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Abstract: In the development of flexible smart electronics, fabricating electrodes with opti-
mized architectures to achieve superior electrochemical performance remains a significant
challenge. This study presents a two-step synthesis and characterization of a polypyr-
role (PPy)-MnO, /carbon cloth (CC) nanocomposite. The MnO,/CC substrate was first
prepared via the hydrothermal method, followed by uniform PPy coating through vapor-
phase polymerization in the presence of an oxidizing agent. Electrochemical measurements
revealed substantial enhancement in performance, with the specific capacitance increasing
from 123.1 mF/cm? for the MnO, /CC composite to 324.5 mF/cm? for the PPy/MnO, /CC
composite at a current density of 2.5 mA/cm?. This remarkable improvement can be
attributed to the synergistic effects between the conductive PPy polymer and MnO,/CC
substrate and the formation of additional ion transport channels facilitated by the PPy
coating. This work provides valuable insights for designing high-performance electrode
materials and advances the development of composite-based energy storage devices.

Keywords: PPy/MnO,/CC; composite; vapor-phase polymerization; electrochemical
performance

1. Introduction

Wearable smart electronic devices have found extensive applications in health mon-
itoring systems, flexible displays, and photovoltaic cells, ascribed to their flexibility and
compact size advantages [1-3]. To power these advanced electronics, the development of
novel flexible energy storage devices has become indispensable. Among the various op-
tions, supercapacitors have emerged as promising energy storage devices due to their high
power density, rapid charging/discharging rates, and excellent cycling stability [4-7]. The
performance of supercapacitors widely depends on three key factors: active materials, flexi-
ble substrates, and electrode fabrication processes [3,8]. Among the various materials used
for electrodes, transition metal oxides and conducting polymers are invariably employed
as electrode materials [9,10]. In particular, MnO, stands out as an attractive candidate
because of its high theoretical specific capacitance (up to 1375 F g~1), cost-effectiveness,
and environmental friendliness [11-15]. However, the inevitable disadvantages of MnO,-
based electrodes, such as poor electronic conductivity and poor structural stability, make
it difficult to reach high performance [13]. To overcome these challenges, researchers
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have explored composite strategies by combining MnO, with highly conductive materi-
als, including carbon-based materials [16,17] and conducting polymers [18]. Polypyrrole
(PPy), a commonly used conducting polymer, is an excellent complementary material
for MnO, composites. The synergistic combination of MnO,'s high pseudocapacitance
and PPy’s superior conductivity can significantly enhance overall electrochemical perfor-
mance [19]. Recent studies have demonstrated promising results with various MnO, /PPy
composite architectures. For instance, Bahloul et al. exploited y-MnO, /PPy compos-
ites via hydrothermal synthesis, achieving a substantially improved specific capacitance
(141.6 F g~ 1) [20]. Sidhu et al. fabricated PPy films embedded with MnO, nanoparticles
through electrochemical polymerization, obtaining electrodes with both high capacitance
and cycling stability [21]. Shivakumara et al. reported a facile co-precipitation method
to prepare MnO, /PPy nanocomposites exhibiting exceptional discharge capacitance and
cycle life [22]. Some other composites have been reported as well. Yalovega et al. prepared
NiOx/MWCNT and CuOx/MWCNT composites, which showed specific capacities of
149 F/g and 37 F/g at a current density of 1 A/g, respectively [23]. For flexible energy
storage applications, the choice of substrate is equally crucial. Ideal substrates should com-
bine high conductivity, flexibility, and large surface area [24,25]. With high conductivity,
flexible and mechanical robustness, carbon cloth is an excellent candidate as an electrode
substrate [26].

In this work, we designed and fabricated a ternary MnO, /polypyrrole/carbon cloth
(MnO, /PPy /CC) hybrid electrode through a combined hydrothermal and vapor-phase poly-
merization (VPP) approach. The fabrication process involves the following procedures: (1) hy-
drothermal growth of MnO, nanorods on carbon cloth to ensure strong anchoring, followed
by (2) conformal PPy coating via VPP to enhance overall conductivity. These combination
methods are highly compatible with large-scale industrial production while maintaining fa-
vorable electrochemical performance in the synthetic composites. Moreover, this hierarchical
architecture creates efficient ion transport pathways through synergistic effects between MnO,
and PPy, leading to significantly enhanced electrochemical performance.

2. Experiment
2.1. Pretreatment of Carbon Cloth

Prior to use, the carbon cloth (CC) was ultrasonically cleaned in ethanol and deionized
water to remove surface impurities. Subsequently, it was treated with a piranha solution (a
3:7 v/v mixture of 30% HyO, and 98% H,SO,) at 100 °C for 1 h in a water bath to enhance
surface hydrophilicity and active site density. Finally, the cloth was thoroughly rinsed with
deionized water and dried for further use.

2.2. Synthesis of MnO,/Polypyrrole on Carbon Cloth

The fabrication process of the MnO, / polypyrrole (MnO, /PPy) flexible electrode is
illustrated in Figure 1.

2.2.1. Hydrothermal Growth of MnO, Nanorods

A homogeneous solution was prepared by dissolving 0.5 g of KMnOy in 40 mL of
deionized water under continuous stirring. The pretreated carbon cloth was then immersed
in the solution and transferred into a 50 mL Teflon-lined stainless steel autoclave. The
sealed autoclave was heated in a mulffle furnace at 180 °C for 15 h. After cooling to
room temperature, the MnO,-coated carbon cloth (MnO, /CC) was rinsed repeatedly with
deionized water and dried at 60 °C.
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2.2.2. Vapor-Phase Polymerization (VPP) of Polypyrrole

To deposit PPy on the MnO, /CC substrate, an oxidant solution was first prepared
by mixing 8 mL of isopropanol (IPA) with 8 mL of iron(IlI) p-toluenesulfonate (Fe(OTs)3)
under ultrasonic agitation for 4 h. The MnO,/CC was then dip-coated in this solution
to ensure uniform adsorption of the oxidant. After drying, the sample was placed in a
vapor-phase polymerization (VPP) chamber and exposed to pyrrole monomer vapor at
room temperature, allowing for in situ polymerization and conformal PPy coating.

carbon cloth

J -—
1 — ) ey R a—
KMnO,
solution * .

reaction vessel st
180°C 15 -
. MnO,

Fe(OT.);

Figure 1. Schematic illustration of the PPy/MnO,/CC composite preparation process.

3. Characterization

The crystallographic structures of the synthesized materials were analyzed using
X-ray diffraction (XRD, Rigaku SmartLab, Cambridge, UK) and Raman spectroscopy
(Advantage, 532 nm). Morphological characterization was performed using field-emission
scanning electron microscopy (FE-SEM, Hitachi SU4800, Tokyo, Japan) to examine the
surface microstructure of the composite electrodes. Electrochemical measurements were
conducted using a CHI660D electrochemical workstation (Chenhua, Shanghai, China) in a
standard three-electrode configuration. The working electrode was prepared by cutting
the sample to dimensions of 1 cm x 1 cm, while a platinum plate and Ag/AgCl electrode
served as the counter and reference electrodes, respectively. All tests were performed in 1 M
Na,SOy4 aqueous electrolyte at room temperature. The electrochemical performance of the
flexible supercapacitor was evaluated through cyclic voltammetry (CV) and galvanostatic
charge—discharge (GCD) measurements.

4. Results and Discussion
4.1. X-ray Diffraction Analysis

X-ray diffraction (XRD) was employed to characterize the crystalline structures of the
synthesized electrodes. Figure 2 displays the XRD patterns of the (a) bare carbon cloth (CC),
(b) PPy /CC, (c) MnO,/CC, and (d) MnO, /PPy /CC composites. The pristine CC substrate
(Figure 2a) shows a prominent peak at 26.2°, consistent with the (002) plane of graphitic
carbon (JCPDS #75-1621) [27]. In contrast, the PPy/CC composite (Figure 2b) exhibits
no discernible crystalline peaks beyond those of CC, indicating the amorphous structure
of polypyrrole [28]. For the MnO,/CC electrode (Figure 2c), distinct diffraction peaks
appear at 12.3°,17.9°, 28.1°, 37.4°,49.9°, 60.0°, 65.2°, and 69.5°, matching the (110), (200),
(310), (211), (411), (521), (002), and (541) planes of x-MnO, (JCPDS #44-0141), respectively,
confirming the formation of crystalline x-MnO; via hydrothermal synthesis. In the ternary
MnO, /PPy /CC composite (Figure 2d), the major «-MnO, peaks at 12.6°, 28.7°, and 37.2°
(indexed to the (110), (310), and (211) planes) remain detectable, while some minor peaks
observed in MnO, /CC are less pronounced. This attenuation likely results from the partial
coverage of MnO; by the PPy layer during vapor-phase polymerization.
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Figure 2. XRD patterns of (a) CC, (b) PPy/CC, (c) MnO,/CC, and (d) PPy/MnO,/CC.

4.2. Raman Spectroscopy Analysis

Raman spectroscopy was utilized to analyze the molecular structure and vibrational
properties of the fabricated electrodes. Figure 3 compares the Raman spectra of the
(a) MnO, /CC, (b) PPy/CC, and (c) MnO, /PPy /CC composites. In the MnO, /CC spec-
trum (Figure 3a), a prominent peak appears at 634 cm™!, assigned to the symmetric Mn-O
stretching mode in MnOg octahedra [29], verifying the deposition of manganese dioxide on
the carbon substrate. The PPy /CC spectrum (Figure 3b) displays key vibrational bands at
934 and 974 cm ! (C—C ring deformation), 1051 cm~! (C-H in-plane bending), 1403 cm !
(C-N stretching in polaronic PPy), and 1570 cm~! (C=C backbone stretching) [30-33]. For
the ternary MnO, /PPy /CC composite (Figure 3c), the Raman spectrum exhibits combined
features of both MnO, and PPy. The persistence of the Mn—O peak at 634 cm~! confirms
the structural integrity of MnO,, while slight shifts in PPy-related peaks (931, 982, 1047,
1408, and 1575 cm™!) indicate possible interfacial interactions between MnO, and PPy. The
retention of all characteristic bands confirms the successful integration of MnO, and PPy
on the carbon cloth via the hybrid hydrothermal and VPP synthesis strategy.

a- MnO,/CC
b- PPy/CC
c- MnO,/PPy/CC

Intensity/a.u.

PR T R | 1 N 1 I 1

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman Shift/cm™

Figure 3. Raman spectra of (a) MnO,/CC, (b) PPy/CC, and (c) PPy/MnO,/CC.

4.3. Morphological Characterization via Scanning Electron Microscopy

The morphological evolution of electrode materials during fabrication was examined
via scanning electron microscopy (Figure 4). The bare carbon cloth substrate (Figure 4a)
displays a typical woven structure consisting of smooth carbon fibers (~20 pm diameter).
After hydrothermal processing (Figure 4b), the fiber surfaces become uniformly decorated
with MnO, nanostructures. High-resolution images (Figure 4c) show these to be densely
arranged, acicular MnO; nanorods (~500 nm diameter) forming an interpenetrating 3D
network. This unique architecture introduces multiscale porosity that promotes both high
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surface area and efficient electrolyte transport [34-36]. The ternary composite (Figure 4d)
demonstrates successful polypyrrole encapsulation, where the MnO, nanorods appear
uniformly coated with a conformal PPy layer. This architecture exhibits advantageous
characteristics for supercapacitor applications. The PPy coating enhances electronic conduc-
tivity while maintaining ionic accessibility and protects MnO; from structural degradation
during cycling. Notably, the vapor-phase polymerization technique achieves complete
surface coverage without compromising the nanorod morphology, as evidenced by the
maintained structural integrity of the MnO, framework beneath the polymer coating. This
morphology is particularly advantageous for electrochemical energy storage, as it com-
bines the pseudocapacitive properties of MnO, with the conductive network of PPy while
maximizing the active material-electrolyte contact area.

,

Figure 4. SEM images of (a) CC and (b) MnO, /CC. Higher magnification images of (c) MnO, /CC
and (d) PPy/MnO, /CC.

4.4. Electrochemical Performance

Cyclic voltammetry (CV) measurements were conducted to evaluate the electrochem-
ical performance of MnO, and its composite films in 1 M NaySO; electrolyte. Figure 5a
presents the CV curves of MnO,/CC, PPy/CC, and PPy/MnO,/CC at a scan rate of
100 mV /s within a potential window of —0.2 to 0.8 V (vs. Ag/AgCl). All of the samples
show a highly symmetrical leaf-like CV shape, which indicates the superior double-layer
capacitive performance [37]. The PPy contributes pseudocapacitance through rapid and
reversible redox reactions involving charge compensation via ion doping/dedoping. The
electrochemical behavior of PPy can be described using the following redox process [38]:

PPy* +e” + A <PPy’. A~ 1

where [PPy]* represents the oxidized (p-doped) polypyrrole backbone, A~ is the charge-
balancing anion from the electrolyte, and [PPy]° denotes the neutral (reduced) state. Ac-
cordingly, as a key component of the hybrid composite, MnO, provides additional charge
storage capacity through reversible redox reactions. The charge storage mechanism in
MnO; can be described using the following electrochemical processes [39]:

(MnQO;)surface + M™ + ne™ < (MnO,"~M™")surface (2)

MnO; + Na*™ + e~ & MnOONa 3)
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Figure 5. (a) CV curves of MnO, /CC, PPy/CC, and PPy /MnO, /CC electrodes at the scan rate of
100 mV/s; CV curves of (b) MnO, /CC, (c) PPy/CC, and (d) PPy/MnO, /CC at different scan rates.

Notably, the PPy /MnQO, /CC composite demonstrates the largest integrated CV area
among the three samples at identical scan rates, indicating superior capacitance [40]. This
enhancement can be attributed to the hierarchical porous structure and synergistic ef-
fects between PPy and MnO; nanoparticles [34]. The vapor-phase polymerization of PPy
on MnO; results in a unique hierarchical architecture where the clustered MnO; nanos-
tructures function as physical spacers, generating well-defined interparticle voids among
polymerizing pyrrole units. This engineered morphology promotes the development of an
extended conductive matrix during polymerization, as evidenced by the enhanced charge
transfer kinetics. Notably, the conformal PPy coating establishes continuous conductive
pathways that interconnect isolated MnO; active centers, significantly reducing the average
electron transport distance within the composite electrode [41]. Figure 6b,c display the CV
profiles of MnO, /CC, PPy/CC, and PPy/MnQO,/CC at varying scan rates (10-100 mV/s).
All three electrodes show increasing current response with higher scan rates while maintain-
ing their characteristic CV shapes, demonstrating excellent rate capability and capacitance
retention [38].

The electrochemical storage characteristics were evaluated through galvanostatic
charge—discharge measurements. Figure 6a shows the galvanostatic charge—discharge
(GCD) curves of MnO,/CC, PPy/CC, and PPy/MnO,/CC at a current density of
2.5 mA/cm?. All electrodes exhibit quasi-triangular GCD profiles, indicating highly
reversible charge—-discharge behavior. The PPy/MnO,/CC hybrid composite shows
markedly extended operational time windows during both charging and discharging
phases. This pronounced increase in discharge duration directly reflects the composite’s
enhanced charge storage capability [42,43]. The areal capacitance (C) of the electrodes was
calculated using the following Equation [31]:

I At

C=35av

4)
where [ is the discharge current (A), At is the discharge time (s), S is the electrode area
(cm?), and AV is the potential window (V). Based on this equation, the PPy/MnO, /CC
electrode delivers an outstanding areal capacitance of 324.5 mF/cm?, significantly higher
than those of MnO, /CC (123.1 mF/cm?) and PPy/CC (41.1 mE/ cm?). The comparisons
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are listed in Table 1. We hold the opinion that the electrochemical performance enhance-
ment of the MnO, /PPy /CC can be attributed to three key structural advantages: (1) the
hierarchical porous architecture with folded nanostructures provides abundant active
sites and facilitates electrolyte penetration, (2) the continuous conductive PPy network
establishes efficient charge transfer pathways, and (3) the synergistic coupling between
MnO, and PPy optimizes both Faradaic and capacitive charge storage mechanisms. As
expected and as shown in Figure 6b, the capacitance decreases with increasing current
density, likely due to kinetic limitations in electrolyte ion diffusion [44]. Electrochemical
impedance spectroscopy (EIS) was employed to investigate charge transfer dynamics. Fig-
ure 6¢ displays the Nyquist plots for MnO, /CC, PPy/CC, and PPy/MnO,/CC, with the
inset showing an enlarged high-frequency region. All samples exhibit similar impedance
spectra, featuring a semicircle in the high-frequency region (associated with charge transfer
resistance, Rct) and a linear Warburg region at low frequencies (reflecting ion diffusion).
The PPy /MnO, /CC composite shows the smallest semicircle diameter and the steepest
Warburg slope, indicating enhanced charge transfer kinetics and superior capacitive be-
havior [20]. Additionally, as shown in the enlarged view of Figure 6¢, the MnO, /PPy/CC
electrode exhibits the lowest equivalent series resistance (2.15 (2) compared to MnO, /CC
(2.64 Q1) and PPy /CC (2.57 ), indicating superior electrical conductivity. The improved
proton diffusion in PPy/MnO,/CC may be attributed to the conductive PPy network
within the MnO, matrix [45,46]. Cycling stability tests were conducted at 2.5 mA /cm? for
5000 cycles (Figure 6d). The MnO, /CC and PPy/CC electrodes suffer significant capaci-
tance losses (68% and 73%, respectively), whereas the PPy /MnO, /CC composite retains
91% of its initial capacitance. These results confirm that the PPy/MnO,/CC electrode
displays comparable charge storage and cycling stability compared to the other electrodes,
likely due to its larger effective surface area and more efficient electron transport pathways.

(g a MnO /CC wt b ——smAlcm?
—— PPy/CC —— 3.5mAlcm’
o8} —— MnO,/PPy/CC - —— 2.5mAl/cm’
ud § ——1.5mAlcm’
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Figure 6. (a) GCD curves of the three samples at a current density of 2.5 mA/cm?; (b) GCD plots of
PPy/MnO,/CCat1.5,2.5,3.5,and 5 mA/ cm?; (c) the Nyquist plots of impedance data for MnO, /CC,
PPy/CC, and PPy/MnO,/CC in the frequency range of 10~2~10° Hz; the inset shows the Nyquist
plots of all samples in the high frequency region; (d) cycle stability of MnO,/CC, PPy/CC, and
PPy/MnO,/CC at a current density of 2.5 mA /cm?.
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Table 1. Comparison of the specific capacitance of the composite electrodes.

- . Current
Electrodes Fabrication Method Capacitance Density/Scan Rate Ref.
MnO, /PPy /CC Hydrothermal process 45.6 mF/cm? 25mV/s [47]
In situ interfacial
MnO, /PPy redox reaction 705F/g 2mV/s [36]
MnO, /PPy Layer-by-layer method 404F/g 1A/g [46]
SWNTs@MnO, /PPy  Chemical vapor deposition 351F/g 1mV/s [44]
MnO, /Ni(OH), One-pot method 11333 F/g 1A/g [48]
3-MnO, Hydrothermal process 625F/g 025A/g [49]
- 324.5 mF/cm? By :
MnO, /PPy/CC Vapor-phase polymerization (773 F/g) 2.5 mA/cm this work

5. Conclusions

In summary, we successfully fabricated a novel MnO, /PPy composite electrode
on carbon cloth via a combined hydrothermal and vapor-phase polymerization (VPP)
approach. The synergistic interaction between MnO, and PPy significantly enhances the
electrochemical performance of the composite. The optimized electrode delivers a high areal
capacitance of 324.5 mF/cm? at 2.5 mA /cm?, along with excellent cycling stability, retaining
91% of its initial capacitance after 5000 cycles. These superior properties, coupled with
the flexibility of the carbon cloth substrate, make the MnO, /PPy composite a promising
candidate for next-generation flexible supercapacitors, particularly in wearable and smart
electronic applications.
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