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Abstract

Development of novel Faradic electrode with excellent rate capability and long-lasting characteristics determines the per-
formance of supercapacitor (SC) in current scenario. Rare-earth metal oxides have received considerable attention in SC
domain with high volumetric energy density and capacitive performance. In this context, we have fabricated gadolinia/nickel
sulphide nanocomposite via simple chemistry approach followed by two step hydrothermal method. Especially, the gadolinia/
nickel sulphide nanocomposite synthesized in the current study offers high specific capacitance (354 F g~ at a constant
current density of 0.5 A g™!), low charge transfer resistance (6.37 Q) and outstanding cycle life (1.3% loss capacitance loss
even after 5000 continuous charge/discharge cycles). Such enduring energy characteristics of gadolinia based nanocomposite

will create a huge impact in the future energy storage systems

1 Introduction

Ever growing energy demands and inadequacy of natu-
ral resources pushes us to derive the alternate sustainable
energy supply in eco-friendly manner. Since, the electro-
chemical energy storage systems (supercapacitors, SCs,
lithium ion batteries, fuel cells) [1-3] play a significant role
in the context of energy demand over the past decades. Of
these, SCs are considered as the most deserved candidates in
energy storage systems on account of their superior features
like fast charge/discharge capabilities, excellent cycle life
(10°-10° cycles), wide operating temperature ranges, easy
to handle and even low cost also [4-6].

But, the low power density of SCs still remains a big hur-
dle in energy relay while they are comparable with batter-
ies. So, keen interest has been devoted by the research com-
munity to design a novel SC with high volumetric energy
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density. The setback in SC has been overcome by improving
the capacity of the electrode material having excellent elec-
trochemical properties with tunable porous architectures.
Such porous architectures allow maximum utilization of
electrode materials to greater extent. The stabilized SC that
can store/deliver high energy, either by fast Faradic redox
phenomenon (pseudocapacitors, more advantageous) or
reversible ion adsorption at electrode/electrolyte interfaces
(electric double layer capacitor, EDLC) [7, 8].

Graphene, carbon nanotubes (SWCNT, MWCNT), acti-
vated carbon and natural derived carbon forms [9, 10] are
employed as the prominent candidates in EDLC owing to
their layered structure, high specific surface area and excel-
lent conductivity. Poor capacity/energy density of carbona-
ceous materials hinders their practical applications. Tran-
sition metal hydroxides, metal oxides, metal sulphides,
conducting polymers are the basic building blocks of Faradic
capacitor [11, 12]. Faradic electroactive materials provides
high capacity (comparable with theoretical capacity), power
density and cycle life due to their awesome qualities such as
multiple redox states (+4,+3,+2,+ 1), high electron affin-
ity and easy to synthesis any desirable architectures.

Despite these fruitful electrodes provide salient features,
the research community have a third eye on rare-earth-based
elements. Rare-earth-based metal complexes receiving much
interest in research domain owing to their positive merits
that includes fair electronic configuration, co-ordination
chemistry, attracting magnetic properties and energy storage
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characteristics. For instance, multiple valence cations that
includes Ce**, Yb**, Er’* has been studied by Feng [13]
and his research group for colloidal SCs. Rudra et al. [14]
fabricated nitrogen doped ceria decorated aminated gra-
phene for high performance SC electrodes. Majumder [15]
and his research team synthesized rare-earth metal oxide
incorporated polyindole nanocomposite for energy storage
applications. Especially, gadolinia (Gd,0,), a versatile rare-
earth material/Faradic electrode material because of its most
accessible layered structure, redox activity, good electro-
chemical properties, high temperature resistant, high photo-
catalytic activity/stability, and self-regeneration [16-18].
Moreover, gadolinia can exist in two forms (monoclinic and
base centred cubic structure) having different inter planner
spacing which highly favours electrochemical process. Xu
et al. [19] studied the gadolinium doped ternary composite
for enhanced energy storage. Manavalan and his research
group [20] fabricated gadolinia decorated reduced graphene
oxide nanocomposite for sensing applications. Electrosyn-
thesis of worm-like gadolinia and its nanocomposite were
synthesized by Shiri and Ehsani [21]. Moreover, the gado-
linia/polymer nanocomposite prepared by the same group
could capable of deliver a specific capacitance of 300 F g~
Yet, the energy density of gadolinia based SC is still far
behind that of rechargeable batteries (10'-10> W h kg™).
Such drawbacks in Gd based electrodes could be overcome
by two strategies, (i) hybridization of carbonaceous mate-
rial and (ii) tailoring of other electrode material the transi-
tion metal sulphide (TMS). In the first approach, a carbon
rich electrode offer excellent cycle life and power density
but fails to provide high capacity/energy density. Therefore,
tailoring gadolinia with an electroactive species (TMS) is
expected to solve the aforementioned issue. Probably, it will
enhance the conductivity of the parent matrix and thereby
considerably leading to a SC with volumetric energy density
and excellent cycle life. Also, it may increases the mechani-
cal strength of the tailored electrode material.

Among the metal sulphide family, nickel sulphide (NiS ),
a Faradic battery type electrode material, has salient elec-
trochemical features like good redox activity (alkaline
medium), high theoretical capacitance, excellent cycle life
and high electronic conductivity [22-24]. Nandhini et al.
[25] fabricated Ni;S, nanoflakes via facile hydrothermal
approach and it provides a maximum specific capacitance of
1184 F g~! at a constant current density of 5 A g~!. Parveen
and his team [26] designed a symmetric SC utilizing NiS
electrodes and the fabricated device could able to deliver
a specific capacitance of 11 F g~! with the energy density
of 0.329 W h kg™!. Hung et al. [27] studied the charge stor-
age mechanism of NiS based electrodes prepared by laser
irradiation method. Such intriguing positive aspects in NiS,
inspiring us to enhance the electrochemical performance of
the gadolinia based electrodes. For the first time, we have
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devised to fabricate the novel electrode (gadolinia and nickel
sulphide based electrode) for energy storage applications
with fantastic recyclability.

Synthesis of rare-earth-based metal oxides still remains a
tough task to build a desirable nanostructure with physico-
chemical properties and effective surface area. Various nano-
structures of (Gd,0;) that includes nanoflakes, nanorods,
nanodiscs and nanoflowers [28—31] have been fabricated
using different synthetic methods. In the present investiga-
tion, porous gadolinia microspheres were designed by simple
chemistry approach followed by the two step hydrothermal
approach and explored its potential in SC domain.

2 Experimental section
2.1 Chemicals

Analytical grade of gadolinium(III) acetate hydrate (99.9%,
Sigma Aldrich), sodium hydroxide pellets (99%, Sigma
Aldrich), nickel nitrate (99.9%, Sigma Aldrich) and sodium
thio sulphate (99.9%, Sigma Aldrich) were purchased and
used as such.

2.2 Synthesis of gadolinium oxide/nickel sulphide
microspheres

Detailed info about the preparation of gadolinium oxide and
nickel sulphide nanostructure was prepared in the present
study and the detailed synthetic protocol is provided in the
Supporting Information. Gadolinium oxide/nickel sulphide
microspheres have been prepared by simple solution mix-
ing technique. In the typical synthesis, 0.5 g of gadolinium
oxide and 0.5 g of nickel sulphide was dispersed in 50 mL
of double distilled water separately and kept in sonicater
for 15 min in room temperature. After that, the gadolinium
oxide solution was stirred for 30 min and the nickel sul-
phide solution was transferred into the gadolinium solution
(5 mL min™"). Later, it was subjected to constant stirring at
300 rpm for 3 h. Finally, the product was collected by cen-
trifugation. The collected product has been dried at 80 °C
to yield gadolinium oxide/nickel sulphide nanoarchitecture.
The synthesized material is named as GNMS (gadolinium
oxide/nickel sulphide micro spheres) in further discussions.

2.3 Characterization techniques

The XRD patterns of the prepared materials were recorded
using Philips PW-1710 X-ray diffractometer with Cu Ko
radiation source (wavelength =1.5406 A), within the 26
range of 10° to 80° at a step size of 0.05°. An IR Affinity-1S
Fourier transform infrared spectrometer (Shimadzu, Japan)
was used to record FTIR spectrum. Nitrogen adsorption/
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desorption isotherms, pore size distribution and surface area
of the prepared sample was examined by N, adsorption at
77 K on a Quantachrome® ASiQwin analyzer. The pore size
distribution was estimated using Barrett—Joyner—Halenda
(BJH) method. The morphological features of the fabricated
composite was analysed using field emission scanning elec-
tron microscope (FE-SEM), SUPRA-40 at an accelerating
voltage of 30 kV and high resolution transmission electron
microscope (HR-TEM) JEOL/JEM 2100 having LaB-source
at an operating voltage of 200 kV.

2.4 Fabrication of electrodes
The electrochemical behaviour of GNMS was examined in

2 M KOH solution using three/two electrode terminal in an
electrochemical workstation (CH Instruments, USA). The

three electrode configuration consists of the working elec-
trode, counter electrode (Pt wire) and the reference electrode
(Ag/AgCl). The working electrode has been prepared as fol-
lows: initially, 0.5 mg of active material (consists of 85% of
GNMS, 10% of activated carbon and 5% of poly tetrafluoro-
ethylene) was dispersed in 50 pL of ethanol and allowed to
ultrasonicate for 5 min. Then, the slurry like material has
been coated on the pretreated Ni foam (5% HCl/acetone/
distilled water) in the area of 1 * 1 cm?. Finally, it was dried
at 80 °C to yield the working electrode. The supercapacitive
features associated with GNMS electrodes were probed by
cyclic voltammetry, galvanostatic charge discharge method
and ac-impedance measurements.
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Fig. 1 a XRD pattern of gadolinium oxide/nickel sulphide nanostructures, b XRD patterns of pristine Gd,O; and NiS, and ¢ FTIR spectrum of

GNMS sample
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Fig.2 a-d FE-SEM images
of GNMS sample recorded at
different magnifications and e,
f FE-SEM images of pristine
gadolinium oxide

3 Results and discussions

3.1 Structural, textural and morphological
investigations

Figure 1a shows the XRD spectrum of GNMS, indicating
the high degree crystallinity of the prepared materials. The
diffraction peaks located at 26 the position 16.38°, 20.10°,
23.25°, 28.58°, 42.6°, 47.54°, 50.62°, 52.11°, 56.42°,
76.81°, and 79.19° corresponding to (200), (211) (220),
(222), (134), (440), (600), (611), (622), (662) and (048)
planes of cubic phase Gd,0; (JCPDS File No. 86-2477)
with the space group of la3. The XRD patterns of pristine
Gd, 05 and NiS, are provided in Fig. 1b. Moreover, the addi-
tional peaks present in the spectrum were indexed to the

@ Springer
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cubic structured NiS, and well agrees with the JCPDS File
No. 89-3058.

The FTIR spectrum of gadolinium oxide/nickel sulphide
nanocomposite was presented in Fig. lc, which indicates
the characteristic IR bands, corresponds to the Gd,0; and
NiS,. The band centred at 555 cm™ is attributable to Gd—-O
stretching mode [32] while 733 cm™! corresponds to the
characteristic Ni—S [33]. The bands located at the wave num-
bers 1120 cm™! and 3454 cm™! are assigned to the C—H
stretching mode and O-H stretching mode of water mole-
cules [34]. Further, the band around 1344—1662 cm™' agreed
with nitrate ions, which is present in the precursors [35].

FE-SEM and HR-TEM analysis has been employed to
identify the morphological features of the prepared nano-
composite. Figure 2a—d shows the representative FE-SEM
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Fig.3 a—c HR-TEM images of GNN sample recorded at different magnifications and d corresponding SAED pattern

images of gadolinium oxide—nickel sulphide nanocomposite.
FE-SEM images of pristine gadolinium oxide (Fig. 2e, f)
reveal the formation of two dimensional thick sheets. As
we have already demonstrated in schematic representation,
sheet like gadolinium ions encapsulates the nickel sulphide
and results in porous microspheres. Of course, the pres-
ence brick like morphology is absolutely none other than
gadolinium architecture. During the nucleation stage, the
gadolinium ions that are not involved in the Vander Waals
interaction [36, 37] gets aggregated and grows into brick like
morphology. The FE-SEM images also reveal that spherical
morphology composed of porous interconnected wrinkled
nanosheets. In clear vision, plenty of pores could be seen
in all the microspheres. As well-known, the pores can pro-
vide a larger pool for the access of electrolyte and helps
ion transport, thereby favouring capacitance enhancement.
Obviously, the hollow interior can be easily evidenced from
some cracked spheres which facilitate mobilization of ions.

Further, to understand the basic building blocks of the
prepared composite, HR-TEM analysis has been used.
Figure 3a—c shows the HR-TEM images of gadolinium
oxide—nickel sulphide nanocomposite. HR-TEM images
confirm that nanosheets are the bricks to develop this fac-
ile architecture. Interconnected sheet like morphology has
been observed for the prepared nanocomposite. Such inter-
connected nanostructures provide surplus pathways for ion
intercalation and favours high electrochemical activity [38].
Moreover, the crystal lattice inter planner distance has been
estimated using the high magnification HR-TEM image
(Fig. 3c). An inter planner distance of 0.25 nm and 0.32 nm
correspond to the crystal planes of nickel sulphide (200) and
gadolinium oxide (222).

The chemical composition and the presence of elements
in the prepared architecture have been identified using EDS
spectroscopy. Figure 4a depicts the EDS of Gd,0;-NiS,
nanocomposite and the weight percentage of elements
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Sum Spectrum

Fig.4 a EDS of GNMS sample (inset wt% of elements), b—e elemen-
tal mapping of the prepared composite magnifications and d corre-
sponding SAED pattern

present in the composite was presented in the inset. Added
to that, the uniform distribution of all the elements in the
GNMS has been confirmed through elemental mapping.
Figure 4b—e presents the elemental mapping of the GNMS
sample.

As evidenced from the morphological studies, pres-
ence of micro/meso pores in the prepared nanocomposite
was further been analysed using BET measurements and
their results are shown in Fig. 5a—c. The N, isotherm shows
a sharp capillary condensation at high relative pressure
(0.8-1) and it could be correspond to the type IV Langmuir
isotherms [39]. This confirms the presence of high degree
of pores (mesopores) in the prepared composite. Further,
the pore size distribution was estimated from desorption
isotherms using BJH model.

The pores are centred at 1.58 nm, 2.41 nm, 3.31 nm,
5.49 nm and 19.4 nm, respectively. Due to the creation of
more mesopores, the prepared material can possess high spe-
cific area (11.82 m? g~!) with excellent pore volume (0.045
cm® g71) that favours the accumulation of more charges on
the electrode/electrolyte interface and considerably improves
SC performance. Further, to estimate the surface area of
the micropores De-Bore’s t-plot was used. Figure 5c shows
the #-plot of GNMS sample, indicating two linear segments
which get deviated around 0.6 nm reveals the complete for-
mation of micropores. From the #-plot, the surface area of
the micropores has been estimated and it was found to be
9.789 m? g~!. Presence of high degree mesopores creates a
plenty of voids thereby enhancing the specific surface area
of the sample and results in excellent electrochemical per-
formance [40].
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3.2 Electrochemical Performance of GNMS

The electrochemical properties associated with GNMS elec-
trodes were studied in order to explore their potential in SC
domain. In the conventional three electrode set up (elec-
trodes briefly discussed in Sect. 2.4), all the electrochemical
characterizations were executed in 2 M KOH (electrolyte).
The cyclic voltammetric responses have been recorded in the
potential range of 1 V (from— 0.5 to 0.5 V). Figure 6a shows
the cyclic voltammograms of gadolinium oxide/nickel sul-
phide nanocomposite which indicates a pair of redox peaks
(+0.16 V,—-0.67 V) suggesting the charge storage mecha-
nism was accomplished by fast Faradic redox phenomenon.
Interestingly, the shift in peaks has been monitored in the
CV profile and this is due to the incomplete neutralization of
electrolyte ions and internal resistance developed in the elec-
trode material [41]. Further, the specific capacitance of the
electrode material has been estimated using the relation [37]

_J1av
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M

S

where [ I1dV represents area enclosed by the CV curve (A
V), m is the mass of the electroactive material (mg), AV
is the potential window (V), v is the scan rate (mV s7!).
A maximum specific capacitance of 232 F g~! has been
obtained for GNMS electrodes at a scan rate of 3 mV s~
The electrochemical impact of brick shaped particles, i.e.
pristine Gd,0; has been studied and reported in Supporting
Information (S1). As noticed that, the specific capacitance
of the electrode material decreases with increase in scan rate
(Fig. 6b). The reason behind the fact that the electrode/elec-
trolyte ions utilizes the interior/exterior surface of the elec-
trode material at lower scan rates whereas at higher scans,
ions have inadequate time to utilize both the surfaces (only
at exterior parts) [42].

Further, the rate performance, charge capability and
durability of the prepared electrodes were also investigated
by galvanostatic charge/discharge method. The charge—dis-
charge characteristics was performed for different current
densities (0.5-10 A g™") in a potential range of 1 V (—0.5 V
to 0.5). Figure 6¢ depicts the GCD plateaus of gadolinium
oxide/nickel sulphide nanocomposite recorded at various
current densities, portrays that the capacitance of electrode
material was mainly governed by redox process (non-linear
plot).

Further, the specific capacitance of the electrode mate-
rial has been estimated from the discharge area of the GCD
profile using the relation [37]

20 [vdr
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where [ is the specific discharge current, (mA), m is the
active mass of the electrode material (mg), AV is the poten-
tial window (V) and f Vdt is the area under the discharge
curve (V s). From the GCD measurements, the calculated
specific capacitance was found to be 354 F g~! at a current
density of 0.5 A g~ .

This excellent capacitive behaviour is attributed to the
presence of porous sheet like architecture which provides
uninterrupted pathways for the mobilization of electrolyte
ions. It noteworthy to mention that, the capacitance of the
electrode materials decreases when the current density
increases (Fig. 6d). It is due to two major reasons, (i) IR
drop at high current densities and (ii) internal resistance of
the electrode material [43]. The Coulombic efficiency at low
current (1 A g7!) is quite higher than the high current which

is attributed to the irreversibility of Nernstian phenomenon
[35, 39]. At lower current, ions have enough time to interca-
late and favours in admirable efficiency. But, the migration
and intercalation of electrolyte ions have been restricted due
to the inadequacy of time at low current densities and results
in low electrochemical performance.

The capacitive, resistive and ionic conductivity of the
GNMS electrodes has been checked using electrochemical
impedance spectroscopy. Figure 7a shows the impedance
spectrum of GNMS sample recorded at a bias potential of
90 mV within the frequency range of 0.01 to 100 Hz. The
obtained impedance data were fitted to the equivalent Ran-
dle circuit and it was provided in the Fig. 7a (inset). The
impedance spectrum consists of two portions, (i) high fre-
quency region (semi-circle region) which is corresponds to
the charge transfer resistance developed due to the Faradic

@ Springer



3126

Journal of Materials Science: Materials in Electronics (2020) 31:3119-3129

4
7 3
g
o 24
< 4
R
-’ <
2 01
g
=
N -2
5 ——20mvs’
g3 ——25mvVs’
(3 4 ——50mVs’
St+——7FT 7T 7T T T T 7
05 04 -03 -02 -01 00 01 02 03 04 05
Potential (V)
(©
~~
>
N’ -1
= ——05Ag
= ——1Ag'
= )
5 —2Ag
° ——5Ag"
Ru 10Ag"
Ll

T T T T T T T T : T T T T
0 100 200 300 400 500 600 700
Time (s)

Fig.6 a CV profile of GNN electrodes recorded at various scan rates
(Ag vs AgCl), b effect of scan rate against specific capacitance, ¢
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redox process. (ii) Low frequency region (linear segment)
corresponds to the Warburg resistance.

The estimated charge transfer resistance and equiva-
lent series resistance for the prepared nanocomposite were
found to be 6.37 Q and 2.7 Q. A charge transfer resist-
ance of 6.23 Ohm was estimated from the electrochemical
impedance spectrum with the help of modified Randle’s
circuit. This implies that low charge transfer resistance
probably enhances the electrochemical performance
[42] of the prepared nanocomposite. This low R, value
enhances the conductivity of the electrode material and
significantly improves the electrochemical performance
[44]. Figure 7b, illustrates the variation of specific capaci-
tance against frequency. The gadolinium oxide/nickel sul-
phide nanostructure exhibits a specific capacitance of 77
F g~! at a frequency of 0.01 Hz.
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Further, the practical utility of the electrodes has been
checked by executing the stability test for the prepared
electrode materials. The cyclic life of the electrodes were
checked by 5000 continuous charge/discharge cycles at a
current density of 5 A g~! (Fig. 8). For the first 2000 cycles,
slight up and down variation in specific capacitance has been
monitored (electrode material gets activated). After that, the
specific capacitance increases gradually for the next 2000
cycles. At the end of 5000 cycles, 1.3% loss in specific
capacitance has been observed.

Furthermore, the Coulombic efficiency of the electrodes
were also diagnosed from the 5000 cycles using the relation
[35],



Journal of Materials Science: Materials in Electronics (2020) 31:3119-3129

3127

30

/(@
Qo

-Z" (Ohm)

0 , . , . .
0 5 10 15 20

Z' (Ohm)

70 ~L (b)

[=a)
>
1

9
19
04 @
JC )
(]
40
304

20 4

Specific capacitance (F g")

DIV Y

>
1 2

0.01 0.1 1 10 100

Frequency (Hz)

Fig.7 a Impedance spectrum of GNN electrode recorded at a bias potential of 90 mV, inset modified Randle’s circuit and b frequency depend-

ence of specific capacitance

110 60

—_~
S ~9-9-9-9-9-gn &
< /Q ~
.5 o/o s
E 90 — 0/ -@- Capacitance retention 80 -E
2 ) -@- Coulombic efficiency =
= k)
g 801 w0 2
2 9-9-9-0-9-9 :
g 70—”0\0/ \of \o/ 100 —g
=3

) @)

60

. . . , : . . . : 110
0 1000 2000 3000 4000 5000

No of cycles (counts)

Fig.8 Cyclic life and Coulombic efficiency profile of GNMS elec-
trodes recorded for 5000 cycles at a current density of 5 A g~!

n=-, 3)

where 7 the Coulombic efficiency, ¢4 is the discharge time
and 7, is the charging time. After the end of 5000 continu-
ous charge discharge cycles, the electrode material exhibits
96.4% efficiency.

4 Conclusions

In conclusion, we have fabricated gadolinia based electrodes
for energy storage applications with enhanced electrochemi-
cal performance by tailoring with high conductivity nickel
sulphide. Analytical investigation reports reveal that the
fabricated composite is composed of mesoporous intercon-
nected nanosheets which facilitate uninterrupted pathways
for ion transport. Moreover, an ultra-high specific surface
area provides a numerous vacancies for ions which are
involved in the electrochemical phenomenon and it results
in excellent supercapacitive nature. Furthermore, the fabri-
cated electrode exhibits a negligible amount of degradation
in capacitance after long-term durability. The present study
opens up a new pathway in developing new Faradic earth
metal oxide/metal sulphide composite materials for future
energy systems.
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