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A growing quest for supercapacitors capable of quickly transferring energy has led to investigations
focusing on developing electrode materials that incorporate noble metals due to their superior electrical
conductivity. Here, we report the synthesis and charge storage performance of mesoporous silver
molybdate electrodes of cubic B-AgoMoO, morphology and potatoes-like nanostructures. The
electrochemical performance of the mesoporous B-AgMoQO, electrode has a battery-type behaviour
with the transfer of two electrons (Ag® « Ag®*) during the redox reaction in 2 M KOH aqueous solution
within a potential range of —0.45 to 0.35 V. In addition, the electrodes demonstrate quasi-conversion
reaction during the discharge, which is due to the oxidation of unoxidized Ago. Furthermore, the
electrodes exhibit a maximum specific capacity of 2610 C g~* at 1 A g~ and significant retention of
82% upon 5000 continuous galvanostatic charge/discharge (GCD) cycles. A battery-type asymmetric

Received 18th June 2022, supercapacitor cell (BASC) was designed using B-AgoMoQ4 as the positive electrode, activated carbon as

Accepted 14th September 2022 the negative electrode, and polyurethane foam/KOH as the separator-cum-charge reservoir. The
DOI: 10.1039/d2ma00708h fabricated BASCs yielded maximum specific energy of 54 W h kg™* at a specific power of 194 W kg ™.

These appreciable electrochemical features suggest that B-Ag,MoO,4 can be a viable material for
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Introduction

The urge for high power and energy in applications such as
hybrid electric cars, electronics, and optoelectronics has neces-
sitated the quest for developing energy storage devices that can
charge and discharge at very fast rates."” One potentially
trending device is supercapacitors (SCs), which have excellent
properties like fast electrochemical kinetics in the charging-
discharging process, long lifespan, easy operation, greater
specific power and high energy.’™ Specifically, SCs can recover
stored energy at a short interval of time, which is required in
application in heavy-duty systems.® One of the key components
to achieving outstanding charge storage performance in any
energy storage device is electrode materials (both positive
and negative).””® Excellent electrode materials for energy
storage devices are electroactive with efficient surface architec-
tures, compatible electrochemical interaction with electrolyte,

“ Department of Physics, Dr. Mahalingam College of Engineering and Technology,
Pollachi, 642003, India

b Department of Physics, The Gandhigram Rural Institute (DTBU), Gandhigram,
624302, India

¢ Department of Chemistry, Cape Breton University, 1250 Grand Lake Rd., Sydney,
Nova Scotia, B1P 612, Canada. E-mail: martin_mkandawire@cbu.ca

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2ma00708h

8288 | Mater. Adv, 2022, 3, 8288-8297

developing supercapacitor electrodes.

allowing binder-free fabrication of electrodes, high specific
surface area, strong adherence to a current collector, and a
good degree of porosity that facilitates the electron transport
kinetics. As a result, a lot of research efforts have been directed
to identify the materials, specifically for the negative electrodes,
with the qualities mentioned above. For supercapacitors, more
and more attention is being given to metal oxides with dis-
tinctive nanostructures for possible electrode material. Nanos-
tructure metal oxides have unique charge storage capability,
storing in alkaline solutions other than the rectangular double
layer process through the Nernstian reaction. Furthermore,
binary metal oxides make material for supercapacitors due to
their multiple redox states.’

Among inorganic material families, metal molybdates
(AMo0O,; where A site might be a mono-, di-, or trivalent metal
ion)'*!" are attracting research interest for their suitability as
supercapacitor electrodes. The A,MoO, have the right charac-
teristics sought in electrodes like high theoretical charge capa-
city, good electrical and ionic conductivity and excellent
electrochemical activity.>'>"* Although the molybdenum ions
can undergo multiple redox states (Mo®** to Mo®"), metal or
transition metal molybdates offer a substantial degree of
chemical stability against continuous charge-discharge cycles,
owing to the covalent bonding in molybdates.'®'* Additionally,
these A;M0O, have good ionic conductivity with regard to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrolyte ions, which is responsible for the substantially high
specific capacity and energy density because the conductive
channels are paved with metal or transition metal ions.”’
Motivated by these qualities, various transition metal molyb-
dates, including NiMo0O,,">'® CoMo0,,>'”'® MnMoOQ,,""*°
CuMoO,, FeMo0,,>" Ag,Mo00,, ZnMo0,,*>** BiMo00g,>*
CuzMo0,0,>>*° and their possible composites consisting metal
compounds,”” carbon and conducting polymers have been
explored for use as electrodes in supercapacitors.’®**! For
example, exploration of MnMoO, nanostructures for super-
capacitor electrodes revealed an outstanding supercapacitive
performance, with an estimated specific capacitance of
697.4 F ¢~' at 0.5 A g ' in 2 M KOH aqueous solution.*>
Similarly, Bi,MoO, nanoplates have a good charge storage
performance, accounting for a specific capacitance of
698 Fg 'at5mvs 1>}

Besides the high power sought for electronic devices, elec-
trodes of the gadgets must support faster electron passage.
Thus, A,M00, materials containing Ag' rank high in research
interest because Ag has excellent electrical conductivity, attrib-
uted to the materialized Ag" (reduced product) containing an
anatomically distributed network of conductive Ag® particles
that facilitate rapid electron transport.>® There are several
feasible structures of A,MoO, in the Ag,0-MoO; phase dia-
gram, including layered AgeMo,0033, Ag2M0,0, with its two
polymorphs, orthorhombic Ag,Mo0;0,, and spinel Ag,M00,.>*
However, only a few of these Ag" containing A,MoO, have been
examined, to the best of our knowledge, for their suitability and
performance in supercapacitors. So far, a literature search only
revealed a work that reported the coexistence of surface and
intercalation redox reactions for layered-structured triclinic
AgsMo0,00;; electrodes in energy storage.'”

In this paper, we report a study on the development of spinel
B-Ag,Mo0O, nanostructures with excellent electrochemical

behaviour suitable for high-performing supercapacitors.
Ag,Mo00, nanostructures may be found in two polymorphic
states: metastable o-Ag,Mo0O, (tetragonal) and stable

B-Ag,Mo0O, (cubic). The B-Ag,Mo0O, is of higher interest due
to, among others, possessing a good range of optical gap (3.26—
3.41 eV), having a spinel-type cubic structure and ease of
synthesis. These attractive features make B-Ag,MoO, a func-
tional material for semiconductor, photo catalyst and energy
storage applications. In contrast, a-Ag,Mo00, is mostly reported
at high temperatures or with large amounts of surfactants.>>**
However, the synthesis of o-Ag,MoO, generally required
extreme conditions, such as high pressure and temperature,
as well as high-tech equipment. When heated above the ambi-
ent temperature, the a-phase irreversibly changes into the
B-phase. The B-Ag,MoO, phase comprises tetrahedral [MoO,]
clusters created by the coordination of Mo®" with four O*~
anions and octahedral [AgOg] clusters formed by the coordina-
tion of Ag”™ cations with six O*~ anions.?* In view of these, the
electrochemical performance of § phase, cubic Ag,M00O, nanos-
tructures were studied. Furthermore, the B-Ag,MoO, nanos-
tructure is used to construct battery-type asymmetric
supercapacitor cells, and the real-life application of the
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designed cell was investigated in the current work. The super-
capacitor cells were able to energize LEDs.

Results and discussion
Structural, morphological and surface area analysis

The prepared materials’ crystal structure, phase and purity were
analyzed using X-ray diffraction spectrometry, and the results
are presented in Fig. 1a. The sharp and intense diffraction
peaks in Fig. 1a signify the formation of the crystalline silver
molybdate. The Bragg’s peaks are located at 20 values of 16.4°,
27.1°, 31.8°, 33.2°, 38.6°, 42.2°, 47.8°, 50.9°, 55.7°, 63.1°, 65.6°,
66.5° 76.4° and 78.8° agree with the respective reflection planes
of cubic B-Ag,Mo0, (JCPDS: 08-0473).%° No other peaks related
to metallic Ag, AgO, Ag,0, Ag;0, or MoO; phase were observed,
indicating that the silver molybdate crystals were of the highest
purity. Further FTIR spectroscopy is utilized to diagnose the
structural characteristics of the prepared silver molybdate
nanostructures. The FTIR spectrum in Fig. 1b shows the
stretching and bending vibrations of molecules in the silver
molybdate. The peak observed at 1640, and 3569 cm ' were
attributed to the bending and stretching vibrations of hydroxyl
in the water molecules (it may be adsorbed from the
atmosphere).’”*® The bands centred at 831 and 612 cm™ " were
ascribed to the anti-symmetric Mo-O and symmetric O-Mo-O
stretching vibration in MoO,>” ions.***® Ag-O stretching vibra-
tion of B-Ag,MoO, could be seen at peak located at 518 cm 1.2

The morphological features of the silver molybdate were
investigated with the aid of transmission electron microscopy
(TEM). The TEM images of the silver molybdate nanostructures
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Fig.1 (a) XRD pattern and (b) FTIR spectrum of B-Ag,MoO, nano-
structures.
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Fig.2 TEM images of B-AgoMoO, under different magnification: (a)
500 nm, (b) 200 nm and (c) 100 nm.

are presented in Fig. 2, which indicates a potatoes-like structure
with an average size of 121 nm. Furthermore, the image shows
that the p-Ag,Mo00O, nanopotatoes are interlaced, and the edges
of the potatoes are visible, indicating that the (-Ag,MoO,
nanostructures are very thin. There are no aggregations
observed in the TEM images, which can be ascribed to the
effect of a low concentration of the precursor materials. The
nanosized, aggregation-free f-Ag,MoO, potatoes-like structures
can provide effective channels for the intercalation of electro-
lyte ions, favouring charge storage. Hence, it can be expected to
be a viable candidate for constructing supercapacitor
electrodes.

It is well known that porous structures can provide a large
specific surface area, allowing for excellent electrochemical
performance.*! The specific surface area and the distribution
of pores with different sizes of -Ag,MoO, nano-potatoes were
determined using BET measurements. The measurements were
performed using N, adsorption and desorption isotherms and
the BJH pore size distribution analysis method. Fig. 3a displays
the isotherm curves of -Ag,Mo00O, nano-potatoes, demonstrat-
ing the Langmuir type IV isotherm with a characteristic H3
Hysteresis loop around the high-pressure area of 0.45 to 1.0 P/
P,, signifying the existence of mesopores.”’ The BET curve
shown in the inset of Fig. 3a yields a specific Surface area of
34.9 m®> g~ '. Furthermore, the Barrett-Joyner-Halenda (BJH)
approach was used to evaluate the overall distributions of pores
in accordance with their sizes. Fig. 3b depicts the distribution
of pores comprising various sizes in the ranges of 1.9 (12.3%),
2.1 (13.6%), 9.7 (29.9%) and 15.4 (44.2%) nm.

Herein, the major distribution of 44.2% is observed for the
pore diameter of 15.4 nm, suggesting that the silver molybdate
nano-potatoes are constituted with the major distribution of
mesopores. Also, the pore volume of 0.12 cm® g~ ! is acquired
from this BJH method of analysis.

Formation mechanism of silver molybdate nanostructures

In this work, the silver molybdate nanostructures can be said to
have been prepared with energy economical, involving rapid
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distribution curve of B-Ag,MoO,4 nanostructures.

conventional heating techniques. This technique is the cost-
effective and facile route to preparing uniform-sized particles.
The formation of Ag-Mo-O nanostructures follows a ‘“nuclea-
tion and growth process.”*>** The nucleation and growth
process in the formation of B-Ag,MoO, began with mixing
equal proportions of Ag” and MoO,” into a blended solution.
Then, the resultant solution was gradually heated to 90 °C for
10 minutes, resulting in precipitate formation (Scheme 1).
When the supersaturated conditions are attained, the two Ag"
ions are initially coordinated with the MoO,>" ions resulting in
the formation of thermodynamically stable f-Ag,M00,."> Thus,
the whole process is very much temperature dependent that the
metal salts dissolution and p-Ag,MoO, crystallization are accel-
erated by increasing the reaction temperature.*® The plausible
reactions for the formation of B-Ag,MoO, are expressed in

reactions 1 to 3:3%4415
Na;MoOy - 2H,0 24 N+ 4 MoO2~ 1)
AgNO, WS Aot 4 NOS @)
2Ag+MOO42_ conventional heating [B-Ag2M004]precipilale (3)

Supercapacitor performance and characteristics

Three electrode system. The electrochemical properties of -
Ag,M00, were evaluated to determine its suitability as a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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positive electrode in a battery-type asymmetric supercapacitor
cell (BASC) assembly. Hence, nano-potatoes of B-Ag,MoO,
electrodes were used as the working electrode in a three-
electrode configuration system and examined the electroche-
mical behaviour in 2 M KOH electrolytes within the potential
ranging from —0.45 to 0.35 V (vs. Ag/AgCl). The results are
presented in Fig. 4. The feasible electrochemical mechanism of
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Fig. 4 Electrochemical measurements of B-AgoMoQy: (a) redox mecha-
nism, (b) CV curves, (c) Q versus v~ Y2, (d) illustration of diffusion/surface
charges contribution to total charges stored at various scan rates, (e) GCD
curves and (f) capacity versus current.
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B-Ag,MoO, electrodes in an alkaline solution is demonstrated
in Fig. 4a. The cyclic voltammetry measurements were initially
carried out at a different scan rate of 2, 5, 10, 25, 50, 75 and 100
mV s~ ' to diagnose the nature of the energy storage mechanism
in the mesoporous B-Ag,MoO, electrodes. Fig. 4b shows the
voltammograms of B-Ag,MoO, electrodes, demonstrating the
strong redox peaks at a corresponding potential. This observed
behaviour suggests that the charge storage processes could be
attributed to the faradaic nature, and the feasible redox reac-
tion is: Ag+ 20H~ = AgO + H,0 + 2e~ (Ag’ directly oxidized to
Ag”").*>" Due to the fact that the faradaic reaction includes the
transfer of two electrons, there is a large area under the CV
curve, which accounts for the quasi-conversion reaction mecha-
nism. The magnitude of the anodic and cathodic current is
pretty comparable (Fig. 4b), indicating that the charge storage
performance is stable, and there is a complete conversion of
Ag to AgO (Ag® — Ag®") during the oxidation and vice versa
(Ag”" — Ag®) in reduction process.*®

During the anodic current (i.e., forward scan) at threshold
potential, the B-Ag,Mo0O, electrode is oxidized by ejecting the
electron, leaving the material with unbalancing charges, corres-
ponding to the anodic peak (Ag® — Ag®*) at a potential ranging
from 150 to 210 mV for all scan rates. To maintain charge
neutrality, OH™ ions are diffused from the bulk electrolyte
solution into the matrix of B-Ag,MoO, electrodes. The process
is reversed (ie., the reduction process) during the cathodic
current (i.e., reverse scan), and the cathodic peak (Ag** — Ag®)
is seen at around —20 mV for all scan rates. The observation
indicates that the (B-Ag,MoO, nano-potatoes electrodes are
likely to be battery-type electrodes.’® Further, a larger area
under the CV curve with the increasing scan rate indicates that
the electrodes of silver molybdate exhibit a high rate capability
of electron discharge. The specific capacity of the potato-like -
Ag>,Mo0, electrodes was estimated using the area under the CV
curve (eqn (7)) and is 898, 563, 454, 356, 299, 268 and 248 C g~
at a scan rate of 2, 5, 10, 25, 50, 75 and 100 mV s~ * respectively.
Thus, 27.6% capacity is retained even at a high scan rate of
100 mV s~ . This could be attributed to the low interaction of
electrolyte ions with the electrochemically active sites of the -
Ag,Mo0O, electrodes.

Furthermore, the electrochemical kinetics of B-Ag,MoO,
electrodes is examined using Dunn’s method.*® This method
aids in distinguishing the different controlled process which is
involved during charge storage performance: surface controlled
(capacitive contribution; Qs oc ) and diffusion controlled (Qp
oc v~ "'?) process. Therefore, the total quantity of charges (Qr)
stored in the electrochemical performance is given by:

Qr=Qs+0Qp (4)

1
Ot = Qs + constant— (5)

N

Then, Qg can be estimated by plotting a graph between Qr
and the inverse square root of scan rates (a linear plot; Fig. 4c).
Herein, the Qs is yielded by extrapolating the linear plot and the
intercept on the y-axis and is 142 C g~ '. Thus, the diffusion-
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controlled charges (Qp) are estimated by subtracting the
surface-controlled charges. Fig. 4d illustrates the contribution
of diffusion and surface charges to the total charge stored in
the electrode. From this analysis, it is evident that the con-
tribution of diffusion controlled process is pretty good at lower
scan rates resulting in a higher specific capacity.

The charging and discharging characteristics of the potato-
like B-Ag,MoO, electrodes were examined with the galvano-
static charge-discharge test. The measurements were done at
various specific currents within the potential range from —0.45
to 0.35 V. Fig. 4e depicts the non-linear charging/discharging
GCD curves, evidencing that energy storage is primarily con-
nected to the electrochemical redox process. Also, a sudden
kink in discharge curves is attributed to the quasi-conversion
reaction (i.e., oxidation of unconverted Ag®), consistent with the
findings obtained in the CV analysis.*®*° Recently, a similar
charge-discharge pattern for Ag/NiO nanoparticles based on
the quasi-conversion reaction has been reported elsewhere.”
Moreover, the specific capacities (Coulombic efficiency) of 2610
(50.2%), 1800 (52.7%), 1296 (55.1%), 834 (57.2%) and
478 (69.1%) C g~ ' are estimated (using eqn (8)) at a specific
current of 1, 2, 3, 4 and 5 A g~ ', respectively. These specific
capacities are mainly ascribed to the unique nanosized
potatoes-like structure of silver molybdate. The specific capacity
is reduced at the highest tested rate of 5 A g~* (Fig. 2d). As the
specific current increases, the electrolyte ions have less time to
migrate into the matrix of silver molybdate electrodes, resulting in
less dumping of charges and hence a decrease in capacity.

Furthermore, the IR drop is very small for all specific
currents. For example, the GCD curve studied at 2 A g~ is
shown in Fig. S1a (ESIY). It displays a very small amount of IR
drop,®* as seen in the enlarged graph in Fig. Sib (ESIf). The
appearance of a sudden potential drop may be due to the effect
of a quasi-conversion reaction (oxidation of unoxidized species
during discharging). This characteristic behaviour is the inher-
ent electrochemical nature of metallic Ag (direct oxidation from
0 to 2+ states by ejecting 2 electrons).>

Furthermore, the capacity of the silver molybdate nano-
potatoes is higher than the recently reported values for other

Table 1 Comparison of electrochemical characteristics of f-Ag,MoO4 with
electrolyte
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metal molybdate nanostructures (Table 1). The outstanding
charge storage performance of Ag,MoO, electrodes can be
credited to (1) the presence of multiple valances, which
enhances the electrochemical performance via the faradaic
mechanism, (2) the formation of thin nanosized potatoes that
could provide high specific surface area, enhancing the degree
of accessibility of electrolyte ions, and (3) the mesoporous
surface texture that facilitates the large accommodation of ions
during the redox reactions.

To study the impedance characteristics associated with the
diffusion of ions at the boundary between the electrode-
electrolyte interface, an AC impedance analysis was performed
on nano-potatoes of silver molybdate electrodes. The measure-
ments were carried out within the frequency range of 10 mHz to
100 kHz at an amplitude of 5 mV. The Nyquist plot in Fig. 5a
shows the impedance spectrum fitted to the modified Randle’s
circuit (inset of Fig. 5a) comprising solution resistance (Rs),
double layer capacitance (Cqj), charge transfer resistance (Rcr),
and Warburg impedance (Zy), of the silver molybdate electro-
des. As shown in Fig. 5a, the Nyquist plot is divided into two
segments: (1) a semicircle part in the high-frequency region
specifying the charge transfer controlled process and an
inclined linear part in the low-frequency region, implying the
dominance of the electrolyte ion diffusion process in the
storage of electrical energy. Semicircles in high-frequency zones
are ascribed to a combination of equivalent series resistance
(ESR) and charge transfer resistance.>® The X intercept of the
semicircle observed in the high-frequency region yields the
electrolyte solution resistance of 1.68 €, and the semicircle
diameter provides the charge transfer resistance of 2.95 Q; (2)
similarly, an inclined linear part in the low-frequency region,
implying the dominance of the electrolyte ion diffusion process
in the storage of electrical energy.

The detailed electrochemical kinetics of (-Ag,MoO, elec-
trode in KOH solution under ac perturbation is as follows. The
results of CV and GCD provide the details of the faradaic
reaction of the fabricated B-Ag,MoO, electrode, and it indicates
the diffusional transport of OH™ ions onto the electrode sur-
face. Besides, ac impedance analysis details the diffusion-

other reported metal molybdate-based nanocomposites in KOH aqueous

Potential Specific capacity Stability
S. no. Electrode materials Synthesis method Morphology window (V) (Cg'@Ag ") (%@cycles) Ref.
1 MnMoO, Solvothermal Nanorods 0-0.5 327.4@1 45@1000 32
2 rGO-NiMoO,@Ni-Co-S Hydrothermal Nanotubes 0-0.4 1145@1 88.8@10000 59
3 CuMo00,4/ZnMo00O, Precipitation route Nanoflower arrays 0-0.4 504@2 94.8@5000 60
4 ZnMoO, Hydrothermal Interconnected nanosheets 0-0.4 282@1 93.6@10000 61
5 CoMoO, Hydrothermal Spherical 0-0.6 92@0.5 — 2
6 CoMoO,/carbon Hydrothermal Spherical —0.1to 0.42 851.85@1 86.28@3000 62
7 CuMoO, Hydrothermal Nanosheets —0.2to 0.45 1469@1 90.8@5000 63
8 Ag QDs/NiMoO, Hydrothermal Microspheres 0-0.55 1141@1 — 64
9 Mn,/3Ni;3C04/3M00,/rTGO Hydrothermal Nanorod bundles 0-0.4 405@1 — 65
10 Nig.75C00.25M00, Hydrothermal Nanosheets 0-0.55 400@1 97.2@3000 66
11 Mny 33Ni 33C00 33M00, Hydrothermal Nanorods 0-0.5 449@2 83.7@2000 31
12 Mny »5Ni 5C00 25F€0 ,5M00, Hydrothermal Nanorods 0-0.5 548@2 86.2@2000
13 MoO3/NiMoO, Sol-gel Spherical nanoparticles 0-0.6 122@0.5 — 67
14 B-Ag,Mo0O, Conventional heating Nanopotatoes —0.45 to 0.35 2610@1 82@5000 Present

work
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Fig. 5 (a) Nyquist plot, (b) log|Z”| vs. log(1/w), (inset of b) Z' versus w2,

(c) Bode phase angle plot and (d) cycle test of f-AgzMoQ,.

controlled reaction of OH™ ions under ac perturbation by
revealing a 45° inclined straight line in the low-frequency
region. This unique electrochemical performance under ac-
probing was initially suggested by Warburg and later estab-
lished by Randles. Mathematically, the faradaic impedance can
be expressed as the combination of charge transfer and
diffusion-controlled processes (Zg(w) = Ror + Zw(w)). When
o — oo the charge transfer is controlled, electrochemical
performance is dominated by a charge-transfer controlled
reaction that dominates the charge storage process. The semi-
circle in the high-frequency region of the Nyquist plot
addresses the charge transfer controlled reaction. Similarly,
the diffusion-controlled electrochemical behaviour has been
observed when o of ac probe undergoes to 0 (w — 0), and it
corresponds to the straight line (45° inclination to Z’) in the
low-frequency region. Mathematically, it can be expressed as’
Zw(w) = %(l —J) or log|Z"| =logo + alog(%); where ¢ is
the Warburg coefficient, j is an imaginary unit, o stands for
angular frequency (rad s~'), and « corresponds to the transfer
coefficient, and it can be obtained from the slope of the linear
plot between log|Z”| and log(1/w) that indicates the nature of
the electrochemical performance of the electrode materials (o
takes 0.5 for the Warburg behaviour).>*>*

Fig. 5b displays the linear plot of log|Z” | versus log(1/w) of B-
Ag,Mo00,. Furthermore, the slop of 0.62 is obtained for the
straight line, corresponding to the transfer coefficient (o)
reflecting Warburg behaviour. The transfer coefficient value is
nearer to 0.5, indicating diffusion-controlled energy storage
performance, supporting the result obtained from the cyclic
voltammetry technique (ie. diffusion-controlled process).
Moreover, the hydroxyl ion diffusion coefficient is estimated
using the relation 6.%°

R*T?
T 24P Clow? (6)

where R, gas constant (8.314 J mol ' K '); T, temperature
(room temperature usually taken as 295 K), A, surface area

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(1 ecm®); n, number of electrons transferred (2); F, Faraday
constant (96485 C mol™'); C, the molar concentration of
OH™ ions (2 x 10~® mol em? for three-electrode and 6 x
102 mol ecm* for two-electrode) and ov, Warburg coefficient
(11.13); this value is obtained from the slope of Z’ versus o~ />
linear plot, which is shown in the inset of Fig. 5b. The
estimated diffusion coefficient is 30.42 x 10~ cm® s~'. The
Bode phase angle plot of -Ag,Mo0O, is displayed in Fig. 5c. In
the phase angle plot, the approaching to pure capacitive
behaviour at low frequency is usually identified with the phase
angle approaching —90°. Whereas, the Bode phase angle plot of
B-Ag,MoO, intercepts at a low frequency around a phase angle
of —45° suggesting an excellent redox performance. The smaller
the phase angle, the better the charge storage performance and
the faster the diffusion of the ions.’®*” Furthermore, the Bode
phase angle plot demonstrates one time constant at the middle
frequency region, signifying the double layer capacitance
process.®® Thus, the result obtained in the Bode phase angle
analysis over frequency is consistent with the results obtained
in Dunn’s method (surface contribution of 142 C g™ %).
Besides, the nano-potatoes of B-Ag,Mo0O, electrode were
further employed to investigate the cycle life test. The measure-
ments were performed through the GCD technique at a specific
current of 10 A g * for 5000 continuous GCD cycles, and the
results are displayed in Fig. 5d. faradaic efficiency and capacity
retention are studied in the cycle life test.*’ The electrodes of
B-Ag,MoO, nano-potatoes could yield an average faradaic effi-
ciency of 97% for over 5000 continuous charge-discharge
cycles. Also, capacity retention is estimated at an interval of
100 GCD cycles. The electrodes of B-Ag,MoO, nano-potatoes
displayed decreasing trendy capacity from its initial value and
retained 82% of its initial value even after 5000 charge-dis-
charge cycles. The combined effect of nanosized potato struc-
ture and mesoporous texture is primarily responsible for the
remarkable electrochemical performance. To better understand
the sustainability of the B-Ag,MoO, electrodes, we have
recorded SEM images after the cycling stability test and pre-
sented them in Fig. S2 (ESIt). It indicates that the B-Ag,MoO,
lost its morphology and showed the aggregation of particles,
and the closure of electroactive sites led to the capacity fading.
Two electrode system. The real-life application of the pre-
pared B-Ag,MoO, nano-potatoes electrodes was tested in an
asymmetric supercapacitor device (Fig. 6a). In this device
assembly, the B-Ag,Mo0, is the positive electrode, and acti-
vated carbon is employed as the counter electrode to the -
Ag,Mo00,. The charge conservation is the key route to obtaining
superior charge storage performance, and it can be achieved
through the mass balance theory.>® The CV curves, studied at
50 mV s, of the B-Ag;Mo00, (—0.45 to 0.35 V) and AC (—1 to
0 V) electrodes are presented in Fig. 6b. The mass ratio is
assessed by taking into account the specific capacity of
299 C g ' (B-Ag,M00,) and 526 C g ' (AC) at a scan rate of
50 mV s~ ' in eqn (9), and it is 2.2. (i.e., m, = m_ x 2.2).°° The total
mass (m, + m_) of the active material used to assemble is 4.8 mg.
The charge storage performance of the battery-type
asymmetric supercapacitor cell operated at 1.5 V is shown in

Mater. Adv,, 2022, 3, 8288-8297 | 8293
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Fig. 6 (a) Schematic representation of BASCs, (b) CV curves of AC (-1 to
0 V) and B-Ag,MoQO,4 (—0.45 to 0.35 V), supercapacitor performance of
cell: (c) CV curves, (d) GCD curves, (e) Cs vs. Ip, (f) Ragone plot, (g) charged
cell is energizing the green LEDs, (h) Nyquist plot and (i) cyclic stability.

Fig. 6¢c-i. The CV curves (Fig. 6¢) of the cell demonstrate the
non-capacitive faradaic energy storage process by displaying
non-ideal rectangular shape voltammograms.

Fig. 6d shows GCD curves of the asymmetric supercapacitor
cell that confirms the electrochemical performance via the
faradaic process. The specific capacity of the asymmetric super-
capacitor cell is estimated using the area of the discharge curve,
and the values are 392, 297, 262 and 101 C g~ " at the constant
specific currents of 2, 6, 10 and 20 A g~ * respectively (Fig. 6e).°®
It is interesting to note that this device holds the capacity of
101 C g~ ' at a higher current rate of 20 A g~ ' indicates the
batter rate capacity of the device. Further, the specific energy
and power are estimated using eqn (10) and (11), and the values
are presented in a Ragone plot (Fig. 6f).°® The estimated
specific energies are 54, 41, 34 and 21 W h kg™ " at a delivery
rate of 194, 739, 2029 and 7582 W kg™ ', respectively. Even at a
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higher power of 7582 W kg™', about 38.8% energy is retained,
reflecting a superior electrochemical response of the BASC.
Moreover, the charged cell (4 Nos; connected in series) could
energize the LEDs (connected in parallel), as shown in Fig. 6g.
Therefore, the specific energy estimated for the B-Ag,MoO,//AC
battery-type Asymmetric supercapacitor cell (BASC) could be
comparable with the previously reported cell (Table 2). The
solution (Rs) and charge transfer resistance (Rcy) of 2.9 Q and
10.3 Q were obtained from the X intercept and diameter of the
semicircle (Fig. 6h, Nyquist plot, fitted to the modified Randle’s
circuit), respectively. The lifespan of the hybrid-type B-Ag,Mo0O,//
AC cell upon 5000 continuous GCD cycles is examined using
galvanostatic charge/discharge analysis at a current density of
15 mA cm™ 2. Faradaic efficiency and capacity retention are assessed
for each interval of 200 cycles, and they are presented in Fig. 6i.*"
The hybrid pseudocapacitor cell could retain 79.7% of specific
capacity from its initial value even after 5000 continuous charge-
discharge cycles. Furthermore, the hybrid cell yields an average
faradaic efficiency of 91.2% up to 5000th charge-discharge cycles.

Conclusion

In summary, a facile energy economic aqueous precipitation route of
fabricating the mesoporous textured p-Ag,MoO, nano-potatoes was
developed in this research work. The nanosized potatoes have a
remarkable charge storage performance by estimating a maximum
specific capacity of 2160 C g ' (1 A g~) and 82% retention (5000
cycles). Such superior charge storage performance arises out of the
rapid faradaic reaction kinetics across the electrode and electrolyte
interface along with quasi-conversion reaction. The designed -
Ag,M00,//AC redox-type asymmetric supercapacitor cell could yield
38.8% retention in specific energy even at a higher specific power of
7.6 kW kg~ " and better stability (79.7% retention after 5000 cycles).
This article illustrates a framework for making mesoporous struc-
tures using noble metal for supercapacitor applications.

Experimental

Chemicals and reagents

Silver nitrate (AgNO;, Sigma-Aldrich, AR), sodium molybdate
(Na,Mo00,-2H,0, Sigma-Aldrich, 99%), and all other chemicals

Table 2 Comparison of electrochemical performance of B-Ag,MoO,//AC supercapacitor cell with previously reported metal molybdate-based

asymmetric supercapacitor cell

Potential

S.no.  Asymmetric supercapacitor cells ~ window (V)  Separator/electrolyte  Es (W hkg™')  Ps(Wkg ')  Stability Ref.

1 CoMo00,/Co;_,S//AC 1.6 — 39.8 804.5 86.4@5000 69

2 CuCo,S,;@CoMo00,//AC 1.4 — 45.73 198.8 83@3000 70

3 NiCo0,S,;@NiMo00,//AC 1.6 Cellulose separator 53.2 560 90.2@8000 71

4 rGO-NMO@NCS//rGO-MDC 1.6 — 57.24 801.8 92.42@6000 59

5 CuMo0,4/ZnMo00O,//AC 1.5 Filter paper 34.83 472.0 89.6@8000 60

6 CMO-GC-2//AC 1.5 Polypropylene film 36.86 152.84 87@5000 62

7 Ag-QDs/NiMo0O,//AC 1.7 Cellulose separator 48.5 212.5 84.4@5000 64

8 Cu3Mo0,00//La;M0;0, 1.6 — 21.84 1610 119.4@5000 72

9 Co-NiMo0O,//AC 1.6 Cellulose separator 31.1 1249.9 91@5000 73

10 B-Ag,Mo00,//AC 1.5 Polyurethane foam 54 194 79.7@5000 Present

work
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were obtained from CDH chemical company and used for
material preparation as supplied with no further purification.
All chemicals were reagent grade.

Preparation of silver molybdate nanostructures

The silver molybdate nanostructures were prepared through a
rapid wet chemical route, which required using a concentration
ratio of 1:1 of Ag to Mo (i.e., containing 1 mM of each metal
ion) in the initial solution. In detail, 241.6 mg of Na,MoO,-
2H,0 was dissolved in 50 ml of double-distilled water and
stirred for 30 minutes to ensure homogeneity. Similarly, the
Ag-containing solution was prepared by dissolving 339.65 mg of
AgNO; in 50 ml of double-distilled water and stirred for
30 minutes. Then, the AgNO; and Na,MoO, solutions were
gradually added to each other. The blended solution was
continuously stirred for 1 hour. The resultant solution mixture
(with 1 mM of Na,MoO, and AgNO;) was heated to 90 °C for 10
minutes until a precipitate formed. The obtained precipitate is
washed 5 times with double distilled water to remove the
residues of reaction and then dried at 80 °C for 24 hours in
an atmosphere of air.

Electrode preparation and characterization

The crystal phase and structure of the prepared silver molyb-
date materials were analyzed using XRD (Rigaku Miniflux 600
X-Ray Diffractometer, CuKa radiation, A = 0.1452 nm, 40 kV,
15 mA). Their morphology was investigated using a transmis-
sion electron microscope (JEOL/JEM 2100, LaB6 source,
200 kV). The specific surface area was determined using N,
adsorption and desorption with Brunauer-Emmett-Teller
(BET) equation (Nova Station 0, Quantachrome Instruments,
version 3.0) and porosity with Barrett-Joyner-Halenda method.

The electrochemical performance of the silver molybdate
electrodes was determined using three-electrode electrochemi-
cal cells (Electrochemical Workstation, CHI 660C; 5.01 revised
1/5/2007). The preparation of electroactive material and work-
ing electrodes have been discussed in the S3 (ESI{).*!
The preparation of electroactive material, and working electro-
des have been reported elsewhere.*’ Ag/AgCl electrodes and
platinum wire were used as reference and counter electrodes,
respectively. Electroanalytical techniques like cyclic voltamme-
try (CV), galvanostatic charge-discharge (GCD) and electro-
chemical impedance spectroscopy (EIS) were adopted to inves-
tigate the supercapacitive behaviour of the prepared material in
2 M KOH solutions. The specific capacity of the silver molyb-
date electrodes was estimated from the CV and GCD test with

the following eqn (8) and (9), respectively,”*®*7*
 [1dv
ST 2mgy )
21[Vdt
ST mgV (8

where Qs is the specific capacity (C g '); [IdV is the area under
the CV curve (A V); m is the mass of the electroactive
material loaded (g); V, potential window (V); v, scan rate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(mv s™"); I, specific current (A g~') and [Vd¢, area of the
discharge curve (V s).

Design of assembly B-Ag,Mo00,//AC battery-type asymmetric
supercapacitor cell (BASC)

The battery-type asymmetric supercapacitor cell (BASC) was
designed in a sandwich model. The silver molybdate was placed
as the positive electrode, activated carbon as the counter
electrode, and polyurethane foam soaked in 6 M KOH (due to
the starvation of electrolyte ions in 2 M KOH)”>”® was the
separator-cum-charge reservoir. Crucial to an outstanding
charge storage performance is balancing the charges (Q" =
Q") produced at the surface of activated carbon and silver
molybdate electrodes, which can be done through mass bal-
ance theory (Q = mCV; eqn (10)).”77®

m+7C_V_7%

m- CiVi Oy

©)

where m, and m_ are masses (g); Q. and Q_ are specific
capacities (C g~ ') of the activated carbon and silver molybdate
electrodes, respectively. Then, the specific energy and power

were estimated using the following equations.>®%%7*
IV (t)dt
Eq=-—21 7 10
s Me1e3.6 ( )
E:
Ps = TS x 3600 (11)

where Eg - specific energy (W h kg™"); I - applied current (A);
[V(r)dt - area (excluding the discharge area of bare Ni foam)
under discharge curve (V s); mee is the mass of active material
loaded (g); PS is the specific power (W kg™ '), and ¢ is discharge
time (s).
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