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A novel core-shell design for nano-structured electrode materials is introduced for realizing cost-effective and high-performance
supercapacitors. In the proposed core-shell design, thin shell-layers of highly pseudo-capacitive materials provide the platform for
surface or near-surface-based faradaic and non-faradaic reactions together with shortened ion-diffusion path facilitating fast-ion
intercalation and deintercalation processes. The highly-conducting core serves as highway for fast electron transfer toward current
collectors, improving both energy and power performance characteristics of the core-shell structure in relation to pristine component
materials. Furthermore, use of carbon (C)-based materials as a shell layer in either electrode not only enhances capacitive performance
through double-layer formation but also provides enough mechanical strength to sustain volume changes in the core material during
long-cycling of the supercapacitor improving its cycle life. In order to enhance electrochemical performance in terms of specific
capacitance and rate capability via core-shell architecture and nano-structuring, an asymmetric supercapacitor (ASC) is assembled
using ZnO/α-Fe2O3 and ZnO/C core-shell nanorods as respective negative and positive electrodes. The ASC exhibits a specific
capacitance of ∼115 F/g at a scan rate of 10 mV/s in a potential window as large as 1.8 V with a response time as short as ∼39 ms
and retains more than 80% of its initial capacitance after 4000 cycles. Interestingly, the ASC can deliver an energy density of ∼41
Wh/kg and a power density of ∼7 kW/kg that are significantly higher than those reported hitherto for iron-oxide-based ASCs.
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Global concern over ever increasing greenhouse gas emissions ow-
ing to exorbitant anthropogenic usage of fossil fuels is forcing gov-
ernments across the globe to swing toward renewable energy sources.
Since renewable sources of energy, like sun and wind, are intermit-
tent in nature, it becomes mandatory to store the energy from these
sources that could be retrieved on demand. Accordingly, the missing
link in successful exploitation of renewable energy is its storage.1

Electrochemical storage of energy in storage-batteries is attractive but
supercapacitors are gaining attention due to their compelling power
densities as well as fast charge and discharge traits.2,3 It is noteworthy
that a battery is an energy device while a supercapacitor is a power de-
vice. If we require high power from a battery, we will generally extract
less total energy than if we require low power. Supercapacitors can
complement battery-power by allowing rapid charge and discharge
cycles. Accordingly, supercapacitors complement batteries perfectly
in the emerging energy-storage landscape and therefore the usage of a
battery-supercapacitor hybrid structure is not only becoming increas-
ingly common, but also inevitable.

In the light of the foregoing, we have attempted to develop
a high-performance asymmetric supercapacitor (ASC) using one-
dimensional (1-D) core-shell nanorods (NRs) employing low-cost,
abundant and environment-friendly materials.4 Core-shell NRs for
positive and negative electrodes are grown directly on highly con-
ductive flexible stainless steel (SS) substrate precluding the use of
any binder.5 Indeed, the use of 1-D nanostructures in place of bulk
samples provides vast interacting cites between electrodes and the
electrolyte.6,7 In a core-shell nanostructure, nanometer-thin shell layer
of electroactive materials significantly shortens ion-diffusion path-
length for effective ion-intercalation and deintercalation in conjunc-
tion with fast electron transfer to the core, while the highly conducting
core, which serves as scaffold for electroactive shell, rapidly transfers
the electrons to the current collector.7,8

Hematite (α-Fe2O3) is a promising negative electrode material
for electrochemical capacitors (ECs) due to its high electrochem-
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ical activity, high theoretical-specific-capacitance, suitable negative-
potential-window because of high hydrogen over-potential in aqueous
electrolytes, mostly environment friendly and abundance in nature.8–11

However, poor electrical conductivity (∼10−14 S/cm) and short ion-
diffusion length limit its electrochemical performance significantly
that can be overcome by creating oxygen vacancies within α-Fe2O3

thin films.9,11,12 Likewise, zinc oxide (ZnO) is an attractive material for
solar cells owing to its higher electron mobility as compared to TiO2.13

ZnO also has the advantages of low cost, easy fabrication, environ-
ment friendliness and most importantly higher electronic conductivity
(10−3 to 1 S/cm) as compared to α-Fe2O3.14,15 Graphitic-carbon is an
ubiquitously used electroactive material for batteries and capacitors
due to its high electrostatic and mechanical strength.3,16,17

In this communication, we report studies on an ASC using ZnO/
α-Fe2O3 and ZnO/C core-shell NRs as its respective negative and
positive electrode materials. Interestingly, both positive and negative
core-shell electrodes show compelling improvement in capacitance
values in relation to their component materials and, as a consequence,
the fabricated ZnO/α-Fe2O3//ZnO/C core-shell NR ASC cell exhibits
an energy density of ∼41 Wh/kg and a power density as high as 7
kW/kg within the operating potential window of 0 to 1.8 V in an
aqueous electrolyte.

Experimental

Preparation of ZnO NR arrays on SS substrate as the core
material.—Well aligned ZnO NRs were grown on SS substrate by
a modified seed-assisted hydrothermal synthesis procedure reported
elsewhere.18 As the first step, ZnO nanocrystal seeds were prepared
by reducing zinc acetate dihydrate (0.01 M) with sodium hydroxide
(0.03 M) in ethanol solution at 60◦C with continuous stirring for 2 h.
The resultant nanocrystals were uniformly dispersed in the solution.
Subsequently, the nanocrystals were drop-casted on properly cleaned
and polished SS substrates for several times followed by drying at
150◦C for 15 min to increase particle adhesion on substrate surface.
After uniformly coating with seed layer, the substrates were placed
horizontally inside a teflon-lined stainless steel autoclave containing
zinc nitrate dihydrate (0.025 M) and hexamethylenetetramine (0.025
M) followed by heating at 90◦C for 6 h for the growth of ZnO NR
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arrays. The substrates with white ZnO layer were taken out from the
autoclave, copiously washed with distilled water and ethanol and dried
in an air oven at 60◦C overnight. Finally, ZnO NRs were annealed in
a tube furnace in H2 atmosphere at 350◦C for 3 h.

Preparation of ZnO/α-Fe2O3 core-shell NRs as the negative elec-
trode material.—ZnO/α-Fe2O3 core-shell NR arrays were prepared
by depositing α-Fe2O3 on ZnO NRs by spin-coating method. For
this purpose, ethanol solution of ferric chloride hexahydrate (0.05 M)
was drop casted onto ZnO NR arrays and spin dried at 3000 rpm for
30 s. The dried samples were subsequently heated at 250◦C for 5 min
to improve particle adhesion at NR surface. White-colored substrate
turned yellow indicating the formation of FeOOH on repeating the
procedure 7 times. The as prepared core-shell NRs were annealed in
N2 atmosphere at 400◦C for 1 h to completely convert FeOOH to
α-Fe2O3 with change in substrate color from yellow to brick red. α-
Fe2O3 nanoparticles were also grown directly on SS substrate under
identical conditions.

Preparation of ZnO/C core-shell NRs as the positive electrode
material.—To prepare ZnO/C core-shell NR arrays, ZnO-deposited
SS substrate was immersed into 50 ml of 0.5 M glucose aqueous
solution for 24 h for adequate adsorption of glucose molecules onto
NR surface. Subsequently, the SS foil was taken out and dried at
60◦C followed by annealing in Ar atmosphere at 500◦C for 5 h to
allow complete carbonization of glucose shell onto ZnO NRs. For
comparison, C shells were also grown directly on SS substrate under
similar conditions.

Assembling the asymmetric supercapacitor cell.—The prototype
ASC cell was fabricated by separating ZnO/α-Fe2O3 and ZnO/C
core-shell NR electrodes each of 1 × 1 cm2 in size, with a
polypropylene-mesh separator followed by encapsulation with poly-
ethylene-terepthalate (PET) films to prevent electrolyte leakage.

Materials characterization and electrochemical measurement
techniques.—Morphology, structure and composition of different
electrode materials were investigated using field emission SEM (FE-
SEM, FEI, Quanta FEG 650), TEM (TEM, FEI TECNAI G2 TF20ST),
XRD (XRD, PANalytical Empyrean X-ray Diffractometer) and Ra-
man spectroscopy (WITec, Nd:YAG laser with λ = 532 nm). X-ray-
absorption (XAS) structure at the Fe L-edge and Zn L-edge were ob-
tained at I-1011 beam line at the Max II storage ring, in the MAXLAB
Synchrotron Radiation Laboratory, Sweden, and were recorded in sur-
face sensitive total-electron-yield (TEY) mode. Loading density of the
electroactive materials was calculated using a microbalance by mea-
suring the mass difference before and after the deposition.

Electrochemical characterizations for as prepared samples were
carried out on a software-controlled conventional three-electrode elec-
trochemical work station (AutoLab PGSTAT 302N) comprising as
prepared samples as working electrode, a Pt foil as counter electrode
along with a Saturated Calomel Electrode (SCE, Hg/Hg2Cl2) as ref-
erence electrode in 0.5 M aqueous Na2SO4 solution. Electrochemical
impedance spectroscopy (EIS) on the samples was performed in the
same electrochemical cell in the frequency range between 10 mHz
and 1 MHz with an operating ac field amplitude of 5 mV.

Results and Discussion

Morphology and elemental analyses.—Seed-mediated hydrother-
mal synthesis yields arrays of ZnO NRs on a large scale on polished
SS substrate. Scanning electron microscopy reveals uniform coverage
of ZnO NR arrays on substrate with diameters of ∼100–150 nm and
lengths of ∼3–4 μm (Fig. 1a). As also observed, NRs are hexago-
nal in shape due to hexagonal Wurtzite crystal structure of ZnO with
smooth surface and sharp tip because of nucleation and growth pro-
cedures, as shown in Fig. 1b. However, surface morphology of NRs
changed significantly and became very rough after deposition of α-
Fe2O3 nanoparticles on ZnO NR surface, as can be seen in Fig. 1c

and inset to Fig. 1c, without any change in NR structure and align-
ment. TEM analysis further confirms uneven surface morphology of
ZnO/α-Fe2O3 core-shell NR (Fig. 1d and Fig. S1a (supplementary ma-
terial)) and thickness of α-Fe2O3 shell is found to vary between 4 nm
and 8 nm. HRTEM image reveals aligned lattice fringes of ZnO core
oriented along [0001] direction with lattice spacing of 0.26 nm that
corresponds to (002) crystal planes of ZnO.13,19 Core-shell structure
and chemical composition of the nanorod arrays is confirmed through
the energy filtered TEM images, as shown in Figs. 1e–1g. EDS el-
emental mapping clearly suggests higher concentration of Zn at the
core of the nanorod, whereas, Fe mainly resides at the edges forming
cylindrical shell layer in the core-shell structure. Fig. 1h displays SEM
image for carbon-coated ZnO NRs exhibiting nearly smooth covering
of carbon shell onto NR surface. TEM images, as shown in Fig. 1i
and Fig. S1b (supplementary material), further confirm uniform and
continuous coating of amorphous carbon shell layer on ZnO NRs with
an average thickness of 6 nm.

Crystal structure of the as-synthesized ZnO/α-Fe2O3 core-shell
nanorods is investigated through XRD analysis and the corresponding
XRD pattern (Fig. S2, supplementary material) comprises peaks that
can be well indexed with different characteristic peaks of Wurtzite
ZnO (JCPDS # 36–1451),19,20 rhombohedral α-Fe2O3 (JCPDS #89-
0597)20 and the SS substrate. However, weak signal in the diffraction
pattern further suggests the formation of very thin layer of α-Fe2O3

over ZnO. To further elucidate the change in local environment and
oxidation states of individual elements present in these composite elec-
trode materials (with respect to the constituent ZnO and α-Fe2O3) as
well as for studying the feature of the conduction band, room tempera-
ture X-ray absorption spectroscopy measurements are carried out as a
sensitive local structure probe. Fig. 2a shows X-ray absorption spectra
(XAS) for Zn L-edge where the spectral feature A corresponds to Zn 4
s derived state and has been proposed to be associated to the σ-type in-
teraction between Zn and O planes, while the features from B-D are as-
sociated with the Zn 4d derived states.21 This L-edge spectrum agrees
well to the electron energy loss spectroscopy reports and also with
XAS spectrum obtained for ZnO nanorods and ZnO thin films reported
elsewhere.21–23 However, it is important to note here that the intensity
of feature A in the present ZnO nanorod electrode materials is signif-
icantly less as compared to the same reported for pure ZnO powder.24

This can be attributed to the intrinsic defects, mainly oxygen vacancies
present in the system that result in partially occupied 4s state. Interest-
ingly, the Zn L-edge XAS spectrum collected from the ZnO/α-Fe2O3

core-shell nanostructure as shown by the red-colored line in Fig. 2a
shows a significant increase in the relative intensity of the spectral
feature A as compared to other features. This significant relative in-
crease suggests considerably reduced occupancy of Zn 4s derived
states leading to an enhancement in the occupied Zn 2p to unoccupied
Zn 4s transition. This further suggests that the formation of the ZnO/α-
Fe2O3 core-shell nanostructure is followed by a charge transfer out
of Zn 4s states that were previously occupied due to the presence of
oxygen vacancies, as described in the case of ZnO nanorods above.

The charge transfer from Zn 4s like states is further supported
by Fe L2,3 XAS spectra, as shown in Fig. 2b, where the intensity
of peaks reflects electron transfer from Fe 2p state to unoccupied
Fe 3d orbital, namely Fe 2p3/2–3d for L3 (∼708 eV photon energy)
and Fe 2p1/2–3d for L2 edges (∼722 eV photon energy).25,26 In the
Fe L3 edge, we can observe a strong peak at higher binding energy
(∼709.5 eV) followed by a shoulder at lower binding energy side
(∼707.8 eV). It is well known from the literature that Fe3+ species in an
oxide octahedral crystal-field environment exhibit a prominent feature
at higher binding energy followed by a relatively weak shoulder at
lower energy, while an Fe2+ species in the same environment produce
the main feature at lower photon energy followed by a very small
and relatively broad shoulder at higher binding energy.27 Such strong
contrast in both spectra provide an easy qualitative way of determining
the average 3d occupancy in Fe atom. For α-Fe2O3 electrode, the
spectral shape clearly indicates that it is Fe3+ rich. However, in the
ZnO/α-Fe2O3 core-shell nanostructure, the relative intensity of the
left hand side shoulder has increased which qualitatively indicates the
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Figure 1. (a) FESEM image of high density ZnO NRs grown on SS substrate; (b) shows hexagonal shape and smooth surface morphology of individual ZnO
NRs; (c) FESEM image of ZnO/α-Fe2O3 core-shell NRs grown on SS substrate, inset image shows rough surface morphology after α-Fe2O3 coating; (d) TEM
image for ZnO/α-Fe2O3 core-shell NR, inset shows high resolution TEM image; (e)-(g) depict energy-filtered TEM (EFTEM) images, reflecting mapping of
different metallic elements present in ZnO/α-Fe2O3 core-shell NR; (h) depicts high-density ZnO/C core-shell NRs grown on SS substrate; TEM image for one
such core-shell NR is shown in (i).

Fe3+ reduction. Therefore, both Fe L-edge and Zn L-edge XAS spectra
concurrently suggest that some electron transfer from the Zn 4s like
states to Fe 3d level via oxygen is taking place upon the formation of
the heterojunction interface.

Crystallization of ZnO and successful deposition of a carbon shell
on ZnO NR surface are further confirmed through Raman spec-
troscopy and corresponding Raman spectra for as synthesized ZnO
and ZnO/C core-shell NRs are depicted in Fig. 2c. In ZnO Raman
spectrum, peak at ∼438 cm−1 can be assigned to a nonpolar E2 (high)
optical phonon mode that corresponds to the band characteristics of
wurtzite hexagonal phase of ZnO.28,29 The peak at ∼380 cm−1 is due to
the A1 (TO) mode, whereas, peaks around 202 and 330 cm−1 are due to
resonance conditions and can be assigned to acoustic phonon overtone

and optical phonon overtone modes with A1 symmetry, respectively.30

Moreover, the broad peak around 1145 cm−1 belongs to the Raman
2LO mode.31 Raman spectra for ZnO/C core-shell NRs is charac-
terized by two prominent peaks at ∼1360 cm−1 and ∼1590 cm−1

which correspond to the D and G bands, respectively, characteris-
tic of graphitic carbon with sp2 hybridization, with additional peaks
at ∼330, 380 and 438 cm−1 characteristic of wurtzite ZnO.17,31 The
presence of intense D and G bands is itself an evidence of successful
coating of amorphous graphitic carbon layer on ZnO NR surface.

Electrochemical characterization of negative and positive
electrodes.—Electrochemical characterization of the electrodes com-
prising ZnO/α-Fe2O3 and ZnO/C core-shell NRs are performed in
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Figure 2. (a) Zn L-edge XAS spectra for pristine ZnO NRs and ZnO/α-Fe2O3 core-shell NRs, (b) comparison of Fe L-edge XAS spectra recorded from standard
α-Fe2O3 and ZnO/α-Fe2O3 core-shell NR, and (c) Raman spectra of pristine ZnO NRs and ZnO/C core-shell NR arrays.

0.5 M aqueous Na2SO4 solution with Pt foil as the counter electrode
with respect to SCE. Fig. 3a compares the cyclic voltammograms
(CVs) obtained for ZnO NRs, ZnO/α-Fe2O3 core-shell NRs along
with α-Fe2O3 thin film grown directly on SS substrate at a scan rate of
100 mV/s within the potential window between 0 V and −0.85 V vs
SCE. As can be seen from the data, current density for α-Fe2O3 thin
film is significantly higher than ZnO owing to higher electrochemi-
cal activity of the former. Interestingly, electrochemical performance
of ZnO/α-Fe2O3 core-shell NRs is found to be significantly higher
as compared to both of its individual components, namely ZnO and
α-Fe2O3. Such an improvement can be attributed to increased electro-
chemical surface area due to NR designing of electroactive materials
along with easy charge transportation across thin α-Fe2O3 shell to
highly conductive SS substrate through ZnO core due to band en-
gineering. In the light of the fact that ZnO has high electronic con-
ductivity due to its intrinsic oxygen vacancies and lower work func-
tion as well as lower electron affinity compared to α-Fe2O3, which
cause a band bending toward ZnO during formation of ZnO/α-Fe2O3

n/n heterojunction, further facilitates electron transfer from α-Fe2O3

shell to ZnO core during redox reactions.20,32 Furthermore, annealing
of FeOOH in N2 atmosphere during conversion to α-Fe2O3 signifi-
cantly enhances the shell electron density through incorporation of
excessive amounts of oxygen vacancies in α-Fe2O3 lattice, thus im-
proving its electronic conductivity as well. Furthermore, thin porous
layer of α-Fe2O3 shortens ion-diffusion length for fast-ion motion
and charge transfer. Such intrinsic properties of ZnO and α-Fe2O3

act synergistically to explain enhanced electrochemical performance
of ZnO/α-Fe2O3 core-shell nanostructure over its component materi-
als. We have also recorded cyclic voltammograms for α-Fe2O3 thin
film and ZnO/α-Fe2O3 core-shell NR electrodes at varying scan rates
between 10 mV/s and 400 mV/s within the potential window of 0 to

−0.85 V vs SCE, as shown in Fig. S3 (supplementary material). All the
CV curves exhibit semi-rectangular shape, which is indicative of pseu-
docapacitive behavior of α-Fe2O3, and might be due to the Fe3+/Fe2+

reversible redox couple in aqueous electrolyte. However, as the elec-
trochemical response of ZnO is negligible as compared to α-Fe2O3

based electrodes, specific capacitance of all electrodes is calculated
by considering the mass of deposited α-Fe2O3 only, which is found to
be ranging between 35 to 40 μg/cm2 in these electrodes; their varia-
tion with scan rate is depicted in Fig. 3b. Interestingly, ZnO/α-Fe2O3

core-shell NR electrode exhibits a maximum specific capacitance of
491.7 F/g at a scan rate of 10 mV/s, which is significantly higher
than α-Fe2O3 thin film electrode that exhibits only 295 F/g at the
same scan rate. Furthermore, ZnO/α-Fe2O3 core-shell NRs electrode
retains 65.7% of its capacitance when the scan rate is increased from
10 mV/s to 400 mV/s while α-Fe2O3 thin film electrode could re-
tain only 50.3% of initial capacitance during a similar increase in scan
rate. Such a high capacitance and high-rate capability of the core-shell
NR electrode can be attributed to its higher effective surface area for
surface-based faradaic reactions, higher electronic conductivity of in-
dividual electrode materials and lower charge-transfer-resistance due
to band bending. Additionally, pores on the core/shell NR surface can
effectively serve as hydroxyl ion reservoir even at higher scan rates
that also enhances the rate capability. However, a decrease in capaci-
tance with increasing scan rate is primarily due to limited availability
of electro-active surface at higher scan rates which is contrary to the
case with lower scan rates where almost all possible surfaces and pores
could be accessible for faradaic reactions. Furthermore, a compari-
son of galvanostatic charge/discharge data in Fig. S4 (supplementary
material) shows smallest IR-drop along with significantly enhanced
charge/discharge profile for ZnO/α-Fe2O3 core-shell NRs electrode as
compared to α-Fe2O3 thin film and ZnO NR electrodes, which again
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Figure 3. (a) Cyclic voltammograms recorded for ZnO, α-Fe2O3 and ZnO/α-Fe2O3 core-shell NRs electrodes at the scan rate of 100 mV/s; (b) comparison of
specific capacitances of α-Fe2O3 and ZnO/α-Fe2O3 core-shell NRs electrodes, calculated from CV curves, as a function of scan rate; (c) comparison of cyclic
voltammograms collected for ZnO, C and ZnO/C core-shell NRs electrodes at a scan rate of 100 mV/s and (d) variation of specific capacitances for C and ZnO/C
core-shell NR electrodes as a function of scan rate.

signifies higher electronic conductivity and improved electrochemical
performance for the nano-heterojunction electrode.

Electrochemical characterization of ZnO/C core-shell NR elec-
trode within the potential window between 0 V and 0.95 V vs SCE is
also performed keeping other measurement conditions akin to that for
iron-oxide-based samples. The data are compared with those obtained
for pristine ZnO NR electrode along with an amorphous-carbon-thin-
film electrode directly grown on SS substrate, where the loading den-
sity for C is comparable (20–30 μg/cm2). As depicted in Fig. 3c,
current density increases significantly after carbon coating on ZnO
NRs. The density is also higher than the carbon thin film electrode,
reflecting improved electrochemical performance for ZnO/C core-
shell NR electrode. However, as calculated from the cyclic voltam-
mograms obtained at varying scan rates between 10 mV/s and 200
mV/s within the potential window of 0 to 0.95 V vs. SCE (as shown
in Fig. S5, supplementary material), ZnO/C core-shell NR electrode
exhibits a specific capacitance of 229 F/g, considering the mass of
deposited C only, at a scan rate of 10 mV/s, while carbon thin film
electrode exhibits 198 F/g at the same scan rate (Fig. 3d). More in-
terestingly, as the scan rate increases from 10 mV/s to 200 mV/s,
ZnO/C core-shell NR electrode exhibits a capacitance retention of
56% which is more than twice of that observed for carbon-thin-film-
based electrode, which has only 25% retention at 200 mV/s. Such an
increase in capacitance and improved rate capability for ZnO/C core-
shell NR electrode can be attributed to the increased active surface
area for double-layer formation over the carbon surface in conjunc-
tion with higher electronic conductivity of carbon shell and ZnO core
that ensures good electrical contact of ZnO/C core-shell NRs with the
substrate, thus facilitating charge transfer even at higher scan rates.
Furthermore, as carbon has enough mechanical strength, it can sus-
tain strain caused by the volume variation of ZnO core that prevents
its disintegration during repeated ion-intercalation/deintercalation
processes.16,17

Electrochemical characterization of assembled ASC.—From sin-
gle electrode measurements, it is seen that ZnO/C core-shell NR elec-
trode exhibits stable electrochemical behavior within the potential
window of 0 to 0.95 V against SCE, whereas a stable potential win-
dow of 0 to −0.85 V against SCE is established for ZnO/α-Fe2O3

electrode with core-shell NRs. Accordingly, by adding the voltage
windows, one can expect that the asymmetric cell comprising ZnO/C
core-shell NRs as positive electrode and ZnO/α-Fe2O3 core-shell NRs
as negative electrode should give an operational cell-voltage of 1.8 V.
Fig. 4a and Fig. S6 (supplementary material) depict cyclic voltam-
metry data and charge/discharge curves, respectively, obtained for
the ZnO/α-Fe2O3//ZnO/C asymmetric supercapacitor (ASC) proto-
type cell with core-shell NRs at different potential windows, in 0.5 M
Na2SO4 aqueous electrolyte. As observed, there is a striking improve-
ment in the electrochemical performance of ZnO/α-Fe2O3//ZnO/C
core-shell NRs ASC when the potential window is extended from
0.8 V to 1.8 V. Fig. 4b depicts the evolution of performance parameters
with increasing cell potential where the specific capacitance is found
to increase from 9.3 F/g to 37.1 F/g (∼400% increment) with increase
in cell potential from 0.8 V to 1.8 V. More interestingly, the energy
density (E) of the ASC, calculated using equation E = 1/2CS P V 2,
where, Csp being the specific capacitance and V is the potential win-
dow, increases from 0.83 Wh/kg to 16.7 Wh/kg, which accounts to
∼2000% improvement with increase in cell potential. Therefore, a sta-
ble potential window of 0 to 1.8 V has been chosen in the following
electrochemical measurements for ZnO/α-Fe2O3//ZnO/C core-shell
NRs ASC.

All cyclic voltammograms obtained for the ASC at varying scan
rates between 10 mV/s to 200 mV/s within specified potential window
of 0 to 1.8 V are nearly rectangular as shown in Fig. S7 (supplemen-
tary material), which represents ideal capacitor like behavior with
fast charge/discharge characteristics. Furthermore, a rapid change in
current especially at cutoff potentials represents fast charge-transfer
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Figure 4. (a) Cyclic voltammograms of the ZnO/α-Fe2O3//ZnO/C core-shell NR ASC cell recorded within different operational potential windows, inset shows
digital image of the prototype cell having dimension of 1 × 1 cm2; (b) variation of specific capacitance and energy density calculated from CV curves as a
function of operating potential window; (c) variation of specific capacitance as calculated from CV curves as function of potential scan rates; (d) Galvanostatic
charge/discharge curves recorded at different current densities within a potential window of 1.8 V; (e) Nyquist plot (−Z′′ vs Z′ plot) for ASC cell within frequency
range from 10 mHz to 1 MHz with an ac field amplitude of 5 mV, inset shows high frequency region of Nyquist plot and (f) cycling performance of ASC cell
recorded at a scan rate of 100 mV/s during 5000 CV cycles.

during electrochemical processes owing to its small internal resis-
tance. The specific capacitance values for the ASC calculated from
CV data are plotted in Fig. 4c against scan rates. Maximum specific
capacitance for the ASC is found to be ∼115 F/g at a scan rate of 10
mV/s, which is significantly higher than other nanostructured iron ox-
ide based ASCs reported recently, namely α-Fe2O3 NRs//MnO2 ASC
(23 F/g at scan rate of 10 mV/s),9 α-Fe2O3 nanoparticle//MnO2 nano-
sheet ASC (∼77 F/g at scan rate of 10 mV/s),33 MnFe2O4//AC ASC
(51.9 F/g at scan rate of 5 mV/s),34 multi-walled carbon nanotube-
α-Fe2O3// multi-walled carbon nanotube (70 F/g at scan rate of 10
mV/s),35 etc. The ASC reported in this study retains a capacitance
value of ∼47 F/g as the scan rate increases from 10 mV/s to 100
mV/s. Superior electrochemical performance for the ASC is further
established by constant-current charge/discharge method and related
data at different current-densities are shown in Fig. 4d and Fig. S8
(supplementary material). As can be seen from the data, discharge
profile is almost symmetric to charging profile at lower discharge cur-
rents with very small ohmic drop (0.08 V at 0.5 A/g) implying smaller
equivalent-series resistance for the ASC. However, at higher current-
densities charge/discharge profiles become more symmetrical and lin-
ear, representing ideal-capacitive behavior with fast charge/discharge
characteristics for the ASC. The increase in ohmic drop with in-
creasing current densities can be ascribed to less accessible electrode
surface at higher currents akin to that observed during increasing scan
rates. Form the discharge profile, maximum value of specific capac-
itance is found to be ∼92 F/g at a discharge current density of 0.5
A/g, which is also significantly higher than the values reported for
other iron-oxide-based ASCs, like MnO2//FeOOH ASC (51 F/g at
load current of 0.5 A/g),36 Fe3O4//MnO2 ASC (23 F/g at load current
of 0.27 A/g),37 LiMn2O4 // MnFe2O4 ASC (∼50 F/g at load current
of 0.5 A/g),38 etc., and is also better than some carbon-based ASCs
such as graphene hydrogel//MnO2 ASC (41.7 F/g at load current
of 1A/g),39 activated carbon//MnO2 ASC (31 F/g at load current of

0.55 A/g)40 and activated carbon//NiO ASC (73.4 F/g at load current
of 0.1 A/g).41

To estimate the internal resistance and response time for the ASC,
we have carried out electrochemical impedance spectroscopy (EIS)
and corresponding Nyquist plot (−Z′′ vs Z′ plot) is shown in Fig. 4e.
At higher frequencies, intercept of Nyquist curve with real axis yields
equivalent-series resistance (ESR) which is found to be ∼2.8 � in
this case, implying good electrical conductivity for the electrolyte and
a low internal-resistance for the electrode. Low frequency region of
the Nyquist curve is more inclined toward imaginary axis signifying
ideal capacitive behavior of the cell. However, the “Knee frequency”,
which defines the crossover between purely resistive and capacitive
behaviors while moving from high frequency to low frequency region,
is found to be ∼26 Hz for the ASC, implying that ideal capacitive be-
havior with almost all available charge can only be attained below this
frequency. Furthermore, capacitive response frequency (f0) calculated
from the Bode plot shown in Fig. S9 (supplementary material) at a
phase angle of −45◦ is about 25.7 Hz, which gives a response time as
small as ∼39 ms, again implying fast charge/discharge characteristics
of the ASC cell.

Superior capacitive performance of the ZnO/α-Fe2O3//ZnO/C
core-shell NR ASC can be ascribed to several factors, namely (a)
nanostructured core-shell design of individual electrodes that pro-
vides a huge platform for surface-based faradaic/non-faradaic reac-
tions resulting in an improved capacitance, (b) thin layers of electro-
active materials, namely α-Fe2O3 and carbon, effectively reduce ion
diffusion path lengths so as to ease ion intercalation/deintercalation
together with fast electron transfer toward current collector through
highly-conductive ZnO core, and (c) direct growth of electro-active
materials on SS substrate (current collector) that has significant effect
on reducing internal resistance of the system in addition to providing
good structural integrity and mechanical stability to the system. Ad-
ditionally, the carbon shell on ZnO core not only enhances capacitive
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Figure 5. Ragone plot for ZnO/α-Fe2O3//ZnO/C core-shell NR ASC cell;
energy and power density values are also compared with the same for other
reported ASC devices; inset images are the digital photographs of different
LEDs powered by the assembled ASC cell.

performance through a double-layer formation but also acts as a struc-
tural buffer during electrochemical reactions, which is significant for
the long-cycling stability of the system.

Fig. 4f reflects long-term cycling performance of assembled
ZnO/α-Fe2O3//ZnO/C core-shell NR ASC observed during CV anal-
yses for 5000 cycles at a scan rate of 100 mV/s within the potential
window of 0 to 1.8 V. Except the initial increase, which might be due to
some activation processes, capacitance remains almost constant up to
2000 cycles with a capacitance retention of ∼99%. The ASC cell can
retain more than 81% of its initial capacitance after 4000 cycles, which
decreases to ∼70% after 5000 cycles. In aqueous electrolytes, the de-
cay in capacitance can be attributed to dissolution of electroactive
materials in electrolyte during cycling together with excess volume
expansion due to continuous ion-insertion/deinsertion processes.8,33

The long-term cyclability of the ASC is comparable and even supe-
rior to other iron oxides and Carbon Nanotube (CNT) based ASC
devices reported in the literature, namely MnO2//FeOOH ASC (85%
after 2000 cycles),36 MnO2//Fe2O3 ASC (91% after 3000 cycles),33

MnO2 NW/graphene//graphene ASC (79% after 1000 cycles)42 and
RuO2 /graphene//graphene ASC (95% after 2000 cycles).43

Ragone plot that represents energy and power performance of
an electrochemical cell is shown in Fig. 5 for ZnO/α-Fe2O3//ZnO/C
core-shell NR ASC cell. We have also compared the energy and
power values with the same for other reported iron-oxide-based aque-
ous and solid-state ASC devices. Maximum energy-density that has
been achieved for the ASC is 41.2 Wh/kg at a load-current density
of 0.5 A/g with a corresponding power density of 471 W/kg. The
energy density is found to be 13 Wh/kg with a maximum power
density of ∼7 kW/kg when the load current-density is increased by
10 times, representing an excellent rate performance for the ASC.
Such compelling values of energy and power densities for the ZnO/α-
Fe2O3//ZnO/C core-shell NR ASC cell with a cell voltage of 1.8
V are better than other reported ASCs having different iron ox-
ide nanostructures as the electrode material, namely 7 Wh/kg and
820 W/kg for Fe3O4//MnO2 ASC,37 12 Wh/kg and 3700 W/kg for
FeOOH//MnO2 ASC,36 7.86 Wh/kg and 1918.5 W/kg for α-Fe2O3

NRs//MnO2–ASC,9 10 Wh/kg and 300 W/kg for LiMn2O4 // MnFe2O4

ASC,38 10.25 Wh/kg and 3076 W/kg for MnFe2O4//AC ASC,34 33
Wh/kg and 68 W/kg for Ni(OH)2 // ZnFe2O4 ASC,44 37.8 Wh/kg
and 648 W/kg for ZnCo2O4/MnO2//α-Fe2O3 ASC,45 32.5 Wh/kg and
1.6 kW/kg for MnO2 nanowires//α-Fe2O3 nanotube ASC,46 and also
exhibits significantly higher power density as compared to α-Fe2O3

nanoparticle//MnO2 nanosheet ASC.33

In order to study the practical implications of the aforesaid ASC, a
prototype ASC (1 × 1 cm2) is realized to light a Light-Emitting-Diode
(LED). It is shown that single ASC can light a red LED after charging
at 3 A/g for 10 s while a tandem device fabricated by connecting
two ASC units (each 1 × 1 cm2) in series, which has an extended
potential window, can light blue and green LEDs even after charging
for 10 s. Accordingly, the ZnO/α-Fe2O3//ZnO/C core-shell NR ASC
with environment friendly, stable and economically viable materials
has potential to find applications in futuristic ecofriendly electronic
devices.

Conclusions

The study provides a proof-of-concept to develop high-
performance supercapacitors using core-shell type nanostructured
electrode materials. Use of α-Fe2O3, ZnO and C in engineering core-
shell nanorod electrodes, ZnO/α-Fe2O3 negative and ZnO/C posi-
tive electrodes, effectively improves overall cell performance through
surface-based faradaic and non-faradaic reactions together with fast-
electron/ion transfer kinetics. ASC operates within a potential window
of 0 to 1.8 V and delivers a specific capacitance of ∼115 F/g at a scan
rate of 10 mV/s. Maximum energy and power density values that
have been achieved with the ASC are ∼41 Wh/kg and ∼7 kW/kg,
respectively. Furthermore, the ASC exhibits compelling cycling sta-
bility with more than 80% capacitance retention after 4000 cycles with
response time of ∼39 ms. It is hoped that the reported performance
of the ASC comprising core-shell nanostructures with environment-
friendly materials as electrodes will open-up a new direction in energy
storage. The study further strengthens that core-shell-based superca-
pacitors with long cycle-life could become a commercial reality in
future.
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