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Abstract
We present a novel configuration of high-performance solid-state pseudocapacitors, fabricated with symmetric MnO2-nanorod-
electrodes, prepared via chemical and hydrothermal routes, and plastic crystals-based gel polymer electrolytes (GPEs).
Comparative studies are reported on capacitors employing GPEs comprising a mixture of non-ionic plastic crystal succinonitrile
(SN) and organic ionic plastic crystal (OIPC) 1-ethyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (EMPTFSI),
without and with Li-salt (LiTFSI), entrapped in a co-polymer poly(vinylidine fluoride-co-hexafluoropropylene) (PVdF-HFP).
The MnO2-nanorods have been characterized for their morphological/structural aspects, specific surface area, and porosity and
correlated the characteristics with their capacitive performance. Clean and uniform morphology and high surface area with
mesoporous character are found to be responsible factors for superior supercapacitive performance of hydrothermally derived
MnO2-nanorod-electrodes as compared to chemically derived MnO2-nanorods. Lithium salt incorporation in GPE has been
found to be another important factor to improve the pseudoapacitive performance of the cells due to facile intercalation/
extraction of Li-ions through MnO2-electrodes. The optimum performance of the pseudocapacitor cell has been observed in
terms of specific capacitance (98–101 F g−1), specific energy (~ 13.7 W h kg−1), and maximum specific power (~ 32.6 kW kg−1)
as observed from charge-discharge studies, due to synergistic effect of morphology of hydrothermally derived MnO2-nanorod-
electrodes and incorporation of Li-ions in GPE. The hydrothermally derived MnO2-nanorod-electrodes also exhibit high rate
capability; however, it reduces significantly when Li-salt incorporated GPE is employed. The optimum cell exhibits almost stable
cyclic performance up to ~ 3300 charge-discharge cycles after only ~ 17% fading in specific capacitance for initial few cycles.

Keywords MnO2-nanorods . Pseudocapacitors . Plastic crystals . Gel polymer electrolyte . Impedance analysis . Cyclic
voltammetry

Introduction

Interest in the development of alternative energy storage/
conversion devices with high energy/power densities has in-
creased worldwide in the present scenario of day-to-day de-
mands, depleting fossil fuels and environment-related issues.
Electrochemical capacitors (ECs) and lithium ion batteries

(LIBs) are the current devices of interest and under extensive
development due to their use in various applications, includ-
ing portable electronic appliances, medical utilities,
uninterruptible power supplies, and electrical and hybrid elec-
trical vehicles (EVs and HEVs) [1–3]. Particularly, ECs are
the power sources, which are extensively reported as alterna-
tive to rechargeable batteries/LIBs due to various reasons,
including their simple design, high power density, and long
cycle life [1, 2, 4, 5]. Based on charge storage mechanisms,
ECs are classified in two broad categories: (i) EDLCs (electric
double layer capacitors) and (ii) pseudocapacitors (redox ca-
pacitors) [4–6]. EDLCs, in general, employ carbonaceous
electrode materials and store electrostatic charges, whereas
pseudocapacitors are fabricated with transition metal oxides
(TMOs)/mixed transition metal oxides (MTMOs) or
conducting polymers [4–8] as electrodes and fast Faradaic
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reaction(s) at electrode-electrolyte interfaces are responsible
for pseudocapacitance.

Out of several reports on TMO-based pseudocapacitive
electrodes, hydrated RuO2 is noted to be the most promising
as it offers very high specific capacitance than carbonaceous
materials and it shows excellent redox activity and electro-
chemical stability [7, 9]. However, the high cost and its effec-
tive performance, restricted with acidic electrolytes only such
as sulfuric acid, limit the extensive application of RuO2 as
supercapacitive electrodes and prompted researchers to focus
on the alternative TMOs, e.g., NiO, CoOx, SnO2, MnO2, and
IrO2 [4, 7, 10–17]. MnO2, particularly, is a potential
pseudocapacitive oxide, which is widely reported in literature
due to its cost-effectiveness and promising electroactive be-
havior. MnO2, as pseudocapacitor electrodes, are reported in
bulk form, different nanostructured forms and its composites/
nanocomposites with carbonaceous materials, other oxides,
and conducting polymers [15, 16, 18]. The capacitive perfor-
mance of MnO2 is generally tested in neutral electrolyte sys-
tems, which is another important advantage over other oxide
electrodes, e.g., RuO2·xH2O [15, 16].

MnO2 has been synthesized via different techniques, name-
ly thermal decomposition, sol-gel method, simple reduction,
co-precipitationmethod, and low-cost electrodeposition meth-
od [19–25]. Jeong and Manthiram reported the synthesis of
MnO2 by the reduction of KMnO4 using sodium
hypophosphite, sodium dithionate, and potassium borohy-
dride [20]. Kim and Papov prepared Pb- and Ni-mixed
MnO2 by the reduction of KMnO4 with Mn/Ni/Pb acetate
solutions [19]. Lee et al. synthesized MnO2 at different tem-
peratures from 300 to 1000 °C by a simple thermal decompo-
sition of finely ground KMnO4 powder [26]. Simple precipi-
tation of MnO2 has been achieved by mixing aqueous solu-
tions of MnSO4 and KMnO4 [27] or KMnO4 and
(CH3COO)2Mn [28]. The hydrothermal technique to prepare
MnO2 is very advantageous over the other chemical methods
due to its ability to control their different nanostructural forms,
such as nanoparticles, nanorods, nanourchins, and nanotubes
by choosing proper time of reaction or temperature or solvent
used [29, 30]. It may be noted that each nanostructure has its
own activity, depending upon their morphology, when
employed as electrodes in capacitors/batteries.

MnO2 crystallizes in different structures with MnO6 octa-
hedra assemblies showing 1D, 2D, or 3D arrangements [31].
Materials with 1D nanostructure have sufficiently high surface
area, small distance from surface to interior bulk, and smallest
dimension, responsible to minimize ion diffusion path and
very effective electrical transport continuity. This is the reason
of increasing interest these days in the fabrication of 1D nano-
MnO2, such as MnO2 nanowires [31–34] and nanorods [34,
35]. Further, MnO2 has many polymorphs, namely α-, β-, γ-,
δ-, and λ-MnO2, and attracts ample attention because of their
applications in batteries [36–40], catalysis [41, 42], ion

exchange [43, 44], etc. Wang et al. [32] have reported the
synthesis of 1D α-MnO2 single crystal nanowires and nano-
rods via hydrothermal method through the oxidation of
MnSO4 by (NH4)2S2O8 or KMnO4, respectively. Li et al.
[45] have synthesized well-aligned α-MnO2 nanowires by
electrochemical step-edge decoration. Also, α-MnO2 nano-
rods with uniform diameter were prepared by Sugantha et al.
through a sol-gel synthetic route [35].

Electrolyte is another important component, which plays a
vital role in the charge storage processes of supercapacitors [6,
7, 46, 47]. Particularly for the pseudocapacitors based on
TMO-electrodes, one of the important factors is the size of
electrolyte ion(s), which should match with the size of struc-
tural tunnels of oxide electrodes for their possible insertion/
extraction. The electrochemical stability window (ESW) of an
electrolyte is the other important factor, which limits the cell
voltage of the supercapacitors. Thus, the careful selection of
suitable electrolyte is of prime significance in view of its high
ionic conductivity and wider potential window with sufficient
thermal stability. Different liquid electrolytes (aqueous, organ-
ic, or ionic liquids) are found appropriate for MnO2-based
capacitors [48]. The MnO2-based pseudocapacitors are gener-
ally characterized in neutral electrolytes, e.g., aqueous solu-
tions of Na2SO4 and K2SO4 [20, 22, 28, 49]. However, liquid
electrolytes show common problems in supercapacitors and
batteries, such as limited transportability, bulky design, corro-
sion of electrodes/substrates, electrolyte leakage, and dissolu-
tion of active electrode materials [6, 46, 47, 49].

The gel polymer electrolytes (GPEs) that are basically liquid
electrolytes entrapped in suitable host polymers, e.g.,
poly(vinylidinefluoride-co-hexafluoropropylene) (PVdF-HFP),
poly(methyl methacrylate) (PMMA), polyacrylonitrile (PAN),
and poly(vinyl alcohol) (PVA), are recently reported to be excel-
lent substitute of liquid electrolytes for energy storage devices [6,
46, 47, 50]. Properties like high ionic conductivity comparable to
liquid electrolytes, wide electrochemical stability, dimensional
stability, and quasi-solid-state nature with excellent mechanical
flexibility make the GPEs attractive over liquid electrolytes [6,
46, 47, 50–52]. Different GPEs are reported for supercapacitor
applications comprising aqueous, organic solvent(s) or ionic
liquid-based liquid electrolytes, immobilized in host polymers,
e.g., PVA/H2SO4, PVA/H3PO4, (PVdF-HFP)/EC/PC/LiClO4,
PMMA/EC/PC/NaClO4 , (PVdF-HFP) /1 -e thy l -3 -
methylimidazolium bis(tri-fluoromethylsulfonyl)imide
(EMITFSI)/LiTFSI [46, 47, 50–52]. All of them have their
own merits and demerits depending on their thermal and electro-
chemical stabilities and other factors related to safety issues like
flammability, volatility, and toxicity [49, 50, 53]. The non-ionic
plastic crystal succinonitrile (SN) has recently been introduced as
a solid solvent/plasticizer in polymer-based electrolytes/GPEs
[53–57], which have been proved to be potential electrolytes in
solid-state batteries and supercapacitors. The SN, which is a
waxy solid, can accommodate different ionic salts or ionic liquids
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to become ionic conductors [58], and the mixture can be
immobilized in different host polymers to form GPEs [53–57].
The organic ionic plastic crystals (OIPCs) are another class of
materials, which form potential ionic conductors, when added
with different Li/Na-salts [59–63]. Such electrolytes have the
additional ability to accommodate the mechanical stress during
the charge-discharge process of the devices like batteries/
supercapacitors [59].

Despite their excellent electrochemical and mechanical
properties, GPEs are rarely employed as electrolytes in
MnO2-based supercapacitors, except a very few reports [64,
65]. A symmetric flexible solid-state supercapacitor based on
MnO2-electrodes with GPE comprising polyvinylpyrrolidone
(PVP)/LiClO4 has been reported, which possesses high oper-
ating voltage of 1.6 V with high energy density and power
density [64]. Our group presented the comparative perfor-
mance characteristics of pseudocapacitors fabricated using
electrochemically synthesized MnO2-polypyrrole composite
electrodes and three different electrolytes, namely aqueous
PVA/H3PO4 polymer electrolyte, liquid electrolyte (LiClO4/
PC), and GPE (PMMA/EC/PC/NaClO4) [18]. Lee et al. re-
cently reported MnO2 supercapacitors with potassium
polyacrylate-co-polyacrylamide GPEs containing aqueous so-
lution of KCl, which exhibited improvement (> 50%) in spe-
cific capacitance of the MnO2-electrodes [65].

This paper reports the studies on MnO2-nanorod based solid-
state pseudocapacitors fabricated with GPEs containing a mix-
ture of non-ionic plastic crystal and OIPC, SN and 1-ethyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
(EMPTFSI), respectively, immobilized in poly(vinyidine fluo-
ride-co-hexafluoropropylene) (PVdF-HFP). Morphological,
structural, and porosity analyses have been performed to charac-
terize MnO2-nanorods to be employed as pseudocapacitive elec-
trodes and correlated the observations with capacitive perfor-
mance of the devices. The pseudocapacitor cells have been tested
through electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and galvanostatic charge-discharge tests for
numerous cycles. Studies are mainly focused to examine the
effect of (i) morphology of MnO2-nanorod-electrode materials,
prepared by chemical and hydrothermalmethods, and (ii) lithium
salt addition in GPE composition PVdF-HFP/SN/EMPTFSI on
the performance characteristics of pseudocapacitors. To the best
of our knowledge, MnO2-based capacitors with plastic crystal
incorporated GPEs are not yet under consideration and being
reported for the first time.

Experimental

Preparation of GPE films

The co-polymer, PVdF-HFP (average MW ≈ 400,000), SN, 1-
ethyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide

(EMPTFSI), and lithium bis(trifluoromethyl-sulfonyl)imide
(LiTFSI) were procured from Sigma-Aldrich. These chemicals
were vacuumdried for 12 h at room temperature prior to use. The
GPE films were prepared by Bsolution-cast^ technique.
Following this technique, 5 mol% (0.277 g) of OIPC,
EMPTFSI, was mixed in non-ionic plastic crystal SN (1.124 g)
thoroughly. The host polymer PVdF-HFP (1 g) was separately
dissolved in 20 ml of acetone. The EMPTFSI/SN mixture was
then added to the acetone solution of PVdF-HFP and stirred
thoroughly using magnetic stirrer at room temperature for ~
24 h, and a homogeneous solution was obtained. The ratio of
EMPTFSI/SN mixture and PVdF-HFP was maintained to 80:20
(w/w). Another composition, added with lithium salt LiTFSI,
was prepared following the same process, as mentioned above.
The only difference was that 1-mol% LiTFSI (0.335 g) was
added in EMPTFSI/SN mixture before adding in PVdF-HFP
solution. The LiTFSI/EMPTFSI/SN to PVdF-HFP ratio was also
maintained to 80:20 (w/w). The above mixtures were poured in
glass petri-dishes, and the solvent acetone was allowed to evap-
orate slowly. Finally, the free-standing GPE films of thickness
(0.70–0.80 mm) were obtained. Thus, the following two compo-
sitions of GPE have been employed to fabricate EDLCs:

GPE-1: (5-mol%EMPTFSI in SN):(PVdF-HFP) (80:20w/w)
GPE-2: (1-mol% LiTFSI in EMPTFSI/SN):(PVdF-HFP)

(80:20 w/w)
All the GPE films were stored in dry atmosphere to avoid

moisture adsorption.

Preparation of MnO2-nanorod-electrodes

Potassium permanganate (KMnO4, 99%), manganese acetate
tetrahydrate (Mn(CH3COO)2·4H2O, 99%), and nitric acid
(HNO3, 98%) were procured from Sigma-Aldrich and used
as received. The MnO2 powders were prepared by chemical
and hydrothermal methods for comparative studies. For chem-
ical method of preparation, 0.2 M (0.316 g) of KMnO4 and
0.3 M (0.735 g) of Mn(CH3COO)2·4H2O were dissolved in
35 ml of de-ionized (DI) water added with 5 ml of HNO3. The
solution was stirred overnight and kept for precipitation for
about 48 h. A black colored precipitate ofMnO2was extracted
by centrifuging the solution at ~ 5000 rpm for ~ 20 min. The
precipitate was first washed by ethanol and then by DI water
thoroughly to remove the undesirable and excess reactants.
The washing with DI water was continued till the pH of water
reached to 7.0.

In the preparation of MnO2 by hydrothermal method, the
solution of the composition KMnO4/Mn(CH3COO)2·4H2O/
water/HNO3, mentioned above, was transferred to a teflon-
lined stainless-steel autoclave shell of 50-ml capacity. The
autoclave shell was sealed and kept at ~ 140 °C for 12 h in
an oven. Thereafter, it was allowed for natural cooling to room
temperature. The brown colored MnO2 was collected by cen-
trifugation and washed thoroughly with ethanol and DI water
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following the same procedure, as mentioned above for chem-
ically prepared MnO2. The MnO2 samples were dried under
vacuum at room temperature for 24 h. The chemically and
hydrothermally prepared MnO2, to be used as electrode ma-
terials in pseudocapacitors, are referred asMnO2-c andMnO2-
h, respectively, in the rest of the text.

In order to prepare the capacitive electrodes, the MnO2-c or
MnO2-h powder was added with conductive additive acety-
lene black (AB) and acetone solution of PVdF-HFP (as bind-
er) and mixed thoroughly in agate mortar and pestle to form
slurry. The weight ratio of MnO2, AB, and PVdF-HFP was
maintained to 80:15:5. The slurry was spread on the flexible
graphite sheet (~ 250-μm thick, Nickunj Eximp Entp., India)
and dried in vacuum at ~ 80 °C overnight.

Instrumentation

The electrochemical characterization of the GPE films was
performed by measuring ionic conductivity and ESW. The
ionic conductivity of the films was evaluated by EIS, and
ESW was estimated by linear sweep voltammetry (LSV).
The electrochemical analyzer (660E, CH Instruments, USA)
was used for EIS and LSV measurements. The EIS measure-
ments were carried out on the cells of the configuration
SS|GPE-film|SS (SS: stainless steel foil) for the frequency
range from 0.1 Hz to 100 kHz.

Morphological studies of the MnO2 powders were car-
ried out with the help of field emission scanning electron
microscope (FESEM, JSM 5600, JEOL) and high-
resolution transmission electron microscope (HRTEM,
Tecnai G2T30, U-TWIN). The LiB6 filament was
employed as electron source. The working voltage range
was kept at 50–100 kV. The SEM images were recorded at
low vacuum after sputtering the samples with gold to pre-
pare conducting surfaces. The samples for TEM were pre-
pared on carbon-coated copper grid (Electron Microscopy
Sciences, USA). The XRD patterns of the electrode mate-
rials were recorded using a high-resolution X-ray diffrac-
tometer (Model-D8 Discover, Bruker, USA) with CuKα
radiation (λ = 1.5406 Å) in the Bragg’s angle (2θ) range
from 50° to 70°. Brunauer-Emmett-Teller (BET) surface
area, and total pore volume of MnO2 powders were mea-
sured using a surface area and pore size analyzer (model:
Gemini-V, Micromeritics, Norcross, USA).

The performance characteristics of the pseudocapacitors
were evaluated by using EIS, CV, and galvanostatic charge-
discharge tests. The EIS studies were performed in the fre-
quency range from 10 mHz to 100 kHz using an electrochem-
ical analyzer mentioned above. The CV responses were also
recorded with the same electrochemical analyzer. The charge-
discharge tests were performed using a charge-discharge unit
(BT-2000, Arbin Instruments, USA).

Results and discussions

Electrochemical properties of GPEs

Electrochemical properties of GPE films have been evaluated
in terms of ionic conductivity and ESW. The electrical con-
ductivity of pure SN at room temperature has been recorded to
be ∼ 1 × 10−7 S cm−1, which is mainly due to the presence of
impurities [66, 67]. When 80 wt% of SN is added to PVdF-
HFP, the composite film shows electrical conductivity of ∼
2.2 × 10−7 S cm−1 at room temperature, which is also possible
due to the presence of impurities. The conductivity of PVdF-
HFP/EMPTFSI (20:80 w/w) has been found to be ∼ 9.6 ×
10−6 S cm−1 at room temperature. Upon the addition of
5 mol% of EMPTFSI in PVdF-HFP/SN, a substantial jump
in conductivity has been observed by four orders of magnitude
from ∼ 2.2 × 10−7 to ∼ 3.3 × 10−3 S cm−1. This jump in con-
ductivity is owing to the introduction of ionic mobility on
adding OIPC (EMPTFSI) in PVdF-HFP network containing
non-ionic plastic crystal SN. This indicates the main role of
SN in enhancing the conductivity of GPE film as it helps in
providing high mobility to component ions of OIPC (EMP+

and TFSI−) via paddle-wheel mechanism [59]. On the addition
of LiTFSI to EMPTFSI/SN/PVdF-HFP, the gel polymer elec-
trolyte (GPE-2) shows ionic conductivity of ~ 9.9 ×
10−3 S cm−1. This indicates substantial effect of the Li-salt
addition on the ionic conductivity of the GPE; hence, it gives
significant influence on the performance of the capacitor char-
acteristics, presented in the following sections.

The ESW (i.e., working voltage range) for a typical com-
position of the GPE films with 5mol% of EMPTFSI in SN has
been evaluated by LSV. The LSV response was recorded on
the cell:SS/GPE film/Ag (Ag is silver foil), using SS (stainless
steel foil) as a working electrode and Ag as both the counter
and reference electrodes. The SN-based GPE film is found to
be electrochemically stable up to ∼ 3.8 V versus Ag. The
range of the ESW observed for the present SN/EMPTFSI-
based GPE is enough for the electrochemical applications,
including pseudocapacitors/supercapacitors.

Morphological/structural and porosity analyses
on MnO2-electrode materials

Figure 1a–d presents the SEM and TEM images of chem-
ically and hydrothermally prepared MnO2 powders
(MnO2-c and MnO2-h). The images indicate the 1D-
nanorod structured morphology for both the materials.
The SEM/TEM images of chemically prepared sample
(MnO2-c) show haphazardly distributed nanorods of var-
iable thicknesses. Their thicknesses are non-uniform
throughout their lengths also. In addition, substantial bulk
impurities are attached to the nanorods, as distinctly evi-
dent from the TEM image (Fig. 1c). On the other hand,
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the hydrothermally prepared material (MnO2-h) shows
relatively uniform morphology of 1D-nanorods. Bundles
of uni-directional rods are observed in SEM image
(Fig. 1b). As indicated in TEM images (Fig. 1d and
Fig. S1), the MnO2-h material possesses nanorods of uni-
form thicknesses throughout their lengths and the absence
of bulk impurities attached to these nanorods, indicating
clean morphology as compared to chemically prepared
MnO2-c.

Figure 1e shows the XRD patterns of MnO2-c and
MnO2-h, recorded at room temperature. The XRD peaks
of the materials have been compared with JCPDS data
(No. 44-0141) and various phases of MnO2, reported by
Ghodbane et al. [68]. The following important points are
noted from the comparison of the XRD features of MnO2,
prepared from two different processes:

(i) ThechemicallypreparedMnO2-c shows theXRDpeakspre-
dominantly corresponding to crystallographic form namely
octahedralmolecular sieve (OMS-5)with tunnel size 4 × 2Å
havingmonoclinic systemwith a C2/m space group [68].

(ii) Relatively larger number of XRD peaks are observed for
hydrothermally prepared MnO2-h material. These peaks
are indexed to pure α-MnO2 phase when compared with
JCPDS data (No. 44-0141). No other characteristic peaks
from impurities are noted, indicating the high purity of
MnO2-h sample (Fig. 1e). The α-phase of MnO2 basi-
cally contains double chains of edge-sharing MnO6 oc-
tahedra, linked at the corners to form (2 × 2) + (1 × 1)
tunnel structures in a direction parallel to the c-axis of
the tetragonal unit cell [69]. This tunneled texture is most
suitable for intercalation and de-intercalation of various
electrolyte cations [70, 71].
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Fig. 1 SEM images of a MnO2-c
and b MnO2-h and TEM images
of c MnO2-c and d MnO2-h. e
shows XRD patterns of
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derived MnO2-nanorods. f shows
N2 adsorption–desorption iso-
therm of theMnO2-c andMnO2-h
powders. The pore size distribu-
tions of both materials are shown
in the inset of f
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The N2-adsorption–desorption isotherms of the chemically
and hydrothermally prepared MnO2 (MnO2-c and MnO2-h)
nanorods are presented in Fig. 1f. The patterns show the typ-
ical type-II isotherms according to the IUPAC classification of
pores. Desorption curves show distinct hysteresis loops for
both the materials in the range of P/Po from 0.65 to 0.95.
The shape of the hysteresis loops suggests the nanorod-like
structure of the materials [30]. The gradual increase in adsorp-
tion isotherm followed by hysteresis loop, while the desorp-
tion indicates the presence of predominantly mesoporous in-
teriors in both the materials. TheMnO2-c powder shows larger
adsorption of nitrogen for entire range of P/Po; hence, larger
surface area is expected as compared to that of MnO2-h pow-
der. The specific surface area of MnO2-c and MnO2-h was
calculated using the BET equation [72] and found to be ~
241 and ~ 79 m2 g−1, respectively. As previously discussed,
substantial bulk impurities are attached to the nanorods of
MnO2-c, which appears to be the main reason of its larger
surface area relative to MnO2-h. On the other hand, the
MnO2-h powder shows substantially higher than the reported
value (2.5–3 m2 g−1) for bulk MnO2 structure [73, 74]. The
total pore volume of MnO2-c and MnO2-h powders has been
estimated by the Barrett-Joyner-Halenda (BJH) method and
found to be ~ 0.70 and ~ 0.36 cm3 g−1, respectively, which are
larger than the pore volume of bulk MnO2, i.e., 0.65 ×
10−2 cm3 g−1, reported in literature [74]. The pore size distri-
bution has also been estimated by the BJH method, as shown
in Fig. 1f (inset). This indicates that the hydrothermally pre-
pared material (MnO2-h) shows a narrow distribution of pore
size around 2.75 nm. The chemically prepared MnO2-c pow-
der, on the other hand, shows larger pore distribution between
~ 5 and 15 nm, with highest number of pores of size ~ 10 nm.
The relatively high specific surface area and pore volume and
mesoporous interiors provide high accessibility of electrolyte
i on s fo r r edox r ea c t i on s , l e ad i ng t o t h e h i gh
pseudocapacitance of the electrode materials MnO2-nanorods
with respect to bulk materials.

Fabrication and electrochemical characterization
of pseudocapacitors

Pseudocapacitor cells were fabricated in two-electrode geom-
etry by the following process. Fine layer of the acetone solu-
tion of the composition of GPE-1 or GPE-2 was coated on the
surface of MnO2-electrodes and dried them by evaporating
acetone in vacuum. To obtain the symmetric configuration
of capacitor cells, two such systems were stacked over each
other such that the GPE film is sandwiched between two
MnO2-electrodes. The following four configurations of
pseudocapacitor cells, with two types of electrodes (MnO2-c
and MnO2-h) and two compositions of GPEs (GPE-1 and
GPE-2), are under investigation:

Cell-1: MnO2-c/GPE-1/MnO2-c
Cell-2: MnO2-c/GPE-2/MnO2-c
Cell-3: MnO2-h/GPE-1/MnO2-h
Cell-4: MnO2-h/GPE-2/MnO2-h

The pseudocapacitor cells were characterized using EIS,
CV, and galvanostatic charge-discharge tests as discussed in
the following sections.

Electrochemical impedance spectroscopy

Figure 2a–d shows EIS (Nyquist) plots for all the
pseudocapacitor cells (Cell-1 to Cell-4) fabricated with chem-
ically and hydrothermally prepared MnO2-electrodes (MnO2-
c and MnO2-h) and GPEs (with and without Li-salt). The EIS
patterns indicate the capacitive nature of the electrode-
electrolyte interfaces of all the cells, as reflected by the steeply
rising patterns in the lower frequency range. The expanded
representation of EIS plots towards the high/middle frequency
region is depicted as inset of each figure (Fig. 2a–d). A semi-
circular spur has been observed for each cell in the high-
frequency region, which represents the bulk cell resistance
(Rb) and charge-transfer resistance (Rct) at the interfaces of
each cell, as indicated by arrows (Fig. 2a, inset). The resis-
tance Rb represents the combination of resistances due to the
electrode and electrolyte components [54, 75]. The estimated
values of Rb and Rct for each capacitor cell are listed in
Table 1. Just after semi-circular arc, the EIS pattern of each
cell shows a linear slope up to a certain frequency in the
middle frequency region (Fig. 2, insets). This is the effect of
Warburg impedance due to the finite diffusion limit of ion
transport in electrodes on the charge-transfer processes [7,
75]. The range of the linear slope (hence, the diffusion limit
of ion transport) is found to be the least in the case of Cell-4
(with MnO2-h electrodes and Li-ion incorporated GPE-2).

The overall capacitance (Co) at 10 mHz and specific capac-
itance (Cs) of the pseudocapacitor cells have been evaluated
from the expressions: Co = 1 / ωZ″ and Cs = 2Co / m, respec-
tively, whereω is the angular frequency, Z″ is the imaginary part
of impedance (Z), and m is the active mass of single electrode.
The values ofCs have also been listed in Table 1 for all the cells.
A comparison of Cell-3, fabricated with hydrothermally pre-
pared MnO2 (i.e., MnO2-h) and GPE-1 film (without Li-salt),
offers ~ 1.6 times higher specific capacitance as compared to
that for Cell-1 with chemically prepared MnO2 (MnO2-c) and
the same GPE-film. Almost the same improvement in specific
capacitance has been observed in Cell-4 with respect to Cell-2,
when Li-salt incorporated electrolyte (i.e., GPE-2) is employed.
This shows the superior capacitive performance of hydrother-
mally prepared MnO2-h electrodes over their chemically pre-
pared counterparts, although their specific surface area and pore
volume are larger. The relatively clean and uniform morpholo-
gy of hydrothermally prepared MnO2-h nanorods (discussed
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above) favors in offering better pseudocapacitive performance
than chemically prepared MnO2-c.

A further comparison of Cell-1 with Cell-2 and Cell-3 with
Cell-4 refers to the effect of Li-salt incorporated GPE on the
capacitive performance of the cells (Table 1). About 1.8–2.0
times enhancement in specific capacitance has been obtained
when the electrolyte GPE-1 (without Li-salt) is replaced by the
GPE-2 film (with Li-salt). This indicates the significant contri-
bution of Li-ions in the pseudo-capacitive reactions via their
insertion/extraction through porous MnO2-nanorod-electrodes.
It may be noted that optimum specific capacitance has been
observed for the Cell-4. Synergistic effect ofMnO2-h electrodes
(with clean and uniform nanorod texture, high surface area, and
mesoporous character) and Li-ion containing GPE is responsi-
ble to obtain the optimum capacitive behavior of the Cell-4.

Substantial (1.8–3.6 times) reduction in the values of cell resis-
tance (Rb) and charge-transfer resistance (Rct) has been noted
(Table 1), when MnO2-c electrodes are replaced by MnO2-h
electrodes and the electrolyte GPE-1 (without Li-salt) is
substituted by the Li-salt incorporated GPE-2 film. The better
morphology and porosity of the MnO2-h electrodes and Li-ion
incorporation in GPE also leave significant impact on the resis-
tive values of the capacitor cells. The reduction in the values of
resistive components gives direct impact reciprocally on the
specific power of the capacitors.

Comparative rate performance of the pseudocapacitor cells
has also been studied from EIS analyses. Knee frequency (fk)
is one of the key parameters, which effectively determines the
rate capability of the cells [54, 76]. It is the frequency below
which the EIS pattern starts showing steeply rising capacitive

Fig. 2 EIS plots of
pseudocapacitor cells (Cell-1 to
Cell-4). Expanded representations
of high-frequency regions are
shown in the inset of each figure

Table 1 Electrical parameters of
the pseudocapacitor cells from
EIS analysis

Capacitor
Cells

Rb Rct Cs fo τo Energy at fo
(W h kg−1)

Pulse power
(kW kg−1)

Knee freq.
(fk) (Hz)(Ω cm2) (Ω cm2) (F g−1) (Hz) (s)

Cell-1 18.0 1.50 18–21 1.36 0.74 0.9 4.3 56

Cell-2 8.0 1.80 36–39 1.88 0.53 2.4 16 18

Cell-3 10.0 0.57 29–33 3.70 0.27 1.4 18 142

Cell-4 5.5 0.50 58–61 2.95 0.34 2.7 28 56
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pattern. The Cell-3 and Cell-4 (with MnO2-h electrodes) show
higher fk values with respect to Cell-1 and Cell-2 (with MnO2-
c electrodes) (Table 1). This indicates significantly higher rate
performance of hydrothermally prepared MnO2-h electrodes
due to their uniform and clean morphology and higher surface
area with mesoporosity as compared to those of chemically
prepared electrodes (MnO2-c). A comparison of Cell-1 with
Cell-2 and Cell-3 with Cell-4 indicates a substantial lowering
in knee frequencies (Table 1). This shows that adsorption-
desorption of electrolyte ions takes place from electrode sur-
face only in the case of GPE-1 (without Li-salt), which leads
to higher rate performance of the cells. On the other hand, Li-
ion intercalation/extraction occurs through MnO2-electrodes
when Li-salt incorporated GPE-2 is employed, which is re-
sponsible to reduce the rate performance.

Miller’s approach [77] has also been adopted to determine
the rate capability of the capacitor cells. According to this
approach, different parameters have been evaluated from the
Bode plots, i.e., the variations of Z′ and Z″ versus frequency,
as typically shown in Fig. 3a, b. One of the parameters is
resonant frequency (fo) at which the Bode plots of Z′ and Z″
intersect each other (Fig. 3a, b) at the phase angle 45°. The

reciprocal of fo is referred to as response time (τo), which is an
important characteristic of a capacitor cell, also called Bfigure
of merit.^ Another related parameter, namely pulse power
density (Po) of each cell, has been estimated, which is
expressed as Po = Eo / τo, where Eo is the specific energy
evaluated at the frequency fo. The specific energy Eo has been
estimated from Eo = 1 / 2CoV

2, where Co is the capacitance
evaluated at fo and V is the rated voltage range of the capacitor.
The values of fo, τo, Eo, and Po are listed for each capacitor cell
in Table 1. The approach of Taberna et al. [78] has also been
adopted to estimate the response times of all the cells.
Accordingly, the values of C′ and C″ (the real and imaginary
components of complex capacitance) are plotted against fre-
quency, as shown in Fig. 3c for a typical cell (Cell-4). The
resonant frequency fo (and response time τo) for each cell has
been found to be the same as observed from the Miller’s ap-
proach. It may be noted that the specific pulse power values
for Cell-2 and Cell-4 (with Li-salt) are higher as compared to
those of Cell-1 and Cell-3 (without Li-salt), respectively
(Table 1). The higher values of pulse power are actually not
expected for Cell-2 and Cell-4 as their corresponding response
times (τo), which are reciprocally related to pulse power, are

Fig. 3 a and b Real and
imaginary parts of complex
impedance Z′ and Z″ versus
frequency plots (i.e., Bode plots)
for typical pseudocapacitor cells
(Cell-2 and Cell-4), c real and
imaginary parts of complex
capacitance C′ and C″ versus
frequency plots for Cell-4, and d
phase angle versus frequency plot
for Cell-4
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higher. However, since specific energy Eo (measured at fo) is
also high significantly due to intercalation/ extraction of Li-
ions, the pulse power of these cells is observed to be higher,
though the rate capability of these cells are relatively low, as
discussed above.

Figure 3d depicts the phase angle variation with frequency
for the optimized pseudocapacitor cell (Cell-4). The ideal ca-
pacitor cell shows the phase angle of 90° for a very wide fre-
quency range. The capacitor cell shows phase angle ~ 70° in the
lower frequency region from 0.01 to 1 Hz. This indicates the
capacitive behavior of the cell for lower frequency range only,
as indicated from EIS plots also (Fig. 2) presented above.

Cyclic voltammetry

The electrochemical test of all the pseudocapacitor cells (Cell-
1 to Cell-4) has been performed by CV in two electrode con-
figurations. Figure 4a shows a comparison of CV patterns of
Cell-2 and Cell-4, fabricated with MnO2-c and MnO2-h elec-
trodes, respectively, employing the same electrolyte (Li-salt
incorporated GPE-2). This indicates that the hydrothermally
derived MnO2-nanorod-electrodes offer higher voltammetric
current (hence, higher specific capacitance) as compared to
that of nanorod electrodes derived chemically. The MnO2-h
electrodes show similar voltammetric behavior with respect to
MnO2-c electrodes with the electrolyte GPE-1 also, which has
no Li-salt (Fig. S2). This is owing to the clean and uniform
morphology of MnO2-h electrodes along with their high

surface area and mesoporous interiors, which allow facile
transport of electrolyte ions through them, as discussed earlier.

To see the effect of Li-salt addition in GPE on the perfor-
mance of capacitor cells, CV pattern of Cell-4 (with Li-salt)
has been compared to that of Cell-3 (without Li-salt) (Fig. 4b).
A significantly higher voltammetric current (hence higher spe-
cific capacitance) has been obtained when Li-salt incorporated
GPE (GPE-2) has been employed in the capacitor cell with
respect to the cell containing GPE-1 (without Li-salt)
(Fig. 4b). This indicates the insertion/extraction of Li-ions
through MnO2-electrodes, responsible to the improvement in
the capacitance of the cell. Distinct quasi-reversible humps,
overlapped on the voltammogram of Cell-4, are also present
as shown by arrows in (Fig. 4b), which further confirm the
insertion/extraction of Li-ions. Such quasi-reversible humps,
indicating insertion/extraction of Li-ions through MnO2-elec-
trodes, are distinctly seen in CVresponses of Cell-2 and Cell-4
recorded at lower scan rate (2 mV s−1), as shown in Fig. S3.
As discussed earlier, the hydrothermally derived MnO2-h
nanorods are in α-phase (i.e., α-MnO2), containing tunneled
structure, through which insertion/extraction of Li-ions is pos-
sible. It may be noted that such feature is not observed for
Cell-3 containing GPE without Li-salt (Fig. 4b). Similar con-
clusion has been drawn from the EIS studies, discussed above.

Figure 4c depicts the CV responses of a typical cell (Cell-4
with MnO2-h nanorod-electrodes and Li-ions incorporated
GPE-2 film) for different scan rates. The scan rate dependent
CV responses for other cells are shown in Fig. S4 for compar-
ison. Almost rectangular box-like voltammograms (indicating

0.0 0.5 1.0 1.5 2.0
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

C
ur

re
nt

 (m
A

 c
m

-2
)

Voltage (V)

 Cell-1
 Cell-2 (a)

0.0 0.5 1.0 1.5 2.0
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0   Cell-3
  Cell-4

Voltage (V)

C
ur

re
nt

 (m
A

 c
m

-2
)

(b)

0.0 0.5 1.0 1.5 2.0
-30

-20

-10

0

10

20

30
(c)

Voltage (V)

C
ur

re
nt

 (m
A

 c
m

-2
)

1000 mV s-1

500 mV s-1

100 mV s-1

10 mV s-1

Cell-4

0 200 400 600 800 1000
0

20

40

60

80

100

120

140

160

Sp
ec

ifi
c 

ca
pa

ci
ta

nc
e 

(F
 g

-1
)

Scan rate(mV s-1) 

  Cell-1
  Cell-2
  Cell-3
  Cell-4

 (d)

Fig. 4 Comparative CV
responses of capacitor cells awith
MnO2-c and MnO2-h electrodes
(Cell-2 and Cell-4, respectively)
and Li-salt containing electrolyte
GPE-2 and b with different elec-
trolytes GPE-1 (without Li-salt)
and GPE-2 (with Li-salt)
sandwiched between MnO2-h
electrodes, recorded at scan rate
10 mV s−1. c shows CV patterns
of Cell-4) at different scan rates, d
shows scan rate dependence of
specific capacitance of all the
cells (Cell-1 to Cell-4)
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pseudocapacitive nature) of Cell-4 are observed up to the scan
rate of 1000 mV s−1 (Fig. 4c). This confirms the high rate
performance of Cell-4, as discussed in EIS studies also, pre-
sented earlier. The slightly tilted rectangular CV-responses are
observed for higher scan rates, which are owing to the pres-
ence of significant resistive component/ESR of the cell. The
CV patterns are substantially deviated from rectangular shapes
for Cell-2 (chemically derived MnO2-c electrodes) from 0 to
0.75 Vat higher scan rates, as shown in Fig. S4a. Such feature
is not seen for Cell-4, which further indicates the superior
capacitive and rate performance of MnO2-h electrodes.
Figure 4d depicts the variation of specific capacitance as func-
tion of scan rates for all the cells. The specific capacitance (Cs)
values have been evaluated from CV patterns using the ex-
pression: Cs = 2i / (m × s), where i is the voltammetric current,
m is the mass of active material (MnO2) in single electrode,
and s is the scan rate. Usual patterns of variation, i.e., fast
initial decrease in specific capacitance (Cs) followed by its
almost stable values with respect to scan rates have been ob-
served for all the cells. The lowest values of Cs have been
observed for the scan rates from 0.5 to 1000 mV s−1 for the
Cell-1 (with chemically derived MnO2-c nanorod-electrodes
and electrolyte GPE-1 without Li-salt). On the other hand,
Cell-4 (with hydrothermally-derived MnO2-h-nanorod-elec-
trodes and electrolyte GPE-2 with Li-salt) shows the highest
capacitance with respect to other cells for each scan rate in the
present studies. The capacitance of Cell-4 is the highest
among all the cells even at the scan rate of 1000 mV s−1.
This further indicates the high rate performance of Cell-4.

Charge-discharge analyses

The comparative performance characteristics of the capacitor
cells based on galvanostatic charge-discharge tests have been
depicted in Fig. 5a–f. The charge-discharge patterns of the
Cell-2 with chemically derived MnO2 (MnO2-c) and Cell-4
with hydrothermally derived MnO2 (MnO2-h), both with Li-
ion containing GPE-2 films, have been recorded at constant
current 1.0 mA cm−2 (1.4 A g−1) with gradually increasing
charging voltage limits (Fig. 5a, b). Both the cells have been
charged up to 2.0 V. A comparison indicates that the initial
sudden drops while discharging the cells, which are directly
proportional to equivalent series resistance (ESR), are found
to be significantly large for Cell-2 as compared to Cell-4. This
indicates that the chemically derived MnO2-c electrodes are
more resistive relative to the hydrothermally derived MnO2-h
electrodes. Further, based on this study, the cells withMnO2-h
electrodes have been decided to charge up to 2.0 V, while the
cells employing MnO2-c electrodes up to 1.8 V.

Figure 5c, d shows the charge-discharge patterns of the
cells with two different electrolyte films, the GPE-1 without
Li-salt and GPE-2 with Li-salt, and the role of Li-ions con-
taining GPE has been distinctly observed. From these

patterns, the parameters, namely specific discharge capaci-
tance (Cd) and ESR, have been estimated for all the cells
(Cell-1 to Cell-4). The values of Cd were evaluated from the
linear part of discharge characteristics using the expression
Cd = 2iΔt / (mΔV), where i is the discharge current, Δt is
the discharge-time interval corresponding to the voltage
range,ΔV (excluding initial voltage drop) is the mass of active
material (MnO2-c or MnO2-h) in single electrode. The ESR of
each cell was evaluated from the initial sudden voltage drop
observed in discharge profile, which is an ohmic drop across
ESR of the cell. The specific discharge capacitance (Cd) and
ESR of each cell are listed in Table 2. A comparison of dis-
charge capacitance (Cd) of Cell-1 with Cell-2, and Cell-3 with
Cell-4 indicates the distinct effect of Li-ion incorporated GPE
employed in pseudocapacitor cells. The values of Cd have
been enhanced by almost double when GPE-1 films
(without Li-salt) are substituted by GPE-2 (with Li-salt) in
the capacitor cells (Table 2). A comparative performance also
indicates the 2.0–2.4 times enhancement in Cd values of the
cells when MnO2-h (hydrothermally derived) electrodes are
employed in pseudocapacitor cells in place of MnO2-c (chem-
ically derived) electrodes (Table 2). The substitution of Li-ion
containing GPE-2 also affects ESR values of the cells
(Table 2). A substantial (~ 2.6 times) lowering in ESR has
been observed in Cell-4 (with Li-ions incorporated electrolyte,
GPE-2) compared to Cell-3 (with electrolyte without Li-ions,
GPE-1). The enhancement in specific capacitance and lower-
ing in resistive components were also observed in EIS studies
on the pseudocapacitor cells, discussed above.

As discussed earlier, the improvement in specific capaci-
tance and lowering in ESR is directly related to improvement
in specific energy and specific power, respectively. The spe-
cific energy (E) and maximum specific power (Pmax) of all the
cells have been evaluated using the expressions: E ¼ 1

�
8Cd

V2 and Pmax ¼ V2
.

8m�ESRð Þ
, respectively, where V is the rated

voltage of the cells and m is the active mass of the single
electrode. Values of E and Pmax for all the cells have also been
listed in Table 2. Significant improvement in specific energy
and power has been noted (Table 2) mainly due to cleaner
morphology of MnO2-h electrodes as compared to MnO2-c
electrodes and use of Li-salt incorporated GPE-2 films in
place of GPE-1 film (without Li-salt). The Cell-4, configured
with Li-salt containing GPE-2 film sandwiched between two
symmetrical MnO2-h electrodes, offers optimum specific ca-
pacitance, energy, and power. This further confirms the syn-
ergistic effect of clean morphology of MnO2-electrodes and
Li-ions incorporated GPE-2 film.

The specific capacitance, energy, and power of the present
solid-state pseudocapacitor cell are found to be comparable to
or even higher than the MnO2-based capacitors, reported by
few workers, as given in Table 3. It may be noted that a very
few solid-state pseudocapacitors are reported based onMnO2-
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electrodes with GPEs (Table 3). For example, Chodankar et al.
[64] reported capacitor of MnO2 nanoflakes as electrodes fab-
ricated with GPE (PVP-LiClO4), which offers specific capac-
itance, energy, and power of ~ 134 F g−1, ~ 23 W h kg−1, and
~ 1.9 W kg−1, respectively. The same GPE has been used to
form capacitor with MnO2 thin film electrodes, prepared from
chemical bath deposition, which gives lower value of capac-
itance and energy (~ 112 F g−1 and ~ 15W h kg−1, and slightly
higher value of power (~ 3.8 W kg−1) [81]. The MnO2-elec-
trodes of nanoflake morphology has been used to fabricate
capacitor with another GPE PVA-H3PO4, showing low value
of capacitance (2.3 mF cm−2) [82]. Another solid capacitor
with ionic liquid based GPE (BMIBF4/PVdF-HFP) has been
reported with electrochemically deposited MnO2 thin film
electrodes, which also shows lower value of capacitance,

energy, and power (Table 3) [83]. In another study [65], the
aqueous GPEs, namely PAAK:KCl:H2O and PAAK-co-
PAAM:KCl:H2O have been employed to fabricate solid-
state capacitors with chemically prepared hydrous MnO2-
electrodes. These devices offer relatively high capacitance
(235–253 F g−1); however, their energy and power densities
are not reported. The present optimized pseudocapacitor cell
employing plastic crystal-based electrolyte and hydrothermal-
ly prepared MnO2-nanorod-electrodes (Cell-4) offers high
specific capacitance and energy (Table 3). Particularly, the
capacitor shows high specific power (~ 32.6 kW kg−1), which
is due to high rate capability of the cell, discussed earlier.

The charge-discharge profiles of a typical pseudocapacitor
(Cell-4) at different current densities are shown in Fig. 5e.
Figure 5f depicts the variation of specific discharge
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Fig. 5 a and b Galvanostatic
charge-discharge curves for
pseudocapacitor cells (Cell-2 and
Cell-4) for different voltage limits
at constant current of
1.0 mA cm−2 (1.4 A g−1), c and d
comparative charge–discharge
curves for different cells recorded
at 1.0 mA cm−2, e charge–
discharge curves of Cell-4 at dif-
ferent current densities, and f
variation of discharge specific ca-
pacitance of capacitor cells (Cell-
3 and Cell-4) as a function of
current density
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capacitance (Cd) as a function of current densities, which also
gives indication of the rate performance of the capacitor cells.
It has been noted that the capacitance Cd reduces steeply for
Cell-3 (with GPE-1 without Li-salt), indicating slow kinetics
of the adsorption-desorption of the relatively larger size elec-
trolyte ions (component ions of OIPC EMPTFSI) at the inter-
faces. The Cell-4 (with GPE-2 with Li-salt), on the other hand,
shows almost stable performance (i.e., a gradual decrease in
specific capacitance for higher current densities) after its initial
fast decrease. This is due to possible fast intercalation/
extraction of Li-ions via mesoporous MnO2-h nanorod-
electrodes at the interfaces even up to higher current densities.

Figure 6a shows a comparative Ragone plots for Cell-3 and
Cell-4 fabricated with hydrothermally derived MnO2-h elec-
trodes, employing electrolytes GPE-1 (without Li-salt) and
GPE-2 (with Li-salts) films, respectively. In Ragone plots, the
specific energy, E (evaluated at different current densities), is
plotted against effective specific power (Peff), evaluated from
the expression: Peff = E / t, where t is the discharge time (in s) of
the cells. The Cell-3 shows a drastic fall in specific energy with
respect to increasing power; on the other hand, Cell-4 shows
stable performance, i.e., very less fading in specific energy has
been observed with increasing effective power. The Cell-4
(with Li-salt) offers higher specific energy compared to Cell-3
(without Li-salt), e.g., ~ 20.5 W h kg−1 at power ~ 540 W kg−1,
and 6.7 W h kg−1 at power ~ 15.7 kW kg−1. This further indi-
cates an effective role of Li-ions in the performance of
pseudocapacitor cell providing better switching behavior at
the electrode-electrolyte interfaces.

The charge-discharge reversibility test, i.e., the cyclic perfor-
mance measurement of the optimized capacitor cell (Cell-4) has
been recorded for 3300 charge-discharge cycles at a constant
current of 1.0 mA cm−2 (1.4 A g−1). Figure 6b shows the varia-
tion of specific capacitance of the Cell-4 as a function of charge-
discharge cycles. About 17% fading in specific capacitance has
been observed for about 100 cycles initially; thereafter, the cell
shows almost stable performance showing gradual decrease in
capacitance values with respect to charge-discharge cycles. The
initial fading is related to the possible formation of irreversible
product like Mn(OH)2 due to the possible adsorption of OH−

groups from atmosphere on to the MnO2-electrode surface.

Table 2 Typical charge–discharge characteristics of pseudocapacitor
cells at a constant current density 1.0 mA cm−2 (1.4 A g−1)

EDLC
cells

ESR
(Ω cm2)

BCd^
(F g−1)

Specific energy BE^
(W h kg−1)

Specific power
BPmax^
(kW kg−1)

Cell-1 47.0 22–24 2.5 11.0

Cell-2 38.0 50–52 7.1 16.9

Cell-3 62.5 52–55 7.1 12.5

Cell-4 24.0 98–101 13.7 32.6
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Formation of another product LiOH is also expected, in the pres-
ent case, owing to the reaction between electrolyte ions (Li+) and
adsorbed OH− groups on the electrode surface. Such products
reduce the reactive sites at the surface of electrodes [84], respon-
sible for capacitance fading. The stable cyclic performance is also
associated with the uniform nanorod morphology and mesopo-
rous character of MnO2-h electrodes, through which facile and
fast pseudocapacitive reaction(s) take place with electrolyte ions
including Li+ ions.

Conclusions

Supercapacitive performance of MnO2-nanorod-electrodes,
prepared from chemical and hydrothermal processes, has been
tested on PVdF-HFP-based GPE films incorporated with non-
ionic and ionic plastic crystals, SN and EMPTFSI, respectively.
The uniform and cleaner nanorod morphology has been ob-
served for hydrothermally-prepared material (MnO2-h) as

compared to the chemically prepared MnO2 (MnO2-c), as ob-
served from SEM/TEM studies. The XRD studies indicate α-
phase, tunneled structure of the MnO2-h electrode material.
The hydrothermally prepared MnO2-h nanorod material also
possesses large specific surface area (~ 79 m2 g−1) with meso-
porous interiors. These characteristics show the superiority of
hydrothermally prepared MnO2-h as capacitive electrode ma-
terial over the chemically-preparedMnO2-c electrodes. Further,
the comparative performance has been studied on the
pseudocapacitors comprising GPEs, with and without Li-salt
(LiTFSI), to test the effect of Li-ions on their capacitive char-
acteristics. On the basis of EIS, CV, and galvanostatic charge-
discharge studies, the following conclusions have been drawn:

(1) Optimum values of specific capacitance, specific en-
ergy, and maximum specific power are observed for
the capacitor cell with hydrothermally prepared
MnO2-h-nanorod-electrodes and LiTFSI containing
electrolyte (GPE-2): 98–101 F g−1, ~ 13.7 W h kg−1,
and ~ 32.6 kW kg−1, respectively, evaluated from
charge-discharge studies.

(2) Synergistic effect of clean and uniform morphology of
MnO2-h nanorod-electrodes and facile intercalation/
extraction of Li-ions through them (in addition to the
adsorption-desorption of the component ions of OIPC,
EMPTFSI) is responsible to obtain high-performance
supercapacitive parameters of the cell, mentioned above.

(3) The MnO2-h nanorod-electrodes also show higher rate
performance with both the electrolytes (with and without
Li-salt) as determined in terms of knee frequency and
response time (from EIS studies) and CV responses up
to high scan rate of 1000 mV s−1. High rate capability is
directly related to high specific power, as observed in the
present pseudocapacitor cells.

(4) The pseudocapacitor cell with optimized MnO2-h elec-
trodes show better charge–discharge stability for the cur-
rent density up to 14.2 A g−1, as compared to the capac-
itor with electrolyte without Li-salt (GPE-1). This is ow-
ing to fast intercalation/extraction of Li-ions through
mesoporous MnO2-h electrodes at the interfaces.

(5) The MnO2-h-nanorod-electrodes show better perfor-
mance with Li-salt containing electrolyte GPE-2, as ob-
served in Ragone plots also, when compared with the
capacitor cell containing electrolyte without Li-salt.

(6) The optimized capacitor cell offers almost stable cyclic
performance up to ~ 3300 charge-discharge cycles with
~ 17% fading only in specific capacitance for about 100
initial cycles.
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