retention could be attributed to two aspects: firstly,
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Figure 6. Plot of electrochemical properties of electrodes with different deposited materials
A) CV curves of CC, MnO,@CC, PAni@CC, and PAni/MnO,@CC at a scan rate of 5 mV s .
B) GCD curves of MnO,@CC, PAni@CC, and PAni/MnO,@CC at a current density of 1 mA cm~2.

(

(

(C) Specific capacitance at different current densities.

(D) EIS curves with the zoom view of the high frequency range as the inset.

(E) A linear fit of the real part of the impedance (/) to the —1/2 power of the angular frequency curve (v %) in the low-frequency region (0.01-0.0825 Hz) was

performed to extract the ion diffusion resistance.
(F) Cycling stability at 5 mA cm~2 for 2,000 cycles.

the long-time cycling could weaken the adhesion between PAni,
MnO,, and CC substrate, and interfacial delamination or me-
chanical stress results in detachment of the active materials;
secondly, the high-resistance polymer electrolyte would accel-
erate the decomposition of electrolyte solutes and solvents in

PANi/MnO,@CC SC after long cycle times. For flexible energy
storage devices, flexibility is also an important property. CV
curves were obtained at different bending angles of 0°, 45°,
and 90°, as shown in Figure 8E. Surprisingly, the flexible SC ex-
hibits identical shapes across all bending angles from 0° to 90°,
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Figure 7. Kinetic analysis of PAni/MnO,@CC
(A) Fitting lines of peak current versus scan rate.
(B) Capacitance and diffusion-controlled components at 5 mV s~

(C) Normalized contributions of capacitance and diffusion-controlled components at different scan rates.
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Figure 8. Electrochemical performance of the PAni/MnO,@CC symmetric supercapacitor

(A) CV curves at different scan rates.

(B) GCD curves at different current densities.

(C) Specific capacitance at different current densities.
(D) Cycling stability at a current density of 2.5 mA cm ™2,

(E) Cyclic voltammetry curves at different bending angles.

(F) Optical image of the supercapacitor under bending (top) and the symmetric supercapacitors with 4 in series lighting an LED (3 V) (bottom).

illustrating its excellent flexibility. To further demonstrate the
practical application potential of the obtained SC, four SCs con-
nected in series were used to power a 3V LED lamp for a period
of time, as shown in the bottom image of Figure 8F.

To better demonstrate the capacitive characteristics of our
assembled SC, the electrochemical properties have been
compared with recently reported MnO,-based or PAni-based
SCs, as shown in Table 1. The one-step co-deposited PAni/
MnO,@CC SC in this work exhibits higher capacitance
compared with the reported SCs with MnO,/PAni electrode us-
ing hydrothermal method followed with in situ polymerization,*®
electrodeposition combined with chemical polymerization,*°
and dilute in situ polymerization method,*' revealing that our
fabrication method is advantageous offering both easy produc-
tion and superior performance. Certainly, the obtained SC in
this work delivers remarkably superior performance compared
to other SCs with carbon material/PAni binary compositing cath-
odes.*”™** As shown in the table, the SC device shows an energy
density of 25.37 W h kg™ at a power density of 804.6 W kg~".
And this value is comparable with or higher than those of recently
reported MnO,-based or PAni-based supercapacitor devices.
Results demonstrated that PAni/MnO,@CC symmetric cell had
the highest energy density mainly because of the high capaci-
tance of the hybrid electrode. These findings suggest that

8 iScience 28, 111774, February 21, 2025

PANni/MnO, composites, as active electrode materials, have
good application potential in electrochemical supercapacitors.

DISCUSSION

In summary, the ternary PAni/MnO,@CC composite electrode
has been successfully fabricated through a simple and efficient
one-step electrochemical deposition method. The synergistic
effect of PAni and MnO, can significantly enhance the electro-
chemical performance of the PAni/MnO,@CC electrode, which
is approximately 1.6 times higher than that of the PAni@CC
electrode and 50 times higher than that of the MnO,@CC elec-
trode. By investigating the effect of deposition time on electro-
chemical performance, the optimized electrode is obtained
when the deposition time is 300 s, which exhibits the maximum
specific capacitance (1,694.25 mF cm~2 at 1 mA cm~2) and su-
perior rate capability (capacitance retention of 80.8% from 1 to
5 mA cm2). Additionally, the assembled symmetric superca-
pacitor retains 64.1% of its initial specific capacitance after
2,000 cycles at a current density of 2.5 A cm~2, and it provides
an energy density of 25.58 uWh cm™2 at a power density of
477.9 uW cm~2. This work offers a simple and effective
approach for preparing high-performance symmetric
supercapacitors.
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Table 1. Comparison of the performance of the PAni/Mn02@CC supercapacitor device with previously reported PAni-based

supercapacitors

Material Electrolyte Current density Capacitance Energy density Power density Ref.

MnO,/PAni 0.5 M H,SO, 1Ag™’ 2321Fg~’ 66.4 Wh kg~ 350.1 W kg™ Zhu et al.*®
PANi/MnO,/PCNF 1 M H,S0, 1Ag™ 289F g’ 119 Wh kg™’ 322 W kg™ Dirican, M et al.*®
SGNS/MnO,/PAni 1 M Na,SO, 1Ag™ 276 Fg! - - Wang, G et al.*’
mC/PAni PVA/H,SO, 05Ag" 107.8F g™’ 9.59 Wh kg™’ 980 W kg’ Noh, J et al.*?
NCNT/PAni PVA/H,SO, 2.47Ag" 128 Fg™" 11.1 Wh kg™ 804.6 W kg’ Malik, R et al.*®
ACTBs/PAni 1 M Na,SO, 1Ag™’ 154 F g™’ 42 Wh kg™! 699 W kg™’ Zhao, J et al.*
CC/MnO,/PAni PVA/H,SO, 1Ag™’ 285.4Fg~! 25.37 Wh kg™ 200.1 W kg™ our work

- - 1 mA cm™2 287.8 mF cm™2 25.58 uWh cm™2 477.91 pW cm™2 -

Limitations of the study STARXMETHODS

As the conductive network in the electrode material, PAni can
enhance the pseudocapacitive characteristics of the electrode,
but it is prone to volume expansion and contraction during
long-term cycling, which leads to structural instability and sub-
sequently affects the capacitance retention. Therefore, although
the proposed method shows potential to enhance electrochem-
ical performance, further optimization is required to meet the de-
mands of practical applications. This paper focuses on symmet-
ric supercapacitors using PAni/MnO,/CC as both electrodes,
while future research will explore the performance of asymmetric
supercapacitors.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Carbon cloth Taiwan Carbon Energy Technology Co., Ltd WO0S1011

Cellulose diaphragm Tianjin Aiweixin Chemical Technology Co., Ltd H-100

Manganese sulfate monohydrate Sinopharm Chemical Reagent Co., Ltd CAS:10034-96-5
Polyvinyl alcohol Sinopharm Chemical Reagent Co., Ltd CAS:9002-89-5
Sulfuric acid Guangzhou Hewei Pharmaceutical Technology Co., Ltd CAS:7647-01-0

Aniline Sinopharm Chemical Reagent Co., Ltd CAS: 62-53-3

Software and algorithms

OriginLab Analyze and graph https://www.originlab.com
Other

Electrochemical workstation CHI-660E Charging and discharging http://www.chinstr.com

EXPERIMENTAL MODEL AND SUBJECT DETAILS

There are no experimental models (animals, human subjects, plants, microbe strains, cell lines, primary cell cultures) used in the
study.

METHOD DETAILS

Materials
The raw materials utilized in this study are listed as following: Carbon cloth (W0S1011), manganese sulfate monohydrate (AR), Cel-
lulose diaphragm (H-100), polyvinyl alcohol (GR), sulfuric acid (H,SO,), aniline (AR). Preparation of PAni/MnO,@CC electrode.
First, the carbon cloth (CC) was cut into 1.5 * 2 cm? pieces and clean with deionized water followed with ethanol. The one-step
electrochemical deposition process was conducted in depositing solution of 1 M H,SO,4, 0.1 M aniline and 0.1 M MnSQO4-H,0,
with CC served as the working electrode, Ag/AgCl as the reference electrode, and a platinum plate as the counter electrode.
PAni and MnO, were simultaneously deposited on the CC surface using chronoamperometry at 1.4 V. The prepared samples
were washed with ethanol and deionized water for multiple times, and then dried in a vacuum oven at 60°C for 24 h to obtain
PANi/MnO,@CC electrode. To investigate the effect of depositing thickness on the electrochemical performance of hybrid electrode,
different deposition durations were selected with 100 s, 300 s and 500 s, where the sample was denoted as PAni/MnO,@CC-100s,
PANi/MnO,@CC-300s and PAni/MnO,@CC-500s, respectively. The thickness of the electrode is approximately 0.42 mm. In order to
comparatively analyze the synergistic effect of PAni and MnO, for electrodes, PAni@CC and MnO,@CC was also fabricated using the
abovementioned procedure only removing the addition of MnSQO,4-H,0 or aniline monomer in depositing solution, respectively.

Synthesis of gel electrolyte

The preparation of PVA/H,SO, gel electrolyte is as follows: 2 g of PVA was added to 20 mL of 1 M H>SO, solution and magnetically
stirred for 20 min at room temperature to ensure PVA completely dissolved. Then, the solution was continuously stirred at 85°C until it
became viscous and clear. Finally, the solution was poured into the mold and the transparent PVA/H,SO, gel electrolyte was ob-
tained after cooling naturally to room temperature.

Fabrication of symmetric supercapacitor

The PVA/H,SO, gel electrolyte with the thickness of 1.5 mm was applied to two identical PAni/MnO,@CC electrodes. A Cellulose
diaphragm (H-100) was placed between the two electrodes to prevent short circuits. The two electrodes were assembled face-
to-face to form a sandwich-structured symmetric supercapacitor. For testing, two copper foils were connected to the two PAni/
MnO,@CC electrodes. Finally, the assembled supercapacitor was left to sit at room temperature for 2-3 h to remove any excess
moisture.
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Materials characterization

The morphology of the samples was investigated using a scanning electron microscope (SEM, JSM-7600F), a transmission electron
microscope (TEM, JEM-1400) and high-resolution transmission electron microscopy (HR-TEM, JEM-2100 UHR). The structural
properties of the prepared samples were studied using X-ray diffraction (XRD) with an XRD Ultima IV. The chemical structure and
elemental composition of the composite electrode surfaces were characterized using X-ray photoelectron spectroscopy (XPS)
with an AXIS UltraDLD.

Electrochemical measurements
The electrochemical performance of the prepared electrodes was tested using electrochemical workstation (CHI 660E, Chenhua In-
struments, China) under three-electrode in 1M H,SO, electrolyte solution, with the prepared sample as the working electrode, plat-
inum plate serving as the counter electrode and Ag/AgCl as reference electrode. Cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy (EIS) tests were carried out.

Based on the GCD curves, the areal capacitance C; (mF cm~2) of PAni/MnO,@CC in the three-electrode system and symmetric
supercapacitor devices can be calculated using Equation 3.

At
INYG
Where AV (V) is the voltage window excluding the voltage drop during discharge, At (s) is the discharge time, S (cm?) is the actual
working area of the electrode, and | (A) is the discharge current.

The areal capacitance C, (mF cm™2), the specific capacitance Cs (F g~ '), areal energy density E4 (WWh cm™2), areal power density
P4 (W cm™—2), specific energy density Es (Wh kg~ ") and specific power density Ps (W kg~ ") of the symmetric supercapacitor were
calculated in the two-electrode system by the following Equations 4, 5, 6, 7, 8, and 9.

1At

Cy (Equation 3)

= Equation 4

C, SAV (Eq )
IAt .

- Equation 5

Cs AV (Eq )

1 (AV)2 Equation 6

Ex= ECQ X 36 ( q )
E, )

P, = i x 3600 (Equation 7)

1 (AV)Q Equation 8

Es=5Cs x5 (Eq )
E4 )

P, = it x 3600 (Equation 9)

Where AV (V) is the actual discharge voltage window, m is the weight of the active materials and At (s) is the discharge time.
QUANTIFICATION AND STATISTICAL ANALYSIS

No methods were used to determine whether the data met the assumptions of the statistical approach.

ADDITIONAL RESOURCES

Our study has not generated or contributed to a new website/forum or has not been part of a clinical trial.
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