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Recent developments in polypyrrole/manganese
oxide-based nanocomposites for thin film
electrodes in supercapacitors: a minireview
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This review article highlights the recent developments in the synthesis and electrochemical performance of
polypyrrole/manganese oxide thin-film electrodes synthesized by various chemical methods for
supercapacitor applications. In the class of conducting polymers for electrode applications, polypyrrole

(Ppy) is considered an important polymer due to its low cost and abundance. Ppy's polymeric

composition and structural properties, however, pose stability concerns and have a drawback of a short
life cycle over long-term charge—discharge processes, limiting its potential for industrial and commercial
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utilization. Recently, manganese oxide (MnO,) has been actively explored as a supercapacitor electrode

material due to its low cost, high theoretical specific capacitance and abundance. Ppy/MnQO, thin film
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1. Introduction

The global economy has relied significantly on the extraction
and use of fossil fuel resources such as coal, natural gas, and
petroleum. With the increasing demand for fossil fuels, the
depletion of fossil fuel resources has produced a slew of
economic and societal issues.'™ Years ago, the extensive devel-
opment of diverse energy sources such as hydro, biomass, wind,
and tidal energy greatly decreased energy and environmental
challenges.>” The produced electric energy is normally stored
for redistribution and future use. To accomplish effective
energy storage, there was an urgent need to develop a reliable
electrochemical energy storage technology, such as
a supercapacitor.*** Supercapacitors have a higher energy
density than conventional capacitors and a higher power
density than batteries. Furthermore, supercapacitors offer high
reversibility and long life cycles.”™® Supercapacitors are classi-
fied into two types based on the electrode materials used and
the charge storage mechanisms: (1) electric double-layer
capacitors (EDLCs), which use carbon with a large surface
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electrodes revealed high specific capacitance and stability, making them excellent candidates for next-
generation supercapacitor electrode materials.

area as electrodes' ™ and (2) pseudo-capacitors, which use

electroactive materials such as transition metal oxides or con-
ducting polymers as electrodes.”**® In concept, literature eval-
uations of metal oxide electrodes revealed that these electrodes
may exhibit a high specific capacitance and high rate capability.
However, one of the metal oxide material's fundamental flaws is
its low electrical conductivity. To circumvent this drawback,
hybrid supercapacitors were developed by combinations of
EDLC materials with conductive polymers or metal oxides. Also,
thin films and layered structures of composites were proposed
for improvement of the supercapacitor performance. On the
other hand, conducting polymers have a lower cost than metal
oxides and a higher charge density than carbon.****
Exhibiting the highest inherent conductivity among any
known conducting polymer, Ppy had attracted considerable
attention since the monomer (pyrrole) is easily oxidized and is
water-soluble. In addition to its high conductivity, Ppy has
a strong redox reversibility and environmental stability.***°
Several Ppy-based products were commercialized including fuel
cells, secondary batteries, sensors, supercapacitors, photo-
catalysts and corrosion prevention compounds.***° Nano-sized
materials with a large surface area and porosity could perform
admirably as electrode materials for supercapacitors. Further-
more, nanostructured materials such as nanoparticles, nano-
wires, nanosheets, nanotubes, and nanoribbons show promise
for improving electrode electrical conductivity.**> However,
Ppy's polymeric composition and structural features cause
issues with stability and loss in life cycle during long-term
charge-discharge processes which limit its performance in
supercapacitors. Because of their strong electrochemical
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activity, metal oxides have a convenient shape that provides
great performance, but they also have the issue of aggregation.
The formation of metal oxide aggregates during the manufac-
ture of active electrode materials is greatly impeded by the
presence of a structured Ppy film."" For supercapacitor electrode
materials, conducting polymers and metal oxides/hydroxides
have emerged as promising electrode materials.®* MnO,
demonstrated promising potential as a pseudocapacitor mate-
rial with a high specific capacitance of ~1233 F g~ '.** Conse-
quently, the synergetic action of Ppy and MnO, nanoparticles in
Ppy/MnO, nanocomposites was anticipated to be fruitful for
supercapacitor applications.*>*® Accordingly, we have witnessed
an exponential growth in the number of publications related to
MnO, supercapacitor applications since the beginning of this
century as illustrated in Fig. 1 (data collected from Google
Scholar). The exponential fit (dashed line in Fig. 1) indicates
that the number of publications increased from an insignificant
number at the beginning of this century up to 136 articles per
year in 2017, and is expected to be around 740 articles per year
in 2024.

Since the earliest days of nanoscience, the production of
nanomaterials in large quantities at a reasonable price has
faced several challenges. Specifically, in an attempt to develop
effective electrode materials, many chemical and physical
approaches have been employed to design a nanocomposite of
Ppy/MnO, for supercapacitor applications.*»*” In comparison to
physical approaches, solution chemical synthesis is a simple
and alternative synthesis strategy for producing the Ppy/MnO,
nanocomposite with desirable morphology and improved
productivity. Solution-based synthesis methods include hydro-
thermal synthesis, electrodeposition, chemical bath deposition,
polymerization deposition, sol-gel method, and others.***
Solution-based synthesis routes do not require expensive
equipment or high vacuum, and they are often simple to
process and carry out in moderate circumstances with lower
temperatures.*®* However, each solution-based synthesis process
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Fig. 1 Number of publications per 5 year period (based on Google
Scholar records). The dashed line is an exponential fit.
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has its own set of benefits and drawbacks, and accordingly
different scenarios were adopted to complement or collaborate
with one another to produce sophisticated nanomaterials.*® In
this minireview, we intend to highlight the commonly used
chemical methods for the synthesis of Ppy/MnO, nano-
composite electrode materials for supercapacitor applications
and summarise the most important results of a two-decade
research study in this field.

2. Electrodeposition synthesis of Ppy/
MnO, nanocomposites

Electrochemical methods exhibit distinct principles and flexi-
bility in controlling the sample structure and shape. Among
these, electrodeposition involves electron transport and phase
change redox processes. This technique is an excellent
approach for fabricating nanostructured films with varied
morphologies due to the flexibility of selecting the electrode
surface and controlling the appropriate deposition solution and
experimental conditions. Electrodeposition creates films or
coatings instead of powders for batteries and supercapacitors.
Methods of electrodeposition include potentiostatic mode,
galvanostatic mode, and potentiodynamic mode.

Chen et al. described the electrodeposition process that was
employed to synthesize extremely flexible MnO,/Ppy composite
electrodes on carbon cloth (CC) as illustrated in Fig. 2.*° Elec-
trodeposition typically employs a platinum wire counter elec-
trode and a saturated calomel electrode as a reference electrode.
An aqueous solution of 0.5 M Mn(CH3;COO), and 0.1 M Na,SO,
was used for the electrodeposition of MnO, on CC (MnO,/CC) in
a three-electrode system at a static potential of 0.92 V. The
second stage involved the electrodeposition of Ppy on the
MnO,/CC samples at a static potential of 0.8 V using an elec-
trolyte of 0.1 M NaClO, and 0.2% (v/v) Ppy. The produced flex-
ible layered composite electrode exhibited a high specific
capacitance of 325 F g~ at a current density of 0.2 A g, and
a high rate capability with a capacitance retention of 70% at

Carbon Cloth

‘ Electrodeposition
of MnO;

MnOy/CC

Electrodeposition
of Ppy

Fig. 2 Schematic view of the fabrication process of the flexible Ppy/
MnO, composite electrode. Reproduced from ref. 50 with permission
from Elsevier, Copyright @ 2016.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a current density of 5.0 A g~ . Over 1000 galvanostatic charge-
discharge cycles at a current density of 1 A g™, it retained 96%
of its initial specific capacitance. This work demonstrated the
feasibility of developing robust and cost-effective flexible
nanocomposite electrodes with high electrochemical perfor-
mance. The high performance was attributed to an improve-
ment in ion and electron transport properties and efficient
functioning of active electrode materials.

Sulaiman et al. designed and fabricated a layer-by-layer (LBL)
composite of Ppy/graphene oxide/multi-walled carbon nano-
tube| Ppy/MnO, (PGM|PMnO,) potentiostatically at 0.8 V for
10 min on an ITO substrate. Fig. 3 shows a SEM image and
a high resolution TEM image of the as-prepared Ppy/MnO, film
by other related methods. The LBL composite's synergistic
impact between its layers resulted in an increase in the specific
capacitance (up to ~756 F g~ ') and improvement of the specific
energy and specific power in a supercapacitor operating at
1.5 A g~". In addition, the LBL composite electrode exhibited
excellent cycle stability with a low equivalent series resistance of
(40.01 Q).** This electrode design exhibited superior perfor-
mance compared to both PGM and PMnO, electrodes, and was
proposed as a potential electrode for future generation super-
capacitors. A disadvantage of this design, however, is the
complexity of the electrode structure, and the work involved in
its fabrication.

3. Hydrothermal synthesis of Ppy/
MnO, nanocomposites

Hydrothermal synthesis is one of the well-known solution-
based synthesis processes that is widely utilized for synthe-
sizing different nanomaterials with tailored and
morphologies. In hydrothermal synthesis, water is used as the
reaction medium and the reaction takes place in a sealed vessel
at a temperature normally above 100 °C. Autoclave pressure is
influenced by factors such as the volume of liquid inside the
vessel and the concentration of salts in the solution. Depending
on the vapor pressure of the primary components in the reac-
tion, low-pressure or high-pressure conditions can be tuned to
modify the morphology of the final product.

Deyan He and colleagues developed a Ppy-assisted 3D flex-
ible graphene foam@MnO, nanoparticle

sizes

macroporous

100 nm

Fig. 3 (A) TEM image of the Ppy/MnO, nanocomposite; (B) high-
resolution TEM image of the Ppy/MnO, nanocomposite. Reproduced
from ref. 50 with permission from Elsevier, Copyright @ 2016.
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composite electrode.” A 0.03 M KMnO, solution was prepared
and transferred into a stainless-steel autoclave lined with
Teflon. The autoclave was sealed and kept at 60 °C for 80
minutes after loading the electrodeposited Ppy/GO samples.
Finally, de-ionized water was used to wash and dry the sample at
60 °C. The GF@Ppy@MnO, nanoparticle composite electrode
exhibited a high specific capacity of 600 F g~* at a current
density of 1 A g~ '. Furthermore, the tests revealed that more
than 92% of the original capacity was retained after 5000 cycles
at 30 A g~'. The superiority of the designed layered nano-
composite electrode is demonstrated by the cyclic voltammetry
Furthermore, fully symmetric GF@Ppy@MnO,//
GF@Ppy@MnO, was designed and tested, and gave a maximum
power density of 13 kW kg™ ' and a maximum energy density of
28 Wh kg %

curves.

4. Sonochemical synthesis of Ppy/
MnO, nanocomposites

Unique materials may be made using high-intensity ultrasound,
which also offers a novel approach for the production of well-
known materials without the need for excessive heat, pres-
sure, or time. Sonochemistry, or the creation or alteration of
nanomaterials by ultrasonic irradiation, is the result of
a combination of processes. Cavitation, the creation of bubbles
in a solution to produce a radical species, is the sonification
mechanism. When the bubbles reach their maximum size in
the solution they burst, releasing great heat and pressure. As
a result, chemical bonds are broken, leading to the generation
of free radicals.**>* Sonochemical methods are used to fabricate
sandwich-like ternary composites. A novel hierarchical struc-
ture of (MnO,, Ppy)/rGO was realized by integrating the multi-
functional MnO, and Ppy particles with reduced graphene oxide
(rGO) nanosheets (Fig. 4). This ternary layered composite
structure demonstrated superior electrochemical performance
over the constituent materials and their binary composites. The
constituents of the conductive sandwich network perform
synergistically to enhance the capacitive performance. At
a current density of 0.25 A g ! using 1 M Na,SO, electrolyte,
a high specific capacitance of 404 F g~ was achieved by this
ternary composite. Also, 91% of the initial capacitance was
retained after 5000 charge-discharge cycles.>® The proposed
design demonstrated the efficient role of MnO, in improving
the capacitive performance with a high cycling stability of the
electrode.

5. Polymerization synthesis of Ppy/
MnO, nanocomposites

Metal and metal oxide nanoparticles are dispersed in polymer-
supported nanoparticle composites in situ and ex-situ. Still, the
morphology and physical arrangement of the polymeric mate-
rial can vary greatly, from spherical beads to granules,
membranes, fibers, and other shapes (Fig. 5).>® Even though the
polymer and metal/metal oxide nanoparticles retain their
intrinsic characteristics in polymer-supported nanocomposites,

Nanoscale Adv., 2022, 4, 5245-5252 | 5247
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Fig. 4 Schematic diagram of formation of (MnO,, Ppy)/rGO composites.

these can be modified to improve the overall quality in
numerous ways.”’

The improved electrochemical performance of the fabricated
freestanding flexible electrode was attributed to the reduction
of the diffusion distance of the electrolyte ions in the charge/
discharge process, whereas the strong adhesion between
MnO, and graphene foam improved the cycling stability
(Fig. 6).%®

To investigate the effect of the pH value of the reactants on
the morphology and capacitive performance of the MnO,/Ppy
nanocomposite, solutions of 0.5 M pyrrole, 0.01 M p-toluene-
sulfonate, and 0.03 M KMnO, were mixed and reacted in situ to
form nanocomposites with compact sheet, fibrous-porous, and
granular morphologies.*® The pH value of the solution mixture
was adjusted by using H,SO,. The final solution was stirred for
60 min at room temperature. The MnO,/Ppy nanocomposite
was centrifuged, rinsed with DI water, and dried at 60 °C. The

working electrode was developed by dispersing MnO,/Ppy
nanocomposite powder, activated carbon, and PVDF in an N-
methyl pyrrolidinone solution. The slurry was pressed over 1
cm” nickel foam and dried overnight at 60 °C. The cyclic vol-
tammetry curves of the MnO,/Ppy electrodes at a scan rate of
10 mV s~ ' in 0.5 M Na,SO, electrolyte revealed significant
differences depending on the pH value that was adopted in the
preparation of the electrode material, and the highest power
density was observed at pH 4.0. The specific capacitance
increased sharply from 43 F g ' at pH 1.0 up to a maximum
value of 312 F g~ ' at pH 4.0. As the pH value increased further,
the specific gravity decreased slowly (and almost linearly) to
~200 F g~ " at pH 7.8. The electrochemical performance of the
porous MnO,/Ppy nanocomposite was further evaluated for
a symmetric supercapacitor made from a material prepared at
pH 4.0. The symmetric supercapacitor exhibited a specific
capacitance per unit mass of one electrode of 142 F g~ " at a scan

Fig. 5
Copyright @ 2015.
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(A) FESEM image and (B) elemental map of the MnO,/Ppy nanocomposite. Reproduced from ref. 56 with permission from Elsevier,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 (A) Comparison of the CV curves of single-walled nanotubes (SWNTs)/MnO, and SWNTs/MnO,/Ppy at a scan rate of 5mV s+ (B) SWNTSs/
MnO,/Ppy electrode CV curves at various scan rates. Reproduced from ref. 58 with permission from Elsevier, Copyright @ 2014.

rate of 25 mV s ' as obtained from the CV curves, which was
consistent with the value of 136 F g~ obtained from the gal-
vanostatic charge/discharge curve at a current density of
0.25 A g~ '. Furthermore, the symmetric supercapacitor exhibi-
ted excellent capacitance retention of 93.2% after 1000 charge/
discharge cycles (Fig. 7).*® This work elucidated the possibility
of fabricating efficient electrode structures with tunable
morphologies simply by adjustment of the pH value. The elec-
trolyte accessibility is enhanced by the porous nature of the
electrode active material, which is facilitated by the high surface
activity.

De Oliveira et al. designed core/shell structures of multi-
walled carbon nanotubes (MWCNT@MnO,®@Ppy) by a chem-
ical polymerization method. According to the described

Capacitance retention (%)

600
Cycle number

800

procedure, 50 mg of MWCNT@MnO, composite was added to
a 30 mL of 5 mM aqueous solution of sodium dodecyl sulfate,
which was subsequently stirred vigorously for 20 minutes. Then
0.21 mL of pyrrole was introduced into the solution, and this
mixture was stirred at 2 °C for 5 minutes. After this, 50 mL of
0.06 M APS aqueous solution was added dropwise to the solu-
tion at 2 °C while stirring for 2 hours. The filtered powder was
dried overnight at 70 °C. Pellets of 13 mm diameter were then
obtained by pressing 50 mg of the powder under 20 kN. The
pellets and separator were then impregnated by the electrolyte
by soaking in 1 M aqueous solution of KCl overnight. The
concentration of the MWCNT in the composite influenced the
charge transfer mechanism and the dielectric response of the
composite, and resulted in significant variations in the

1000

Fig. 7 Cycling stability of the fabricated symmetric MnO,/Ppy supercapacitor device. Reproduced from ref. 56 with permission from Elsevier,

Copyright @ 2015.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table1 Ppy—MnO, composite synthesis method, performance, electrolyte and potential window
Compound name Method Performance Electrolyte Potential Reference
Ppy Electrodeposition SC 8 mF @ 100 mV s~ 2.0 M KCl —0.9t0 0.7V 59
Ppy Polymerization SC400Fg ' @ 100 mV s *, 0.5 M H,S0, —0.2t0 0.8V 60
80% retention @ 5 mA cm ™2
for 5000 cycle
Ppy Electrodeposition SC329Fg '@5mVs " 0.5 M H,S0, —0.4to —0.6V 61
Ppy Electropolymerzation SC545Fg ' @ 100 mV s~ " 1 M LiClO, —0.4t004V 62
Ppy Electrodeposition SC476 Fg '@5mvVs ' 0.5 M H,S0, —0.4t0 0.6V 63
MnO, Sonochemical SC282Fg '@ 0.5 mA cm 2 1MCa(NO;), 0to1.0V 64
MnO,, Electrodeposition SC128Fg '@1Ag™" 1 M Na,SO, 0to1.0V 65
MnO,, Hydrothermal SC73.5F¢g '@ 2 mAcm 2 1 M Na,SO, 0to 1.0V 31
Ppy-MnO, Polymerization SC272.72Fg '@ 1mVs " 1 M KCl 0t00.3V 66
Graphene foams@ Hydrothermal SC601Fg '@1Ag "' 92% retained 1 M Na,SO, 0to1.0V 51
Ppy-MnO, after 5000 cycles @ 30 A g™ "
MnO,/Ppy/reduced Sonication SC404Fg '@ 0.25Ag" 1 M Na,SO, —0.4t0 0.6V 55
graphene oxide
Ppy/MnO, Electrodeposition SC239Fg '@1Ag ', 86.7% SC 1 M Na,SO, 0t0 0.9V 67
retention @ 10 000 cycles
B-MnO,/Ppy Polymerization SC204Fg '@1Ag" 1 M Na,SO, 0.0t0 1.0 V 44
Ppy/MnO, Electrochemical deposition SC755.99F g '@ 1.5A¢g " 1.0 M KCl 0.0t0 1.0V 45
Ppy/MnO, Electrochemical deposition 13 mF cm > @ 0.1 mA cm ™2, SC 84%  PVA/LIiClO, 0to 8.0V 11
retention 5000 CV cycle @ 500 mV s~ *
MnO,/Ppy Electrochemical deposition SC 141.6 Fg~' @ 2 mA em™> 1 M Na,SO, 0.0to 1.0V 31
Ppy/MnO, Electrochemical deposition Specific energy of 27.2 W h kg™ " at 1 M Na,SO, —0.8t0 0.0V 68
0.85 kW kg ™"
Ppy/MnO, Electrochemical deposition 343 Fg~' @ 100 mV s™* 1 M H,SO, —0.3t00.6V 69
SWNTs@MnO,/Ppy Polymerization SC353Fg '@0.1Ag " 1 M Na,SO, 0to 0.8V 58
0-MnO,/Ppy Polymerization SC209Fg '@05Ag " Ca(NO;),-4H,0 0t0 1.0V 47
Ppy/MnO, on carbon cloth  Electrochemical deposition SC325Fg '@ 0.2Ag ™" 1 M Na,SO, 0to1.0V 50
Nanofiber/MnO,/Ppy Electrodeposition SC 409.88Fg ' @25 mV s " 1.0 M KCl 0to1.0V 46
MnO,/Ppy Polymerization SC312Fg '@10mvs’ 0.5 M Na,SO, —0.2to0.8V 41
Ti;C,T, and Ppy/MnO, Electrophoretic deposition SC128Fg ' @ 5mVs ' PVA/H,SO, 0to1.2V 70
80.7% SC
after 5000 cycles @ 1.72 mA cm >
Nickel metallized nanofibers Electrodeposition SC28.48Fg '@50mvVs " — —0.8to 0V 71
based MnO,/Ppy
MnO,@Ppy Electrodeposition SC141.6 Fg ' @ 2 mA cm > 1 M Na,SO, 0to1.0V 31
MnO,,Ppy@CNT Electroplating SC461Fg '@02Ag " 1 M Na,SO, 0t00.85V 72

electrochemical performance of a double layer capacitor struc-
ture. The specific capacitance increased sharply with the
increase of MWCNTS reaching a maximum value of ~273 F g™*
at 300 mg loading of MWCNTs. With a further increase in the
MWCNT concentration, the specific capacitance decreased at
a slower rate, reaching ~140 F g~' at 500 mg loading. The
associated cycling performance test revealed a capacitance
retention of ~60% after 300 charge/discharge cycles. The
improvement in electrochemical performance of the electrode
was attributed to the improved electrical conductivity and
increase in the active surface area for charge accumulation in
the composite.

Table 1 below summarizes the performance of different
electrode materials synthesized by different chemical
techniques.

6. Conclusion

Ppy/MnO, nanocomposite electrodes exhibit superior super-
capacitive electrochemical performance compared to pristine

5250 | Nanoscale Adv., 2022, 4, 5245-5252

MnO, and Ppy electrodes. Several simple and low-cost chemical
techniques were successful in producing Ppy/MnO, nano-
composites for supercapacitor electrode materials. The super-
capacitive properties of Ppy/MnO,-based electrodes depend
critically on the synthesis route and prevailing experimental
conditions. However, several challenges are still being faced in
the development of supercapacitors for commercialization. The
first and most important problem is the low energy density of
supercapacitors compared to rechargeable lithium ion
batteries. The development of future generation super-
capacitors requires improvements in the design and
manufacturing technology and the search for new electrolytes
and electrode materials with high electrochemical perfor-
mance. The second problem is associated with the high and
instantaneous power output of the supercapacitor, which may
have an impact on the load, and disturb the system stability.
The third problem is associated with the high current during
charge/discharge processes, where overcharging may have
a negative impact on the capacitor life, and consistency of the
voltage across capacitors connected in series is crucial. And the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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fourth problem is connected to industrial standardization to
ensure low cost and green recycling and disposal of scrap. With
the rapidly increasing interest in Ppy/MnO,-based materials for
supercapacitor applications, there is hope to pave ways for
future developments of high-performance supercapacitors to
mitigate environmental and energy-demand challenges.
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