
Superior Cyclic Stability and Capacitive Performance of Cation- and
Water Molecule-Preintercalated δ‑MnO2/h-WO3 Nanostructures as
Supercapacitor Electrodes
Md Shafayatul Islam, Sheikh Manjura Hoque, Mizanur Rahaman, Muhammad Rakibul Islam,
Ahmad Irfan, and Ahmed Sharif*

Cite This: ACS Omega 2024, 9, 10680−10693 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The large number of active sites in the layered
structure of δ-MnO2 with considerable interlayer spacing makes it
an excellent candidate for ion storage. Unfortunately, the δ-MnO2-
based electrode has not yet attained the exceptional storage
potential that it should demonstrate because of disappointing
structural deterioration during periodic charging and discharging.
Here, we represent that stable Na ion storage in δ-MnO2 may be
triggered by the preintercalation of K ions and water molecules.
Furthermore, the sluggish reaction kinetics and poor electrical
conductivity of preintercalated δ-MnO2 layers are overcome by the
incorporation of h-WO3 in the preintercalated δ-MnO2 to form novel composite electrodes. The composites contain mixed valence
metals, which provide a great number of active sites along with improved redox activity, while maintaining a fast ion transfer
efficiency to enhance the pseudocapacitance performance. Based on our research, the composite prepared from preintercalated δ-
MnO2 with 5 wt % h-WO3 provides a specific capacitance of up to 363.8 F g−1 at a current density of 1.5 A g−1 and an improved
energy density (32.3 W h kg−1) along with an ∼14% increase in capacity upon cycling up to 5000 cycles. Hence, the interaction
between the preintercalated δ-MnO2 and h-WO3 nanorods results in satisfactory energy storage performance due to the defect-rich
structure, high conductivity, superior stability, and lower charge transfer resistance. This research has the potential to pave the way
for a new class of hybrid supercapacitors that could fill the energy gap between chemical batteries and ideal capacitors.

■ INTRODUCTION
The growing energy crisis and environmental degradation have
sparked widespread interest in large-scale renewable energy
storage systems. In order to address this need for renewable
and transportable power sources, a lot of research effort has
been put into developing high-performance energy storage
devices over the last several decades.1,2 Exploring innovative
and cutting-edge electrode materials with electroactive sites for
superior redox reactions with high electrical conductivity is
crucial for improving energy storage.3 Supercapacitors (SCs),
batteries, and fuel cells are the most commonly used
technologies in order to store and replenish energy. Among
these candidates, the slow charging and draining rate is a major
limitation for the batteries. Therefore, SCs containing aqueous
electrolytes are being studied extensively as a potentially useful
energy storage technology due to their high power density,
great cycling stability, fast charge/discharge efficiency, long
lifespan, environmental friendliness, and cost-efficiency, which
can act as a gap-filler between conventional simple dielectric
capacitors and batteries.4,5 However, as long-lasting applica-
tions need a high energy density, the widespread use of SCs
has been hampered by their relatively low energy density. The
hybridization of SC with battery-type materials is the most

obvious way to achieve high energy density coupled to high
power density inside a single device. Nevertheless, increasing
the energy density without decreasing the power density via
the rational design of innovative electrode materials remains a
significant challenge.
Among the available alternatives to electrode materials for

SCs, MnO2 nanomaterials and vanadium-based materials stand
out because of their superior theoretical capacity and easy
fabrication.6,7 Especially, MnO2 possesses a lack of toxicity, a
wide potential window, low cost due to its abundant
availability, variable oxidation states, high surface area, and
high theoretical capacitance, which contribute to its wide
research in SC devices.8 The synthesis route and reaction
conditions determine the crystalline phases and morphologies
of the MnO2 nanostructures.

9 For instance, different methods,
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such as the sol−gel technique,10 coprecipitation,11 and
hydrothermal reaction,12 have been used for the synthesis of
nanostructured MnO2 with various morphologies, such as
hollow amorphous spheres, urchinlike structures, flowers,
cubes, wires, belts, and tubes.13−15 Electrodes prepared from
varying crystalline structures of MnO2 such as α, β, γ, and δ
(depending on the face and edge sharing patterns of the
repeating MnO6 octahedron units) provide excellent electro-
chemical features for SC applications.16 Among these
crystalline phases, despite the fact that α-MnO2 with 2 × 2
tunnels of 4.6 Å is a prominent focus in SC research owing to
their better performance, δ-MnO2 is theoretically much more
appropriate for ion storage due to its layered structure with
significantly bigger interspacing channels, about 7.0 Å.9,17

Therefore, δ-MnO2 might serve as a potential electrode
material for adsorption as well as reversible insertion or
extraction of electrolyte ions in aqueous SCs. Several studies
have found that the specific capacitance values for δ-MnO2
were between 80 and 110 F g−1, which are relatively higher
compared to other crystalline phases of MnO2.

9,11

The MnO2 nanostructure functions well in neutral aqueous
electrolytes and may store charge via nonfaradaic processes.
But its widespread use in electrochemical applications is still
constrained by poor ion mobility, poor rate capability,
insufficient structural stability, and lower conductivity.16,18

The low conductivity of MnO2 (10−5−10−6 S cm−1) prevents
it from displaying its full electrochemical capabilities when
employed as an electrode material for SCs.19 In addition, in a
typical δ-MnO2 system, the layered structure of δ-MnO2 has a
tendency to convert into various polymorphs. This alteration
results in a drastic reduction in volume and a collapse of the
underlying structure, which is the primary cause of the poor
long-term cycle stability.20 According to Munaiah et al., due to
these intrinsic limits, the capacitance retention of δ-MnO2 in
Na2SO4 electrolyte was only 77% after tested for 50 cycles and
63% after 1000 cycles.13 For δ-MnO2, which has a flawless
multilayer channel for Na+ ion entrance, such an under-
whelming performance is not desired. Furthermore, these
features for energy storage devices lag significantly behind
those of α-MnO2.21 The superior performance of the δ-MnO2
electrode with its layered nature is highly expected.
The electrochemical performance of MnO2-based electrodes

has been enhanced by many methods to date, including
nanostructuring, defect engineering, hybridization, and surface
modification.6 Among these, one of the best ways to improve

the specific capacitance of the δ-MnO2 is to design the δ-
MnO2-based hybrid nanoarchitectures with other well-known
pseudocapacitive transition metal oxides to meet the require-
ment of high-performance SCs utilizing the synergistic effect of
each component.6,22,23 For this, hexagonal tungsten oxide (h-
WO3) appears to be a promising candidate due to its high
theoretical capacitance, higher conductivity (1.76 S cm−1)
compared to MnO2, low cost, and environmental friendliness,
which make it suitable for SC electrodes.24,25 The short
diffusion routes, varying oxidation states, and easy intercalation
and deintercalation of electrolyte ions provide h-WO3 with
greater capacitance.26

In the present study, we preintercalated the δ-MnO2 with
water molecules and K+ ions to stabilize the δ-MnO2
polymorph framework as well as enhance the migration of
electrolytic cations by activating the intrinsic high-performance
of δ-MnO2. The water molecules and K+ ions serve as pillars by
occupying the interstitial spaces created by the MnO6
octahedron’s arrangement.27 K+ was chosen as the intercalating
cation because of its greater mobility and conductivity
compared to common alkali cations like Li+ and Na+.28 It
was also observed that cation intercalation in the δ-MnO2
framework aided in the ion diffusion process, thus emphasizing
the significance of cation intercalation in δ-MnO2.29
Furthermore, binary composites of preintercalated flowerlike
δ-MnO2 and h-WO3 nanorods were synthesized as electrode
materials for SC devices via a simple sequential hydrothermal
treatment, and the effect of the concentrations of h-WO3
nanorods on the capacitive performance of the composite
electrode has been analyzed for the first time. Mesoporous
flowerlike δ-MnO2 exhibits a short diffusion path and more
channels for ions of the electrolyte.30 As a result, the energy
storage capability may be boosted by using flower-shaped
nanostructured electrodes. Additionally, the insertion of h-
WO3 results in a defect-rich surface of the electrode, which
may result in more active sites for the intercalation of ions.31

The major purpose of using the nanorod morphology of h-
WO3 is to strengthen the long-distance connection between
the nanosheets of porous δ-MnO2 flowers, providing a channel
to diffuse the ions from the electrolyte into the inner cores of
δ-MnO2 flowers. When used as a host for Na2SO4 electrolytes,
these composites exhibit superior cyclic stability and an
impressive performance in Na ion storage, overcoming the
limitations in earlier studies on δ-MnO2. Hence, as a result of
adjusting the material architecture, the electrochemical

Figure 1. Schematic diagram of composites synthesis route.
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performance of the synthesized binary hybrid was enhanced,
making it amenable to the fabrication of the desired energy
storage devices.

■ MATERIALS AND METHODS
Materials. All the chemical reagents (obtained from Merck,

Germany) such as manganese sulfate monohydrate (MnSO4·
H2O), potassium permanganate (KMnO4), sodium tungstate
dehydrate (Na2WO4·2H2O), poly(vinyl alcohol) (PVA),
dimethyl sulfoxide (C2H6OS), sodium sulfate (Na2SO4),
ethanol, and hydrochloric acid (HCl) used in this research
were of analytical grade and put to use without any further
purification. Deionized (DI) water of the highest purity (with a
resistivity of 18.2 MΩ·cm) was utilized throughout the
experiment.
Sample Preparation. The samples were synthesized by

following the hydrothermal route. The schematic diagram of
the synthesis route is presented in Figure 1.

Synthesis of K Ion- and Water Molecule-Preintercalated
δ-MnO2-Layered Nanostructures. The desired layered nano-
structures were prepared by using a facile hydrothermal
approach. Initially, MnSO4·H2O (9.5 mmol, 2.13 g) and an
excess amount of KMnO4 (33.5 mmol, 5.3 g; as a source of K)
were dissolved in 160 mL of deionized water to prepare a
precursor solution. After magnetically stirring the resulting
mixture for 1 h, a uniform pink solution was obtained.
Afterward, the solution was transferred to a 250 mL Teflon-
lined stainless-steel autoclave. The autoclave was heated at 140
°C for 0.5 h before being cooled to room temperature. To
remove any trace of the solvents, the resulting black powder
was washed three times with ethanol (15 mL) and three times
with water (15 mL) by centrifugation and subsequent removal
of the supernatant. Finally, the preintercalated δ-MnO2
product was obtained by drying the product at 70 °C
overnight in a vacuum and denoted as P.δ-MnO2. Hence,
flowerlike P.δ-MnO2 nanosheets were easily synthesized using
a fast and cost-effective synthesis route.

Synthesis of h-WO3 Nanorods. In a typical process,
Na2WO4·2H2O (5.47 g) was added to 160 mL of distilled
water under vigorous magnetic stirring to prepare a
homogeneous solution. During stirring, a 3 M HCl aqueous
solution was added dropwise to set a pH value of ∼2.0. After
stirring for 2 h, the greenish-yellow solution was moved to a
250 mL Teflon-lined stainless-steel autoclave and heated for 20
h in an electric oven at 200 °C operating temperatures. After
being cooled to ambient temperature, the precipitates were
washed and dried to obtain the desired h-WO3 nanorods.

Synthesis of Preintercalated δ-MnO2/h-WO3 Composites.
To incorporate h-WO3 into the preintercalated δ-MnO2-
layered structure, an appropriate amount of h-WO3 nanorods
were introduced to 60 mL of distilled water and then sonicated
for 1 h using a probe sonicator. Then a 110 mL solution of
MnSO4·H2O and excess KMnO4 were sonicated and
vigorously agitated in the 60 mL h-WO3 solution for several
hours. The mixture was then placed in a Teflon-lined autoclave
and heated at 140 °C for 0.5 h in an oven. After washing and
drying at 70 °C for several hours, the desired composite was
finally obtained. In this work, different weight percentages (3,
5, and 7 wt %) of h-WO3 nanorods were incorporated into the
preintercalated δ-MnO2 (P.δ-MnO2) matrix to make the
composite electrodes. The 3, 5, and 7 wt % h-WO3-
incorporated composites are denoted as P.δ-MnO2/W-a, P.δ-
MnO2/W-b, and P.δ-MnO2/W-c, respectively.

Materials’ Characterization. For structural studies, the
diffraction peaks were characterized using an X-ray diffrac-
tometer [Rigaku] at room temperature (Cu X-ray radiation of
wavelength K

1
= 1.5406 Å and a scanning rate of 5°/min). X-

ray photoelectron spectroscopy (XPS) was used to investigate
the presence of various oxidation states of the elements on the
surface of samples via a Thermo Fisher Scientific instrument
(Escalab Xi+) equipped with monochromatic Al Kα radiation.
At a heating rate of 10 °C/min, a PerkinElmer Pyris Diamond
TG/DTA analyzer was used to conduct a thermogravimetric
analysis (TGA) from room temperature up to 500 °C in air. In
addition, the samples were analyzed by Fourier transform
infrared (FTIR) spectroscopy (Shimadzu, IRSpirit-T, Japan)
to determine their molecular composition. The surface
morphology and structural analyses of the samples were
performed using the field emission scanning electron micro-
scope (FESEM: JEOL, JSM, 7600F) and transmission electron
microscope (TEM: Talos F200X, Thermo Fisher Scientific,
USA). By utilizing Gatan and ImageJ software, the images from
the SEM and TEM were analyzed.
Electrochemical Characterizations. Electrodes’ Prep-

aration. A homogeneous slurry comprising the synthesized
samples as an electrode material, dimethyl sulfoxide as a
solvent, and PVA as a binder was uniformly cast onto a
graphite rod surface, maintaining a mass loading of ∼0.5−1 mg
cm−2. The electrode material mass (m) was determined by
comparing the electrode’s pre- and postdeposition weights.
PVA (4 wt % of electrode material) and dimethyl sulfoxide
were mixed with the synthesized samples to prepare the
desired slurry of electrode materials. PVA’s multiple hydroxyl
groups may form strong hydrogen bonds with both the active
materials and the current collector, making it an ideal binder
for high-capacity electrodes.32 After being sonicated for 1 h,
each of these mixes was deposited onto a glassy carbon
electrode. The electrodes were then dried at 60 °C for several
hours to be used as working electrodes.

Electrochemical Measurements. The electrochemical per-
formance of the as-prepared materials was evaluated by using a
CS310 electrochemical workstation (Corrtest, China) and
conventional three-electrode systems. The synthesized sample
was placed on a glassy carbon electrode as the working
electrode, an Ag/AgCl (saturated KCl) electrode as the
reference electrode, and a platinum plate as the counter
electrode. The electrochemical performance was studied via
cyclic voltammetry (CV), galvanostatic charge−discharge
(GCD) measurements, and electrochemical impedance spec-
troscopy (EIS) in a 0.5 M Na2SO4 aqueous solution. The
measurements were carried out with a working potential
window of −0.4 to 0.4 V, and the EIS measurements were
carried out using a sinusoidal signal over a frequency range
from 0.1 to 105 Hz. From the GCD results, using the following
equations, the specific capacitance (Csp), power density (P),
and energy density (E) of the system were calculated:8

C
I t

m V
(F g )sp

1 =
(1)

E
C V

(W h kg )
2 3.6

1 sp
2

=
× (2)

P
E

t
(W kg )

36001 = ×
(3)
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Where I = applied current on the electrode material, Δt =
discharge time, m = active mass, and ΔV = working potential
window. The capacitance retention and columbic efficiency
were calculated by using equations:33,34

n
Capacitance retention (%)

th cycle capacitance
1st cycle capacitance

100= ×

(4)

t

t
Coulombic efficiency, 100

discharge

charge
= ×

(5)

All of the provided electrochemical data were obtained after
the electrodes had been stabilized.

■ RESULTS AND DISCUSSION
The room-temperature powder X-ray diffraction (XRD)
spectra of the samples are depicted in Figure 2a. These
spectra were studied to identify different phases, crystallo-
graphic structures, and the purity of the samples. It is noted

that the diffractogram of P.δ-MnO2 represents four peaks
centered at 12.44°, 24.97°, 36.77°, and 65.77°. These signature
peaks are consistent with a layered P.δ-MnO2 structure
following JCPDS no. 80-1098 (C2/m space group), which is
a birnessite framework in the base-centered monoclinic
phase.35,36 Notably, no impurity peaks were identified in the
XRD spectra, which proves the high purity of the δ-MnO2
nanostructure. According to the JCPDS card, these peaks may
be ascribed to the (001), (002), (−111), and (020) planes.
The extremely tiny crystallites in powdered specimens cause
diffraction lines to have a noteworthy width due to their
entirely random orientations, and the diffraction lines are likely
to merge, resulting in broad peaks.37 Multiple lines in the
(−111) and (020) peak regions might have been affected by
this, which led to broad 36.77° and 65.77° peaks in the
diffractogram. The signal-to-noise ratio of the diffractogram is
also very high. These weak and diffuse XRD peaks reveal the
poor polycrystalline nature of the synthesized P.δ-MnO2
nanostructure. The most intense peak (001) reveals a well-
stacked interlayer distance along the c-axis, similar to what has

Figure 2. (a) XRD pattern of P.δ-MnO2 and the composites, (b−e) high-resolution XPS spectra of Mn 2p, Mn 3s, K 2p, and O 1s, respectively,
from P.δ-MnO2, (f) high-resolution XPS spectra of W 4f from P.δ-MnO2/W-b composites, (g) FTIR analysis of P.δ-MnO2, and (h) TGA curve of
P.δ-MnO2 sample from room temperature to 500 °C.
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been documented for other birnessites.38 The periodicity along
the c-axis is also reflected by the (002) plane.
The detailed surface oxidation state and chemical

composition of the P.δ-MnO2 nanostructure were studied by
X-ray photoelectron spectroscopy (XPS). In the XPS survey
spectrum of P.δ-MnO2, displayed in Figure S1, the Mn 2p peak
is clearly apparent in the 635−660 eV range. Moreover, the
survey spectrum of the δ-MnO2 nanostructure contains peaks
of K 2p, C 1s, and O 1s, demonstrating the presence of their
respective atoms. Surface contamination accounts for the
occurrence of the C 1s peak in the survey spectrum. The high-
resolution narrow scan spectra of Mn 2p, Mn 3s, K 2p, and O
1s are displayed in Figure 2b−e. The Shirley background
subtraction of the spectrum is used for all atoms. As depicted
in Figure 2b, P.δ-MnO2 consisted of a doublet of Mn 2p3/2 at
641.8 eV and Mn 2p1/2 at 653.6 eV with an energy difference
of 11.8 eV, which is consistent with the standard spectrum of
MnO2.

39 In addition, the synthesis of Mn4+ is further
confirmed by the lack of a satellite peak between Mn 2p3/2
and Mn 2p1/2. Spin orbit coupling accounted for the energy
difference between the 2p3/2 and 2p1/2 peaks. Two Mn 3s
peaks have a splitting energy of 4.59 eV (Figure 2c). Therefore,
the average oxidation state of Mn in the synthesized P.δ-MnO2
sample is determined by using the following equation:39

EAOS 8.95 1.13 (eV)= (6)

Where ΔE denotes the energy difference between the
primary Mn 3s peak and its satellite peak. Hence, based on the
splitting energy of the Mn 3s peak, the average oxidation state
of the resultant P.δ-MnO2 sample was calculated to be 3.76. A
peak at 292.45 eV of K 2p3/2 (Figure 2d) indicates the
existence of K, and the calculated K/Mn ratio is 0.23. Because
of the presence of K+ ions, Mn’s oxidation state is predicted to
be about 3.77, which is in line with the estimated value from
the XPS analysis. As depicted in Figure 2e, the deconvoluted
asymmetric O 1s spectrum can be fitted using three Gaussian
components corresponding to three peaks at 529.74 eV (lattice
oxygen, Mn−O−Mn bond), 531.29 eV (oxygen-deficient
regions, OV), and 532.85 eV (adsorbed surface water, O−H
bond).8,40 The as-prepared product is thus found to have the
chemical formula K0.46Mn2O4.
Subsequently, the FTIR technique was also used to confirm

the presence of structural water. In the FTIR spectrum,
illustrated in Figure 2g, a broad absorption band in the range of
3000−3600 cm−1 may be credited to the stretching vibration
of the hydroxyl group (interlayer water), which is further
confirmed by 1630 and 1110 cm−1 band positions that are
usually due to the O−H bending vibrations combined with Mn
atoms.41 The bands at about 721 cm−1 can be attributed to the
Mn−O vibrations of the MnO6 octahedron.3 Combined with
FTIR, the interlayer water content was analyzed using
thermogravimetric analysis (TGA) in a N2 atmosphere. The
thermogram (Figure 2h) demonstrated that at temperatures as
high as 100 °C, ∼6.2 wt % water was lost as a result of physical
evaporation from the surface. From 100 to 450 °C, an
additional 11.61% of weight loss occurs owing to the
elimination of interlayer water, verifying the existence of
structural water. Thus, the conformation of bound water
confirms the close resemblance of the molecular formula of the
P.δ-MnO2 structure with the standard K0.46Mn2O4·1.4H2O
layered structure (JCPDS no. 80-1098). These layers are built
using a Mn−O sheet, which consists of edge-shared MnO6
octahedra in a coplanar arrangement that can accommodate

both water molecules and exchangeable cations in the
interlayer gap to serve as the stabilizing agent. This crystal
water acts as pillars to stabilize the interlayer and framework of
δ-MnO2. The presence of these cations and water molecules
between P.δ-MnO2 layers further inhibits the transition from
MnO2 to Mn2O3 and encourages the intercalation of
electrolyte ions due to the high water content.42

Moreover, the diffraction peaks in the composites contain
planes of hexagonal WO3 phase along with the P.δ-MnO2
phase. All the sharp diffraction peaks are well indexed to the
hexagonal structure of h-WO3 (JCPDS no. 33-1387) (Figure
S2).43 It is noticed (from Figure 2a) that as the amount of the
filler h-WO3 increases in the composite composition, the peaks
belonging to h-WO3 become more intense, which is due to the
difference in the crystallinity of P.δ-MnO2 and h-WO3.
Furthermore, the XPS survey spectrum of P.δ-MnO2/W-b,
displayed in Figure S1, confirms the presence of a W 4f core
level peak in the 32−38 eV range. Figure 2f shows that the
high-resolution W 4f core level spectrum may be deconvoluted
into four peaks, corresponding to W 4f5/2 and W 4f7/2 levels.
Binding energy peaks at 35.3 and 37.5 eV are associated with
the W6+ state, whereas those at 34.1 and 37 eV are associated
with the W5+ state, which indicates the existence of mixed
oxidation states of the h-WO3 phase in the composite.

44 W6+ is
more intense than W5+, suggesting that h-WO3 is mostly in the
W6+ form.
The Scherrer formula was used to calculate the sizes of the

crystallites. The equation of Scherrer’s formula45 can be
written as

D
k
cos

=
(7)

where D is the crystallite size, β is the full width half-maximum
of the diffraction peak, and k is equal to 0.9. Using the
dislocation density parameter (δ), the number of dislocations
in a crystal might be determined using the equation:45

D
1

2=
(8)

Furthermore, microstrain was determined using the
following equation:46

4 tan
=

(9)

where ε is the microstrain.
The calculated crystallite size, microstrain, and dislocation

density values corresponding to the (001) characteristic peak
of the P.δ-MnO2 and composites samples are tabulated in
Table 1.
Figure 3 shows the variation of the crystallite size, d spacing,

microstrain, and dislocation density with the concentration of

Table 1. Calculated Crystallite Size, Microstrain, and
Dislocation Density of δ-MnO2 and the Composite Samples

samples

crystallite size
(Scherrer’s formula),

D (nm)
microstrain,

ε × 10−3

dislocation
density, δ × 10−3

(nm−2)

P.δ-MnO2 7.36 45.38 18.45
P.δ-MnO2/W-a 6.25 53.93 25.64
P.δ-MnO2/W-b 5.47 61.72 33.36
P.δ-MnO2/W-c 5.73 57.91 30.42
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h-WO3 in P.δ-MnO2. The broadening and decreasing intensity
of the (001) planes for the composites compared to P.δ-MnO2
imply an increase in the amorphous characteristics. The
interlayer spacing may be altered alongside the deteriorating
crystallite size, which may enhance the number of reactive sites
and the intercalation/deintercalation kinetics of charge carriers
between active materials and electrolyte solutions during the
charging/discharging process.47 Increased microstrain might
generate defects like dislocations, imperfect crystal structures,
and vacancies, which help with fast ion diffusion on the
electrode surface.48

Furthermore, to confirm the orientation and morphology of
P.δ-MnO2 and the composites, field emission scanning
electron microscopy (FE-SEM), transmission electron micros-
copy (TEM), and high-resolution transmission electron
microscopy (HR-TEM) analyses were synergistically em-
ployed. Figure 4a shows the image of a three-dimensional
marigold flower-type structure with a diameter of 400−600 nm
constructed by intersecting curved multilayer nanosheets (as
petals construct a flower). These nanosheets possess clean and
smooth surfaces and have thicknesses of ∼9−16 nm. The
reaction involved in the synthesis of P.δ-MnO2 flowers is:

3MnSO 2KMnO (excess) 2H O

5P. MnO (flowers) 2H SO K SO

4 4 2

30minutes

140 C
2 2 4 2 4

+ +

+ +
°

(10)

Due to the fact that the flowerlike P.δ-MnO2 nanosheets
self-assemble in a nonparallel random fashion, an intercon-
nected porous morphology with ultrathin nanosheets is
formed. This specific 3D porous structure with macropores
allows rapid diffusion of the electrolytes from the macropores
to the micropores throughout the nanosheet network. It is
anticipated that a large specific surface area with increased
electron tunnel regions would result from such a configuration.
This is suitable for application in pseudocapacitors, as
electrochemical reactions rely on active spots on the surface
of the substance for better redox capacity and mass transfer
rate.49 This effective electrochemical process on the P.δ-MnO2
nanostructure ultimately improves the material’s capacitive
properties. The porous structure facilitates full access of the

electrolyte to the electrode materials and maximizes the
utilization of P.δ-MnO2. That is to say, Na+ ions are
intercalated or extracted not only at the surface but also
inside the pores.31,50 Hence, Na+ ion transport is aided by the
P.δ-MnO2’s distinctive morphology, which includes structural
flaws and readily accessible metal centers, leading to improved
electrode−electrolyte interaction.
On the other hand, the h-WO3 nanorods were obtained

through a facile hydrothermal treatment as follows:

n

n

Na WO 2H O 2HCl H O

h WO (nanorods) 2NaCl

( 1)H O

2 4 2 2

pH 2

200 C (20hours)
3

2

· + +

+

+ +
=

°

(11)

The FE-SEM image (Figure 4b) of the sample at pH = 2
shows irregular nanorods with lengths in the range 0.2−2 μm
and a diameter of ∼20−50 nm. However, a few nanorods
displayed broken edges as a consequence of incomplete growth
during synthesis. Surface morphology made of these nanorods
improves the electrochemical performance of composites by
increasing surface area, electroactive sites, and metalactive
centers during electrochemical processes.51 As an added bonus,
the existence of these nanorods creates countless new transport
channels or paths for the ion’s movement and accumulation.51

Figure 4 represent the FE-SEM images of the composite
materials. In all three cases, the original microflowers’
nanosheets are tangled up with the nanorods. One end of
each nanorod is embedded in the nanosheets, suggesting the
growth of a sparking flower via the formation of a P.δ-MnO2
nucleus on the surface of h-WO3 nanorods because of van der
Waals, cohesive, electrostatic, or other chemical forces.52 Thus,
h-WO3 might act as a backbone for the host P.δ-MnO2.
Effective transfer of electrolyte ions inside a large porous P.δ-

Figure 3. Variation of crystallite size, microstrain, and dislocation
density as a function of increasing concentration of h-WO3.

Figure 4. (a,b) Representative FE-SEM images of P.δ-MnO2 flowers
and h-WO3 nanorods, respectively; (c−e) FE-SEM images of P.δ-
MnO2/W-a, P.δ-MnO2/W-b, and P.δ-MnO2/W-c composites,
respectively; (f,h) TEM images and (g,i) corresponding SAED
patterns of P.δ-MnO2 flowers and h-WO3 nanorods, respectively.
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MnO2 flower is facilitated due to close integration between
P.δ-MnO2 (3D flower) and h-WO3 (1D nanorod), which may
also provide structural stability that can help to achieve
excellent rate performance along with superior cycling stability.
The h-WO3 nanorods provide an easy path for the trans-
portation of electrolyte ions, decreasing the internal resist-
ance.15 However, with the increase in the concentration of h-
WO3, aggregation between the nanosheets of P.δ-MnO2 is
observed (Figure 4e). The flowerlike surfaces tend to collapse
and become largely agglomerated, which may be due to the
unstable nature of P.δ-MnO2 nanosheet layers.34 Additionally,
compared to the original microflowers, the P.δ-MnO2
nanosheets’ edges have become rougher (Figure 4a versus e).
Additionally, TEM and HR-TEM investigations reveal the

atomic-level crystalline details of the nanostructures. Selective
area electron diffraction (SAED) patterns and TEM images of
P.δ-MnO2 nanostructures and h-WO3 nanorods are shown in
Figure 4f−i. The TEM image of P.δ-MnO2 (Figure 4f) shows
the assembly of nanosheets similar to the SEM image in Figure
4a, with an ultrathin thickness that is consistent with the
partially transparent nanosheets at the edge of the flowers.
Weak diffraction rings in the SAED pattern confirm the poor
crystallinity of the P.δ-MnO2 nanostructure (Figure 4g).
Diffraction rings originating from the (−111) and (020)
reflections of P·δ-MnO2 are observed in the SAED pattern.
Due to the probability of the nanosheet surfaces being parallel
to the electron beam, the diffraction rings of (001) and (002)
planes of P.δ-MnO2 in the SAED pattern cannot be identified.
Figure 4h displays the nanorod bundle morphology, which is
composed of many highly ordered nanorods. The SAED
pattern (Figure 4i) reveals well-defined diffraction spots,
confirming the single-crystalline structure of the h-WO3
nanorods. The SAED pattern could be indexed to the [010]
zone axis of h-WO3, which also confirms the hexagonal packing
of WO3 nanorods.

53

HR-TEM images of the samples show the folded nature of
the P.δ-MnO2 nanosheets (insets of Figure 5). The observed
discontinuity in the lattice fringes of the curled edges suggests
the presence of excess dislocations and defects in the crystals.54

The HR-TEM images confirm the polycrystalline nature of the
P.δ-MnO2 samples, as each nanosheet consists of numerous
tiny domains with various orientations. The HR-TEM image of
the edge of P.δ-MnO2 nanosheets in the inset of Figure 5a
shows the lattice spacing of the (001) plane (highlighted by
the lines) to be 0.71 nm, which further demonstrates the
intercalation of crystal water into the layers of the birnessite-
MnO2 (i.e., δ-MnO2).55 Furthermore, the lattice spacing
corresponding to the (001) planes of P.δ-MnO2 is found to
be 0.716, 0.721, and 0.706 nm for P.δ-MnO2/W-a, P.δ-MnO2/
W-b, and P.δ-MnO2/W-c samples, respectively (Figure 5b−d).
The gradual increase in interlayer spacing of the composite
with the increase in the h-WO3 concentration may be due to
the diffusion of W6+ ions between layers of P.δ-MnO2. This
widening of lattice fringes may be traced back to the
introduction of flaws in the crystal structure.56 This shortens
the path of the electrolyte ion by providing storage sites that
are accessible to the electrolyte ions. However, a reduction in
the lattice spacing of P.δ-MnO2/W-c may be attributed to the
potential lattice rearrangement. The slight shift of the (001)
peak compared to pristine δ-MnO2 owing to the incorporation
of higher wt % of h-WO3 is evident from XRD analysis (a right
shift of the (001) peak compared to pristine δ-MnO2 was
observed). This lattice distortion might have also resulted in

the deintercalation of some of the water molecules from the
interlayer spacing.55

The enlargement of interlayer spacing, ultrathin thickness of
nanosheets, and unique flower-rod morphology provide better
ion intercalation, more electroactive sites, and fast electron
transportation that give desired electrochemical properties with
improved efficiency in attaining higher capacitance.57 While
interlayer spacing is used for charge agglomeration and charge
storage, the macropores could act as channels for rapid ion
transport.
To evaluate the electrochemical performance of these

nanostructures as active supercapacitor electrodes, we
performed CV, GCD, and EIS measurements. The charge
transfer rate between the electrolyte and electrode was
analyzed by using cyclic voltammetry (CV). An ideal
rectangular shape and symmetric current response of the CV
curves indicate the pure electrical double layer capacitance
(EDLC) charge storage mechanism, while the existence of the
faradic pseudocapacitive charge storage mechanism is indicated
by the departure from the rectangular form.58 Both
mechanisms are proposed for charge storage in the P.δ-
MnO2 nanostructure, considering the quasi-rectangular shape
of the CV curve at 60 mV/s in Figure 6a. As a result, the CV
curve is indicative of a mixture of EDLC and pseudocapacitive
behavior. In the first mechanism, alkali cations adsorb or
desorb onto the electrode/electrolyte interface, respectively,
via a surface process, such as

(P. MnO ) Na e (P. MnO Na)2 surface 2 surface+ + ·+

(12)

The second mechanism is the intercalation or extraction of
alkali cations (Na+) from the electrolyte into the bulk of the
P.δ-MnO2 nanostructure along with preintercalated K+, as
transition metal oxides like δ-MnO2 have unoccupied orbitals
that may intercalate with Na+ ions.28,59−61 The layered

Figure 5. Regular TEM images of the (a) P.δ-MnO2, (b) P.δ-MnO2/
W-a, (c) P.δ-MnO2/W-b, and (d) P.δ-MnO2/W-c flowers’ nano-
sheets. Insets of (a−d) show the corresponding HR-TEM images.
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structure of P.δ-MnO2 allows for the transportation of Na+
ions between the layers:

P. MnO Na e (P. MnOONa) ;

( during discharging)
2 intercalation+ ++

(13)

For amorphous samples like ours, the surface process is
more prominent, as indicated by the CV curve, which involves
the adsorption and desorption of Na+ ions from the electrolyte
into the surface of nanostructured P.δ-MnO2.
Furthermore, from the CV curves of the composites (Figure

6a), more deviation from the ideal rectangular shape appears.
Hence, for composites, the diffusion-controlled process is
becoming the defining mechanism for charge storage. This is
due to the additional intercalation or extraction of Na+ ions by
h-WO3 to store energy as a transition between oxidation states
of W might lead to Faradaic electron transfer. It suggests that
the oxidation level of W is reduced to the W5+ state and then is
oxidized back to the W6+ state during Na+ ion intercalation and
extraction, respectively, via a reversible redox reaction between
W6+ and W5+ ions at the surface (the presence of both
oxidation sates in the composite sample was confirmed by the
XPS analysis, Figure 2f). The reaction mechanism is shown
below:

h WO Na e (h WO Na)3 3 intercalation+ ++
(14)

Moreover, incorporation of h-WO3 nanorods into the
composites adds more redox-active sites for the insertion of
Na+ ions and contributes to a greater current density, as
metallic W might serve as a current reservoir for h-WO3, which
increases conductivity in binary composites.62,63 Because of
this, a relatively larger integral area is noticed in Figure 6a for
the composites when compared to the P.δ-MnO2 electrode.
Thus, a higher capacitive performance is achieved by the
superior utilization of the electrode material. Besides, the
presence of h-WO3 in the composites creates a fast route,
enhancing current responsiveness and minimizing internal
resistance to boost charge carrier mobility. As the P.δ-MnO2
flowers were larger, the alkaline Na+ ions had a harder time
penetrating the material and reaching the inner surface. In our
experiment, the as-prepared h-WO3 nanorods facilitate the
transport of solvated Na+ to the interior of P.δ-MnO2 flowers,
leading to a high pseudocapacitance.
However, Figure 6a also depicts that the area of the CV

curve decreases at a higher concentration of h-WO3 nanorods
(P.δ-MnO2/W-c sample) in the composites, which can be
tracked back to the collapse of the porous structure by the
agglomeration of nanosheets. This phenomenon reduces the
interlayer spacing, which in turn limits the ion diffusion and
decreases the chance of storage due to restricted redox
reactions. Furthermore, P.δ-MnO2 and composites were
analyzed at different scan rates of 20, 40, 60, and 80 mV/s,
as shown in Figure S3. The CV curves had a leaflike shape at
all scan rates with no clear redox peaks, which indicates that
the electrode materials have good electrical double-layer
capacitance and a larger surface area with a lot of electroactive
sites for ion transfer.64 The lack of redox peaks in the CV
curves suggests the existence of constant-rate reversible
electrochemical reactions in the materials.65 Moreover, ultra-
fast charge-transfer kinetics, reversible redox processes, and
simple access to electrolyte ions at the interface between
electrode and electrolyte are all inferred from the almost
repeatable and conserved form of CV curves, even at high scan
rates.8 At a low scan rate, the output current is minimal
because the ions have more time to disperse in the active
material’s microscopic pores, promoting greater charge storage.
At a higher scan rate, the probability of storage is reduced
because ion diffusion limits the pace of redox reactions16 and
increases the output current due to the formation of a thinner
diffusion layer, which allows more electrolytic ions to make
contact with the electrode material. In addition, the CV curves
are very symmetrical at different scan rates. The CV curves
show near-mirror image current acknowledgment when the
voltage changes. This means that the prepared electrode
materials are less resistant to charge transfer and ion diffusion.
For higher sweep rates, the CV loop area also grows due to the
increased current response through the circuit.3 Moreover,
Figure S6 shows the decoupling of the capacitive contribution
of the samples. It is noticed in Figure S6 that the EDLC
contribution dominates for the P.δ-MnO2 sample. It is
indicated that 77% of the total capacity is contributed by the
capacitive process at 60 mV/s. However, due to the
incorporation of h-WO3, the percentage contribution from
the diffusion-controlled process increases. The P.δ-MnO2/W-b
sample shows a maximum diffusion-controlled contribution of
41% at 60 mV/s, verifying the slow reaction kinetics at the low
voltage range.
Figure 6b depicts the galvanostatic charge−discharge

(GCD) measurements between −0.40 and 0.40 V at 1.5 A

Figure 6. Electrochemical measurements of the P.δ-MnO2, P.δ-
MnO2/W-a, P.δ-MnO2/W-b, and P.δ-MnO2/W-c samples in the
three-electrode system for SC studies: (a) CV curves at a fixed scan
rate of 60 mV/s, (b) GCD curves at a fixed current density of 1.5 A
g−1, (c) comparison of specific capacitances for each sample, (d)
variation of specific capacitance with increasing current densities, (e)
Nyquist curves for experimental and fitted data, and (f) equivalent
circuit of Randle’s model.
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g−1 current density to compare the capacitive performance of
P.δ-MnO2 and composite materials. From the GCD plot, it is
confirmed that all the curves show an asymmetric nonlinear
(nonlinear during both the charging and discharging
processes) shape with slight distortions due to the
pseudocapacitive contribution. This fits with the results of
the CV analysis. It was observed that the discharging time of
the composite increases compared to P.δ-MnO2, suggesting
improvement of the capacitive behavior of P.δ-MnO2 due to
the incorporation of h-WO3 nanorods, which might have
opened many more pathways and transport channels for the
ion’s movement and accumulation that are extremely beneficial
to the penetration of electrons and the entry of the electrolyte
into electrode materials. This special structure of rod-and-
sheet-type architecture facilitates the accumulation and
diffusion of charges in the interior of the P.δ-MnO2
nanosheets. Additionally, composite electrodes show elongated
horizontal discharge curves compared to those of P.δ-MnO2,
suggesting a greater amount of Na+ ion insertion into the
composite materials. The GCD plots were also used to find the
specific capacitances (Csp) using eq 1.
The specific capacitance (Figure 6c) obtained from the

GCD curves was 109.8 F g−1 for P.δ-MnO2, 154.8 F g−1 for
P.δ-MnO2/W-a, 363.8 F g−1 for P.δ-MnO2/W-b, and 147.4 for
P.δ-MnO2/W-c at the 1.5 A g−1 current density. The specific
capacitance of blank h-WO3 is provided in the Supporting
Information. The Csp of P.δ-MnO2 flowers is partly due to their
morphology and the intercalated K+ ion. The mesoporous
structure with large voids and a large specific surface area of
P.δ-MnO2 flowers helps the electrolyte come in contact with
P.δ-MnO2 and shorten the path for the deep intercalation and
extraction of Na+ ions by providing porous channels to
increase the specific capacitance, as discussed before. The
increased specific capacitances for the composites ensure that
the incorporation of h-WO3 has enhanced the charge storage
capacity. The P.δ-MnO2/W-b composite has the longest
discharging time and the largest integral area below the
GCD curve compared with the other electrode materials,
indicating the maximum specific capacitance. This high
capacitance behavior of P.δ-MnO2/W-b indicates easy charge
migration, providing larger flow paths to enhance the charge
storage.
Furthermore, during the initiation of discharge, there was a

sharp drop in potential, which indicates energy losses because
of the internal resistance.66 During initial discharge, this
sudden drop in potential (iR drop) for the P.δ-MnO2/W-b
electrode is much smaller (Figure 6b) than the other electrode
materials in this study, suggesting higher conductivity and
lesser internal resistance of the P.δ-MnO2/W-b electrode,
among others. To store energy and keep it from being lost or
turned into heat during charging and discharge, the electrode
with the lowest internal resistance is very important. At the
time of charging and discharging, energy dissipation was
eliminated for lower internal resistance material, and energy
storage performance improved.67 So, to fabricate power-saving
supercapacitors, a P.δ-MnO2/W-b nanocomposite is more
preferable. However, increasing the concentration of h-WO3
can reduce the effective surface area and increase the electrical
resistance due to structural deformation. This ultimately leads
to poor specific capacitance along with a reduced faradaic
redox process in the electrode. This might have been the case
for the P.δ-MnO2/W-c composite electrode.

Moreover, the impact of current density on the electrode
material’s Csp was studied at different current densities of 1.5,
2, and 2.5 A g−1 (Figure S4). The existence of a voltage plateau
in the discharge curves confirms the pseudocapacitive features
of all the electrodes.68 From Figure S4, it was evident that the
charge and discharge periods were shortened by increasing the
current density due to the insufficient utilization rate of the
electroactive sites. As a result, Csp decreases with increasing
current densities. As a result of the high current density, the
redox reaction is sluggish, because of the restricted time and
contact between the electrolyte and the electrode. As the
current density goes up even more, electrolyte ions lose their
ability to penetrate and can only be adsorbed to the electrode’s
upper surface, giving an almost symmetrical triangle-shape
GCD curve as noticed for 2.5 A g−1 current density (Figure
S4). But lower current densities make it easier for electrolyte
ions to be adsorbed to the electrode surface and to penetrate
the interior of the electrode, giving a high Csp. The variation of
specific capacitance with increasing current densities for all of
the electrode samples is plotted in Figure 6d.
The electrochemical impedance spectroscopy (EIS) test was

performed to investigate the ion diffusion tendency, resistance
between the electrode and the electrolyte, and internal
resistance of the P.δ-MnO2 and composite electrodes. The
EIS technique is useful for probing the underlying mechanism
of charge transfer. Figure 6e shows the Nyquist plots of all of
the prepared samples. The distinct region provided by the
Nyquist plot for the supercapacitor explains charge transfer-
limited processes and diffusion-limited processes. Typically,
the so-called knee frequency may be used to separate the
Nyquist plot into a high-frequency semicircle and a low-
frequency inclined line, as illustrated in Figure 6e. In the
beginning of the half-circle, there is a nonzero intersection with
the real impedance axis. This gives the equivalent series
resistance (Rs), which is made up of the bulk resistance of the
electrode, the ionic resistance of the electrolyte, and the
contact resistance between the active material and the current
collector.69 The charge transfer resistance (Rct) and double
layer capacitance at the electrode/electrolyte interface are
presented by the semicircle in the high-to-medium frequency
range. Notably, the inclined straight line (angled to the Z’-axis
of the Nyquist plot) corresponds to the mass transfer
resistance (Warburg impedance, Zw) that is influenced by
the diffusion of Na+ on the electrodes’ surface.
A modified Randles circuit with resistors and capacitors set

up in series and parallel was used to fit the Nyquist plots. Based
on the proposed matching circuit exhibited in Figure 6f, the
P.δ-MnO2 electrode has the highest value of Rs (3.95 Ω). By
going from P.δ-MnO2 > P.δ-MnO2/W-c > P.δ-MnO2/W-a >
P.δ-MnO2/W-b, the diameters of semicircles get smaller,
showing that Rct is the smallest for the P.δ-MnO2/W-b (4.34
Ω), indicating lower charge-transfer resistance, which would
facilitate faster diffusion of the electrons and electrolyte ions.
The highest Rct (8.46 Ω) of P.δ-MnO2 could be explained by
the lack of h-WO3, which provides high conductivity, increased
surface area, and an electron pathway that ultimately improves
electron transfer between the layers of the host material. All of
the electrodes on the Nyquist plot have slopes between 45°
and 90° in the low-frequency range, indicating that the
electrodes were operating with both capacitive and diffusion-
controlled characteristics. As the P.δ-MnO2/W-b composite
electrode exhibited a larger slope than the remaining
electrodes, it has superior ion diffusion rate capability. All of
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these results indicate that the P.δ-MnO2/W-b composite
electrode has a charge-carrying velocity that is faster than
others. Therefore, the P.δ-MnO2/W-b composite electrode has
a higher Csp than the other electrodes. Due to the large
interlayer distance of the P.δ-MnO2/W-b composite, electro-
lyte gets easy access, and as a result, charge transfer resistance
decreases. Also, this reduced diffusive resistance would give
better cycling performance to the P.δ-MnO2/W-b composite at
the time of the electrochemical stability test. However, both Rct
and Rs increased when h-WO3 was loaded at high
concentrations to make the composite P.δ-MnO2/W-c,
indicating the deterioration of the diffusion characteristics of
the electrode materials due to the agglomeration of the layered
structure. The results from EIS agree well with those from CV
and GCD analyses, clearly showing that the electrodes of
nanostructured composite materials have low resistance
compared to P.δ-MnO2 for charges to move between the
electrolyte and electrode.
Notably, the operational efficiency that determines how well

SCs may be used as energy storage devices significantly
depends on their energy density, E (W h kg−1) and power
density, P (W kg−1), which can be assessed from the GCD
curves using eqs 2 and 3. Figure 7a illustrates the Ragone plot

(energy density vs power density) for the samples at 1.5 A g−1

current density. The values are well in the SC region. We
observed that for P.δ-MnO2/W-b composite, the highest
energy density is 32.3 W h kg−1 at a power density of 600 W
kg−1, which is 229.5%, 146.5%, and 134.1% higher than P.δ-
MnO2 (9.8 W h kg−1), P.δ-MnO2/W-c (13.1 W h kg−1), and
P.δ-MnO2/W-a (13.8 W h kg−1), respectively. Furthermore,
this proves that the supportive materials provide synergetic
action to improve the electrochemical performance of host P.δ-
MnO2 by making it easier for electrons to flow and giving it a
large surface area with more redox sites. For comparative

purpose, the data for common supercapacitors are added to the
Ragone plot.70−74

Long-term cycle stability is another crucial criterion for
practical applications of SC-based devices. To check the
electrochemical cycling effect via capacitance retention and
Coulombic efficiency of the superior P.δ-MnO2/W-b elec-
trode, it was subjected to repeated GCD tests up to 5000
cycles at a current density of 10 A g−1 (Figure 7b). The
electrode fascinatingly exhibits an increasing trend of
capacitance retention, resulting in an ∼14% increase in
capacitance from its initial specific capacitance after 5000
cycles. This increased capacitance during cycling is guaranteed
by the prolonged charge and discharge times of the P.δ-MnO2/
W-b electrode (inset of Figure 7b). The first few cycles serve as
a self-activation step, causing the electrolytes to entirely soak
the surface of the P.δ-MnO2/W-b electrode.75 As a result,
redox reactions will be facilitated over the entire electrode
surface, and the electrode will start to gain capacitance,
overcoming the internal resistances of the device.16 The
possible cause of this gain in capacitance is the enhanced
wettability of the electrode over time.76,77 In addition to the
enhanced wettability, the flowerlike morphology of P.δ-MnO2
with mesoporous characteristics might also contribute to the
electro-activation process. As the electrolyte ions are
repeatedly inserted and extracted during the cycle test, the
nanosheets of the P.δ-MnO2 nanostructure may tend to be
vertical toward the electrode surface; hence, the electrode
might become more porous.78 This might shorten the
transportation path for the electrolyte ions and enable access
to more electrolyte ions for redox reactions at the electrode.
Also, interaction with Na+ ions would create many defective or
disordered sites to increase the charge storage capacity of the
electrode over time by greatly increasing the material’s surface
area.79 Along with these, the electro-activation of the P.δ-
MnO2/W-b electrode may also be connected to the presence
of K+ ions. By immersion of the electrode in the electrolyte
solution, some of the K+ ions would be replaced by Na+ ions in
the initial cycles. Upon this release of K+ ions, more
electroactive sites are freed to intercalate more Na+ ions into
the interlayer of the P.δ-MnO2 nanosheets, as shown in Figure
8. Also, Figure 8 illustrates the intercalation of Na+ ions into
the voids of h-WO3 nanorods in a Na2SO4 aqueous electrolyte,
which contributes to the enhanced pseudocapacitive perform-

Figure 7. (a) Ragone plot of the synthesized samples. (b) Long-term
capacitance retention and columbic efficiency of the P.δ-MnO2/W-b
composite electrode over 5000 cycles of operation. (c) Mn 2p core
level spectra of the P.δ-MnO2/W-b composite before and after the
cycling effect.

Figure 8. Schematic representation of the Na+ ion intercalation and
extraction from the electrolyte into the P.δ-MnO2/W-b composite
electrode.
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ance of the P.δ-MnO2/W-b composite electrode compared to
the P.δ-MnO2 electrode.
Nyquist plots of the P.δ-MnO2/W-b nanocomposite (the

sample with best capacitive performance) were taken after
5000 cycles of operation and presented Figure S7, which
demonstrates that the semicircular portion of the impedance
spectrum has a lower radius after 5000 cycles. This finding
provides additional evidence that this electrode becomes more
electrically conductive, has rapid electron-conducting ability at
the interface, and reduces its internal resistance after 5000
cycles of operation.3

However, the Na+ ion interaction with P.δ-MnO2/W-b can
disturb its chemical stability. After a charging−discharging
cycle, we analyzed the electrode material by using XPS to
identify its chemical states. In agreement with earlier studies, a
comparison of the Mn 2p spectra of the P.δ-MnO2/W-b
sample before and after 5000 cycles reveals typical peaks of Mn
2p3/2 and Mn 2p1/2, indicating Mn4+ oxidation state in both
cases (Figure 7c). Mn 2p spectra show no significant shifts in
the oxidation state during long-term cycling, indicating that no
chemical changes occurred in the P.δ-MnO2/W-b sample
throughout the test. In addition, the Coulombic efficiency was
initially found to be ∼106% and remains almost steady up to
5000 cycles, which clearly proves beyond a doubt that no
permanent capacity losses have occurred and suggests the
superior stability of the P.δ-MnO2/W-b composite. Hence, the
P.δ-MnO2/W-b composite electrode in this study has excellent
stability along with good specific capacitance and energy
density.
Although it is hard to make a precise comparison of all the

performance of SCs because of many factors, including
charge−discharge rates, material mass loads, and testing
setups, one can still make a rough guess, as tabulated in
Table 2.

■ CONCLUSIONS
In summary, we have fabricated a distinctive architecture of
advanced three-dimensional binary metal oxide electrodes by
growing mesoporous preintercalated δ-MnO2 flowers on h-
WO3 nanorods with different weight percentages using a
sequential, cost-effective hydrothermal route for high-perform-
ance large-scale aqueous supercapacitor. While the XRD
studies confirmed the crystallographic structure, the FE-SEM
and TEM studies revealed an integration between flowerlike
3D and rodlike 1D morphology in the composites. HR-TEM
examination was used to measure the interlayer distance of the
prepared electrode materials. The preintercalated cations and
water molecules were added to prevent fast oxidation of the δ-
MnO2 flowers and provide additional active sites to realize the
full usage of δ-MnO2 as an electrode material. Its performance

can be further enhanced by incorporating h-WO3 nanorods.
Incorporation of h-WO3 nanorods provided enhanced
conductivity, improved redox activity, and more channels for
diffusion of electrons and electrolytes to the electrode surface.
This investigation opens up the possibility of constructing
potential electrodes with not only high specific capacitance and
energy density but also excellent cycling stability, an ultrafast
charge−discharge rate, excellent durability, and columbic
efficiency. In three-electrode configurations, the composites
exhibited a specific capacitance of as high as 363.8 F g−1, which
is significantly higher than that of the preintercalated δ-MnO2
electrode (109.8 F g−1). The 5 wt % h-WO3 nanorod-
incorporated supercapacitor delivered an energy density of
32.3 W h kg−1 (at 600 W kg−1 power density), and the specific
capacitances of the composite have climbed to a higher level
upon cycling by enhancing the porosity and active sites, with
114% capacitance retention over 5000 cycles at 10 A g−1. Our
study refines old δ-MnO2 into a high-quality electrode material
with exceptional electrochemical performance to boost the
development of supercapacitors.
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