AIP |t

Designing one dimensional Co-Ni/Co304-NiO core/shell nano-heterostructure
electrodes for high-performance pseudocapacitor
Ashutosh K. Singh, Debasish Sarkar, Gobinda Gopal Khan, and Kalyan Mandal

Citation: Applied Physics Letters 104, 133904 (2014); doi: 10.1063/1.4870628

View online: http://dx.doi.org/10.1063/1.4870628

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/104/13?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Solvothermal synthesis of NiAl double hydroxide microspheres on a nickel foam-graphene as an electrode
material for pseudo-capacitors

AIP Advances 4, 097122 (2014); 10.1063/1.4896125

Core/shell magnetism in NiO nanoparticles
J. Appl. Phys. 114, 083906 (2013); 10.1063/1.4819807

Sonochemically precipitated spinel Co 3 O 4 and NiCo 2 O 4 nanostructures as an electrode materials for
supercapacitor
AIP Conf. Proc. 1512, 1216 (2013); 10.1063/1.4791488

Graphene metal oxide composite supercapacitor electrodes
J. Vac. Sci. Technol. B 30, 03D118 (2012); 10.1116/1.4712537

Electrospun carbon nanofibers surface-grafted with vapor-grown carbon nanotubes as hierarchical electrodes for
supercapacitors
Appl. Phys. Lett. 100, 023115 (2012); 10.1063/1.3676193




APPLIED PHYSICS LETTERS 104, 133904 (2014)

@CrossMark

Designing one dimensional Co-Ni/Co3;0,4-NiO core/shell
nano-heterostructure electrodes for high-performance pseudocapacitor

Ashutosh K. Singh,'®®) Debasish Sarkar,'??)"® Gobinda Gopal Khan,3?9

and Kalyan Mandal'®

"Department of Condensed Matter Physics and Material Sciences, S. N. Bose National Centre for Basic Sciences,
Block JD, Sector 111, Salt Lake City, Kolkata 700 098, India

2Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560012, India

3Centre for Research in Nanoscience and Nanotechnology, University of Calcutta, Technology Campus,

Block JD2, Sector 111, Salt Lake City, Kolkata 700 098, India

(Received 12 March 2014; accepted 25 March 2014; published online 4 April 2014)

A high-performance supercapacitor electrode based on unique 1D Co-Ni/Co304-NiO core/shell
nano-heterostructures is designed and fabricated. The nano-heterostructures exhibit high specific
capacitance (2013 F g ' at 2.5 A g~ "), high energy and power density (23 Wh kg~ ' and 5.5kW kg ',
at the discharge current density of 20.8 A g "), good capacitance retention and long cyclicality. The
remarkable electrochemical property of the large surface area nano-heterostructures is demonstrated
based on the effective nano-architectural design of the electrode with the coexistence of the two highly
redox active materials at the surface supported by highly conducting metal alloy channel at the core for

faster charge transport. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870628]

Supercapacitors (SCs) have drawn immense attention as
the promising candidates for the next generation power
sources in portable electronics because of their higher power
density, faster charge/discharge process, and longer lifetime;
complementary to the energy storage devices, such as
rechargeable batteries and fuel cells."™ Recently, redox-
active transition-metal oxides (TMOs) such as RuO,, MnO,,
Fe,05, NiO, and Co30, are demonstrated as the emerging
electrode materials for pseudocapacitors because of their
high specific capacitances and excellent reversibility arising
from the fast and reversible Faradaic reactions.'” Although
the poor conductivity, poor cycling stability, and sometimes
high cost (for RuO,) have become the challenging concerns
to fabricate transition-metal oxide based pseudocapacitors.'
In this context, selection of specific materials as well as the
proper nano-engineering design of the electrode are very
effective to fabricate high performance SCs. As the high cost
of RuO, limits its practical applications, among the other
TMOs, Co30y4, and NiO could have been ideal alternative for
the SCs electrode because of their high theoretical capacitan-
ces (3560 and 2573 F gfl, respectively), availability, stabil-
ity, and relatively low cost. It is also well studied that the
nano-architectures with large active surface area, short ion
transport pathway, and good electronic conductivity could
improve the performance of SCs. In this backdrop, recently,
1D hybrid nanostructures based on Co30,4 and NiO and their
mixed and complex oxides (binary and ternary) have been
demonstrated as the promising SCs electrodes.*"> Still
there are ample opportunities to go for the effective
nano-engineering design of the SC electrodes based on
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Co30, and NiO in a most facile way with remarkably
improved performance.

Here, we report the electrochemical properties of the
1D hybrid nano-architecture of Co3;04-NiO mixed oxide
nano-shell grown on Co-Ni metal alloy core nanowires
(i.e., Co-Ni/C0304-NiO core/shell nano-heterostructures).
This unique nano-architecture of the hybrid metal oxides
has been chosen as anticipation with the high specific ca-
pacitance as well as high energy and power density of the
Co304 and NiO based SCs. The 1D Co-Ni/Co304-NiO
core/shell nano-heterostructures have two different redox
active oxides with large active surface to serve as the elec-
trode. The thin mixed-oxide layer will provide the short ion
transport path, whereas the metal alloy core will act as the
fast electron conducting channel to the current collector.

The electrode containing high density ordered arrays of
1D Co-Ni/Co0304-NiO core/shell nano-heterostructures has
been fabricated by controlled high temperature oxidation of
Co-Ni alloy nanowires (NWs) grown via template assisted elec-
trodeposition technique by using the highly ordered nanoporous
anodic aluminium oxide (AAO) as template, as described else-
where'” (see supplementary material'®). Fig. 1 schematically
shows the two-step fabrication of the 1D Co-Ni/Co304-NiO
core/shell nano-heterostructures: (1) electrodeposition of the
arrays of Co-Ni NWs in AAO and (2) controlled high tempera-
ture oxidation of Co-Ni NWs in air atmosphere. The unique
feature of this technique is that individual nano-heterostructure
in the electrode has its own contact with the current collector
(Au), which results the enhanced charge transfer kinetics.

Fig. 2(a) shows the field emission scanning electron
microscopy (FESEM) image of the as-prepared Co-Ni/
C0304-NiO core/shell nano-heterostructures having uniform
diameter (~150 nm). Inset of Fig. 2(a) indicates that the sur-
face of nano-heterostructures is very rough and porous com-
pared to that of the Co-Ni NWs (see Fig. S1, supplementary
material'®), which will further increase the active surface
area of the electrode. The transmission electron microscopy

© 2014 AIP Publishing LLC
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FIG. 1. Schematic overview of the preparation of Co-Ni/Co30,4-NiO core/shell nano-heterostructures.

(TEM) [Fig. 2(b)] and energy filtered TEM (EFTEM)
[Fig. 2(d)] micrographs of the Co-Ni/C0304-NiO core/shell
nano-heterostructures clearly show the formation the uniform
nano-layer (~25-30nm) of Co3;04-NiO on Co-Ni metal alloy
core. Formation of a good quality nano-heterostructures with
uniform chemical composition is also evident from Fig. 2(d).
Selected area electron diffraction (SAED) pattern [inset of
Fig. 2(b)] and high resolution TEM (HRTEM) image
[Fig. 2(c)] confirm the polycrystalline nature of the
nano-heterostructures. The HRTEM micrograph with d-spac-
ing of 0.28, 0.14, and 0.24nm correspond to the (111) NiO,
(220) NiO, and (220) Co030y, respectively. The x-ray diffrac-
tion pattern of nano-heterostructures also shows its polycrys-
talline nature (see Fig. S2, supplementary material'®). The
XRD pattern consists of peaks that correspond to the core con-
taining Co and Ni and shell nanolayer which contains NiO
and Co;0,4 and also the metallic Au layer underneath the
nano-heterostructures. The energy-dispersive x-ray spectros-
copy (EDS) spectrum confirms the presence of Co, Ni, and O
in the nano-heterostructures, where the Co:Ni ratio is found to
be 1.3:1 in Co304-NiO mixed oxides (see Fig. S3, supplemen-
tary material'®).

Electrochemical properties of the Co-Ni/Co3;04-NiO
core/shell nano-heterostructures electrode was studied by

FIG. 2. (a) and inset of (a): FESEM micrographs, (b) TEM and SAED pat-
tern (inset of (b)), (c) HRTEM image, and (d) EFTEM micrographs of the
C0-Ni/Co304-NiO core/shell nano-heterostructures.

cyclic voltammetry (CV) and galvanostatic (GV) charge/di-
scharge method by using a three-electrode system, where the
nano-heterostructures as working electrode was dipped in
IM KOH aqueous solution at room temperature. The
Ag/AgCl and Pt wire were used as reference and counter
electrodes, respectively. Fig. 3(a) shows the CV curves of
the as-prepared nano-heterostructures, recorded at different
scan rates (2-100mV s~ ') within the voltage window of
0.1-0.5V. Each CV loop characterized by oxidation and
reduction peaks demonstrates the pseudocapacitive behav-
iour of the nano-heterostructures, which is quite different
from the rectangular CV loops owing to the formation of
Helmholtz layer in electrical double layer capacitors
(EDLCs). The redox peaks observed for all scan rates are
associated with the surface or near surface based Faradic
reactions as governed by the equations:"'® Co;0,+ H,0O
+OH™ + 3CoOOH +e~ and NiO+OH « NiOOH +e .
The charging process involves the oxidization of Co*" and
Ni*" into Co®" and Ni**, respectively, with the movement
of the corresponding electrons towards the current collector
(Au) through the electrode; while discharging involves sub-
sequent reduction of metal ions from +3 oxidation state to
+2 state followed by the electron transport in reverse direc-
tion. Good kinetic reversibility characteristics of the elec-
trode are confirmed from the highly symmetric nature of the
redox peaks of the CV curves taken at different scan
rates.'”'® This observation also reveals the high cyclability
of the electrode. The increase of current with increasing scan
rate is quite obvious because during the fast scanning, the
diffusion layer cannot extend far from the electrode surface,
thus facilitating higher electrolyte flux towards the electrode
leading to higher value of current which is in contrary to the
case at lower scan rates where the large width of the diffu-
sion layer significantly reduces the electrolyte flux and hence
the current. However, the linear relation between the peak
current (/) of CV loops and the square root of scan rate (f” 2)
observed for nano-heterostructures at different scan rates
(see Fig. S4, supplementary material'®) demonstrates the fast
electron transfer during redox reactions, indicating the supe-
rior performance of the nano-heterostructures as SC elec-
trode.'® This high rate performance can be attributed to the
rough and porous structure of the electrode materials which
can store the electrolytic ions effectively to facilitate ion
movement and also shortens the ion diffusion path to the
interiors of the electrode even at higher scan rates.
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Fig. 3(b) shows the typical constant current GV charge/
discharge curves of the nano-heterostructures electrode at
different current densities (2.5-21 A g~ ') within the voltage
window of 0.1-0.5V. The symmetric nature of the curves
suggests excellent electrochemical characteristics of the
nano-heterostructures manifested by reversible redox reac-
tions. All the charge/discharge curves of the nano-
heterostructures exhibit low IR drop which can be attributed
to the special core/shell design of the electrode material
and also due to the binder-free direct contact of nano-
heterostructures with the current collector that significantly
reduces the interfacial resistance. The symmetric nature of
the cycling curves remains unaltered even when the current
density reaches as high as 21 A g~ ', which indicates very
high rate stability of the electrode. From the discharging
curves, the specific and areal capacitances are calculated by
the formulas, Cy, =IAt/mAV and C,=IAt/aAV, respectively
(where I is the discharge current, Az is the discharging time,
AV is the potential window excluding the IR drop region,
m is the mass of the active material, i.e., the total mass of the
nano-heterostructures, here loading density of nano-
heterostructures is 0.376 mg cm ™~ and a is the surface area
of working electrode) and their variation with current density
is shown in Fig. 3(c). Maximum value of C, of nano-
heterostructures electrode is found to be nearly 2013 F g~ " at
the current density of 2.5 A g~ and the corresponding C, of
the nano-heterostructures electrode is 738 mF cm ~ at an
equivalent current density of 0.94 mA cm 2. The capacitance
of the Co-Ni mixed oxide is found comparable (NiCo,O4
nanosheet/carbon fabric,* Ni-Co oxide NWs/TiO,’) and
even much better than the values reported for other such
Co/Ni based oxide composites, such as NiCo,0,4 nanorods
and nanosheets/carbon fibber,! Ni-Co oxides,® nanoporous
NiO film,” mesoporous NiO,* spherical porous NiO,” meso-
porous Co0,0;3 NWs,lO Co3;04 NWs@carbon paper,]l
NiCo0,0, nano-needle,'> NiCo,0, NWs.'*!* However, the
C,, of the nano-heterostructures remains 1040 F g ! even

Current density (Ag” 1)

when the current density increases as high as 20.8A g ',

implying that it can retain ~51.67% of its initial capacitance
when the current density is increased by almost 8.5 times. This
high specific capacitance with impressive rate capability, i.e.,
excellent capacitive performance of the nano-heterostructures
is mainly due to the large surface area nano-architectural
design of the electrode having good electrochemical utilization
of two highly redox active materials together with high electri-
cal conductivity provided by the metal alloy core. Here, the
high surface area of the nano-heterostructure electrode (due to
the presence of nano-porous oxide shell layer) provides signifi-
cantly large platform for the fast charge intercalation/deinterca-
lation within the electrode material during the faradic reactions,
whereas, the highly conductive core helps for faster electron
transport that have been generated through redox reactions, to
the current collector, thus promoted relatively high rate capa-
bility. Moreover, this thin porous oxide layer facilitates electro-
Iytic ion and electron transport to the interiors of the electrode
material, resulting higher electrochemical performance.

The energy and power densities calculated by the formu-
las, E=1hCq)( AV)Y and P=E/A, respectively (where
“E (Wh kg™ 1),” “Cyp (F g N “AV (V),” “At (s),” and “P
(kW kg~ ') are the energy density, specific capacitance,
potential window of discharge, discharging time, and power
density, respectively.) from the charge—discharge curves at
different current densities are plotted in Fig. 3(d). The energy
density of the nano-heterostructures electrode decreases
from 44.7 to 23 Wh kg™, when the power density for the
same increases from 0.5 to 5.6kW kg~ ', as the discharge
current density increased from 2.5 to 20.8A g '. The
nano-heterostructures SC maintains high power density with-
out much reduction in energy density, which is found better
than reported previously for: NiO,,?° Ni(OH),,*! Co0,,*
Co(OH)223 based SC electrodes.

The nano-heterostructures also exhibit excellent electro-
chemical cycling stability beyond 3000 cycles carried out at
a current density of 2.5 A g~ !, with a negligible decay
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(5.5%) of its initial value of Cy, [Fig. 4(a)]. From the last 10
charge/discharge cycles shown in Fig. 4(a), it can be seen
that the symmetric triangular shape of the charging/discharg-
ing profiles remain almost unchanged during the long cycle
test which again signifies stable electrochemical perform-
ance and efficient charge transport during the reactions. Such
high stability of the electrode can be accounted for the higher
mechanical integrity which can sustain significant structural
distortion during repetitive charging/discharging process and
also non-dissolution of active material within the electrolyte.
However, small decrease in specific capacitance after 3000
cycles may be due to the swelling of the electrode material
owing to the continuous ion insertion/deinsertion process
during long cycle test.

The electrochemical impedance spectroscopy (EILS)
measurements data of the nano-heterostructures analysed by
using Nyquist plot are shown in Fig. 4(b). The finite slope of
the impedance spectra (0 > 45°) at lower frequencies indicates
Warburg resistance arises from the diffusion of the electrolyte
ions within the pores of the nano-heterostructure electrode.
The intercept on the real axis in the high frequency region rep-
resents the equivalent series resistance (R), which includes
bulk resistance of electrolyte, intrinsic resistance of active ma-
terial, and contact resistance of electrode/electrolyte interface.
The value of R, of the nano-heterostructure electrode is calcu-
lated as 0.452 Q, indicates higher electrical conductivity of
the electrode, which can be attributed to the presence of
Co-Ni alloy core within the nano-heterostructure. The diame-
ter of the semicircle in the high frequency region provides the
charge transfer resistance (R,,) resulting from the diffusion of
electrons during redox reactions. The low value of R, of the
nano-heterostructures (1.033 Q) represents its low faradic re-
sistance due to high redox activity of the composite materials
indicates easy charge transport across the electrode-electrolyte
interface. Therefore, from the EIS analysis it can be under-
stood that this unique core/shell combination of two redox
active materials significantly reduces the inherent resistances
of the whole electrochemical system leading to enhanced
capacitive performance.

In conclusion, 1D Co-Ni/C0304-NiO core/shell nano-
heterostructures with remarkable pseudocapacitance has been
demonstrated. The nano-heterostructures are fabricated by
combining simple electrochemical deposition of Co-Ni alloy
nanowires followed by controlled oxidation. The unique
nano-architectural design of the nano-heterostructures elec-
trode having large rough surface area coupled with the pres-
ence of two highly redox active materials with short ion

Re(Z)/ Q

diffusion path grown on the highly conducting metal alloy
channel facilitating the faster charge transport helps to achieve
enhanced electrochemical properties suitable for the superca-
pacitor applications.
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