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A Hybrid Electrochemical Energy Storage Device Using Sustainable Electrode
Materials

Abstract

2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim A new electrochemical energy storage device,
comprising a faradaic rechargeable pseudo-capacitor type electrode with a non-faradaic rechargeable
capacitor electrode, is successfully developed for potential applications in smart electric grids. Mapping
new electrodes possessing both high energy and power densities as well as long cycle life is vital for the
sustainable energy management. In this work, we present a new approach to design electrodes,
fabricated from sustainable resources by hybridizing calcined eggshell capacitor anode with a mixed
binary metal oxide pseudo-capacitor cathode. Calcium carbonate (calcite), obtained from the biowaste-
derived eggshell, is an effective electrode material and operates via accumulation of ions on the electrode
surface, providing a high discharge capacitance of 100 F/g through a non-faradaic process. The calcite
present in eggshells is found to be a valuable renewable resource which can be utilized for energy storage
through suitable process design. Otherwise, such potentially useful materials (eggshells) are generally
discarded as landfill. The mixed binary metallic oxide (NiO/Co304) showed a typical pseudocapacitive
behaviour associated with both charge transfer reactions and electrostatic means provided a high
discharge capacitance of 225 F/g. The fabricated prototype hybrid device provides an energy density 35
Wh/Kg at a power density 420 W/Kg. The charge storage characteristics of the hybrid device depend
heavily on the current rate employed. The design and fabrication of new sustainable electrode materials
provides an understanding of materials and their electrochemical performance in the high-voltage
window.
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Abstract

A new electrochemical energy storage device, comprising a faradaic rechargeable pseudo-
capacitor type electrode with a non-faradaic rechargeable capacitor electrode, is successfully
developed for potential applications in smart electric grids. Mapping new electrodes possessing
both high energy and power densities as well as long cycle life is vital for the sustainable energy
management. In this work, we present a new approach to design electrodes, fabricated from
sustainable resources by hybridizing calcined eggshell capacitor anode with a mixed binary
metal oxide pseudo-capacitor cathode. Calcium carbonate (calcite), obtained from the
biowaste-derived eggshell, is an effective electrode material and operates via accumulation of
ions on the electrode surface, providing a high discharge capacitance of 100 F/g through a non-
faradaic process. The calcite present in eggshells is found to be a valuable renewable resource
which can be utilized for energy storage through suitable process design. Otherwise such
potentially useful materials (eggshells) are generally discarded as landfill. The mixed binary
metallic oxide (NiO/Co304) showed a typical pseudocapacitive behaviour associated with both
charge transfer reactions and electrostatic means and provided a high discharge capacitance of
225 F/g. The fabricated prototype hybrid device provides an energy density 35 Wh/Kg at a
power density 420 W/Kg. The charge storage characteristics of the hybrid device depend
heavily on the current rate employed. The design and fabrication of new sustainable electrode
materials provides an understanding of materials and their electrochemical performance in the

high-voltage window.
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Introduction

We are now facing a great challenge to shift from using fossil fuels to renewable energy sources
[1]. The demand for renewable and sustainable energy resources has gained a lot of research
attention over the past few decades, shaping our views on waste management and climate
change mitigation [2]. To make the best use of variable output renewable energy resources,
reliable energy storage is important. Among the available energy storage technologies,
electrochemical energy storage, including rechargeable batteries and supercapacitors, are
currently considered to be the most suitable technology for stationary as well as mobile energy
storage applications [3-4]. Energy storage technologies are distinguished by their energy
storage mechanisms. Rechargeable batteries store energy through charge transfer reactions,
while supercapacitors undergo capacitive charge storage via the formation of an
electrochemical double layer (EDL) at the interface between the electrode and the electrolyte
[5]. Important characteristics of energy storage devices are the amount of energy that can be
stored per unit mass and how fast/quickly the stored energy can be delivered for device
performance, while providing required high currents over short durations. This is expressed in
energy density (Wh/kg) and power density (W/kg), respectively. Therefore, high-performance
energy storage devices that collectively provide high energy density and high power density
along with long-term cycling stability are the key features [6]. Unfortunately, typical
rechargeable batteries or supercapacitors cannot individually satisfy all of these criteria [7].
To overcome these limitations, several authors have proposed hybridization of a
pseudo-capacitor (battery) electrode coupled with a capacitor (EDL) electrode [6-10]. The
specific problems associated with either battery or capacitor devices can be offset by proper
design and fabrication of a hybrid device [11]. An energy storage system consisting of a battery
electrode (cathode) and a capacitor electrode (anode) is called a hybrid device [7] and can meet

the demands of both high energy and high power densities suitable for powering smart grids.



So far, extensive research has been carried out and hybrid devices are reported in references
[6-17]. Several types of electrodes have been reported [7] and the most commonly used anode
materials are biomass-derived carbon for an electrochemical double-layer [18-19]. Likewise,
metal oxides and conducting polymers are widely reported as cathode material for such
applications [7], which rely on redox-type reactions. It has also been widely accepted in this
field that merging carbon material with an electroactive redox (oxide) material leads to a hybrid
device with improved performance [7]. In this respect, combinations of activated carbon with
MnO:; in an aqueous electrolyte have gained wide interest [20-21].

Until now, most material designs that have been proposed to enhance the
performance characteristics of batteries and supercapacitors have focussed on controlling
morphology [22], creating composites with conductive material [23], producing higher surface
area [24] etc. But, none of the work on electrodes has focussed on calcium-based technology.
In this work, a new approach to energy storage device has been developed, involving the
hybridization of a biowaste eggshell anode and mixed metal oxide (NiO/Co304) cathode in a
hybrid system. Mixed binary metal oxides have been investigated as promising electrodes for
enhancing supercapacitor properties due to their multiple oxidation states, fast-electron
transport access, and high conductivity [25]. However, the synergistic effects of
electrochemically deposited mixed metal oxides to allow tuning the properties of the material
has not been widely reported for pseudocapacitors. Using biowaste eggshell [26] is not only
beneficial for waste management but also creates a value-added product in the market. We have
demonstrated the eggshell material in one of our previous reports [26] and have shown its
potential to be used in an electrochemical cell. The objective of this work is to fabricate novel

electrode materials and to test their electrochemical activity in hybrid devices.



Experimental

Material preparation: The chicken eggshell was obtained from a local supermarket and
comprised both calcified shell and shell membranes including inner and outer membranes.
These were washed, oven-dried, and then crushed to a powder using a mortar and pestle. The
crushed powder was calcined at 600° C for 2 h in air. The Brunauer-Emmett-Teller (BET)
surface area of the fine eggshell was 28.22 m?/g and the cumulative pore size diameter and
volume were 9.25 m*/g and 0.0067 cm?/g. The mixed metal oxides were deposited from a
nitrate aqueous salt solution. The electrodeposition was carried out on a stainless steel (SS)
cathode placed in parallel to an Iridium oxide coated Titanium (IrO»-Ti) anode at a cathodic
current density of 200 A m 2. Electro-deposition of mixed Co-Ni oxides were carried out from
nitrate solution containing 30 g dm > Co(NO3),-7H20 + 30 g dm ™ Ni(NOs),. The final electro-
deposited material was a NiO/Co304 composite. The product was calcined, and yielded a higher
surface area of 72.85 m?/g.

Electrodes for energy storage: For electrochemical measurements, an active electrode was
prepared by mixing active material (NiO/Co304 or calcined eggshell), carbon black and poly-
vinylidene fluoride (PVDF) in a 75:15:10 wt.% ratio. All ingredients were mixed in N-methyl-
2-pyrrolidone (NMP) solvent to make a slurry which was coated on a small piece of graphite
sheet with an active area of lcm?.

The electrochemical behaviour of both calcined eggshell and mixed metal oxide
materials were investigated with cyclic voltammetry by using a Bio-Logic instrument (SP-150)
and galvanostatic charge- discharge techniques by using a Battery Analyser (MTI corporation,
USA) operated by a battery testing system (BTS). Electrochemical behaviour of both the
electrodes were investigated by using three- electrode cells using 2 M NaOH as an electrolyte.

Pt wire and Hg/HgO were used as the counter and reference electrodes, respectively over the



potential range from -0.1—0.6V at various sweep rates. Galvanostatic charge/discharge was
carried out in the potential range of 0.2 —1.6V at various current densities.
For a hybrid device (eggshell vs. NiO/Co304), to maintain the charge conservation between the

two electrodes, the mass ratio was calculated using the below equation (1)
m+ /m— = (SC”* AV") /(SC" * AV") Eq. (1)

where m represents the mass in g. SC™ and SC" represents the specific capacitance, AV~ and
AV" the discharge/charge potential range for the eggshell and binary metal oxides (i.e.
NiO/Co0304), respectively. The specific capacitance and the energy density of the hybrid device
were calculated based on the equations reported elsewhere [26]. Based on the single electrode
characteristics, shown in one of the results in Fig. 8e, the optimal mass ratio between eggshell
and binary metal oxide was determined to be 1.12. Therefore, for a mass of 15 mg binary metal
oxide material, the mass of the eggshell was calculated to be 13.4 mg.

Material Characterization: The phase purity of the as-synthesized sample was characterized
by powder X-ray diffraction (XRD, Philips PANalytical, Bruker D8) analysis using Mo-Ka
radiation at an accelerating voltage and current of 40 kV and 30 mA, respectively. The
morphology of the eggshell material was characterized by Mira VP - Field Emission Scanning
Electron Microscope (FESEM). High-magnification imaging of the eggshell material was
obtained using a scanning transmission electron microscope (STEM) (JEOL ARM200F)
operating at 200 kV. STEM specimens were prepared by grinding a small amount of powder
in ethanol and dispersing it on a holey carbon film. X-ray photoelectron (XPS) spectra were
acquired using a Kratos AXIS Ultra instrument (Kratos Analytical Ltd, U.K.) equipped with a
monochromatic Al Ko radiation source (1486.69 eV) operating at 150 W power (15 kV, 10

mA). Analysis chamber pressure was < 3x10” mbar. High-resolution spectra acquired for



selected photoemissions were recorded at 0.1 eV/step and with a pass energy of 20 eV. The
analysis area was approx. 300 um x 700 um.

The particle size of the electrodeposited sample was determined using the LUMiSizer
from LUM GmbH. The NiO/Co0304 sample was dispersed in NMP with a concentration of 0.4
wt.% NiO/Co0304 to obtain the first transmission spectra in the range between 30-50%. NMP
was used in this experiment as a solvent to emulate the dispersion behaviour of the particles
during the slurry preparation of the cathode material. The solution was transferred to a 2 mL
polyacrylic cuvette. The particles were made to sediment under three different speeds (300 rpm
for 300 s, 2000 rpm for 200 s and 4000 rpm for 200 s). At the end of the measurement, all the
particles were sedimented at the bottom of the cuvette. The Ni/Co ratio in the NiO/Co0304
sample was determined using inductively coupled plasma atomic emission spectroscopy ICP-
OES (Varian 715-ES) using different wavelengths. For this measurement, the sample was
mixed in an aqua regia solution (2 ml HNOs3, double stilled + 6ml HCI (suprapur)) and heated
in a closed system at 180 °C. The solution was then diluted according to the calibration and
measured.
Results and Discussion
The crystal structure and purity of the electrodes were examined using X-ray diffraction and
the patterns are shown in Fig. 1. The X-ray diffraction pattern of the electrodeposited mixed
metal oxide (NiO/Co0304) are in good agreement with the standard patterns for NiO and Co304
(JCPDS card nos. 47-1049 and 76-1802, respectively). Relatively weak and broader diffraction
peaks of NiO suggest a lower crystallinity of the deposited material than the associated Co3O4
metal oxide. The Scherrer formula indicates that the average crystallite diameter to be about
30 nm. To retain the amorphous phase and fine grain size, the lower calcination temperature of
the nanocomposite oxide is preferred. Calcining the oxide at high temperature > 300 °C would

certainly improve the crystallinity [27], however, it may also affect the surface properties for



the pseudo-capacitor electrode, such as reducing the active surface area. For this reason, it was
not carried out here. The X-ray diffraction pattern of the calcined eggshell anode (Fig. 1b)
shows narrow diffraction peaks indicating a regular crystalline structure of the calcined
eggshell sample. The pattern confirmed that the material was calcite CaCO; and the peaks are
in good agreement with the standard pattern of CaCOs; ((JCPDS card nos. 05-0586). As
expected, the primary source of eggshell is calcium in the form of carbonate.

Nanocomposite materials prepared by electrochemical deposition of an active NiO
on a supporting Co3O4 are of great interest for energy storage applications [28]. To understand
the properties of metal oxides, X-ray photoelectron spectroscopy (XPS) surface analysis was
carried out on the mixed metal oxides. The XPS survey spectra obtained for the mixed metal
oxides is shown in Fig. 2 and high resolution spectra of the elements present are shown in Fig.
3. The surface of the material showed the presence of various elements including Ni and Co
and also O and a trace of C. In order to view the spectrum associated with each of the elements
presented in Fig. 2, the XPS spectra over regions specific to elements of interest were recorded.
Figure 3 shows the high resolution spectra were processed using a Shirley background
correction, and were fitted with Gaussian — Lorentzian line shapes. The Ni 2p spectrum (Fig.
3) has significant spin-orbit splitting component of 17.3 eV [28-29]. The multiplet splitting in
Ni2ps3. strongly resembles that of NiO [30] and using the same five components as used by
Biesinger et al. [31] in their fitting of the Ni 2p spectrum for this compound produced a
consistency to the spectrum acquired for the mixed oxide. The O 1s peak confirms this fact
exhibiting two components at 529.8 and 531.2 eV due to Ni-O and Ni—-OH bonds, respectively.
Consequently, it is reasonable to conclude that the Ni in the sample is present as the divalent
oxide. The Co 2p spectrum (Fig. 3) has significant spin-orbit splitting component of 14.9 eV
with a mixed oxidation state of Co (II) and Co (IIT). The Co 2p spectrum (Fig. 3) looked like a

convolution of the spectrum of Co304 with that of either Co(OH), or CoO or both. The fit



obtained using the components for Co3O4 and the hydroxide provided the best fit based on
Biesinger et al. [31] in their fitting of spectra for Co, CoO, Co(OH)2, CoOOH, and Co304.
However, the XRD patterns of Co304 do not show any contributions due to the hydroxides.
The N Is region at 406.7 eV corresponds to nitrate arising from the electrolytic nitrate bath.
The C 1s spectrum shows three components: C-C, C-O-C and O-C=0. These are likely due to
adventitious carbon contamination. Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) was used to determine the elemental ratio of nickel and cobalt in NiO/Co304. The
elemental concentrations are shown in Table 1. The results suggest that the electrode material
is composed of 0.72 Ni0O/0.28 Co304 and are close to the theoretical ratio, according to the
amount added in the electrodeposition process. XPS wide-scan spectrum for calcined eggshell
is shown in Fig. 4. Calcium (Ca), Carbon (C), and Oxygen (O) were observed in the samples.
Nitrogen (N) was also detected in the calcined sample, at less than 0.2 atom% against 13.7%
Ca, and is likely derived from protein in the eggshell membrane. The binding energy value for
Ca is in accordance with the reported values for CaCOj in the literature [32]. The EDS spectrum
(Fig. S1) shows the appearance of Ca, O, C without any discernible impurities.

The surface topography of the NiO/Co304 and calcined eggshell were examined
using SEM (Fig. 5). The Ni and Co oxides were intimately mixed at a sub-micron scale and
agglomeration of these finer crystals produced clusters with an average diameter of ~ 3 um.
The crystalline structure of the mixed oxides exhibit distinct morphologies of nanopetal like
crystallites with a fairly uniform thickness, giving a highly porous texture between the petals,
and another area with a sharp contrast of nickel oxides in islands deposited on the Co304
nanopetals. The corresponding area of the elemental analysis (Fig. S2) confirms the presence
of both Ni and Co. The SEM image of calcined eggshell shows it has a much finer scale particle
size and poroisty than the mixed oxides. However, for the latter, differentiating between crystal

and agglomerate size for the oxides is difficult as this is been electrochemically deposited. To



resolve the ambiguity, particle size distribution of the NiO/Co304 and calcined eggshell were
performed, and the results (Fig. 6). The measured median particle size for NiO/C0304 and
calcined eggshell were 6.55 and 3.24 pum, respectively. The particle size for the oxides agreed
with the microscopy result. However, the observed discrepancy for the calcined eggshell
suggests the variation in the method of sample preparation. Figures 7 shows the TEM
micrographs of both the electrodes; (a-d) calcined eggshell, and (e-h) NiO/C0304 Fig. 7a shows
a bright field TEM imaging of the polycrystalline eggshell clusters and HAADF details thereof
are shown Figures 7b-d. These clusters are characterized by being highly porous and
nanocrystalline, the crystallites being <50nm in diameter. This type of porosity can play an
important role in influencing the adsorption and desorption of ions from the electrolyte [7].
Figure 7e shows the bright field (BF) image of the mixed metal oxides and a detail thereof in
Fig. 7f. This shows a range of particle/cluster sizes. EDS mapping (not shown) indicates that
all have the same composition. Detailed inspection shows that clusters are comprised of nano-
dimensioned nickel oxide particles grown on the cobalt oxide crystallites. The corresponding
high-resolution images of the particle shows fine grained (ca 10nm) phase (Fig. 7g) in one area
and larger grains (>20nm) in another area (Fig. 7h) indicating the hierarchical arrangement of
mixed oxides

The electrochemical behaviour of the mixed metal oxide NiO/Co0304 as cathode and
calcined eggshell as anode for a hybrid device were investigated using half-cell performance
tests (three-electrode configuration) at various sweep/current rates in the potential range 0 — -
1.2 V (for eggshell), and 0 — +0.6 V (for mixed oxides) using Hg/HgO as reference electrode.
The anodic performance of the eggshell is shown in Fig. 8a. The cyclic voltammogram (CV)
are for various scan rates between 2 and 20 mV s'. No well-defined peaks (both, during
oxidation and reduction) are evident at any sweep rate. This is consistent with the charge-

discharge curves observed in the galvanostatic cycling (Fig. 8c). The CV of the eggshell (Fig.



8a) features a quasi-rectangular shape while the charge-discharge processes are almost linear
with respect to voltage, and are independent of current. The discharge capacitance 105 F/g.
This is similar to what has been observed and reported for various carbon-based electrodes in
aqueous electrolytes [18, 33]. The presence of pores in the eggshell facilitates ion transfer in
the electrode and ready access of the electrolyte to large areas of electrode, enables the high
sweep rates due to capacitance from non-faradaic reaction [34]. The behaviour of NiO/Co0304
(Fig. 8b, d) is quite different with voltage-dependent charge transfer reactions where the
potential is a function of initial and final chemical reactions. Well-defined redox peaks (Fig.
8b, Ci and A1) were observed for the NiO/Co30O4 and these are attributed to the reversible
reaction of cobalt and nickel involving the ability of OH™ to be inserted/extracted into/from the
NiO/Co304 electrodes. Individual peaks due to Co?"*" and Ni*>"** redox were not resolved in
the CV curve because of the fact that the potential for Co*”*" and Ni*"** redox couples are
very close. The corresponding charge-discharge curves at different current rates (Fig. 8d) are
characteristic of pseudocapacitive oxide electrodes exhibiting an intermediate case (neither
purely battery- nor capacitor-type behaviour), and the charge storage corresponds to a
capacitance of faradaic nature, termed pseudocapacitance [35]. A typical hybrid device with a
working principle is schematically depicted in Fig. 9. The hybrid approach is to combine
different type of energy storage materials to achieve high energy and high-power density within
a single device. The observed curves (in both Figs. 8b, d) are fundamentally different from the
battery electrode, which shows a typical plateau-like discharge/charge curve with a rapid
polarization. For this reason, the chosen mixed metal oxide, which exhibits extrinsic
pseudocapacitive behaviour, may provide a significant advantage when coupled with an
eggshell electrode for a practical device. The nearly symmetric charge-discharge curves imply
a high coulombic efficiency and low polarization with a high discharge capacitance of 225 F/g.

Translating this capacitance value (F/g) of the mixed metal oxide into capacity (C/g) using the

10



potential window that is traversed when cycled this device showed an equivalent of 450 C/g.
The electrochemical response of this material has been found to be the sum of the responses of
the battery- and capacitor-type behaviour involving both faradaic and non-faradaic reactions
(as shown in Fig. 9). As shown in Fig. 8d, at a low current density of 0.05 A/g the capacitance
contribution is 121 F/g but at a higher current density of 0.2 A/g, the response is dominated by
the capacitance showing a contribution of 140 F/g. The mixed metal oxides of Co and Ni are
bound to enhance the electronic conductivity which enables the NiO/Co304 electrode to
maintain a relatively high capacitance at higher sweep rates and current densities [36]. The
eggshell-derived anode (capacitor) and NiO/Co304 derived cathode (pseudo-capacitor) shows
the performance characteristic (Fig. 8¢) of the asymmetric (hybrid) system. The capacitance
values for anode and cathode are 105 F/g and 225 F/g, respectively. Based on the mass-balance,
a hybrid device comprising two-electrode materials eggshell || NiO/Co0304 was fabricated, with
enhanced power and energy characteristics. The CV profile of the device is shown in Fig. 8f.
The curves show pseudocapacitive behaviour at lower sweep rate (5 mV/s) based on fast
reversible faradaic redox reactions and capacitive behaviour at higher sweep rates (> 5 mV/s)
due to fast adsorption and desorption of the electrolyte ions at the interface, respectively [37].
Close inspection of Fig. 8f shows a pair of redox peaks are evident only at the lower sweep
rates. It is important to note that the intrinsic properties of the used electrodes, eggshell ||
NiO/Co304 are not being altered in the hybrid device, it is the synergy of both electrodes which
results in the enhanced energy storage behaviour of binary metal oxide.

The influence of current rates of 0.2 mA and 2 mA on the cell characteristics is
shown in Figs. 10 and 11 respectively. Under the same voltage window, the charge-discharge
profile at the lower current rate produces a curve with an asymmetric shape (Fig. 10a) while at
the higher current rate a symmetric potential profile of shorter duration is seen (Fig. 11a). The

asymmetric shape is associated with the redox reactions in the bulk mixed oxide contributing
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to the higher capacity. It is noteworthy that the profile in Fig. 10 is suitable for battery
applications providing a discharge capacity of 60 mAh/g, whereas, Fig. 11 is suitable for
capacitor applications providing a charge capacity of 100 F/g. This is also evident in the
respective CV profiles that at a lower scan rate (2 mV/s) prominent redox peaks are seen. These
peaks corresponds to an ionic diffusion in the bulk NiO/Co3;04 material resulting in reversible
faradaic reactions. At a higher scan rate (20 mV/s), the electrochemical energy is contributed
by electrostatic force that enhances the electron transfer to the mixed oxide in the hybrid device,
leading to better charge transfer reaction at high rates. The synergy between the two electrodes
enhanced both the energy density (35 Wh/kg) and power density (420 W/kg) as well as an
excellent cycling stability at both low and high charge rates. The calculated capacity retention
from the cycling plots for a battery-type (Fig. 10) and supercapacitor-type behaviour (Fig. 11)
show that the available capacity is 89.5%, and 95.8%, respectively. The loss in capacity is
mainly attributed to the diffusion-controlled response and this is further degraded at higher
sweep rates. The delivered stable capacitance of the fabricated hybrid device (95 F/g after 1000
cycles), which is compares favourably with that of similar materials reported for battery-
supercapacitor hybrid devices in the literature like Co3O4 (57 F/g) [38], NiC0204 (64 F/g) [39],
Co — Ni oxides (82 F/g) [40], CoM0Os (25 F/g) [41] and NiMoOs (100 F/g) [42] and other
ternary metal oxides [43]. Importantly, these reported materials have not used eggshell as
anode. The synergistic effect of mixed oxides inhibits the polarization of the electrode suitable
for pseudocapacitance, resulting in excellent cycling stability and rate performance.
Conclusions

The hybridization of the electrochemical double layer electrode with a pseudocapacitor
electrode enhances the electrochemical properties of the device with a voltage window of 1.6
V. The mixed metal oxide (NiO/Co304) exhibited a combination of both faradaic reactions at

surfaces enabling high capacity (60 mAh/g) and fast charge storage kinetics. The massive OH"

12



ion accumulation on the porous oxide electrode resulted in pseudocapacitive reaction. The
eggshell showed quasi rectangular CV plots and linear potential-time response in charge-
discharge curves with a discharge capacitance of 100 F/g. The islands of NiO grown on the
Co0304 nanopetal surface improved the electrical conductivity and shortened the ion diffusion
resulting in a psuedocapacitor electrode. The characterization of the electrodeposited sample
confirms the presence of Ni and Co in the mixed metal oxide and Ca as the primary resource
in the calcined eggshell. ICP-AES analysis showed that synthesis method produced mixed Ni-
Co oxides in the expected proportions. The hybrid device delivered a high energy density of
35 Wh/kg and a power density of 420 W/kg with long-term cyclability of 98% retention of
initial capacitance. The study clearly indicated that this new hybrid energy storage device,
fabricated from bio-waste material like eggshells in combination with available and relatively
inexpensive mixed metal oxides (NiO/Co30s) is attractive and has the high potential for many

energy intensive applications.
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Table 1 ICP-AES analysis of NiO/Co304 material

Electrode Concentration of Ni Concentration of Co Molar ratio of Ni/Co
(ppm) (ppm)
NiO/Co304 3.40x 10° 422x10° 1:1.24
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Figure 1 X-ray diffraction patterns of: a) mixed metal oxides electrodeposited from a nitrate
bath resulting in a mixed transition metal oxide (NiO/Co30s) ; b) calcined eggshell powder
resulting in CaCOs.
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Figure 2 Wide scan XPS spectra of electrodeposited mixed transition metal oxide
(NiO/Co0304) powder showing the elements present.
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Figure 3 High-resolution XPS spectra of electrodeposited mixed transition metal oxide
(NiO/Co0304) powder showing spectral regions for : a) Ni 2p; b) Co 2p; ¢) O 1s; d) N 1s and
e) C Is.
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Figure 4 Wide scan XPS spectra of calcined chicken eggshell powder showing the elements
present in the shell.
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Figure 5 SEM secondary electron images of the electrodeposited mixed transition metal
oxide (NiO/Co304) (left), and calcined chicken eggshell (right) under the same magnification.
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Figure 6 Particle cumulative (solid line) and density (dotted line) distribution of CaCOj3 and
NiO/Co304
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Figure 7 STEM bright field images of (a-d) calcined eggshell, and (e-h) NiO/Co0304 mixed oxides.
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Figure 8 First cyclic voltammetric (CV) curves of (a) calcined eggshell, and (b) mixed metal oxides
electrode at different scan rates shown in the respective figures. Charge-discharge behaviour (three-
electrode configuration) of (c) eggshell in the negative region, and (d) mixed metal oxides in the
positive region at different current rates shown. (e) CV curves of eggshell as negative (black curve)
compared with mixed metal oxides (red curve) as positive electrode. CV curves of hybrid cell (two-
electrode configuration) (f) comprising a supercapacitor eggshell || NiO/Co304 in 2M NaOH aqueous
electrolyte. Curves show pseudocapacitive behaviour at lower sweep rates (< 5 mV/s), and capacitive
behaviour at higher sweep rates (> 5 mV/s), respectively.
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Figure 9 Schematic of a hybrid device (eggshell || NiO/Co0304) showing the working
principle during an electrochemical (charge/discharge) processes.
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Figure 10 Hybrid cell (two-electrode configuration) (a) CV and (b) charge-discharge curves

for consecutive cycles of supercapacitor comprising eggshell || mixed metal oxides at a lower

current rate of 0.2 mA. Both CV and charge-discharge curves show well-defined redox peaks
implying a battery-like behaviour at this current.
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Figure 11 Hybrid cell (two-electrode configuration) (a) CV and (b) charge-discharge curves
for consecutive cycles of supercapacitor comprising eggshell || mixed metal oxides at a higher
current rate of 2 mA. Both CV and charge-discharge curves show quasi-rectangular like
redox curves implying capacitive behaviour of 2 mA.
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Supporting Information (SI)

This supporting information (SI) contains two figures.
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Figure S1 EDS spectrum of the calcined eggshell (CaCO3) showing the elements present in
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Figure S2 Elemental mapping (left) and the corresponding EDS spectrum (right) of the
mixed metal oxide NiO/Co304 showing a uniform Co and Ni distribution, even in particles as
small as 10nm.
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