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Exploring the electrochemical characteristics of
the nucleobase-template assisted NiCo2O4

electrode for supercapacitors†

Karthik Krishnan, *a Amuthan Dekshinamoorthy,a Saranyan Vijayaraghavana and
Selvakumar Karuthapandi *b

Metal–nucleobase nanostructures are considered essential electrode materials in demonstrating the

electrochemical performance of supercapacitors for energy storage devices. In this study, different com-

binations of nucleobases have been used as metal coordination ligands to prepare the NiCo2O4 (NCO)

nanostructures. Of specific interest, the nucleobases such as adenine (A), guanine (G), and cytosine (C)

were used in different combinations such as A–G, A–C, and G–C for modulating the structure and morphol-

ogy of NCO. Owing to the synergistic effect of higher electronic conductivity and sheet-like morphology, the

NCO/A–G obtained from the Ni–Co/A–G complex shows enhanced supercapacitance characteristics relative

to that of the NCO nanostructures obtained using other combinations (A–C and G–C). In particular, the NCO/

A–G as an electrode material shows a maximum specific capacity of B130 mA h g�1 at a current density of

0.3 A g�1. Significantly, the fabricated asymmetric supercapacitor (ASC) consisting of six-series cells extends

the operating voltage of 6.5 V with good energy and power density of 8.5 mW h cm�2 and 400 mW cm�2,

respectively. It is also demonstrated that the NCO/A–G-based supercapacitor effectively lights up a blue light-

emitting diode for a certain time, suggesting the feasibility of morphologically tuned nucleobase–metal com-

plexes for practical energy storage devices.

1. Introduction

An investigation of electrode materials and the corresponding
electrochemical energy storage characteristics plays a crucial
role in developing next-generation energy storage devices.1–3

Due to its high power density, fast charge–discharge rate, and
large capacitance characteristics, the supercapacitor is considered
an essential candidate for energy storage devices in both
stationary and mobile applications.4,5 In principle, charge
storage in the electrode material can occur either electrostati-
cally (electrical double layer [EDL] formation) or electrochemi-
cally (pseudo-capacitance) under biasing conditions.6,7 In
electric double-layer capacitors (EDLCs), the electrostatic inter-
action between the ionic charges at the electrode/electrolyte
interface forms the EDL by the adsorption/desorption of ionic
carriers.8 The EDLC performance mostly relies on the types of
electrode material and its properties such as surface area,

morphology, electrical conductivity, etc.9–11 In general, down-
scaling of materials to the characteristic nanoscale offers a
large surface area, which promises for achieving higher power
and energy densities relative to that of the bulk-scaled materials
with the same chemical composition.12,13

In recent years, transition metal oxides such as zinc oxide
(ZnO), vanadium oxide (V2O5), cobalt oxide (Co3O4), ruthenium
oxide (RuO2), and other related materials have been extensively
employed as electrode materials for supercapacitors.14–25

Among the widely studied supercapacitor electrode materials, a
spinal structure (AB2O4) of mixed transition metal oxides, com-
prising single-phase ternary metal oxides with two various transi-
tion metal elements has attracted much attention because of its
higher electronic conductivity and electrochemical activity than
the single transition metal oxides.26–28 In particular, spinel nickel
cobaltite (NiCo2O4 [NCO]) has been broadly investigated as an
electrode material in EDLC because of its advantages including
large theoretical capacitance value (Z3000 F g�1), low cost,
environmental-friendliness, etc.29,30 However, the practical capa-
citance of NCO is much lower than the theoretical capacitance
value, interpreted by limited surface area and relatively poor
conductivity.31 In order to enhance the practical capacitance
characteristics, numerous investigations have been done with
various strategies including optimization of specific surface area,
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particle size and shape controllability, enhancement of oxygen
vacancies, and incorporation of a small amount of impurities into
the NCO.32–34 It is well-known that the particle size, morphology,
and specific surface area of the nanostructured inorganic elec-
trode materials can play a vital role in the electrochemical proper-
ties; therefore, it is highly desirable to select an appropriate metal
coordination ligand to modulate the electrochemical properties
of electrode materials.35,36 Coordination of organic ligands
to metal centres has been known to assist the nanoscale archi-
tectures of metal oxide-based electrodes. Hu et al. have shown the
use of imidazolate ligands (e.g., zeolitic imidazolate framework-67
(ZIF-67)) to synthesize Co3O4/NiCo2O4 double-shelled nanocages
displaying enhanced pseudo-capacitance behavior.35 Gao and
co-workers have harnessed the complexation chemistry of Ni2+

and Co2+ toward citric acid ligands and solvothermal processes to
synthesize urchin-like NiCo2O4 with significant oxygen vacancies
and improved capacitance characteristics.36 The unique aspect of
the current work, which distinguishes our work from other work,
is the use of nucleobases as coordination ligands which offer
greater variability in metal ligand-coordination, as well as in terms
of combinatorial possibilities, as compared to the conventional
organic ligands.

Here, we report the morphologically tuned NCO nanoparticle
with various combinations of nucleobases (adenine–cytosine
[A–C], guanine–cytosine [G–C], and adenine–guanine [A–G])
in a hydrothermal synthesis process. The purines (adenine
and guanine) and the pyrimidines (cytosine and thymine) are
the nucleobases that offer intriguing molecular recognition prop-
erties, and are often manipulated to prepare self-assembled
supramolecular structures.37 Their molecular surface not only
presents hydrogen bond donor (N–H)/acceptor sites (N and
CQO) for self-assembly formation and interaction with protic
solvent molecules, but also provides Lewis basic metal coordina-
tion sites as depicted in Scheme 1.38,39 Hence, it is speculated that
the metal coordination property of nucleobases in combination
with their hydrogen bonding capability and p–p stacking inter-
action can tune the structure and sheet-like morphology of the
NCO nanostructures, which is highly desirable to attain enhanced
electrochemical performance.

The NCO nanostructures with three different and well-
defined morphologies, including tiny poly-crystals, aggregated
poly-crystals, and large sheet-like structures have been pre-
pared by the optimized nucleic acid combinations and reaction
conditions.

Tuning of the NCO morphology greatly improves the super-
capacitance characteristics, interpreted by various electro-
chemical studies. Combinations of adenine and guanine-based
NCO nanostructures (NCO/A–G) show a maximum specific capa-
city of 130 mA h g�1, which is relatively higher than the other two
NCOs. To demonstrate the supercapacitance characteristics
for practical applications, we constructed the all-solid-state
ASC comprising an electrolyte (PVA–KOH) sandwiched between
the NCO/A–G and the conductive carbon-based electrodes. The
ASC consisting of six-series cells exhibits a maximum operating
cell voltage (6.5 V) with accumulated energy and power density of
8.5 mW h cm�2 and 400 mW cm�2, respectively. To quantitatively
analyze the high-performance device characteristics, four series
cells were connected with a light-emitting diode (LED) after one
complete charging (up to 6 V), which effectively lights up a LED.

2. Experimental section
2.1. Materials

Nickel nitrate hexahydrate (Ni(NO3)2�6H2O (Himedia, 98%) and
cobalt nitrate hexahydrate (Co(NO3)2�6H2O (Himedia, 98%)
were used as received. Nucleic acids such as guanine, adenine,
and cytosine were used as received from Spectrochem, India.
The aqueous solutions were prepared using deionized (DI)
water. All these analytical-grade chemical reagents were used
without additional purification.

2.2. Synthesis of different NiCo2O4 nanostructures using
nucleic acids

The hydrothermal method was adopted to prepare the NiCo2O4

nanostructures using different combinations of nucleic acids
(G–C, A–C, A–G). In a typical reaction, 1.12 g (3.9 mmol) of
Ni(NO3)2�6H2O, 2.05 g (7.0 mmol) of Co(NO3)2�6H2O, 0.1 g of
guanine (0.7 mmol) and 0.1 g of cytosine (0.9 mmol) were
dissolved in 100 mL of DI water. The reaction mixture was
constantly stirred for 30 min to obtain a homogeneous solution.
Then, the homogeneous solution was transferred into a 100 mL
Teflon-sealed stainless autoclave. The autoclave was kept inside
the high-temperature furnace and maintained at 150 1C for 6 h.
After it was cooled to room temperature, the product was washed
several times with DI water and ethanol. The final product was
calcined at 500 1C for 6 h in an air atmosphere. The prepared
NiCo2O4 nanopowders with guanine and cytosine were labeled
as NCO/G–C. Similarly, the NCO/A–C and NCO/A–G were pre-
pared with adenine : cytosine (0.1 : 0.1 g) and adenine : guanine
(0.1 : 0.1 g), respectively. The schematic representation of the
synthesis procedures for the Ni–Co/nucleobase complexes and
the subsequent transformation of these complexes into the NCO
electrode is shown in Fig. 1.

2.3. Material characterization

The crystal structure of the prepared NCO nanostructures was
characterized using an X-ray diffractometer (XRD; X’Pert PRO,
PANalytical, Cu Ka, l = 0.15406 nm). The morphology and
structural information of the prepared samples were examined

Scheme 1 Illustration of possible metal coordination Lewis base sites in
nucleobases.
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using scanning electron microscopy (SEM; JEOL JSM-6700F, 5 kV),
and high-resolution transmission electron microscopy (HRTEM;
JEOL, JEM-2010 HT). Brunauer–Emmett–Teller surface areas and
pore volumes were measured using Quantachrome instruments
with nitrogen adsorption at 77 K.

2.4. Electrochemical measurements

The electrochemical measurements were initially carried out
in a three-electrode configuration using an electrochemical
workstation (Metrohm Autolab potentiostat/galvanostat instru-
ments) at room temperature and ambient conditions. The
three-electrode measurement was done in a 3 M KOH aqueous
electrolyte. Prior to preparing the electrode materials, the
carbon cloth (1 cm � 1 cm) was cleaned with acetone, DI water,
and ethanol. For drying, the cleaned carbon cloth was kept
at 70 1C for approximately 5 h. In a three-electrode configu-
ration, the platinum (Pt) wire was used as a counter electrode,
the saturated calomel electrode (SCE) was used as a reference,
and the prepared NCO was used as the working electrode. The
working electrode was prepared by mixing the NCO (80 wt%),
carbon black Super-P (10 wt%, TIMCAL-ThermoFisher Scienti-
fic, India), and polytetrafluoroethylene (PTFE) (10 wt%) in
N-methyl pyrrolidinone (NMP) solvent to form a homogeneous
slurry. Then the prepared slurry was uniformly coated on
the carbon cloth surface with an NCO loading of around
2.0 mg cm�2 and kept at 70 1C overnight before carrying
out the cyclic voltammetry (CV), galvanostatic charging/dischar-
ging (GCD), and electrochemical impedance spectroscopy
(EIS) measurements with different scan rates and current
densities.40,41

2.5. ASC fabrication

The all-solid-state ASC was fabricated using the prepared NCO
as the cathode and the carbon black super-P coated carbon
cloth as the anode. In order to fabricate the ASC device, the

polyvinyl alcohol (PVA)–potassium hydroxide (KOH) electrolyte
was sandwiched between the cathode and the anode with a
dimension of 1 cm � 1 cm. Then, the fabricated ASC device was
dried overnight at 80 1C. For the PVA–KOH electrolyte, 1 g of
PVA was dissolved in 15 mL of DI water with continuous
stirring at 90 1C for 2 h. Then, 1g of KOH was dissolved
separately in 5 mL of DI water and added to the PVA solution.
After 15 min, the homogeneous PVA–KOH mixture was trans-
ferred into the glass Petri dish and maintained at 60 1C for 12 h.
Finally, the PVA–KOH film was peeled-off from the Petri dish
for the NiCo2O4-based ASC device.

In the CV studies, the cyclic sweep rate was varied between
1 and 100 mV s�1. In the GCD studies, the device was charged
and discharged with different charge–discharge current densi-
ties. The areal capacitance and specific capacity were calculated
using eqn (1) and (2), respectively,

Ca = I � Dt/(S � DV) (1)

C = I � Dt/m (2)

where Ca and C represent areal capacitance and specific capacity,
respectively. I, S, and m are the constant discharge current,
geometric area of the electrode, and loaded metal mass (mg),
respectively. Dt (t) and DV (V) are the discharge time and
potential drop during discharge, respectively. The energy density
(Ed, mW h cm�2) and power density (Pd, mW cm�2) of
the supercapacitor device are evaluated using the following
relation,

Ed = (Cs � DV2)/2 (3)

Pd = Ed/Dt (4)

where Cs is the specific capacitance, DV (V) is the potential
window and Dt (t) is the discharge time, respectively.

Fig. 1 Schematic representation of the synthesis procedures of NCO–nucleobase complexes and the preparation of the NCO-based working
electrode.

NJC Paper

Pu
bl

is
he

d 
on

 2
2 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
2/

11
/2

02
5 

3:
19

:0
8 

PM
. 

View Article Online

https://doi.org/10.1039/d2nj05436a


6238 |  New J. Chem., 2023, 47, 6235–6245 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

3. Results and discussion
3.1. Crystalline structure of the prepared NCO–nucleobase
electrode materials

The crystalline structure of the prepared NCOs was determined
using powder X-ray diffraction (XRD) analysis. Fig. 2 represents
the XRD patterns of the NCO powders with various combinations
of nucleobases in them. The observed major peaks of NCO
powders indicate the presence of a cubic spinel phase, which
is well matched with the standard Joint Committee on Powder
Diffraction Standards (JCPDS no. 20-0781).42 The peak positions
were found to be 18.91, 31.21, 36.81, 44.31, 55.21, 59.11, and 64.91,
corresponding to the (1 1 1), (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1),
and (4 4 0) planes.43 From the XRD patterns, the formation of a
cubic spinel phase with the F3dm space group is existing in all
the samples.44

Note that, all three samples show similar peaks with higher
peak intensity in the XRD profile revealing that the NCOs are
crystalline in nature.45,46 The NCO/G–C powders show relatively
higher crystalline ordering as compared to that of the remaining
two samples. Moreover, the obvious peak broadening in the XRD
pattern is ascribed to the formation of nano-crystalline ordering
in the prepared powder. The average particle sizes of the NCOs
such as NCO/G–C, NCO/A–C, and NCO/A–G were estimated to be
B12 nm, B16 nm, and B19 nm, respectively. The difference in
particle size from one sample to another can be due to the
influences of various combinations of nucleobases during NCO
preparation.

3.2. Morphological and structural analysis of the
NCO–nucleobase electrode materials

The morphological and structural features of the prepared
NCO/G–C, NCO/A–C, and NCO/A–G were studied using SEM,
transmission electron microscopy, and selected area electron
diffraction (SAED) patterns. Fig. 3a–f shows the SEM images of
the prepared NCOs with different nucleobase combinations.
From Fig. 3(a, d), and (b, e), the morphology of NCO/G–C and
NCO/A–C appears as nanometer-size aggregates with an average
size ranging from 50 to 100 nm. The formed nanostructures can
be due to the aggregation of crumbled flake-like structures
during the hydrothermal reaction, in which the nucleobases
along with metal ions majorly contributed for originating the
nuclei formation. The complete crumbling of the sheet mor-
phology in the NCO/G–C could be associated with the lack of
adenine coordination ligand in the precursor of the Ni–Co/G–C
complex used for the calcination. Fig. 3c and f show the SEM
images of the NCO/A–G with different magnifications. It can be
clearly seen that the sheet-like morphology is predominant in
this case, which is in contrast to the morphological features of
the other two NCO nanostructures. It is essential to mention
that the sheet-like morphology with large voids appeared on the
entire surface of the NCO/A–G. The combinatorics clearly
indicate that the metal coordination properties of adenine
and guanine and their intermolecular interaction in the
Ni–Co/A–G complex play a synergistic role in the emergence
of the sheet-like morphology in the NCO/A–G. As seen in the

previous section (Scheme 1), the number of Lewis base coordi-
nation sites in the molecular structure of purines (A and G) is
more as compared to pyrimidine base (C). Furthermore, the
number of hydrogen bonding acceptors is relatively more in
(A and G) as compared to (C).

In order to elucidate deeper insight into the morphological
characteristics, both TEM and HRTEM analyses were carried
out. Fig. 4a–c represents the TEM images of the NCO/G–C,
NCO/A–C, and NCO/A–G nanostructures, respectively. Fig. 4d–f
and g–i are the corresponding HRTEM images and SAED
patterns, respectively. It is significant that the particles are
distributed uniformly in both NCO/G–C and NCO/A–C, whereas
the sheet-like morphology appeared in the NCO/A–G. From the
HRTEM images, the average particle size is found to be
approximately 15 and 20 nm for NCO/G–C and NCO/A–C,
respectively; which is in agreement with the estimated particle
size from the Debye–Scherrer relation using XRD patterns.
Despite large variations in the metal coordination properties
of adenine and guanine, the NCO/A–G complex exhibits a
completely different morphology as compared to the remaining
samples. The SAED patterns additionally reveal the structural
characteristics of the prepared samples. The ring and dot
patterns in the SAED pattern validate the crystallinity of the
samples. The SAED patterns of the NCO nanostructures
(Fig. 4g–i) are indexed to the (111), (220), (311), and (400)
planes of spinel-structured NCO, which is consistent with the
results obtained from XRD data. The crystalline nature of the
electrode material is desirable for supercapacitor applications,
which could provide structure retention for long-term
stability.47,48 Based on these results, the higher distribution
of sheet-like morphology with porous structure is dominant in
the NCO/A–G. The porous nature of the materials was further
confirmed with Brunauer–Emmett–Teller (BET) surface area
analysis, as shown in Fig. S1 of the ESI.† 49,50 Based on the
BET analysis, the specific surface areas of the NCO/G–C, NCO/
A–C, and NCO/A–G nanostructures are found to be 104, 136,

Fig. 2 XRD patterns of the prepared NCO–nucleobase electrode
materials.
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and 244 m2 g�1, respectively. In general, the porous structure
along with the higher surface area of an electrode material
plays a significant role in energy storage applications due to the
excellent ionic charge diffusion and the larger contact area of
the electrode/electrolyte carriers during redox reactions.

3.3. Electrochemical performance of the NCO-nucleobase
electrode materials

To investigate the potential application of NCOs as electrode
materials in the supercapacitor, the CV, GCD, and EIS measure-
ments were carried out in a three-electrode configuration with
3 M KOH aqueous electrolyte. At first, the three-electrode-based
CV studies have been performed in order to understand the
conceivable redox reactions at the electrode/electrolyte inter-
faces. Fig. 5a and b illustrate the CV curves of the NCO/G–C,
NCO/A–C, and NCO/A–G obtained at the sweep rates of 1 mV s�1

and 50 mV s�1, respectively. From the CV profiles, it is found
that the capacitance characteristics are greatly influenced by the
nucleobase combinations, and the scan rates of the CV. A pair of
irreversible redox peaks were found in certain sweep rates and
fixed potential windows, indicating the existence of the faradaic
process similar to the battery behavior.51,52 By considering the
NCO/G–C and NCO/A–C nanostructures, the prominent redox
peaks are observed in both forward and reverse sweep cycles
(between 1 and 30 mV s�1), as shown in Fig. S2a–d of the ESI.†
The observed pseudo-rectangular nature in the CV curve could
be due to the redox reactions (oxidation/reduction) of metal
ions, i.e., Ni2+ 2 Ni3+ and Co2+ 2 Co3+ 2 Co4+ on the surfaces
of NCO under forward and reverse sweeping conditions.53

Essentially, the redox behaviors (pseudo-capacitance) tend to
transform to a quasi-rectangular shape when the cyclic scan rate
is above 50 mV s�1. The origin of the quasi-rectangular shape
corresponds to the EDL formation in the cell.54 Out of the three
NCOs, the NCO/A–G shows a quasi-rectangular shape of the CV

curves in the entire scan rates (1–100 mV s�1, Fig. S2e and f of
ESI†), which is majorly ascribed to the EDL capacitance behavior
of the cell. It could also be observed that the separation between
the oxidation and reduction peaks does not show an increase in
trend with an increase in scan rates, indicating that the NCO/A–
G-based electrode is promising for use in ultrafast redox reac-
tions. It is essential to mention that, in the NCO/A–G-based
supercapacitor, the current response and shapes of the CV
profiles are retained in all the scan rates (1–100 mV s�1),
confirming that the sheet-like morphology by the adenine–
guanine combination in the NCO evidences better supercapaci-
tance performance relative to that of the remaining two NCO-
nucleic acid based cells. Furthermore, the NCO/A–G-based
supercapacitor exhibits the largest CV curve integral area
(Fig. 5b), which explains the possibility of the highest specific
capacity (C). Fig. 5c represents the scan rate-dependent specific
capacity (C) plot of the NCOs. In all the cases, the C value
increases with the decrease in cyclic scan rate. The higher C
value is found to be B116 mA h g�1 for the NCO/A–G-based
supercapacitor, whereas the NCO/G–C exhibited a lower value of
B49 mA h g�1 at a minimum scan rate of 1 mV s�1.

To further validate the charge–discharge characteristics,
GCD measurements have been carried out on all three devices
with various current densities in 3 M KOH aqueous electrolyte
(potential window: 0–0.45 V). Note that, the discharge behaviors of
the NCO-nucleobase electrode-based device are found to possess a
capacitive nature, interpreted by almost linear discharge patterns
of the cells. Fig. S3 of the ESI† illustrates the GCD profiles of the
NCOs studied at various current densities ranging from 0.3 to
4.8 A g�1. The GCD comparison plot between different combina-
tions of nucleobases in the NCO nanostructures is represented in
Fig. 5d at a current density of 1.5 A g�1. The storage phenomena
and the tendency of charge accumulations designated by the GCD
results are closely associated with the CV results. As can be seen in

Fig. 3 SEM images of NCO nanostructures using different combinations of nucleic acids, such as (a) G–C, (b) A–C and (c) A–G, and (d–f) are the
corresponding magnified images.
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Fig. 5d, the NCO/A–G nanostructure-based cell shows a longer
discharge time. To get more information on the long-term cycling
capability of the NCO/A–G nanostructure-based cell, the capaci-
tance retention and coulombic efficiency were studied using 7000
continuous GCD cycles at a constant current density of 3.6 A g�1

(Fig. S4, ESI†). By using the GCD data, the C values were calculated
using eqn (2) at different current densities and the corresponding
results are depicted in Fig. 5e. The maximum C values of the NCO/
G–C, NCO/A–C, and NCO/A–G nanostructures are found to be 48,
82, and 130 mA h g�1 at a current density of 0.3 A g�1, respectively.
The NCO/A–G electrode has shown good performance character-
istics, which is comparable to the previously reported NCO-based
electrodes (Table S1 in ESI†). The improved capacitive perfor-
mance of the NCO/A–G electrode is attributed to its self-aligned
sheet-like morphology with higher porous nature.

Fig. 5f represents the Nyquist plots of the three supercapa-
citor devices (NCO/G–C, NCO/A–C, and NCO/A–G) measured in
the frequency range of 0.1 Hz–100 kHz under 3 M KOH
electrolyte. In order to understand the charge transfer charac-
teristics of the cell, the EIS measurement was carried out before
and after all the electrochemical studies, as shown in Fig. S5 in
the ESI.† Note that the imaginary part of the impedance (Z00)

raises abruptly in the low-frequency region, which is largely
attributed to the ideal capacitive characteristics. The magnified
part of the impedance response at the high-frequency region
(inset of Fig. 5f) shows the semicircular patterns, evidencing
the presence of bulk resistance and charge-transfer resistance
at the electrode–electrolyte interfaces of the cells. It is obvious
that the semicircular pattern is relatively higher in the NCO/G–
C. The bulk resistance (Rb) and the charge transfer resistance at
the interfaces (Rct) of the capacitor were found from the incepts
of the real-axis impedance values and by fitting with an
equivalent circuit model, as shown in Fig. S5 in the ESI.† The
obtained values of these parameters are shown in Table S2 in
the ESI.† To fabricate high-performance supercapacitors for
pulse power applications, the high rate capability of electrolytic
ions due to shorter ionic diffusion pathways plays a significant
role.55 It enables faster ionic switching between the electrode
and the electrolyte, leading to a possible faradaic process for
enhanced and stable capacitance characteristics. The faster far-
adaic reaction process by means of the response time (t0) was
estimated using the EIS data of the NCOs.56,57 The Miller’s
approach is considered in order to evaluate the t0, which is the
reciprocal of the response frequency obtained from Bode’s plots.58

Fig. 4 TEM images of NCO nanostructures using various combinations of nucleic acids, such as (a) G–C, (b) A–C and (c) A–G, and (d–f) are the
corresponding HRTEM images; (g–i) SAED patterns of the NCO/G–C, NCO/A–C, and NCO/A–G nanostructures, respectively.
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Fig. S6 in the ESI† illustrates Bode’s plots of the NCOs obtained
from EIS analysis. The response frequencies, in which the Z0 and
Z00 are reflected equally, and the corresponding response times
were evaluated from the frequency vs. Z0 or Z00 plot (Fig. S6 in ESI†)
for estimating the rate capability of the devices. The relatively
smallest value (B0.008 s) of t0 has been obtained for NCO/A–G, as
compared to that of the NCO/A–C (0.034 s) and NCO/G–C (0.089 s),
indicating that the electrolytic ions possess faster switching
characteristics through the electrode–electrolyte interface (Table S2
of ESI†).58 Therefore, the NCO/A–G exhibited a rectangular cyclic
pattern in the CV curves with the disappearance of the redox
patterns.

3.4. Electrochemical performance of the all-solid-state ASC

In order to validate the practical applicability of the structural
and morphologically tuned NCO, we have fabricated an all-solid-
state ASC. Based on the better electrochemical performance
resulting from the NCOs, the NCO/A–G sheet-like nanostructure
has been chosen to construct the real ASC. In a way, the ASC
comprised an NCO/A–G sheet-like nanostructure as an active
material (cathode), PVA–KOH as the solid electrolyte, and carbon
black super-P as the anode electrode. Prior to starting the
electrochemical analysis, the active masses of both the cathode
and anode were optimized for balancing the charge on both
sides. The CV, GCD, and EIS studies were carried out to under-
stand the capacitance behaviors of the ASC device, as shown in
Fig. 6. The CV measurements with different potential windows
(0–1 V, 0–1.5 V, and 0–2.0 V) and scan rates (5–70 mV s�1) were
performed for ASC operation (Fig. 6a and b). In both the cases of
NCO/A–G-based ASC, the CV curves appeared to be a constant

quasi-rectangular shape due to the EDL formation, which is an
essential characteristic in supercapacitors, suggesting the high
rate capability, low equivalent series resistance (ESR), and hence
faster charge–discharge property. The GCD profiles studied at
different current densities (0.2–1.0 mA cm�2) with a potential
window of 0–1.5 V exhibit an almost symmetric nature, indicating
the better electrochemical reversibility of the ASC (Fig. 6c). The
areal capacitance (Ca) of the ASC device is estimated using the
GCD profiles (Fig. 6d). The value of Ca decreases with an increase
in current density. The difference in Ca values as the variation of
current density is almost 4-fold higher, demonstrating the good
performance of ASC at a higher current density.

To further determine the performance of NCO/A–G-based
ASC, the Ragone plot is presented in Fig. 6e. The Ragone plot
denotes the relationship between the energy density (Ed) and
power density (Pd) obtained from the GCD profiles. In this
work, the NCO/A–G-based ASC device exhibits an energy density
of 8.5 mW h cm�2 at a power density of 400 mW cm�2, and
3.8 mW h cm�2 at a higher power density of 1950 mW cm�2. The
long-term cycling capability of the NCO/A–G-based ASC device
was studied using a GCD test under 7000 continuous cycles at a
constant current density of 0.6 mA cm�2 (Fig. 6f). Both the
capacitance retention and Coulombic efficiency displayed a
value of nearly 90% over 7000 cycles. To further demonstrate
the high-energy performance, initially, the six assembled NCO/
A–G-based ASC devices are connected in series and charged at
approximately 6.5 V. In the subsequent discharging, the devices
are connected with a blue LED (2.1 V, 80 mW), and these
devices are capable of lighting a LED for more than 5 min
(the corresponding real-time movie can be seen in Movie S1 in

Fig. 5 CV curves of the NCO/G–C, NCO/A–C, and NCO/A–G obtained at the sweep rates of (a) 1 mV s�1 and (b) 50 mV s�1, (c) scan rate dependent
specific capacity plot, (d) GCD plots at a current density of 1.5 A g�1, (e) the corresponding specific capacity plots at different discharge current densities,
and (f) Nyquist plots of all NCO-based electrodes in 3 M KOH solution (inset is the magnified view).
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the ESI†). This suggests that the NCO/A–G-based ASC devices
possess high-energy storage capacity. Moreover, to ensure the
charge transport characteristics of the ASC device, the EIS study
was performed before and after all the electrochemical studies,
as shown in Fig. S7 in the ESI.† The Nyquist plots show almost
similar patterns after all the electrochemical studies were
performed as compared to that of the pristine state. Furthermore,
based on the impedance investigation (Table S2 in ESI†), we have
confirmed a lower range of response time (t0) and a higher value
of response frequency ( f0). This infers that the electrolytic ions
possess faster intercalation/de-intercalation (switching) kinetics in
the electrode–electrolyte interfaces.59 As a consequence, a pseudo-
rectangular CV behavior and higher value of capacitance are
obtained because of the fast-reversible faradaic reactions.

4. Conclusions

In summary, the morphologically tuned NCO nanostructures
have been synthesized by various combinations of nucleobases
during preparation. Owing to the large variations in the metal-
coordination properties of adenine and guanine, the NCO/A–G
unveils entirely different morphological features relative to that
of the remaining materials. Among all three NCOs, the NCO/A–
G with sheet-like nanostructures reveals the quasi-rectangular
shape of the CV curves, interpreted by the EDL capacitance
behavior of the cell. Significantly, the absence of redox behavior
by various measuring parameters indicates that the NCO/A–G-
based electrode is promising for use in ultrafast redox reac-
tions. In particular, a very low response time (t0) and higher
response frequency (f0) in the impedance pattern confirm that

the NCO/A–G-based nanostructures have faster switching
kinetics of electrolytic ions in the electrode–electrolyte inter-
face. The NCO/A–G-based ASC device shows an energy density
of 3.8 mW h cm�2 at a higher power density of 1950 mW cm�2.
Based on these results, it is speculated that synergistic tuning
of the NCO nanostructures by the nucleobase combinations
may open new opportunities for developing future energy
storage systems.
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Fig. 6 NCO/A–G-based ASC measurements: CV curves with (a) different potential windows (0–1 V, 0–1.5 V, and 0–2.0 V), (b) scan rates (5–70 mV s�1),
(c) GCD plots with various current densities (0.2–1.0 mA cm�2), (d) the corresponding areal capacitance (Ca) at different discharge current densities, (e)
Ragone plot, and (f) capacitance retention as a function of charge–discharge cycles.
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