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ABSTRACT: The binary as well as ternary nanocomposites of the square-
facet nanobar Co-MOF-derived Co3O4@Co/N-CNTs (N-CNTs: nitrogen-
doped carbon nanotubes) with Ag NPs and rGO have been synthesized via
an easy wet chemical route, and their supercapacitor behavior was then
studied. At a controlled pH of the precursor solution, square-facet nanobars
of Co-MOF were first synthesized by the solvothermal method and then
pyrolyzed under a controlled nitrogen atmosphere to get a core−shell
system of Co3O4@Co/N-CNTs. In the second step, different compositions
of Co3O4@Co/N-CNT core−shell structures were formed by an ex-situ
method with Ag NPs and rGO moieties. Among several bare, binary, and
ternary compositions tested in 6 M aqueous KOH electrolyte, a ternary
nanocomposite having a 7.0:1.5:1.5 stoichiometric ratio of Co3O4@Co/N-
CNT, Ag NPs, and rGO, respectively, reported the highest specific
capacitance (3393.8 F g−1 at 5 mV s−1). The optimized nanocomposite showed the energy density, power density, and Coulombic
efficiency of 74.1 W h.kg−1, 443.7 W.kg−1, and 101.3%, respectively, with excellent electrochemical stability. After testing an
asymmetrical supercapacitor with a Co3O4@Co/N-CNT/Ag NPs/rGO/nickel foam cathode and an activated carbon/nickel foam
anode, it showed 4.9 W h.kg−1 of energy density and 5000.0 W.kg−1 of power density.

■ INTRODUCTION
Batteries and capacitors exhibit high energy density and high
power density, respectively, but a supercapacitor’s performance
is in between them.1 Recently, researchers have focused on
creating high energy density materials for electrodes, with the
aim of elevating supercapacitors to battery-level energy
density.2,3 In connection with this, development of better
electrode materials for supercapacitors, including transition-
metal oxides (TMOs) and their composites, has attracted
significant scientific attention.4,5 TMOs are considered
promising electrode materials for supercapacitors due to their
remarkable properties such as high energy density (10 to 100
times that of electrolytic capacitors), excellent reversibility
(surface properties), abundant redox-active reserves, and high
theoretical capacitance.1,4−8

For energy storage devices to be optimized for good
electrochemical performance, an electrode material with a well-
defined structure with controllable morphology as well as
porous nature is supposed to be an important candidate.9,10

Metal oxides having a porous nature can provide more redox-
active sites, enhancing the electrochemical supercapacitor
performance.11,12 Hence, metal−organic framework (MOF)-
derived TMOs in nanoscale dimensions are becoming
progressively important in the field of supercapacitors. MOFs

are materials having a wide variety of structures, tunable
shapes, porosity, and so forth.13,14 As a result, MOFs can be
used as precursors for TMO synthesis.15 MOF-derived TMOs
have a highly porous nature, which improves the structural
stability and surface area, shortens the diffusion path of
electrolyte ions, and reduces resistance to ion diffusion.16 From
MOF precursors, various highly porous TMO nanomaterials
have been derived for supercapacitor applications, including
cuprous oxide (Cu2O; Cs: 365.0 F g−1) [Cs = specific
capacitance],17 cobalt oxide (Co3O4; Cs: 508.0 F g−1),18

manganese oxide (Mn3O4@C; Cs: 162.6 F g−1),11 nickel oxide
(NiO; Cs: 324.0 F g−1),19 and so forth. Among these TMOs,
Co3O4 has been exploited very well due to its good
electrochemical stability, high theoretical capacitance (∼3600
F g−1), low cost, and high abundance.20 All these achievements
notwithstanding, MOF-derived Co3O4 exhibits numerous
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shortcomings in terms of electronic conductivity, cycle life, rate
capability, and electron kinetics.21 As a result of the reported
research endeavors, it was seen that the observed electro-
chemical properties of MOF-derived Co3O4 are still obscure,
so investigators have adopted various strategies, such as
compositing TMOs for enhancing the electrochemical
performance, doping for enhancing capacitance values, tuning
the morphology for better exploration of redox-active sites, and
so forth.20−23 Therefore, among different strategies, forming
composites between MOF-derived Co3O4 and carbonaceous
materials is to be developed,23 where the carbonaceous
materials act as supporting material for achieving better
stability as well as electrochemical properties than bare
TMOs in supercapacitors.11,22,23 Additionally, volume changes
of bare or composite electrode materials are also reduced by
the carbon matrix by its synergistic effect with the
pseudocapacitive and electric double-layer mechanism.24

With these motivations in mind, researchers are compositing
TMOs with carbonaceous matrixes to develop high-perform-
ance electrochemical supercapacitors.25 These hybrid materials
possess outstanding chemical and physical properties.26

Reduced graphene oxide (rGO) has a high surface area
(2630 m2 g−1), high stability, abundant reactive sites, and other
properties that make it a promising active supportive material
for the development of supercapacitors.27 Additional benefits
of rGO include its higher ballistic conductivity (103.3 S cm−1)
and better charge-transfer properties.28,29 Literature studies
have also illustrated how TMO−rGO composites such as
Co3O4/N-rGO and 3D rGO-Co3O4 enhance the conductivity
and charge−discharge cycle stability.30,31 Furthermore, the
high surface area of rGO materials allows higher contact
between electrolyte ions and electrodes for better electrode
chemistry.26−31

Despite the improved properties of the composites between
MOF-derived Co3O4 and rGO, the resulting binary composites
suffer from internal resistance during electrochemical perform-
ance tests.32 This causes capacitance values to lag behind
theoretical values. A favorable strategy to overcome this
challenge would therefore be to load silver nanoparticles (Ag
NPs) on the surface of binary Co3O4−rGO composites.33−35

By loading Ag NPs onto other composites, additional redox
reactions occur due to multiple oxidation states of Ag NPs with
enhancement in chemical as well as thermal stability, which
synergize to improve the electrochemical performance of the
host composites.36 Due to this, the ternary composites

between Co3O4 with rGO and Ag NPs would have excellent
supercapacitive performance.37−39 Also, it is particularly
important to create core−shell materials with as many reserved
electrons as possible in the core of Co3O4 for boosting the
conductivity.40

Hence, we report a strategy to synthesize square-facet Co-
MOF nanobar templates by using a solvothermal method at a
controlled pH. Finally, we use the Co-MOF templates to
synthesize porous Co3O4@Co/N-CNT core−shell materials,
which are further utilized for preparing binary as well as ternary
nanocomposites (NCs) with Ag NPs and rGO. After
physicochemical property testing of the prepared NCs, the
electrochemical performance is measured using an aqueous
asymmetric supercapacitor device.

■ EXPERIMENTAL SECTION
Materials. All chemicals were of analytical grade and used

as received without further purification. Cobalt nitrate
(Co(NO3)2·6H2O, 99%), trimesic acid [benzene tricarboxylate
(BTC), 95%], ethanol (C2H6O, ∼99.8%), N,N-dimethylfor-
mamide (DMF, 99%), ammonia (NH3, 25%), N-methyl-2-
pyrrolidinone (C5H9NO, 99.5%), polyvinylidene difluoride
(PVDF), potassium hydroxide (KOH, ≥85%), and so forth
were purchased from Sigma-Aldrich and Merck Company.
A suspension of Ag NPs was made by using a reported

method (ref41), while functionalization of rGO was carried out
as per the standard reported method;42 both the experimental
protocols are reported in Supporting Information.

Synthesis of Square-Facet Co-MOF Nanobars. In a
typical synthesis, the Co(NO3)2·6H2O (0.01 M) aqueous
solution was mixed with BTC (0.005 M in DMF), and the
suspension was ultrasonically dispersed for 30 min. Under
constant stirring for 3 h., ammonia was added to the precursor
solution to adjust the pH (pH = 6 ± 0.10) of the resulting
solution. Then, the resultant solution was calcined in a stainless
autoclave lined with Teflon at 120 °C for 10 h. The obtained
precipitate was centrifuged, washed with distilled water
followed by ethanol, and dried at 60 °C for 8 h. Different
characterization tools were used to characterize the precipitate
of the square-facet Co-BTC nanobars complex.

Synthesis of MOF-Derived Core−Shell Co3O4@Co/N-
CNT (CNC). Square-facet Co-BTC nanobars were pyrolyzed at
600 °C (10 °C min−1) for 2 h under a N2 atmosphere. Then,
the desired materials were cooled to 200 °C, and then the two
ends of the furnace were opened for mild calcination for 3 h to

Figure 1. Schematic illustration of (a) precursors for the synthesis of Co-BTC, (b) square-facet Co-BTC nanobars, and (c) calcination of Co-BTC
leading to the formation of Co3O4@Co/N-CNT.
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get the core−shell form of the resulting CNC. Figure 1 shows
the schematic for the synthesis of Co-MOF-derived CNC.

Synthesis of Binary NCs between Co3O4@Co/N-CNT
and Other Supportive Materials (Ag NPs and rGO). In
ex-situ protocol, binary (CNC)1−x(Ag)x NCs were prepared
with varying contents of the as-synthesized Ag NPs (x = 10,
15, and 20 wt %). After dispersing CNC in ethanol using
ultrasonication for 40 min, the dispersion of Ag NPs was added
to the previously dispersed CNC.43 The resulting mixture was
further dispersed using ultrasonication for 40 min. Afterward,
the composite was dried at 80 °C for 2 h. Based on the content
of Ag NPs, the prepared NCs are labeled as CNCAg-1,
CNCAg-1.5, and CNCAg-2 with respect to 10, 15, and 20 wt
% of Ag content in the NCs.
A similar protocol was adopted for preparing binary NCs

using varying contents of rGO (10, 15, and 20 wt %), and the
respective NCs were labeled as CNCrGO-1, CNCrGO-1.5,
and CNCrGO-2.

Synthesis of Ternary (Co3O4@Co/N-CNT)1−(x+y) (Ag
NPs)x(rGO)y NCs. Ternary NCs were prepared by mixing
the respective dispersed amounts of CNC with Ag NPs and
rGO in ethanol using an ultrasonicator for 40 min. The ethanol
was subsequently evaporated using a hot plate, and then the
NCs were dried at 80 °C for 2 h. Fine powder of the ternary

NCs was obtained through grinding using a mortar and pestle,
thus preparing ternary (CNC)1−0.15+0.15(Ag NPs)0.15(rGO)0.15
NCs labeled as CNCAgrGO.

Fabrication of the Working Electrode. Initially, nickel
foam (NF) substrates (1 × 3 cm) were first etched in HCl
solution (3 M) and then washed with acetone to remove
impurities present on their surface. A homogeneous slurry was
prepared by mixing CNC or its NCs with super-P (conducting
carbon) and PVDF (binder) in a ratio of 8:1:1 wt %. In the
first step, PVDF was dissolved in the NMP solvent; then,
appropriate amounts of materials (CNC or its NCs and super-
P) were added slowly under constant stirring so as to form a
slurry of the NCs. The prepared slurry was applied to the NF
(thickness = 1 mm, and area = 1 cm2) substrate using the
drop-casting method. Then, the deposited NF electrode was
dried at 90 °C for 10 h.

Materials Characterization. Thermogravimetric (TG)
analysis of the Co-BTC template was performed using a TA
thermal analyzer instrument under a controlled N2 atmosphere
at a heating rate of 10 °C min−1. Powder X-ray diffraction
(XRD) patterns of the samples were obtained using a Bruker
AXS diffractometer D2 model. Microscopic analyses of the
samples were carried out with field-emission scanning electron
microscopy (FESEM-JEOL JSM 7001F, Japan and MIRA3

Figure 2. (a) TG analysis of Co-BTC MOF; (b) XRD patterns of Co-BTC, CNC with simulated patterns of Co3O4 (#ICDD: 00-43-1003), and Co
(#ICDD:00-005-0727); (c) XRD patterns of binary CNCAg-1, CNCAg-1.5, CNCAg-2, CNCrGO-1, CNCrGO-1.5, CNCrGO-2, and ternary
CNCAgrGO NCs; (d) FT-IR spectra of Co-BTC, CNC, CNCAg-1.5, and CNCrGO-1.5; and (e,f) Raman spectra of CNC.
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TESCAN) as well as high-resolution transmission electron
microscopy (TEM JEM-2100F JEOL, Japan) operating at 125
kV. FT-IR spectra were obtained on an infrared spectrometer
(Bruker Alpha FT9). Crystallinity and molecular interactions
study was carried out using Raman spectroscopy (Bruker
MultiRAM, Germany). X-ray photoelectron spectra of the
samples were recorded using an XPS spectrometer with a K-
alpha, Thermo VG, UK) spectrometer and an Al X-ray source
(Kα line: 1486.6 eV, 3 mA, and 12 kV). The surface area was
investigated using the Brunauer−Emmett−Teller (BET)
method on a NOVA 1000e Quantachrome, and the
Barrette−Joyner−Halenda (BJH) algorithm was applied to
understand the pore size distribution branch of the isotherm.

Electrochemical Measurements. The different electro-
chemical measurements, including cyclic voltammetry (CV)
studies, galvanostatic charge/discharge (GCD) studies, and
electrochemical impedance study (EIS) of the bare as well as
NCs were carried out using a potentiostat VMP3 (BioLogic,
France) electrochemical analyzer. All these measurements were
carried out using a three-electrode system, consisting of a
saturated calomel electrode as reference electrode, platinum as
counter electrode (CE), and a working electrode (WE)
consisting of bare or NCs deposited on NF with 6 M KOH
electrolyte solutions.
Specific capacitance of the materials was calculated using eqs

1 and 2 based on CV and GCD data, respectively.

=C
A

mk V
Specific capacitance ( )

2s (1)

= ×
×

C
I t
V m

Specific capacitance ( )s (2)

where A is the area under the CV curve, m is the mass of the
active electrode material, k is the scan rate, ΔV is the potential
window, I is the current applied, and Td/Δt is discharge time.
Additionally, the energy density (Ed) (W h kg−1) and power
density (Pd) (W kg−1) as well as the Coulombic efficiency (η)
of the materials were calculated from eqs 3−5, respectively.

=
×
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2
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In this study, the EIS was compared at frequency ranges of
100 mHz to 1 MHz between the CE and the WE.

■ RESULTS AND DISCUSSION
Thermal, Crystallographic, Spectroscopic, and Micro-

scopic Analyses. Figure 2a shows the TG thermogram of an
as-prepared Co-BTC MOF template recorded from room
temperature to 800 °C. The thermogram consists of mainly
two stages of weight loss for losing the different moieties
shown in Table S1. The initial weight loss up to a temperature
of 205 °C (stage I) is attributed to the loss of lattice water as
well as DMF solvent present in the template. Literature reveals
that the loss of lattice water from the templates is commonly
observed up to around 150 °C, while the loss of DMF solvent
is observed beyond 160 °C.44 These two observations reveal
that the first weight loss of 17.5% (stage Ia) is due to lattice

water, while the remaining weight loss of around 12.93% (stage
Ib) is due to the loss of DMF from the as-prepared template.
Then, a stable phase of the template, where little weight
change (less than 6.0%) occurs, is observed from 205 to 410
°C. Beyond 410 °C, there is a drastic second weight loss of
43.19%, which may be attributed to the loss of organic ligands
of BTC of Co-BTC. Hence, the organic ligand from the
template is decomposed up to 600 °C, which reveals the
formation of the desired stable cobalt oxide-based composites.
Furthermore, a narrow endothermic differential thermal
analysis (DTA) peak at 475 °C is observed, which is consistent
with an earlier report as well.44 After 600 °C, a negligible
change in the weight (1.08%) of the template is observed due
to the formation of a stable CNC.
Figure 3a−d shows FESEM images of Co-BTC and the

representative binary and ternary NCs. Figure 3a clearly shows

the Co-BTC template’s square-facet nanobar morphology.
FESEM images of CNC are shown in Figure S1. The highly
porous grains with spherical nanoparticles are observed for
binary CNCAg-1.5 in Figure 3b. Figure 3c shows porous grains
on a thin sheet-like morphology for binary CNCrGO-1.5. The
highly porous grains can be attributed to cobalt oxides,
spherical nanoparticles to silver nanoparticles, and thin sheet-
like morphology to rGO moieties. Figure 3d shows ternary
composites with highly porous grains and spherical nano-
particles anchored to a thin sheet morphology. Figure 4a−c
shows HRTEM images of the CNC material. The HRTEM
image (Figure 4a,b) shows uniform spherical clusters of
Co3O4@Co with an average size of 42 nm. This HRTEM
image also shows uniform coatings of Co3O4 on Co,
confirming its core−shell form. Figure 4c shows the lattice
fringes of 0.194 and 0.277 nm, which correspond to the (002)
plane of metallic cobalt’s cubic phase and the (220) plane of
cubic Co3O4, respectively. Additionally, this image also consists
of bright white-colored fringes of CNT due to stronger
chemical grafting at the Co3O4 and N-CNT interface.

45 The
elemental mapping of CNC is shown in Figure 4d−g. The high
number of carbons is beneficial for enhancing conductivity.46

The XRD pattern (Figure 2b) of the Co-BTC MOF
template consists of the characteristic peaks at 17.5, 18.7, and
27.1° corresponding to its cubic lattices, which is consistent
with previous reports.47−49 The XRD pattern (Figure 2b) of

Figure 3. FESEM images of (a) Co-BTC MOF, (b) CNCAg-1.5, (c)
CNCrGO-1.5, and (d) CNCAgrGO.
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CNC consists of the characteristic peaks of elemental Co,
Co3O4, and N-CNTs moieties. Particularly, the intense XRD
peaks at 19.0, 31.2, 36.7, 59.1, and 65.3° correspond to (111),
(220), (311), (511), and (440) planes, respectively, revealing
the presence of cubic Co3O4 (#ICDD 00-043-1003) having a
lattice constant value of “a” which is 8.10 Å; moreover, a
characteristic peak at 44.7° corresponds to (002) of elemental
Co (#ICDD 00-005-0727). In addition, a graphite XRD peak,
which is in good agreement with the structure properties of
CNT, is observed at 26.8°, confirming the formation of N-
CNT.40,50,51 Based on full width at half maximum, the
crystallite size of Co3O4 is observed to be 10.15 nm in the
CNC composite [calculated using peak at 2θ = 36.7° with
corresponding crystal plane of (311)]. XRD patterns, with
their structural information, of NF and GO and rGO are
shown in Figures S2 and S3.52

The XRD patterns of binary (CNC)1−x(Ag NPs)x and
(CNC)1−x(rGO)x NCs are shown in Figure 2c. (CNC)1−x(Ag
NPs)x patterns consist of the characteristic peaks of the
individual CNC as well as elemental Ag. Among the peaks, the
reflections at 38.1, 44.2, 64.4, and 77.4° correspond to (111),
(200), (220), and (311), respectively, which confirms the
presence of elemental Ag. Therefore, the characteristics of
Bragg’s reflections of both Co3O4@Co and elemental Ag are
retained for binary (CNC)1−x(Ag NPs)x NCs. Similarly, in the
case of binary (CNC)1−x(rGO)x NCs, the characteristics of the
different moieties present are also retained, but the intensity of
the CNC peaks decreases with rGO content. It is very
advantageous to have graphitic layers present, which improves
the electrical conductivity of the hybrid materials.53

As shown in Figure 2c, the XRD pattern of ternary
CNCAgrGO composite confirms the presence of the
characteristic peaks of CNC as well as Ag NPs but decrease
in their intensity can be attributed to the presence of rGO.52

The low scattering power of rGO decreases the intensity of X-
ray reflections. The detailed structural cell parameters of bare,
binary, as well as ternary NCs are also shown in detail in Table
1.
Figure 2d displays the FT-IR spectra of Co-BTC, CNC,

CNCAg-1.5, and CNCrGO-1.5. The FT-IR spectrum of Co-
BTC shows the bands at 1525 and 1430 cm−1, which
correspond to asymmetric (C�O) and symmetric (C−O)
vibrations, respectively, of the carboxylic group in BTC. The

bands at 3450 cm−1 (broad) as well as at 1621 cm−1 (sharp)
are also observed, which reveal the presence of water in the
metal−organic framework. In addition, the bands at 1370 and
721 cm−1 confirm the presence of out-of-plane (C−H)
vibrations of BTC (Figure S4).48

The FT-IR spectrum (Figure S5) shows the bands
associated with surface functional moieties of GO and
rGO.54 FT-IR spectra of CNC, CNCAg-1.5, and CNCrGO-
1.5 consist of the characteristic bands at ∼1110 and ∼1380
cm−1 due to C−N stretching vibrations, while other bands at
∼1630, ∼2929, and 3000−3600 cm−1 (broad) correspond to
C�C stretching vibrations, C−H stretching frequency of
rGO/N-CNT and symmetric (O−H/N−H), as well as
asymmetric (O−H/N−H) vibration originated from CNs
(N-CNTs and RGO), respectively.52 In addition, the FT-IR
spectrum of CNC shows major bands at 500−700 cm−1,
indicating metal oxygen vibrational modes, while in the case of
CNCAg-1.5, the peak intensity of the respective functional
groups is somewhat reduced, which indicates the decrease in
the amount of CNC on the surface due to the presence of Ag
NPs.55

Raman spectroscopic studies of GO and rGO were
performed and their respective patterns are seen in Figure
S6.52,56 The Raman pattern of CNC (Figure 2e) exhibits the
bands at 197, 477, 520, 619, and 686 cm−1 corresponding to
five Raman active modes (three F2g, one Eg, and one A1g) of
the spinel phase of Co3O4. Figure 2f shows the D and G bands
for N-CNT.40,57,58

Figure 5a shows the XPS survey pattern of the representative
ternary CNCAgrGO materials. The survey pattern consists of
the characteristic peaks due to the presence of Co-, C-, Ag-, O-,
and N-species in their respective forms in the composite. The
XPS spectrum of Ag 3d (Figure 5b) shows two strong peaks at
366.9 and 372.9 eV, which correspond to the binding energies
of Ag 3d5/2 and Ag 3d3/2, respectively, and indicate its metallic
elemental state.59 The four major peaks in the XPS spectrum
(Figure 5c) of C 1s species are observed at 284.1, 285.0, 286.5,
and 288.0 eV, which are attributed to C−C, C−N, C−O, and
C�O, respectively, confirming the formation of an N-doped
graphitic matrix.40,60 The XPS spectrum of Co 2p (Figure 5d)
depicts the presence of metallic Co as well as its oxide. The
binding energies of 778.4 and 780.6 eV are associated with
Co3+ 2P3/2 and Co2+ 2P3/2, respectively, and the binding
energies of 793.3 and 797.0 eV are associated with Co3+ 2P1/2
and Co2+ 2P1/2, respectively. In addition, the peak at 778.0 eV
is attributed to metallic cobalt. Satellite peaks at 789.2 and
803.9 eV for Co3O4 were shifted to 785.5 eV and 801.9 eV for
Co3O4@Co.

61,62Figure 5e shows the presence of O 1s in
Co3O4 and rGO as indicated by the binding energies of 528.4,
530.2, and 531.1 eV.63 These energies are attributed to oxygen
present in Co3O4, -OH functional groups on the surface, and
the rest of the oxygen-containing groups in rGO, respectively.
As shown in Figure 5f, binding energies of 398.1, 399.4, and
401.2 eV are ascribed to pyridine, pyrrolic, and graphitic N
1s.64,65

Figure 6a,b represents the BET and BJH pore volume for
Co-BTC, CNC, CNCAg-1.5, CNCrGO-1.5, and CNCAgrGO.
The corresponding parameters of these materials are also
displayed in Table S2. The surface area of these materials is
found in the range between 15.02 and 62.18 m2 g−1, while pore
volume is in the range between 0.017 and 0.142 cm3 g−1. In
addition, the average pore radius of these materials is observed
between 2 to 50 nm, which confirms their mesoporous nature.

Figure 4. HRTEM images of (a,b) Co3O4 encapsulated in the
nitrogen-doped CNT; (c) lattice fringes of Co and Co3O4 with
unclear fringes of nitrogen-doped CNT; and (d−g) elemental
mapping of CNC.
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Table 1. Observed Structural Cell Parameters (XRD Profile) of Bare, Binary, and Ternary NCs

cell parameters

material composite materials standard d values (Å) observed d values (Å) (hkl) plane a (Å) c (Å) V (Å3)

CNC Co3O4 2.8580 2.8688 (220) 8.1141 8.1141 534.22
2.4374 2.4413 (311) 8.0960 8.0960 530.65
1.5558 1.5603 (511) 8.1076 8.1076 532.93
1.4291 1.4331 (440) 8.1068 8.1068 532.78

Co 2.0230 2.0331 (002) 2.5029 4.0564 22.01
N-CNT 3.3950 3.3096 (002) 2.4724 6.7088 35.83

CNCAg-1 Co3O4 2.8580 2.9033 (220) 8.2115 8.2115 553.69
2.4374 2.4531 (311) 8.1363 8.1363 538.67
1.5558 1.5551 (511) 8.0822 8.0822 527.94
1.4291 1.4304 (440) 8.0915 8.0915 529.77

Co 2.0230 2.0331 (002) 2.5029 4.0570 22.01
N-CNT
Ag 2.3590 2.3601 (111) 4.0865 4.0865 68.24

2.0440 2.0493 (200) 4.0975 4.0975 68.79
1.4450 1.4444 (220) 4.0841 4.0841 68.12
1.2310 1.2333 (311) 4.0891 4.0891 68.37

CNCAg-1.5 Co3O4 2.8580 2.8778 (220) 8.1394 8.1394 539.23
2.4374 2.4416 (311) 8.0978 8.0978 531.00
1.5558 1.5600 (511) 8.1055 8.1055 532.52
1.4291 1.4304 (440) 8.0915 8.0915 529.76

Co 2.0230 2.0331 (002) 2.5029 4.0570 22.01
N-CNT
Ag 2.3590 2.3602 (111) 4.0865 4.0865 68.24

2.0440 2.0479 (200) 4.0959 4.0959 68.71
1.4450 1.4478 (220) 4.0938 4.0938 68.60
1.2310 1.2320 (311) 4.0852 4.0852 68.17

CNCAg-2 Co3O4 2.8580 2.8778 (220) 8.1394 8.1394 539.23
2.4374 2.4518 (311) 8.1314 8.1314 537.64
1.5558 1.5653 (511) 8.1332 8.1332 538.00
1.4291 1.4331 (440) 8.1061 8.1061 532.64

Co 2.0230 2.0331 (002) 2.5029 4.0570 22.01
N-CNT
Ag 2.3590 2.3600 (111) 4.0865 4.0865 68.24

2.0440 2.0409 (200) 4.0816 4.0816 68.00
1.4450 1.4498 (220) 4.0951 4.0951 68.67
1.2310 1.2320 (311) 4.0852 4.0852 68.18

CNCrGO-1 Co3O4 2.8580 2.8921 (220) 8.1798 8.1798 547.30
2.4374 2.4531 (311) 8.1352 8.1352 538.40
1.5558 1.5639 (511) 8.1253 8.1253 536.43
1.4291 1.4353 (440) 8.1191 8.1191 535.21

Co 2.0230 2.0288 (002) 2.5033 4.0515 21.99
N-CNT/rGO

CNCrGO-1.5 Co3O4 2.8580 2.8743 (220) 8.1295 8.1295 537.26
2.4374 2.4492 (311) 8.1221 8.1221 535.80
1.5558 1.5595 (511) 8.1295 8.1295 537.26
1.4291 1.4354 (440) 8.1092 8.1092 533.25

Co 2.0230 2.0375 (002) 2.5025 4.0625 22.03
N-CNT/rGO

CNCrGO-2 Co3O4 2.8580 2.8706 (220) 8.1191 8.1191 535.21
2.4374 2.4531 (311) 8.1363 8.1363 538.62
1.5558 1.5621 (511) 8.1160 8.1160 534.59
1.4291 1.4352 (440) 8.1191 8.1191 535.21

Co 2.0230 2.0305 (002) 2.5032 4.0531 21.99
N-CNT/rGO

CNCAgrGO Co3O4 2.8580 2.8921 (220) 8.1798 8.1798 547.30
2.4374 2.4531 (311) 8.1352 8.1352 538.40
1.5558 1.5653 (511) 8.1332 8.1332 538.00

Co 2.0230 2.0288 (002) 2.5033 4.0515 21.99
N-CNT/rGO
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It is also revealed that the surface area, pore volume, and
average pore radius values of ternary composites are average as

compared to those of others. Thus, the mesoporous nature of
active electrode materials would provide easy infiltration due to

Table 1. continued

cell parameters

material composite materials standard d values (Å) observed d values (Å) (hkl) plane a (Å) c (Å) V (Å3)

Ag 2.3590 2.3602 (111) 4.0865 4.0865 68.24
2.0440 2.0479 (200) 4.0959 4.0959 68.71
1.4450 1.4478 (220) 4.0938 4.0938 68.60
1.2310 1.2333 (311) 4.0892 4.0892 68.38

Figure 5. (a) XPS survey of CNCAgrGO, (b) Ag 3d binding energy region, (c) C 1s binding energies region, (d) Co 2p binding energy region, (e)
O 1s binding energy region, and (f) N 1s binding energy region.

Figure 6. (a) Adsorption−desorption isotherms of Co-BTC MOF, CNC, CNCAg-1.5, CNCrGO-1.5, and CNCAgrGO. (b) BJH curves of Co-
BTC MOF, CNC, CNCAg-1.5, CNCrGO-1.5, and CNCAgrGO.
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the large pore volume, which offers more active sites for ions
and electrons to transfer between the electrode surface and the
electrolyte.66 This ultimately boosts the electrochemical
performance of supercapacitor devices.

Electrochemical Performance. CV studies of bare Co-
BTC, CNC, binary (CNC)1−x(Ag)x, binary (CNC)1−x(rGO)x,
and ternary CNCAgrGO NCs at different scan rates (from 5 to
100 mV s−1) in 6 M KOH electrolyte are shown in Figures
7a,b and S7−S13. The CV profiles of all these materials consist
of redox peaks, confirming pseudocapacitive behavior due to a
Faradic mechanism resulting from the interaction of hydroxyl
ions of KOH electrolyte with the respective electrode.67 Redox
peak intensities increase with a minor peak shift toward a
higher potential as scan rates are increased, showing that quick
redox reactions are happening at the interface between the
active material and the electrolyte.21 From CV plots, the

specific capacitance values for bare, binary, and ternary NCs at
different scan rates (5−100 mV s−1) are evaluated using eq 1
and also illustrated in Tables S3−S11. CNC/NF displays a
specific capacitance of 1951.1 F g−1 at 5 mV s−1, which is
higher than that of Co-BTC (509.7 F g−1) at the same scan
rate. In the case of binary CNCAg NCs, the specific
capacitance value for representative CNCAg-1.5 (3107.1 F
g−1) is higher than that of the respective bare CNC (1951.1 F
g−1) and other binary variations. Due to the presence of noble
Ag NPs, additional redox-active sites are embedded into the
binary NCs, which enhances the electrochemical perform-
ance.36 In addition, the presence of Ag NPs with metallic Co
also contributes to a higher current density at higher
overpotentials as metallic Co can act as a current reservoir
for Co3O4, which lowers resistance and hence improves the
conductivity of binary NCs.68 It is also revealed that the

Figure 7. Electrochemical performance using a three-electrode system. (a) CV profiles of CNC at a scan rate of 5−100 mV s−1, (b) CV profiles of
CNCAgrGO at a scan rate of 5−100 mV s−1, (C) comparative CV profiles of Co-BTC, CNC, and CNCAgrGO NC at a scan rate of 5 mV s−1, (d)
GCD profiles of CNC at current densities of 20−40 mA cm−2, (e) GCD profiles of CNCAgrGO at current densities of 20−40 mA cm−2, (f)
comparative GCD profiles of Co-BTC, CNC, and CNCAgrGO NC at a current density of 20 mA cm−2, (g) Ragone plots of Co-BTC, CNC, and
CNCAgrGO at current densities of 20−40 mA cm−2, (h) EIS studies of CNC and CNCAgrGO with insets showing an equivalent circuit and a
zoomed view of EIS of CNCAgrGO, and (i) cycle stability of CNCAgrGO with insets showing first and last five cycles of 1000 continuous CV
cycles.
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optimum redox-active sites are present in CNCAg-1.5 for
enhancing the electrochemical performance as well as electrical
conductivity compared to that of other binary NCs. A similar
trend is also observed for binary CNCrGO NCs where the
specific capacitance is observed to be between 2000.0 and
2300.0 F g−1. The electrochemical performance is higher for
binary CNCrGO NCs than for bare CNCs; because of the
high surface area of rGO acting as the supportive material in
binary NCs, there is better intercalation−deintercalation of
electrolyte ions and hence exhibits higher specific capacitance
values.27 Among both optimized binary NCs, the specific
capacitance value of CNCAg-1.5 NCs is higher as compared to
that of CNCrGO-1.5. Whereas Ag NPs contribute more redox
sites to the electrochemical performance as compared to rGO
as its capacitance contribution relies only on double-layer
formation. These studies reveal that the presence of Ag NPs
and rGO as supportive materials in the NCs enhances the
specific capacitance as well as electrical conductivity of the host
NCs. Hence, with these intentions, the ternary NCs of host
CNCs with Ag NPs and rGO are explored further for
electrochemical measurements.
The observed specific capacitance value for ternary

CNCAgrGO NCs at 5 mV s−1 is 3393.8 F g−1, which is
almost 1.74 times greater than that of the host CNC as well as
higher than other binary NCs. This also confirms the
synergetic action of both supportive materials for enhancing
the electrochemical performance of host CNC through the
availability of more redox sites, easy infiltration, providing high
surface area, and so forth. Figure 7c shows a comparative CV
graph between bare and ternary NCs. The corresponding
electrochemical results of these bare and NCs materials are
also depicted in Table S12. All CV curves at different scan rates

for ternary NCs consist of two oxidation peaks at −0.05 and
0.18 V, which are attributed to Faradaic oxidation reactions of
Ag to Ag+ and Co2+ to Co3+ in CNC, respectively, which is in
good agreement with earlier reports.55,69 In addition, the
overall electrochemical performance of the ternary NCs is
compared with the recent materials reported for supercapacitor
studies (Table 2). The comparison reveals the efficient
performance in terms of specific capacitance, energy density,
stability, and so forth for ternary NCs as compared to those
other reported materials.
The GCD curves of representative bare Co-BTC, CNC,

binary (CNC)1−x(Ag)x, binary (CNC)1−x(rGO)x, and ternary
CNCAgrGO NCs at different current densities from 20 to 40
mA cm2 are shown in Figure 7d,e. The remaining NCs GCD
curves are shown in Figures S14−S20, (ESI), and their
corresponding GCD data are available in Table S13, (ESI). As
per GCD studies, CNC/NF exhibits a higher specific
capacitance value of 1193.7 F g−1 at 20 mA cm−2 than that
at other current densities, which is also superior to that of Co-
BTC. Figure 7e shows that after composting CNC with Ag
NPs and rGO, GCD lines have less symmetry in charging−
discharging cycle time; in particular, CNCrGO-1.5 (Figure
S16, ESI) and CNCAg-1.5 (Figure S19, ESI) NCs have a
longer charge−discharge time than their respective binary
variations.93Figure 7f shows comparative GCD plots of the
bare Co-BTC, CNC, and ternary CNCAgrGO NCs in 6 M
KOH at a current density of 20 mA cm−2. The synergistic
effect of the composite materials in the ternary NCs is
responsible for the amplified electrochemical performance
compared to that of the binary and other bare materials. The
ternary CNCAgrGO/NF in the 6 M KOH electrolyte
exhibited an excellent specific capacitance value of 3333.5 F

Table 2. Comparing Electrochemical Supercapacitor Performance of CNCAgrGO/NF Electrode with Previously Reported
Co3O4-Based Electrodes

Sr.no. material electrolyte specific capacitance
energy density
(W h kg−1)

% initial capacitance retention after
continuous GCD/CV cycles refs.

1. CoNW/CF 3 M KOH 3290.0 F g−1 at 5 mV s−1 144.0 93.5% after 2000 GCD cycles 70
2. PANI@Fe−Ni Co-doped Co3O4 1171.0 F g−1 at 1 A g−1 6.7 84.0% after 2000 GCD cycles 71
3. Coral-like Co3O4/N-CP-X 6 M KOH 316.2 F g−1 at 1 A g−1 90.0% after 5000 GCD cycles 72
4. 3D-nanonet hollow Co3O4 6 M KOH 820.0 F g−1 at 5 mV s−1 16.4 90.2% after 1000 GCD cycles 73
5. Co3O4 ultrathin nanomeshes 2 M KOH 1216.4 F g−1 at 1 A g−1 46.5 74
6. rGO/Co3O4 739.0 F g−1 at 100 mV s−1 24.7 87.5% after 5000 GCD cycles 75
7. 3D Co3O4/C@HCNFs 2 M KOH 1623.0 F g−1 at 1 A g−1 36.6 85.2% after 7000 GCD cycles 76
8. AgCoO2−Co3O4/CMC 2 M KOH 575.0 F g−1 at 2 mV s−1 17.0 99.0% after 5000 GCD cycles 77
9. 3D cross-network Co3O4−xNx 6 M KOH 666.0 F g−1 at 1 A g−1 33.2 84.2% after 5000 GCD cycles 78
10. Co3O4/rGO 800.7 F g−1 at 5 mV s−1 31.8 80.7% after 5000 GCD cycles 79
11. porous Co3O4 nanoarrays 6 M KOH 2510.0 F g−1 at 4 A g−1 38.5 95.0% after 5000 GCD cycles 80
12. Co3O4@Co3S4 3 M KOH 1284.0 F g−1 at 2 mV s−1 93.1% after 5000 GCD cycles 81
13. P-Co-MCNFs 0.1 M NaOH 821.0 F g−1 at 1 A g−1 13.5 92.1% after 5000 GCD cycles 82
14. Co3O4/N-rGO 6 M KOH 3553.0 F g−1 at 1 A g−1 25.0 >90.0% after 3000 GCD cycles 30
15. ultrafine Co3O4 nanocrystals 0.5 M H3PO4 1049.0 F g−1 at 1 mV s−1 3.0 83
16. NiO/Co3O4 nanocone arrays 3 M KOH 2760.0 F g−1 at 2 A g−1 81.4 95.5% after 12,000 GCD cycles 84
17. NiO/Co3O4@C/CoS2 6 M KOH 1025.0 C g−1 at 1 A g−1 62.8 92.0% after 5000 GCD cycles 85
18. ZnO−Co3O4 3 M KOH 165.0 F g−1 at 2 mV s−1 4.1 86
19. Co(OH)2−Co3O4 2 M KOH 308.0 F g−1 at 2 mV s−1 87
20. Co3O4/LIG MSCs PVA/H2SO4 10.9 mF cm−2 at 5 mV s−1 286.4 μW h cm−3 97.8% after 10,000 GCD cycles 88
21. Co3O4@NiCo2O4 nanoarray 1 M KOH 544.2 C g−1 at 1 A g−1 36.0 93.0% after 5000 GCD cycles 89
22. graphene/Co3O4/Polypyrrole 6 M KOH 422.0 F g−1 at 10 mV s−1 18.4 90
23. S-doped Co3O4 nanorods 2 M KOH 319.3 C g−1 at 0.5 A g−1 38.1 87.6% after 5000 GCD cycles 91
24. ZnO/Co3O4 1 M KOH 1135.0 F g−1 at 1 A g−1 47.7 83.0% after 5000 GCD cycles 92
25. CNCAgrGO 6 M KOH 3393.8 F g−1 at 5 mV s−1 74.1 >93.0% after 1000 CV cycles this

work
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g−1, calculated using eq 2 at a current density of 20 mA cm−2.
As shown in Table S13, (ESI), bare and NC materials showed
different specific capacitance values as a function of current
density. In most cases, the specific capacitance results observed
from GCD for the CNCAgrGO NC and CNC profiles agree
substantially with the CV results. Furthermore, the discharge
time for the CNCAgrGO NC is longer than for other bare and
binary NCs materials. By comparing the GCD curves of all
materials, it is evident that all materials exhibit the ideal
capacitive behavior. As current density increases, specific
capacitance values decrease; just as in CV studies, as scan rate
increases, specific capacitance values decrease and vice-versa.
Figure 7g depicts the power density and energy density of

representative ternary NCs and bare materials. The electro-
chemical parameters such as energy density, power density,
and coulombic efficiency of the electrodes are assessed from
GCD profiles using eqs 3−5 at different current densities and
are also illustrated in Table S13, (ESI). All bare, binary, and
ternary NCs demonstrate good coulombic efficiency. At 20 mA
cm−2, the power density for CNC and CNCAgrGO NC is
500.0 and 443.3 W Kg−1, respectively. As observed from the
calculated values of GCD curves, the power density increases
with increasing current density, but the energy density has an
inverse relationship with current density. At 20 mA cm−2, the
energy density was found to be 26.5 and 74.1 W h Kg−1 for
CNC and CNCAgrGO NCs, respectively, which decreased to
19.2 and 50.8 W h Kg−1 at 40 mA cm−2. At a current density of
20 mA cm−2, the observed energy density trend for the
electrodes is CNCAgrGO > CNCAg-1.5 > CNCrGO-1.5 >
CNC > Co-BTC, while the reverse trend is noted in the power
density value for all these materials. The excellent energy
density of ternary CNCAgrGO is supported by noble metals
and Co with reserved electrons.
Furthermore, EIS is used to assess charge-transfer resistance

and series resistance of representative bare and ternary NCs
(Figure 7h). Based on an EIS equivalent circuit, the Nyquist
plot of the ternary CNCAgrGO material is shown in the inset
of Figure 7h. While the Nyquist plots of the remaining NCs are
shown in Figure S21, (ESI).69 The Nyquist plots in Table 3

show that ternary NCs have lower Rs (1.705 Ω) and Rct (0.15
Ω) values than bare NCs. This is attributed to the electrical
conductivity of Ag NPs as well as the ballistic conductivity of
RGO.28,36

In addition, along with having excellent specific capacitance
values, the stability of the active electrode material also plays a
vital role in electrochemical performance. To test the stability,
ternary CNCAgrGO/NF was subjected to 1000 CV cycles, as
shown in Figure 7i. In the first 600 cycles, the electrode
material is observed to be undergoing activation, and after full
activation of the material, a 6.32% decay in capacitance values
is observed between 600 and 720 cycles. Furthermore, beyond
720 cycles, stable capacitance retention is observed from

continuous CV cycles of CNCAgrGO electrode materials.
Based on these performances, ternary CNCAgrGO NCs
exhibit excellent rate capability, specific capacitance, and
cycle stability, and hence these NCs are explored further for
fabricating asymmetric supercapacitor devices.

Asymmetric Supercapacitors Device. Figure 8a−c
depicts the electrode deposition, device fabrication with
CNCAgrGO/NF as the cathode and activated carbon/NF as
the anode electrode, and a schematic of the fabricated device.
In the present device testing, a potential window was
optimized to 1.7 V, where the cell voltage was calculated as
the sum of the potential ranges of the two electrodes, viz., −0.2
to 0.5 V from CNCAgrGO and −1.0 to 0.0 V from activated
carbon as shown in Figure 8d. All of the CV profiles in Figure
8e at various scan rates (up to 100 mV s−1) exhibit non-
rectangular characteristics, revealing the Faradaic mechanism
of CNC NCs.94 It also shows excellent and ideal super-
capacitor performance in a potential window of 1.7 V. Using
CV curves, the specific capacitance value of the aqueous
asymmetric supercapacitor is observed to be 413.8 F g−1 at a
scan rate of 5 mV s−1 as well as 35.5 F g−1 at a scan rate of 100
mV s−1, which is also shown in Table S14, (ESI). Figure 8f
depicts GCD curves at different current densities ranging from
20 to 50 mA cm−2. According to evaluated results illustrated in
Table S15, (ESI), a power density of 5000.0 W kg−1 and an
energy density of 4.9 W h kg−1 are noted for CNCAgrGO/
NF//activated carbon/NF. The obtained results of this device
are superior to those obtained with the previous reported
devices. It has been demonstrated that the device is stable
when subjected to 1000 continuous CV cycles, as shown in
Figure 8h. The complete activation of the material is observed
for up to an initial 400 continuous cycles. Thereafter, no decay
in capacitance is observed, that is, stable cycles are observed.
Figure 8h (inset) shows the activation and retention of the
same CV curve for 1−500 and 500−1000 continuous cycles.
Based on electrochemical impedance measurements, Figure 8g
illustrates a lower charge-transfer resistance (Rct = ∼0.0186 Ω)
for the device. Figure 8g shows an inset of an equivalent circuit
for the device.

■ CONCLUSIONS
Co-BTC nanobars were synthesized solvothermally under
alkaline conditions in the current study, and these nanobars
were then used to form host CNC NCs. The stoichiometry of
porous CNC NCs with Ag NPs, as well as rGO, was optimized
in order to obtain ternary NCs with excellent supercapacitor
performance. The evaluated specific capacitance values for the
host CNCs and optimized ternary CNCAgrGO NCs at 5 mV
s−1 were 1951.2 and 3393.8 F g−1, respectively. In addition,
ternary CNCAgrGO NCs exhibited good cycle stability up to
1000 cycles, having the energy and power density values of
74.1 W kg−1 and 443.7 W h kg−1, respectively. The enhanced
electrochemical results can be attributed to the proper
intercalation−de-intercalation of electrolyte ions, more redox-
active sites, and the chemical stability of materials. The present
ternary NC-based aqueous asymmetric supercapacitor device
(CNCAgrGO/NF//activated carbon/NF) showed an excel-
lent energy density of 4.9 W h kg−1 at a power density of
5000.0 W kg−1. Also, when subjected to continuous CV cycles
at the scan rate of 100 mV s−1, an overlap of CV curves of 500
and 1000 cycles was observed, illustrating the stability of the
device. Thus, the present strategy provides a convenient and

Table 3. EIS Parameters for CNCAgrGO/NF in 6 M KOH
Electrolyte

EIS parameters

materials Rs (Ω) Rct (Ω)
CNC 3.01 0.88
CNCrGO-1.5 1.99 0.80
CNCAg-1.5 0.66 0.03
CNCAgrGO 1.70 0.15
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easiest way for synthesizing efficient and high-performing
electrode materials for energy storage applications.
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