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A B S T R A C T

Bimetallic oxide nanostructures (NS) of Gdx: α-Sb2O4 (x ¼ 5, 8, 10 wt.%) emerged as novel electrode material for
batteries as they exhibit large specific capacity and cyclic stability. Crystal structure of Gd: α-Sb2O4 NS investi-
gated by X-ray diffraction (XRD) patterns and identified as mixed orthorhombic phase. Surface chemical
composition, binding energies of the metal oxides and incorporation of Gd into α-Sb2O4 NS analysed by XPS (X-
ray photoelectron spectral) studies. Microstructure analysis reveals that distinctive flower/flake like arrays with
agglomeration. Morphology, structure and physical/chemical properties of the resulting nanostructure were
analysed by SEM (scanning electron microscopy), SEM-EDX (scanning electron microscopy-energy dispersive X-
ray), BET (Brunauer-Emmett-Teller), XPS, UV-Visible and XRD studies. Electrochemical performances of Gdx:
α-Sb2O4 (x ¼ 10 wt.%) in 6 M KOH aqueous solution dipped in three electrode system evaluated by CV (cyclic
voltammetry), GCD (galvanostatic charge-discharge) and EIS (electrochemical impedance spectroscopy) mea-
surements. The as-synthesized NS exhibited higher specific capacitance of 958 mAh/g at a current density of 0.15
A/g and excellent cyclic stability with 86.5% capacitive retention after 1000 cycles. Distinctive flower/flake like
structure, large surface area, and abundant active sites of Gdx: α-Sb2O4 NS could be the reason for significant
increase in charge transfer and storage. In brief this work offers facile method to synthesize Gdx: α-Sb2O4 NS are
promising electrode materials for potential applications in high performance super capacitor.
dimule).
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1. Introduction

Global energy demand leads to the development of batteries, fuel
cells, super capacitors, solar cells for extensive range of applications.
Super capacitors drawn much interest due to their high power output,
extensive reversibility and exceptional cyclic stability [1, 2]. Super
capacitor bridges the gap between conventional capacitor and batteries
due to their high power density and specific capacitance. Many nano-
materials reported in literature for super capacitor properties and
exploring the hybrid nanomaterials for high performance energy storage
devices is a key interest in the present scenario [3, 4]. In electrochemical
processes the term “pseudo capacitance” [5] is used to describe the
behaviour of the electrode materials that has signature of capacitance
electrode (such in case of carbon electrodes). Two extreme types of be-
haviours were observed for the electrochemical energy storage devices
when charged/discharged under constant current. In case of hybrid de-
vices the charge/discharge curve looks capacitive since, it is a combi-
nation of capacitive (triangular shape) and Faradaic (plateau shape)
electrodes. Thus “hybrid” energy storage devices with different energy
storage behaviour act as capacitive and Faradaic. The resulting electrode
system is in between super capacitor and a battery. Zheng and Conway
[6, 7] reported a maximum energy density in Sb composites with large
surface area, flexibility, electrical conductivity which demonstrated 50
Wh/kg for activated carbon/Ni (OH)2 in 6.25 M KOH solution [8, 9].
Theoretical capacity of the post transition metal oxides are usually high
(>600 mAh/g) [10], such as α-Sb2O4 [11], Sb2O3 [12], Sb6O13 [13].
Theoretical capacity of the Sb2O4 is much higher (1227 mAh/g) as
compared with other analogues of antimony [14]. According to recent
investigations Sb2O4 accommodates Na ions and forms alloy mixtures
during electrochemical reactions. Sun et al [15] reported high capaci-
tance of 1120 mAh/g for anode material of Sb2O4/Na NS [16]. It is
extremely important to overcome the shortcomings of α-Sb2O4 anode
material, among many other forms Sb2O4 exists in orthorhombic phase
(α-Sb2O4) and monoclinic structure (β-Sb2O4) [17]. Alpha form of Sb2O4
can be easily converted from Sb2O3 [18, 19] and can be used in oxidation
of methane gas and sodium ion batteries [20]. Fu et al [20] studied thin
film of Sb2O4 and determined reversible specific capacitance electro-
chemically (899 mAh/g). Alpha Sb2O4 synthesized effectively by hy-
drothermal method using urea and SbCl3 as starting material. The
material possesses band gap of 3.2 eV and studied for their photo cata-
lytic activities and chemical sensing mechanism [21]. One dimensional
Sb2O4 NS synthesized from bulk Sb and reported as advanced anode
material for lithium ion batteries (LIBs) and sodium ion batteries (SIBs).
One dimensional Sb2O4 NS even at high current density of 1000 mA/g,
showed excellent cyclic stability and rate capability [22]. Electro-
chemical behaviour of α-Sb2O4 thin films deposited by magnetron
spluttering displayed large reversible capacity of 896 mAh/g and mate-
rial can be used as high energy storage device applications especially in
sodium ion batteries [23]. Sb2O4: rGO [24] synthesized by solvothermal
approach with specific capacity of 1170 mAh/g at 100 mA/g and studied
widely as anode material in lithium ion batteries. Recently Cd doped
Sb2O4 NS synthesized by wet chemical process and studied for the
detection of melanin from aqueous solution electrochemically [25].
Generally bimetallic oxides exhibit promising results when incorporated
in electrochemical studies. Gd2O3/Gdþ3 when doped with different NS
behave as conducting material in nature due to non-stoichiometric dis-
tribution of oxygen vacancies [26, 27]. The conducting nature of bime-
tallic oxides are due to the formation of metal intestinal structure, defects
and formation of oxygen vacancies in the doped NS as compared with
undoped NS. Two dimensional hexagonal CoMoO4 nano sheets grown on
a conductive carbon fabric cloth behave as pseudo capacitor which
exhibited maximum specific capacitance of 1210 F/g at 2.5 A/g with
cyclic stability of 91% after 10000 cycles [28]. Super capacitor perfor-
mance of flower shaped CoNi2S4 synthesized on Ni-foam exhibited spe-
cific capacitance of 2300 F/g at 1 mA/g with excellent cyclic stability of
93.8% after 5000 charge-discharge cycles [29]. Novel gravel shaped
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NiMoO4 NPs dispersed over carbon cloth binder free material for super
capacitor applications unveils specific capacitance of 970 F/g at current
density of 2.5 A/g with exceptional cyclic stability and retention of
91.34% after 5000 cycles [30].

Here in we report the co precipitation method of synthesis of Gdx (x¼
5, 8 and 10 wt.%): α-Sb2O4 NS with superior electrochemical properties.
Gd: α-Sb2O4 NS synthesized by co precipitation method and character-
ized by XRD, SEM, UV-Visible, BET, EDS (energy dispersive spectros-
copy) and XPS spectroscopic investigations. Notably, Gd: α-Sb2O4 NS (10
wt.%) in 6 M KOH aqueous solution demonstrated specific capacitance of
958 mAh/g at a current density of 0.15 A/g with capacitance retention
rate of 86.5% after 1000 cycles.

1.1. Materials and methods

All the required chemicals and reagents were commercially available
and procured from Sigma Aldrich, Alfa Assar, S-d fine Ltd. and used
without further purification. SbCl3 (>98.5% purity, Spectro chem Ltd.,
India), urea (>99% purity, S-d fine chemicals Ltd., India), NH4OH (38%
aqueous solution, S-d fine chemicals Ltd.), Gd2Cl3 (>98.5% purity, Sig-
ma–Aldrich, India). Deionized water was used throughout the experi-
ments to avoid contamination. Advanced powdered X-ray diffractometer
(XRD) rigaku miniflex bench top instrument operated at 600 W power
fitted with X-ray tube functioning at 50 Hz/60 Hz frequency (CuKα ra-
diation. λ¼ 0.15406 nm) and scanning angle of 20–80� (2θ) and XPS PHI
Versa Probe (III) instrument having Ar ion as well as C 60 sputter guns
were used for the analysis of crystal structure, phase purity and surface
chemical oxidation states. Specord 250 plus instrument and with coolant
built in the instrument and Nova Nano-SEM 450 equipped with 5 X to
1,000,000 X HR/UHR modes, high sensitivity, low kV directional back-
scattered detector (DBS), scanning electron microscope (SEM) were
applied to analyze the optical absorptivity, structural morphologies and
particle size respectively. IXRF system with model 550i pulse detector
consisting of ultrafast X-ray processing unit and NOVA 1200 e instrument
having samples degreased at 200 �C before N2 adsorption were applied to
investigate quantitative chemical composition, pore size, pore diameter,
surface area of the as-synthesized nanostructures. Electro analysis was
carried out using Sinsil International 1200 C instrument and studied
galvanostatic charge and discharge cycles (GCD), cyclic stability, energy
storage properties of Gd: α-Sb2O4 NS.

2. Experimental

2.1. Synthesis of α-Sb2O4 nanostructures (NS) (step 1)

Distinctive flower/flake like NS of Gd: α-Sb2O4 synthesized by facile
co precipitation method. In a typical process, 0.1 M SbCl3 (0.1 M, 50 mL),
0.1 M urea (0.1 M, 50 mL) were dissolved in 20 ml of deionised water
kept under continuous stirring for 1–2 h. Then NH4OH solution was
added drop wise at room temperature, followed by heating at 80 �C for 8
h. After cooling to normal temperature, off-white coloured precipitate
(Eq. (1)) was taken out, washed with cold water (30 ml � 3 times),
acetone (20 ml � 3 times) and dried at 100–200 �C, finally calcinated at
700–800 �C for 24 h [31].

Reactions

Sb2Cl3 þ4H2O þ H2O → Sb2O4 þ 3H2 ðgÞ þ 3HCl ðgÞ þ OH� ðaqÞ
(1)

2.2. Gd doping to α-Sb2O4 nanostructures (step 2)

0.1 M Gd2Cl3 (2.68 g) (Gdx where, x ¼ 5, 8 and 10 wt.%) dissolved in
50 ml of 0.1 M aqueous urea solution, 2 ml of triethanol amine and
heated at 80 �C for 4h. To the hot solution, α-Sb2O4 (step 1) was added
and continued heating at 80 �C for 10 h. After cooling to normal tem-
perature, aqueous NH4OH was added drop wise under continuous



Table 1. Elemental compositional analysis of Gd2O3, α-Sb2O4 and Gd: α-Sb2O4

NS.

Nanostructures Sb Gd Na O K Purity

Gd2O3 0.05 95.8 1.02 1.90 0.27 99.04

α-Sb2O4 95.9 0.09 1.12 1.59 0.21 98.91

Gd: α-Sb2O4 85.94 11.22 0.47 1.64 0.21 99.48
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stirring. White coloured precipitate (Eq. (2)) was taken out washed with
cold water (50 ml � 3 times), acetone (10 ml � 2 times) and ethanol (20
ml � 2 times) and dried at 100–200 �C, finally calcinated at 750–800 �C
for 36 h. Schematic synthetic pathway presented in Figure 1.

Reactions

Gd2O3 þ2 Sb2O4 þ H2O → 2 Gd : α� Sb2O4 þ 2 O2 ðgÞ þ H2 ðgÞ
(2)

2.3. Elemental compositional analysis of Gd: α-Sb2O4 NS

Purity and chemical composition of the NPs were investigated in
order to understand distribution inside Gd: α-Sb2O4 NS. The elemental
composition analysis aims to understand the chemical constituents of
metal or non-metals and the experimental set up needed for their anal-
ysis. Gd: α-Sb2O4 NS formed via co precipitation method, during the
formation solvent and metal ions in solution react with each other to
form metal oxide semiconductor (MOS) NPs. Percentage composition of
the Gd: α-Sb2O4 NS and their purity are summarized in Table 1.

3. Results and discussions

3.1. XRD studies

The crystalline nature of the electrode Gdx: α-Sb2O4 examined by XRD
(X-ray diffractometer) analysis and corresponding pattern is displayed in
Figure 2. Crystal structure was determined using source of mono-
chromatic CuKα radiation (λ ¼ 0.15406 nm, 40 kV, 50 Hz), scanned in
step of 0.03� with angular range of 20–80� (2θ). High purity and crys-
talline phase of orthorhombic Gdx: α-Sb2O4 NS confirmed by sharp and
intense diffraction pattern. The crystallographic structure and d-spacing
(hkl) are compared with reported values of α-Sb2O4 and are in good
agreement with each other [32, 33]. The diffraction peaks/planes of
as-synthesized Gdx: α-Sb2O4 NS (as shown in Figure 2(a) appear at 23.2�

(101), 26.4� (111), 31.8� (311), 33.2� (211), 35.4� (201), 44.1� (221),
46.2� (221), 46.8� (301), 48.1� (311), 48.6� (311), 50.8� (312), 58.1�

(301), 59.2� (301), 73.4� (410), 76.8� (411) and the diffraction peaks/-
planes of pure α-Sb2O4 NS (as shown in Figure 2(b) appear at 23.2� (101),
26.4� (111), 31.8� (311), 33.2� (211), 35.4� (201) respectively). These
Figure 1. Schematic synthetic p

3

peaks/planes of the as-synthesized Gdx: α-Sb2O4 NS accurately matches
with orthorhombic phase of Sb2O3 NS with standard JCPDS card #
71-0383. Sharp peaks and lack of impurity peaks were observed, sug-
gesting high purity and crystallinity of the NS. For all the NS, lattice
parameters are calculated using Debye-Scherrers formula [34]. As result
of Gdþ3 ions doped into α-Sb2O4 NS which apparently causes crystal
lattice distortion and reduction in Gdþ3 ion concentrations. The Gd þ3

ionic radius (1.05 Å) is smaller than the Sb þ2 atomic radius (1.67 Å) as a
result of lanthanide contraction and cell volume decreases since, more Gd
þ3 ions getting replaced into α-Sb2O4 NS [35]. G. Vijayaprasath et al [36]
studied sharp diffraction peaks/planes of Gd doped ZnO NS and found
that increase in unit cell volume as a result of decrease in intensity of the
reflection peaks and increase in FWHM (full width half maximum) value.
More importantly low crystallinity in nano scale is common occurrence in
co precipitation method [37]. The scan step is measured in 2θ (0.02) and
scan speed is measured in seconds or degrees per minutes. The detector
has 176 active channels with a step size of 0.02� and scan speed was
adjusted to 0.1 s in the total swift of the angle between 20–80�. It would
account for 4000 steps and require 17.6 � 4000 s. Table 2 presents
d-spacing, 2θ, FWHM of the as synthesized Gd: α-Sb2O4NS. The crystallite
size, texture coefficient, morphology index and relative percentage error
were summarized in Table 3. Crystallographic size decreases as Gd
concentration increases which reveals well dispersion of the Gd NPs [38].
The obtained XRD planes matches with the JCPDS file No 71-0383 and
the reported literatures [39, 40]. The d-spacing of the respective
peaks/planes, average particle size, and crystallinity are calculated using
Debye-Scherrers formula (Eq. (3))

D¼ Kλ=β Cos θ (3)
athway of Gdx: α-Sb2O4 NS.



Figure 2. XRD diffraction patterns of (a) Gd: α-Sb2O4 (10 wt.%) NS and (b) pure α-Sb2O4 NS.

Table 2. Angle shift, d (hkl), lattice parameters, FWHM and crystallite size (D)
obtained from XRD analysis of Gd: α-Sb2O4 (10 wt.%) NS.

Nanostructures 2θ d (hkl)

(Å)
FWHM
(�)

Lattice
parameters

Angle shift
Δ 2θ (�)

Gd: α-Sb2O4 (5
wt.%)

35.45 2.835
(311)

0.2200 a¼ 0.2455 �
0.11, b ¼
0.2389 �
0.22, c ¼
0.2129 �
0.52

0.21

Gd: α-Sb2O4 (8
wt.%)

35.41 2.836
(311)

0.2345 a¼ 0.2224 �
0.47, b ¼
0.2029 �
0.32, c ¼
0.211 � 0.12

0.24

Gd: α-Sb2O4

(10 wt.%)
35.43 2.837

(311)

0.2161 a¼ 0.2784 �
0.14, b ¼
0.2627 �
0.87, c ¼
0.21489 �
0.46

0.22
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Where, D-average crystalline size, K-shape factor (0.89 for Cu-Kα radia-
tion), λ -wavelength of X-ray, θ-full width of the diffraction angle
(FWHM).

3.2. UV-visible spectral studies

Optical properties of Gd: α-Sb2O4 NS (5 wt.%, 8 wt.% and 10 wt.%)
displayed in Figure 3. Optical properties related to the outermost elec-
trons of an atom or molecule which absorb radiant energy of particular
wavelength and undergo transition to higher energy level. In this process
of excitation, energy gap of the material can be determined. Optical
absorbance was carried out at ambient condition. Gd: α-Sb2O4NS (5
wt.%) as displayed in Figure 3(a) exhibit maximum absorbance (λmax) of
335 nm, shoulder peak centred at 351 nm. Further, Gd: α-Sb2O4NS (8
Table 3. Crystallite size, morphology index, relative percentage error (RPE) and
texture coefficient (TC) values of Gd: α-Sb2O4 (10 wt.%) NS.

Nanostructures Crystallite
size
(Å)

Morphology
index t
(D)

Relative
percentage
error
(RPE)

Texture
coefficient
(TC)

Gd: α-Sb2O4 (5
wt.%)

38.312 1.240 0.01835 0.925

Gd: α-Sb2O4 (8
wt.%)

46.881 1.249 0.01848 0.921

Gd: α-Sb2O4 (10
wt.%)

49.477 1.220 0.01896 0.954
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wt.%) as displayed in Figure 3(b) revealed maximum absorbance (λ max)
appeared at 330.3 nm, shoulder peak formed at 348.5–364.3 nm. In
addition, Gd: α-Sb2O4NS (10 wt.%) maximum absorbance spectrum
(λmax) centered at 328 nm and shoulder spectrum formed between 345
nm–356 nm. The entire spectrum doesn't show any peaks in between
400–600 nm Figure 3(c) shows overlay of optical absorbance spectrum
and blue shift in the entire spectrum appeared in the wavelength range of
335 nm–328 nm (Figure 3(d)). The blue shift in UV-Visible spectrum of
Gdx: α-Sb2O4 NS is due to overloading of Gdþ3 ions which intern creates
lattice defects and facilitate easy transfer of oxygen ions and electrons to
the surface of the nanomaterials [41, 42]. In order to calculate the optical
band gap of the NS a plot of (αhγ)2 versus incident photon energy (hγ) has
been drawn intercepting X-axis as shown in Figure 4. The optical band
gap was calculated by extrapolation of the straight line drawn from the
plot of (άhγ)2 Vs (hγ) and extended it to the zero absorption coefficients.
From the graph (Figure 4) optical band gap of Gd: α-Sb2O4 NS (10 wt.%)
was found to be 3.16 eV [43]. The band gap of the samples recorded and
calculated by Kubelka-Munk model and the allowed optical transference
was calculated using the below formula (Eq. (4))

ðαhγÞ2 ¼C ðhγ �EgÞ (4)

Where, C-absorption coefficient, hγ-photon energy and Eg-optical band
gap, α-absorption coefficient. Optical absorption coefficient can also be
calculated using the below formula (Eq. (5))

α¼ 1
dlog ð1jTÞ (5)

Where, α-absorption coefficient, d-thickness of the thin films and T-op-
tical transmittance. Comparison of optical absorptivity data of Gd2O3,
α-Sb2O4 and Gd: α-Sb2O4 NS (5, 8 and 10 wt.%) summarized in Table 4.

3.3. X-ray photoelectron spectroscopic studies (XPS)

Chemical constituents present in Gd: α-Sb2O4 electrode were inves-
tigated by X-ray photoelectron spectroscopy. The two distinct peaks for
O1s as displayed in (Figure 5(a)) located at average binding energy of
529.6 eV assigned to the existence of O2- [44, 45] and C1s core peak as
displayed in (Figure 5(b)) located at average binding energy of 282.5 eV
suggesting the presence of functional group related to oxygen in carbon
ring skeleton. The distinct high resolution spectrum of Sb-3d exhibit two
fittings (doublet separation of 11.1 eV) at 539.1 eV and 550.2 eV
(Figure 5(c)) which are revealed to Sb 3d3/2 (Sb–O) and Sb 3d5/2 orbital
respectively. Formation of Gd2O3 NS has been confirmed by high reso-
lution two distinct spectrum of Gd-3d appeared at binding energies of
131.3 eV (strong peak) and 134.4 eV (weak peak) (Figure 5(d)) which are
revealed to Gd 3d3/2 and Gd 3d5/2 and associated with Gd 3d orbital spin
coupling (oxidation of Gdþ3) [46]. The full survey XPS spectrum
(Figure 6(a)) displayed the presence of O. C, N, Gd, Sb peaks centred at



Figure 3. Optical absorbance of (a) Gd: α-Sb2O4 NS (5 wt.%) (b) Gd: α-Sb2O4 NS (8 wt.%) (c) Overlay spectrum and (d) Gd: α-Sb2O4 NS (10 wt.%).

Figure 4. Optical energy band gap (Tauc's plot) of Gd: α-Sb2O4 NS (10 wt.%).

Table 4. Optical absorbance values of Gd2O3, α-Sb2O4 and Gd: α-Sb2O4 NS (5, 8
and 10 wt.%).

Nanostructures λ maximum λ shoulder 1 λ shoulder 2 Absorptivity Region

Gd2O3 340 – – Ultraviolet

α-Sb2O4 307 – – Ultraviolet

Gd: α-Sb2O4 (5wt.%) 335 351 – Ultraviolet

Gd: α-Sb2O4 (8wt.%) 330.3 348.5 364.3 Ultraviolet

Gd: α-Sb2O4 (10 wt.%) 328 345 356 Ultraviolet
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different binding energies. Interestingly high co-existence of O1s
(Figure 6(b)) with Gd 3d oxidation states (broader satellite peaks)
(Figure 6(c)) can generate more active sites for electrochemical reactions.
5

Further, similar high co-existence can be found with C1s (Figure 6(d))
and Gd 3d3/2 and Gd 3d5/2 (Figure 6(e)) peaks. Moreover, co-existence of
O1s (Figure 6(f)) with Sb 3d (Sb 3d3/2) (Figure 6(g)) oxidation states
exhibit the formation of Sb–O–Sb bond well dispersed inside Gd: α-Sb2O4
NS which results to enhance energy storage and achieve high specific
capacitance of Gd: α-Sb2O4 electrode. Separation of doublet and their
binding energies of various elements are summarized in Table 5.

3.4. Energy dispersive X-ray spectroscopy (EDS) characterization

Energy-dispersive X-ray spectroscopy (EDS) was used to characterize
the elemental composition of the synthesised Gd: α-Sb2O4 NS. EDS
spectrum of pure α-Sb2O4 NS and Gd: α-Sb2O4 NS (10 wt.%) presented in
Figure 7(a) and (b) respectively with inset table containing composition
of elements. presence of Sb and Gd, thus confirming the bimetallic-nature
of the material. The presence of Na, K, Cl, O and other trace elements in
the material are impurities that resulted from the precipitation during the
NS synthesis [47]. The Figure 7(a) results from the Sb wt.% were 72.16%
and the O wt.% of 21.4% and Figure 7(b) Sb wt.% of 70.16%, Gd wt.% of
12.28%. Overall, the composition of Sb, Gd and O was observed to be
preserved during experimentation, therefore demonstrating the chemi-
cally stability of the material.

3.5. BET studies

Brunauer-Emmett-Teller was used to analyse the surface area and
porosity properties of the pure α-Sb2O4 and Gd: α-Sb2O4 (10 wt.%) NS as
illustrated in Figure 8 and data summarized in Table 4. As illustrated in
Table 4, BET analysis was used to characterise surface area and porosity
properties of Gd: α-Sb2O4 NS. It was observed that the Gd: α-Sb2O4 (10
wt.%) NS showed a massive increase in the surface area of approximately
50 m2/g to 151 m2/g (increases upon doping) as compared with pure
α-Sb2O4 NS in which surface area observed from 10 m2/g to 60 m2/g.
Presence of C, H, O, Na, Gd and Sb are atoms which can play a significant



Figure 5. Binding energies and Gaussian fit graphs of (a) O1s (b) C1s (c) Sb 3d3/2 and Sb 3d5/2 (d) Gd 3d3/2, Gd 3d5/2.

Figure 6. XPS of (a) Survey spectrum (b) and (c) Overlay of O1s with Gd 3d3/2, Gd 3d5/2 (d) and (e) Overlay of C1s with Gd 3d3/2, Gd 3d5/2 (f) and (g) O1s Overlay
with Sb 3d3/2 and Sb 3d5/2 respectively.

V. Adimule et al. Heliyon 7 (2021) e08541
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Table 5. Binding energies of O1s, C1s, Sb 3d3/2, Sb 3d5/2, Gd 3d3/2, Gd 3d5/2
together with doublet separation.

Peak Assignment Binding Energy (eV) Separation of doublet (eV)

C1s 282.5 –

Gd 3d3/2 131.3 –

Gd 3d5/2 134.4 3.1

Sb 3d3/2 539.1 –

Sb 3d5/2 550.2 11.1

O1s 529.6 –
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role in strengthening the Van der Waals forces of the material. This
nanostructure can be assigned to type IV with hysteresis loop [48]. The
isotherm with hysteresis loop establishes meso porous in all the synthe-
sized nanostructures. Thus, the composite mixture which contains C, H,
O and Na actually modifies and advances the material, hence the massive
Figure 7. EDS elemental analysis of (a) pure α-S

Figure 8. (a) Adsorbed volume Vs relative pressure of pure α-Sb2O4 and Gd: α-Sb2O
α-Sb2O4 and Gd: α-Sb2O4 NS (d) cumulative pore area Vs pore diameter of pure α-S

7

increase in the surface area and pore volume. This observation can also
be supported by Figure 8(a), (b), (c) which shows a large spike in volume
and area in the range pore diameters <40 nm when compared with
undoped material. However, these results do not explain the total in-
crease in BET surface area (as shown in Figure 8(d)) that appears to be
also a result of a large increase in “external” surface area. It could very
well be a result of the hierarchical structure observed on the SEM which
created additional surface area on the outside surface and in the estab-
lished pores. The increased pore volume before and after doping Gd is
likely a result of “leaching” of the material. Surface area and porosity
properties of pure α-Sb2O4 and Gd: α-Sb2O4 (10 wt.%) nanostructures are
summarized in Table 6.
3.6. Scanning electron microscopy (SEM) studies

The SEM (scanning electron microscopy) images are very helpful to
examine surface morphology and inner structure of the synthesized
b2O4 NS and (b) Gd: α-Sb2O4 (10 wt.%) NS.

4 (10 wt.%) NS (b) and (c) cumulative pore volume Vs pore diameter of pure
b2O4 and Gd: α-Sb2O4 NS.



Table 6. Surface area and porosity properties of Gd: α-Sb2O4 (10 wt.%) NS.

Parameters pure α-Sb2O4 NS Gd: α-Sb2O4 (10 wt.%) NS

BET Surface area (m2/g) 50.5841 � 0.3692 151.4634 � 2.0611

Micro pore area (from t-Plot) (m2/g) 14.6686 62.8486

Pore volume (<179 nm) (cm3/g) 0.07412 0.12542

Micro pore volume (cm3/g) 0.003064 0.01674

average pore diameter (nm) 17.4650 10.5797
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materials. SEM images of the as synthesized Gd: α-Sb2O4 NS with
different magnifications as shown in Figure 9. As a result of well
dispersion of the Gd NPs sandwiched between pure Sb2O4 NS
(Figure 9(a)) resulted into agglomerated crystal morphology with proper
orientation and distribution. Apparent morphology of the as synthesized
Gd: α-Sb2O4 NS as can be seen in Figure 9 with average grain size esti-
mated to be ~75 nm, grain diameter ~85 nm, grain boundary distance
~110 nm, width ~34 μm respectively. Morphology and distribution of
the Gd: α-Sb2O4 (5 wt.%) (Figure 9(b) NS has grain size of ~69 nm and
NPs distribution largely dependent on the different synthetic approaches
such as co-precipitation, hydrothermal, microwave irradiation etc. In
most of the cases NS does not form recognizable structure. Crystal
morphology of the Gd: α-Sb2O4 NS (5 wt.%) showed flower/flake-like
and hierarchical shape having NPs appeared with less agglomeration
(Figure 9). However, Gd: α-Sb2O4 NS (8 wt.% and 10 wt.%) exhibit
(Figure 9 (c) and (d)) complete agglomeration having particle size esti-
mated to be ~ 7–80 nm which is in good covenant with the present
investigation results. Surface morphology of the Sb2O3 NS becomes
concave or convex shaped rather than being in the planar which was
theoretically discussed in the literature [49]. Pure α-Sb2O4 consisting of
oxygen vacancies in the crystal surface which plays vital role during
electrochemical reactions [50, 51]. Such sites can trap the other gaseous
elements and react with O2- which intern causes increased oxidation
during electrochemical reaction. In summary, the layered form of the
surface nanostructured morphology, oxygen deficiencies in α-Sb2O4
Figure 9. SEM morphology of (a) pure α-Sb2O4 NS (b) Gd: α-Sb2O4 (5 wt.%)
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effectively explain electrochemical nature of the NS. Gd: α-Sb2O4 NS
oriented completely in different form as compared with morphology of
pure α-Sb2O4 NS which was reported in literature [52]. Overall from the
top view of the SEM images it can be concluded that orthorhombic Gd:
α-Sb2O4 NS formed with more agglomeration of the NPs in the nano-
matrix. EDX composition (atomic weight ratio and net ratio) of different
metal/metal oxides i.e. Sb, O, K, Fe etc. and the atomic % of Sb and O are
68.09% and 20.15% as presented in Table 7.

3.7. Sample preparation of Gd: α-Sb2O4 NS (x ¼ 5, 8 and 10 wt.%)

Principle of cyclic voltammetry involves application of potentials
across the electrodes in both directions and finding the total current gain.
Redox processes involve the liberation of cations and anions into the sol-
vent and their quantitative determination can be done using three elec-
trode systems. Samples or NS needs to be tested for their solubility in
organic solvents like ethanol, methanol, acetonitrile etc. Ammonium salts
in aqueous solution increases homogeneity, high solubility, and conduc-
tivity. KOH/NaOH aqueous solution of different molarity can also be used
as electrolytes. The electrolytes must have greater stability towards redox
reactions taking place in the system and can be used as common solvent to
obtain homogeneous solution with the solute. Some of the commonly used
solvents like tetra butyl ammonium (0.1–0.3M) dissolved in N–N-dimethyl
formamide (DMF), dichloromethane (DCM), acetonitrile, lithium salts like
lithium perchlorate (LiClO4), tetra butyl ammonium bromide (TBAB) in
DMF are widely used. In the present study, 6M KOHaqueous solution used
as electrolyte. Ag/AgCl electrode as reference, Pt (2 mm thickness) and 2
mm glassy carbon electrode act as working electrodes. Experiments were
performed under inert atmosphere (Ar) and electron migration happens
from the electrode surface to the solvent to compensate the charge-
discharge processes. Different solvents were used and CV results are
compared and best suited solvent used for the analysis of the experiments
are employed. In the present investigation 6 M KOH finds better solvent as
compared with other solvent systems.
NS (c) Gd: α-Sb2O4 (8 wt.%) NS and (d) Gd: α-Sb2O4 NS (10 wt.%) NS.



Table 7. EDX compositions of Gd: α-Sb2O4 (10 wt.%) NS with their Z, A and F values.

Element Weight % Atomic % Net. Intl Error % K Ratio Z A F

Mg 0.34 0.40 0.35 14.08 0.0028 0.7653 0.6654 1.001

Gd 10.85 10.85 10.85 6.16 0.2186 0.5689 1.0428 1.000

K 1.08 1.34 1.28 56.37 0.0144 0.7232 0.9411 1.015

Sb 68.07 68.09 68.07 13.09 0.4143 0.7176 0.9987 1.013

O 20.1120.15 20.28 2.05 0.4258 0.6587 0.8741 1.004

Fe 0.35 0.38 0.37 9.99 0.0080 0.7502 0.9974 1.015
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3.8. Electrochemical (EC) measurements

3.8.1. Galvanostatic charge-discharge (GCD) and cyclic voltammetry (CV)
studies

To explore the capacitive performance of the as-synthesized flower/
flake like NS, cyclic voltammetry (CV) was examined in three electrode
system and distinctive CV profiles of the Gd: α-Sb2O4 NS conducted in
scan rate of 10 mV/s to 100mV/s as displayed in Figure 10. CV profiles of
Gd: α-Sb2O4 electrode signifies Faradaic nature of charge storage mech-
anism. The ability of a body to store electrical charge termed as capaci-
tance and the energy stored can be calculated from the Eq. (6).

ΔQ¼C � Δ U (6)

Where, Q-charge stored (expressed in coulombs, C, or mAh) and U-width
of the voltage window (V). The term “pseudo capacitance” used
commonly in the field of electrochemical super capacitor in order to
designate the electrode materials that have the signature of capacitive
electrode. Such electrodes (RuO2 and MnO2) exhibit linear response to-
wards charge stored and width of the potential window. However
different mechanism of charge storage originates from the hybrid ma-
terials [53, 54, 55]. Conway stated that “electrochemical double layer
capacitance” arises as result of charge storage in the material which oc-
curs electrostatically (non-Faradaic) whereas, pseudo capacitance arises
at the electrode surface as a result of charge/discharge similarly in case of
a battery. It is Faradaic in origin wherein, charge transfer take place
across the double layer but capacitance arises from the thermodynamic
relation between charge acceptance (Δq) and change in potential (ΔV).
The derivative dq/dV is equivalent to capacitance. The prospectus level
of hybrid nano scale materials with their energy density or power density
of a batteries and cycle life of a super capacitor is an exciting direction yet
to be realized. Clear distinction can be made between batteries and super
capacitor when nano sized materials are used. When battery is prepared
Figure 10. Voltammetric profiles of Gd: α-Sb2O4 NS (10 wt.%) with potentials
of 10 mV/s to 100 mV/s.
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from nano sized materials, their power density increases because of the
short transport for the ions and electrons [56]. However, transformation
into oxide super capacitor does not occur since, Faradaic redox peak and
galvanostatic peaks remain battery type. Pronounced redox peak in
voltammetry indicates pseudo capacitance provided, peak voltage dif-
ferences are small with increase in the sweep rate. In batteries cyclic
voltamograms are characterized by large Faradaic redox peaks with large
voltage difference (generally 0.1–0.2 V) between oxidation and reduc-
tion [57]. As a result of phase transition between oxidation and reduction
peaks and the presence of two phases characterized by voltage plateau in
galvanostatic experiments. Varakin et al [58] reported unexpected
improve in the energy storage properties in capacitors when combined
with different electrode materials, one with carbonic electrode and other
is capacitive nickel oxide electrode. In such cases capacitance of the
electrode increases to 8–10 times. Nonetheless the strategies are effective
in accommodating volume change and enhancing the electronic and
ionic properties of the NS, it becomes challenging to enhance the long
cycle life and high rate capabilities. This is due to the largely the fact that
nano architecture Sb tend fracture to aggregate dissociate from the Gd
network and decreases electronic transportation path during charging
and discharging process [59]. However, agglomerations of Sb NPs during
charging-discharging process results in kinetic degradation and poor
cyclic performance [60]. During Sb alloying process, large volume vari-
ation results in loss of electrical contact for active materials and gener-
ation of solid-electrolyte interface (SEI) layer. In asymmetric capacitor
cycle life is achieved by limiting the Faradaic depth of voltage discharge.
Since, the materials are dissimilar in their operating voltage and can be
increased significantly. Hybrid electrodes can be used to pair with
different materials in different charge storage behaviour (one capacitive
and another Faradaic). Thus asymmetric electrodes covers wide range of
electrode combinations since, it can be used for super capacitor with
different mass loadings. In CV the redox peaks are typical Faradaic bat-
tery type electrode which distinctly different from the behaviour of true
pseudo capacitive electrodes.

The Faradaic reactions occurring in Gd: α-Sb2O4 NS are depicted as
below (Eqs. (7), (8), (9), and (10))

Sb2O4 þ4Hþ þ 4 e� ↔ 2SbOOH þ 2OH� (7)

Gd2O3 þ 2H� þ 2e� ↔ 2GdOOH þ OH� (8)

Sb2 O4 þ xHþ þ x e� ↔ Sb2O4�x þ ðOHÞx (9)

Gb2O3 þ xHþ þ þ xe� ↔ Gd2O3�x ðOHÞx (10)

In order to determine energy storage properties of the Gd: α-Sb2O4
(10 wt.%) NS, we carried out cyclic voltammetry (CV) (Figure 10) and
galvanostatic charge discharge cycles (GDC) using conventional elec-
trode set up. CV exhibited more distinct and sharper peaks due to facile
migration of Gdþ3 ions creating defect in the NS. Sharp peak observed at
10 mV/s due to change in the structural transformation during the
electrochemical reaction. The second peak (25 mV/s) is less sharper
which is possibly due to greater kinetics of the reaction achieved during
CV. This phenomenon is common in structural types of anodes where
material undergoes thermodynamic relaxations [61]. Three electrode
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systems consist of counter electrode Pt, Ag/AgCl (3M NaCl) as reference
electrode and core shell of Gd: α-Sb2O4 NS coated on a glass substrate
(uniform surface area of 1 cm2 approximately 1.5 mg of the sample) were
used to investigate the electrochemical behaviour of Gd: α-Sb2O4 NS. We
used 6 M KOH aqueous solution as electrolyte. CV and galvanostatic
charge-discharge (GCD) cycles performed with voltage window from 0–2
V vs. Ag/AgCl with a scan rate of 10 mV/s to 100 mV/s of the sample
under investigations. GCD cycles performed under voltage window of
0–1 V with current density of 0.1 A/g to 2 A/g. Electrochemical (EC)
impedance analysis was carried out using electrochemical impedance
analyser (EIS). The investigation carried out with voltage of 2 V filter
paper in between containing ~70 wt.% of Gd: α-Sb2O4 NS, 10 wt.% of
PVDF (poly vinylidine fluoride), 20 wt.% of acetylene black and 6M
aqueous KOH solution used as electrolyte. Current densities were
calculated using mass of the active materials.

We also carried out GCD cycles in order to understand the charge
retention capacity of the electrode and cyclic stability of the Gd: α-Sb2O4
NS. Typical GCD profiles of the electrode were conducted at numerous
current densities starting from 0.1 A/g to 2 A/g as displayed in
Figure 11(a), (b), (c), (d), Figure 12(a) and (b) respectively. Nearly
symmetrical GCD curves at all current densities showed good Columbic
efficiency and high reversible nature of the electrochemical reactions
occurring at Gd: α-Sb2O4 electrode. During galvanostatic process, NS
rendered specific current of 0.15 A/g, specific capacitance close to 958
mAh/g for 1000 cycles. Cyclic performance of the Gd: α-Sb2O4 NS at
lower and higher currents presented in the Figures 11 and 12 with the
anticipation of understanding mechanism of energy storage we carried
out phase transformation to understand morphological evolution of the
Gd: α-Sb2O4 NS [62]. The planar electrode with aqueous electrolyte in
contact with each other and energy is stored in contact with electrode
surface by means of physical adsorption. The total capacitance can be
given as (Eq. (11))

CT ¼CDL þ CF (11)

Where, Rf –resistance due to Faradaic reaction; CF-capacitance due to
Faradaic reaction and CDL-capacitance in double layer (negligibly small).

In general, redox reaction involving proton and in basic solution can
be written as (Eq. (12))

X þHþ þ e� ↔P (12)

Where, X-reactant, P-product. The equilibrium constant and activities of
the proton related to the functional group at the surface as presented in
Eq. (13).

K¼ aR
aA aHþ

(13)

Where, aR ¼ N ðθÞ and aA ¼ ðN � 1Þ ðθ), N stands for surface density of
the O2 containing hybrid NS, (θ) represents fraction of the reduced state
of the chemicals. Faradaic capacitance is enhanced as the number density
of oxygen functional group and N value increases. This trend agrees with
experimental observation having more oxygen functional groups take
part in the Faradaic reaction, encompassing larger electrochemical en-
ergy. In contrast, initial charge and discharge capacities of pure α-Sb2O4
NS was found to be 624 mAh/g and consistent rapid delay in the specific
capacitance was observed during first 100–200 cycles and reversible
cycles show decrease of specific capacity of 74.5 mAh/g with capacity
loss up to 68.9% after 200 cycles. After doping with Gd, 50th cycle on-
wards decrease in the capacity of ~10 mAh/g with only 5.8% loss was
observed. The outstanding capacities are Gd/α-Sb2O4 NS is illustrated by
new and unique crystal structure which allows electrolyte inside the
surface of the NS facilitating contact area of the electrode to enlarge and
store energy [63, 64]. Nanostructure possessing such enlargement be-
tween electrolyte and electrode surface area generally composed of
rectangular CV curves as observed with Gd/α-Sb2O4 NS (Figure 11)
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which also indicates good electrochemical nature. Strong redox peak
attributed to agglomerated flake morphology of Gd/α-Sb2O4 NS covered
with a layer of α-Sb2O4. Gd þ3 ion insertion or presence of protons in-
creases the current density of the bimetallic oxide NS. The high current
density of Gd/α-Sb2O4 NS compared with pure Gd2O3, pure α-Sb2O4 NS.
Specific capacitance was calculated using the below formula (Eq. (14)).

C¼ ðI ΔtÞ
ðΔVmÞ (14)

Where, C-specific capacitance, i-constant current, Δt-discharge time, ΔV-
potential range, and m-mass of the sample [65]. Specific Capacitance, Rs,
Rp, CPE values of Gd: α-Sb2O4NS summarized in Table 8.

Gd NPs anchored non-uniformly in the α-Sb2O4 NS providing strong
interaction between Gd and Sb NPs. This strong interaction avoids
structural collapse during cycling, avoids aggregation during current
conduction as can be clearly seen from the Figure 10. Nyquist plots which
run parallel as the time elapsed during electrochemical reactions and
become ultimately beneficial by undergoing reversible conversion with
less capacity loss and alloying reaction between Gd and Sb NPs. The
synergistic effect in the morphology of the NS resulted in high energy
storage inside the NS and can be used in super capacitor applications.
Specific capacitance of 958 mAh/g at current density of 0.15 A/g
observed for Gd: α-Sb2O4 NS which are compared with previous reported
literature of different nanocomposites and summarized in Table 9. The
ohmic voltage drops in the discharge curves for pure Sb2O4 NS were
stabilized due to the migration of Gdþ3 ions into Sb2O4 NS. Cycle per-
formance, stability, retention of Gd: α-Sb2O4 NS (10 wt.%) evaluated
based on observed capacitance over charge-discharge cycles up to 1000
cycles, capacitive retention Vs charge-discharge cycles, Initial charge-
discharge cycles and final charge-discharge cycles as displayed in
Figure 13(a), (b), (c) and (d) respectively. In the present investigation CV
was performed with scan rate of 10, 25, 50, 75 and 100 mV/s and CV
curve maintains rectangular shape even at scan rate of 100 mV/s
exhibiting good charge-discharge properties and rate capability, CV
curves possessing enlarged voltage window generally improves energy
storage and power density of the Gd: α-Sb2O4 NS. Energy density (E) and
power density (P) can be calculated using the following Eqs. (15) and
(16).

E¼ 1
2

ðCVÞ2 (15)

P¼ E
t

(16)

Where, C-specific capacitance, V-working voltage of the super capacitor,
and t-elapsed times to discharge [66]. Mass ratio of the electrodes can be
calculated from the below Eq. (17).

mþ

m� ¼ C�ΔV�

CþΔVþ (17)

Where, Cþ and C� represents specific capacitance of the þve and – ve
electrodes and ΔVþ and ΔV� are the potential windows forþ ve and – ve
electrodes respectively.

In CV curves the amount of charge stored depends on the current
response (i) and sweep rate (υ) which is given by the Eq. (18).

i¼Cυ
1
2 (18)

The total charge stored may be the combination of three parts,
Faradaic contribution as a result of interaction of charges, Faradaic re-
actions involving surface atoms and charges stored and non-Faradaic by
the double layer effect. Consequently NS with large porosity and higher
surface area needs to be chosen for obtaining higher capacitance and
operating potential depends on the electrolyte and nature of the elec-
trode materials.



Figure 11. Galvanostatic charge discharge cycles of Gd: α-Sb2O4 NS (10 wt.%) at current densities of (a) 0.1 A/g (b) 0.15 A/g (c) 0.75 A/g and (d) 1 A/g respectively.

Figure 12. Galvanostatic charge discharge (GCD) cycles of Gd: α-Sb2O4NS (10 wt.%) at current densities of (a) 2 A/g (b) Overlay of GCD cycles sweep from 0.1 A/g to
2 A/g.

Table 8. Specific Capacitance, Rs, Rp, CPE values of Gd: α-Sb2O4 NS.

Nano
structures

Specific Capacitance
(mAh/g) at 0.15 A/g

Rs

(Ώ)
Rp

(Ώ)
CPE
(mF)

C
(mF)

W (m
Ώ)

Gd: α-Sb2O4

(10 wt.%)
958 0.978 1.67 9.34 38.4 0.678
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3.8.2. Nyquist and electrochemical impedance spectroscopy (EIS) studies
The galvanostatic charge/discharge profiles of as-synthesized Gd:

α-Sb2O4 NS in cycles 100, 200, 500, and 1000 at current density of 0.1,
0.15, 0.75, 1, 2 A/g in the voltage window of 0–2 V. Gd: α-Sb2O4 (10
wt.%) NS exhibited two reaction plateaus located at 1.10 V and 0.6 V and
slope of the region below 0.4 V during the discharge process. During the
11
first 100 cycles declined region in between 0.9 V to 0.4 V in the discharge
curve appears to replace the plateaus located at 1.40 V.

The variation of real part of the impedance is plotted with respect to
frequency and variation of imaginary part of the impedance is plotted
with respect to frequency as displayed in Figure 14(a) and (b). The
impedance response shows a strong relaxation at low frequencies. The
data was fit to Cole –Cole response function and calculated using Eq.
(19).

z
0 ¼Re þ Rb

1þ ðϖτÞ2 (19)

Where Rb-bulk resistance and τ-relaxation time. The bulk resistance or
the internal resistance of the cell obtained from this analysis were 6.4 Ω,
172 Ω, 90 k Ohm and relaxation time were 7 s, 172 s and 481 s



Table 9. Literature reports of various nanostructures, their preparation method,
cyclic stability, capacitance with present study of Gd: α-Sb2O4 NS (10 wt.%).

Electrode
Material

Preparation method Cyclic
Stability

Capacitance
(F/g)

References

NiCo2O4–NiO Galvanostatic – 82.1 [71]

Na-doped SCO CV/Galvanostatic – 519.80/319 [72]

Co3O4

nanotubes
Chemical
deposition

500 cycles 273 [73]

MnO2/RGO
composite

Electrochemical
deposition

5000
cycles

125.93 [74]

K–SCO/
K–SrCu2O2

CV/Galvanostatic – 735.73/438 [75]

Gd: α-Sb2O4 NS Co precipitation 1000
cycles

958 mAh/g Present
Study
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respectively for 5 wt.%, 8 wt.% and 10 wt.% Gd doped samples. The slow
transport is the characteristic of the diffusion dominant activation of ions
or porous media [67]. To understand the dominance of the dissipative
processes the imaginary part of the impedance was plotted and fit the
imaginary part of the Cole-Cole response function. As depicted in the real
part of the data the relaxation frequencies were shorter indicating
diffusion dominant transport.

The Nyquist plot displayed in Figure 15(a) and (b) exhibited domi-
nant diffusive process as modeled through a Warburg component. As
Figure 13. (a) 1000 GCD cycles for Gd: α-Sb2O4 (10 wt.%) NS in 6 M KOH (b) Initial
Vs charge-discharge cycles.

Figure 14. (a) Variation of real part of the impedance with frequency, the data w
impedance with frequency, the data was fit to Cole –Cole response function.
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observed in the Cole –Cole relaxation analysis the internal resistance of
the system was observed to be less. The values obtained from pure
Nyquist analysis are 0.2 Ohm, 0.4 Ω 0.5 Ω respectively for 5%, 8% and
10% Gd doped samples which are less than the values obtained through
Cole- Cole relaxation analysis. This is typically observed in low resistance
electrodes [68, 69]. Typical simulated equivalent circuit model (ECM) as
displayed in Figure 15(c). Electron delocalization could be one of the
significant resistance for the lower value of IR [70]. Furthermore, with
increase in Gd concentration total bulk seemed to increase hindering the
electron flow across the framework. It is important to note that the
equivalent circuit fits for the partial data set (Warburg short kind, not the
infinite R–C pure diffusive kind) as shown in Figure 15(c) but in the
extended low frequency range the diffusion dominates the bulk
transport.

3.8.3. Relation between phase angle and time of Gd: α-Sb2O4 NS
Electrochemical impedance spectroscopy (EIS) was performed to

understand electrochemical characteristics of Gd: α-Sb2O4 NS (10 wt.%).
Gd: α-Sb2O4 NS presents Nyquist plots (Figure 15) with smaller semi-
circle, all the plots run in parallel with ohmic resistance which varies
uniformly without the loss of capacity which is correlated to the charge
transfer from Gdþ3 ions and O2- ions on to the surface of α-Sb2O4 NS
which intern confirms the dominant electrochemical reactions. The
phase angle increases and after the elapse of 250 s it decreases consid-
erably indicating Gdþ3 ions from the surface of α-Sb2O4 NS transferred
charge-discharge cycles (c) final charge-discharge cycles (d) capacitive retention

as fit to Cole –Cole response function (b) Variation of imaginary part of the



Figure 15. (a) and (b) Nyquist plots of Gd: α-Sb2O4 NS with increased concentration of Gd (c) Equivalent circuit model (ECM) of Gd: α-Sb2O4 NS.

Figure 16. (a) Plot of phase angle Vs time for Gd: α-Sb2O4 (10 wt.%) NS (b) Z 00 Vs Z0 curve of Gd: α-Sb2O4 NS (10 wt.%).
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effectively [71, 72]. Plot of phase angle versus time elapsed as shown in
Figure 16(a) and Z00 (imaginary) Vs Z0 (real) resistivity curve of Gd:
α-Sb2O4 NS (10 wt.%) as depicted in Figure 16(b). Initially the phase
angle varies slowly and as the electrochemical reaction time increases
phase angle also increases indicating reaction of O 2- ions from the sur-
face of the α-Sb2O4 NS and transfer of electrons into the α-Sb2O4 NS [73].
Magnitude of Z0-intercept correlates to the equivalent series resistance
Rs, which includes the electrical resistance of electrodes. Resistance
values obtained are 1.678 Ω for Gd2O3 NPs, 1.032 Ω for α-Sb2O4 NPs and
of Gd: α-Sb2O4 (10 wt.%) NPs has 0.748 Ω respectively. Low charge
transfer and electrical resistance of the NS enable the formation of large
capacitance and good rate of discharge and recharge cycles [74, 75].

4. Conclusion

In this work, electrode was constructed from flower/flake like Gdx:
α-Sb2O4 (x ¼ 5, 8, and 10 wt.%) NS using cost effective co
13
precipitation method. The as-prepared electrode was systematically
investigated by XRD, SEM, SEM EDX, BET, EDS, UV-Visible, and XPS
spectroscopic techniques. X-ray diffraction pattern revealed ortho-
rhombic crystal structure of Gdx: α-Sb2O4 electrode, crystallinity varies
in between 38.31 nm to 49.47 nm. Flake/flower like morphology,
abundant active sites, high electrical conductivity and energy storage
significantly enhance electron/charge transfer and energy storage ca-
pacity of the nanostructure. Optical absorptivity measurement
confirmed blue shift in the spectrum due to overloading of Gdþ3 ions
inside α-Sb2O4 NS intern formation of defect in the lattice and facili-
tates easy transfer of oxygen ions and electrons to the surface of the
NS. Direct optical band gap (Eg) was found to be 3.16 eV. Electro
chemical performances of Gdx: α-Sb2O4 NS investigated in three
electrode system in basic 6M KOH as electrolyte. The Gdx: α-Sb2O4 (10
wt.%) electrode displays excellent electrochemical capacitance of 958
mAh/g at 0.15 A/g. Notably, Gdx: α-Sb2O4 NS owns outstanding cyclic
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stability of 86.5% after 1000 cycles. These good electrode potentials
pave new method for practical applications of Gdx: α-Sb2O4 electrode.
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