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Abstract: The development of advanced tin and niobium bimetallic composite electrode materials
is crucial for enhancing the performance of supercapacitors. In this paper, we present a novel
bimetallic composite material consisting of zero-dimensional spherical-like SnNb,Og nanocomposites
synthesized through the reaction of tin oxide (SnO;) and niobium pentoxide (Nb,Os) precursors,
alongside comparative materials. The morphology of the spherical agglomerates comprising Sn/Nb
oxide particles that were nucleated on the SnNb,Og¢ surface was characterized using field emission
scanning electron microscopy (FE-SEM) and high-resolution transmission electron microscopy (HR-
TEM). The as-prepared heterostructures of the SnNb,Og composites were analyzed for elemental
composition, including Sn3d, Nb3d, and Ols; moreover, chemical oxidative state analysis was
performed through X-ray photoelectron spectroscopy (XPS). Additionally, cyclic voltammetry curves
exhibited pseudocapacitive redox behavior for the SnNb,Og composites, while the galvanostatic
charge-discharge (GCD) performance demonstrated a maximum specific capacitance of 294.8 F/g
at1 A/g. Moreover, SnNb,O4 composite electrodes demonstrated rapid charge-discharge kinetics
and excellent cycling stability, with a capacitance retention of 95.7% over 10,000 cycles. This study
elucidated the synthesis of tin-niobium oxide-based composites, demonstrating their potential for
high-performance supercapacitors.

Keywords: niobium oxide; tin oxide; nanosphere; hybrid energy storage; supercapacitor

1. Introduction

Energy storage systems play a vital role in the modern world, enabling the efficient
use of renewable energy sources, such as wind and solar power, and meeting the in-
creasing demand for portable electronic devices [1]. Among the various energy storage
technologies, supercapacitors are significant owing to their high power density, fast charg-
ing/discharging capabilities, and long cycle life [2-4]. However, enhancing the energy
density of supercapacitors remains a considerable challenge. Additionally, compared to
batteries, supercapacitors are a promising avenue to increase energy density with the
specific capacitance of supercapacitors with advanced electrode materials’ cycling stabil-
ity [5,6]. However, carbon-based nanomaterials have gained interest for energy storage
wide-range applications using supercapacitor electrodes, such as carbon nano tubes (CNTs)
and graphene-based nanostructures [7,8].

Among these carbon-based materials, transition bimetallic composites, such as SnOj,
Nb,0s, Ti;O, MnO;, NiO, CoO, and Fe;O3, have garnered significant attention in recent
years for their potential applications in energy storage and supercapacitors, owing to
their unique structural and electrochemical properties [9-14]. Among them, composites,
typically comprising two transition metals, offer synergistic effects that enhance charge
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storage pseudo-capacitance mechanisms and electrochemical performance [15]. The tun-
able composition and morphology of these materials enable properties to be tailored and
help optimize energy storage efficiency and stability. Recent research has explored various
synthesis methods and characterization techniques to elucidate the structure—property
relationships that influence their performance [16]. As demonstrated, transition bimetallic
composites hold promise for addressing the growing demand for efficient and sustain-
able energy storage solutions, making them suitable for use in energy storage, catalysis,
electronics, and environmental remediation [16].

Transition bimetallic composites, particularly those containing tin dioxide (SnO,),
have garnered significant attention in recent years for their promising applications in
energy storage and supercapacitors [17,18]. These composites offer unique synergistic
effects arising from the combination of different transition metals with SnO,, leading
to enhanced electrochemical properties. One study reported a specific capacitance of
30.46 F/g at 1 mA for a supercapacitor applied using SnO; /activated carbon in an aqueous
solution of 1M Na,SO4 [19]. In recent decades, SnO, (tin (II) oxide) electrodes have
attracted significant attention due to their superior chemical stability and optical and
electrical properties. Due to these physicochemical characteristics, SnO, nanostructures
have a wide range of applications, such as solar cells, transparent conducting electrodes,
gas sensors, optoelectronic devices [20-23], gas sensing applications, and electrochemical
supercapacitors [24-26].

Subsequently, materials such as Nb,Os (niobium (IV) oxide) have been investigated for
their potential as electrode materials in supercapacitors [27], owing to their high specific ca-
pacitance and stability, as well as in Li-ion batteries [28]. In this context, zero-dimensional
(OD) metal chalcogenide spherical composites (SnNb) are favorable for energy storage
devices and energy conversion applications [29], which allow for an increase in electrocat-
alytic activity and provide more active sites for charge storage and faster ion diffusion [30].
These are behaviors of 0D tin-niobate combined with metal oxide-based composites which
contribute to the structure and effectively increase the charge transport properties and
electrical conductivity of the device [31,32]. Therefore, this material’s large surface area
allows for increased electrochemical activity, providing more sites for charge storage and
faster ion diffusion. This characteristic contributes to a higher capacitance, enhancing
the energy storage capacity of supercapacitors [33]. Additionally, Nb,Os and SnO, metal
oxide nanoparticles facilitate efficient redox battery-type charge storage, high intrinsic
electrical conductivity, and high mechanical strength. However, pristine SnO, and Nb,Os
metal oxide electrodes may lead to challenges such as poor adhesion and compromised
structural integrity over repeated charge/discharge cycles [34]. One of the advantages of
both Sn-doped niobium oxide micro-spherical structured materials is easy aggregation,
potentially enhancing the chemical stability and surface area and impeding ion accessibility.
Fu et al. reported improved capacitive retention and stability using a yolk—shell structure
with orthorhombic phase Nb,Os microspheres via a scalable spray drying method [35].
Additionally, a recent report on SnNby;Og composite-based materials showed that address-
ing these merits is crucial to harness the potential of SnNb,Og and SNnO@NbO metal oxide
composite electrodes for energy storage [36-38] and energy conversion in practical appli-
cations [39,40]. Importantly, the addition of Nb,Os enhances the overall electrochemical
performance of pseudo-capacitance and thus improves the charge storage capacity and
long-term durability. These binary composites exhibited a synergistic effect between SnO,
and Nb,Os, contributing to improved cycling stability and prolonged electrode life [41,42].
Some reported methods for preparing SnNb,Og composites include tin-niobate-based
binary composites, such as solid-state reaction, molten SnCl,-treated, and solvothermal
reaction methods [43-45]. Among these, the hydrothermal method has the advantage of
binary composite preparation [46].

In the present study, we successfully developed a facile hydrothermal technique in-
volving pyrolysis in an air atmosphere by precisely controlling the spherical particle size
and structural morphology of the final product. The as-prepared SnNb,;Og binary com-
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posite demonstrated a spherical shape with a uniform size distribution and well-defined
shapes. Hydrothermally synthesized SnO,, Nb,Os, and SnNb,Og composite electrodes
were compared using cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and galvanostatic charge—discharge (GCD) analyses. In addition, the as-prepared
electrochemical performance of the Nb,Os and SnO; electrodes facilitates electrochemical
supercapacitor performance. Finally, after successfully fabricating SnNb,Og composite
electrodes, further material analysis was conducted for energy storage applications.

2. Results and Discussion
2.1. X-ray Diffraction Pattern Analysis

The crystal phases of the prepared samples were characterized by X-ray diffraction
(XRD). Figure 1 shows XRD patterns of NbyOs and their diffracted 26, which were 17.38°
(044), 22.68° (510), 23.85° (101), 25.58° (530), 28.41° (321), 32.21° (431), 35.32° (611), 38.94°
(701), 44.05° (831), 47.59° (002), 51.04° (332), 54.39° (442), 58.37° (642), 64.04° (932), 67.12°
(772), 72.27° (822), and 75.08° (303). This indicates a highly crystalline material, and the
presence of reflexes corresponding to niobium oxide indicates the oxidation of crystalline
H-Nb,Os [47]. These results show that the diffraction peaks belong to JCPDS card no. (00-
016-0053), indicating a monoclinic structure. Then, SnO, diffraction peaks were observed
at 26.61° (110), 33.89° (101), 37.95° (200) 51.78° (211), 54.75° (220), 57.82° (002), 61.87°
(310), 64.71° (112), 65.93° (301), 71.27° (202), and 78.71° (321). This indicates that the
observed peaks are well-indexed to SnO, (JCPDS No.00-041-1445), (tetragonal phase),
and no predominant peaks were observed for SnO, in the matrix. No other diffraction
peaks were observed. Finally, the main characteristic diffraction peaks were assigned to
the main SnNb,Og composite, with corresponding planes of 22.49° (301), 26.50° (211),
33.94° (202), 38.34° (402), 51.72° (303), 54.54° (802), 57.82° (902), 61.87° (331), 64.92° (111),
66.82° (232), 71.24° (115), and 78.91° (233). In addition, the SnNb,O4 composites showed
main characteristic diffracted peaks with reflections at 26 of 26.50° (211), 33.94° (202), and
78.91° (233). This XRD suggests the corresponding peaks of SnNby, further confirming
the good crystalline nature of the as-prepared composite materials, which were consistent
with (JCPDS card No. 00-023-0592) monoclinic crystal structure phase coincident space
group P27 /c [48,49], with Sn@NDb described as “Fordite” metallization of SnNb,Og with
an appropriated combination of Nb, the intermetallic heterostructure H-SnNbO phases,
and the oxides NbO and SnO [50]. Additionally, the cycling of XRD data with a discussion
on structural stability are provided in the Supplementary Materials (SM) Figures S7-S9.
Finally, hydrothermal treatment successfully yielded tin-niobate in the crystalline phase.
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Figure 1. X-ray diffraction pattern of the as-prepared Nb,Os, SnO,, and SnNb,Og nanosphere composite.

2.2. Raman Spectroscopy Analysis

Raman spectra were used to analyze the vibrational modes of the molecules and mate-
rials. The peaks observed in the Raman spectrum of 0D SnNb,Og are shown in Figure 2.
The peaks at 123.37 cm 1, 268.59 cm ™1, 632.26 cm ™!, 683.02 cm ™!, and 999.46 cm ! cor-
respond to vibrations in the Aqg, Eu, Epg, E! 2¢, B1g, Bog, and Ag modes, which are active
in Raman molecular vibrational modes with chemical bonds within the as-prepared sam-
ple [51,52]. In addition, the Raman signals in the range of 400 to 800 cm ! are attributed to
symmetric and asymmetric stretching of the Nb-O-Nb bond [53]. Herein, the additional
minor peaks at 473.23 cm~! were associated with Epg1 (in-plane vibration) and Big/Byg
(out-plane vibration) modes at 849.117 cm~! and 905.01 cm ! for Sn-O/Nb-O, respectively.
Their presence in the binary composite and Raman spectrum of the Nb,O5/SnO, bimetallic
composite indicate the insertion of Sn atoms into the niobium lattice [54,55]. Hence, the
mixed oxide in SnO/NbO belongs to the Eg mode, which is a strong indicator of oxygen
vacancy appearance during synthesis. The above peaks are correlated to the binary metal
oxides combined with the spherical structure of 0D SnNb,Og. In addition, the active Raman
intensity peaks reveal that the crystalline structure combines two Nb’* sites: (i) four oxygen
(O?7) atoms bonded with Nb>* to form corner-sharing NbO, tetrahedra and (ii) six O?~
atoms bonded with Nb>* to form NbOg octahedrons [56]. This active site oxide species
attached to Nb metal ions and their Raman shift appeared at chemical bond vibrational
frequencies of Nb-O-Nb bond bending modes. Raman peaks appearing at 111.17 cm ™!,
256.38 cm 1, 620.05 cm !, 670.81 cm !, and 987.26 cm ! correspond to the Nb,Os phase



Inorganics 2024, 12, 142

50f18

in-plane vibration Elzg and Ag out-plane vibration of the niobium-oxygen bond. The
predominant peak was at 256.38 cm ™! (Nb-O stretching vibration); furthermore, the main
Raman intensity peaks at 620.05 and 670.81 cm~! could be attributed to the (Alg) stretching
modes of the slightly and highly distorted octahedral NbOg, respectively [57]. In addition,
the strong Raman peak around 987.26 cm ! was due to the terminal double bond Nb = O
symmetric stretching mode. The Raman peaks of SnO, were assigned to Eg and Eu mode
vibrations. In particular, the peaks at 227.18 cm~! and 617.01 cm~! corresponded to E2g1
and Ag, and these Raman mode vibrations show the spectra of the mixed oxides of optically
transparent SnO; [58]. The band at approximately 617.01 cm~! was attributed to the Eg
mode associated with the symmetrical stretching of the Sn-O bond [59]. In conclusion, the
Raman spectra revealed peaks indicating the presence of mixed oxides comprising Sn, O,
and Nb atoms.

. San206
1g —Nb205
SnO2

Intensity (a.u.)

T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400

Raman Shift (Cm™)

Figure 2. Raman spectra of the Nb,Os, SnO;, and SnNb,Og nanosphere composite.

2.3. FE-SEM Image Analysis

Field emission scanning electron microscopy (FE-SEM) and image analysis were
used to determine the surface morphologies of the as-prepared heterostructure electrode
materials. Figure 3a—f corresponds to the 2D as-prepared Nb,Os, SnO;, and SnNb,Og
heterostructure FE-SEM micrographs. The FE-SEM micrographs of decorated Nb,Os are
shown in Figure 3a, and they exhibit slightly agglomerated nanocrystal surface features,
such as edges and surfaces. Figure 3b shows a magnified view of Nb,Os particles character-
ized by distinct morphologies and sizes. The FE-SEM images show well-defined structures
with a non-uniform particle distribution and accumulation interconnecting each particle.
Figure 3¢ SnO; shows the formation of agglomerate-spreading micro-structured surface
morphology. FE-SEM analysis in Figure 3d reveals SnO, particles with a remarkably even
distribution, with each particle exhibiting a distinct one-by-one growth pattern, which con-
tributes to the formation of a well-defined tin oxide microstructure due to SnO, particles,
indicating a cohesive assembly where individual particles seamlessly join to form cohesive
microstructures. Furthermore, the FE-SEM micrographs appear to highlight the favorable
conditions for crystalline formation. FE-SEM micrographs are shown in Figure 3a,b for
Nb,Os and Figure 3c,d for SnO,.
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Figure 3. (a—f) FE-SEM surface morphology images of (a,b) Nb,Os, (c,d) SnO,, and SnNb,O¢
nanosphere composites.

Figure 3e,f shows the surface morphology of 0D SnNb,Og, demonstrating better crys-
talline growth on the 0D structure than on Nb;Os and SnO, materials. Moreover, the FE-SEM
image in Figure 3e reveals the tailored architecture of the non-uniformed distribution of
sphere-like microstructural SnNb,Og particles with different magnifications. Figure 3e clearly
shows the spherical shape with each particle binding with the chemical reaction between
niobium oxide (NbO) and stannic oxide (SnO). Under specific conditions, these as-prepared
Nb;Os and SnO, microparticle precursor materials undergo a solid-state reaction to form
the desired tin—niobate compound. During this reaction, the niobium and tin ions rearrange
themselves to create a new crystalline structure, SnNbyOg. Initially, smaller particles of the
synthesized compound may form, but over time, they coalesce to form larger, more stable
spherical particles. From the FE-SEM micrographs, the addition of niobium and tin metals
and/or metal oxide exhibits covalent bonding between the spherical structure of tin—niobate.
This spherical-like surface morphology provides valuable insights into the incorporation of
Nb,O5 and SnO, microparticle heterostructures to render novel SnNb,Og. Furthermore, it
promotes efficient charge transfer kinetics in the electrochemical performance.

2.4. HR-TEM Surface Analysis

The surface morphology of the SnNb,Og spherical heterostructure was analyzed by
HR-TEM. Figure 4a—c shows TEM images of the as-prepared 0D SnNb,Og nanostructures
of the Sn oxide incorporated in NbyOs bundles of particles that appeared in a slightly ag-
glomerated structure surface morphology with various in-depth magnifications. Figure 4a
shows tin—niobate visible at a surface scale of 100 nm, indicating that the morphology of
(SnNb,Og) presents an intricate network of interconnected spherical particles. Each particle
exhibits a distinctively smooth surface, suggesting a well-defined interconnection between
these particles, which is likely facilitated by the chemical interaction between the compo-
nent SnO and NbO particles-decorated surface morphologies appearing in the interesting
0D structure. In addition, Figure 4b shows the 50 nm-scale surface morphology. Although
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the spherical shape remains predominant, the surface texture appears slightly irregular, and
the dark part indicates some agglomerated particles, indicating the presence of nanoscale
features. Further magnification (Figure 4c) down to a 20 nm scale shows the complex
microstructure of (SnNb,Og) with greater clarity. Here, the nonuniformity in the size and
arrangement of SnO and NbO particles becomes more distinct, contributing to the heteroge-
neous nature of the spherical particles. Despite this non-uniformity, each particle retains its
spherical shape with smoother edges, highlighting the strength of the interparticle bonding.
Finally, the TEM images of the Nb and Sn metallic composites show an enhanced internal
surface structure, eventually forming a network of interconnected spherical structures.
Owing to the self-organizing nature of the 160 °C hydrothermal synthesis process, the
interconnected porous network offers enhanced accessibility for chemical reactions and
ion transport, making (SnNb,Og) a promising candidate for advanced heterostructures
consisting of functional materials.

100 nm

Figure 4. (a—c) HRTEM surface images of SnNb,Og sphere nanostructure with different magnifications.

2.5. X-ray Photoelectron Microscopy Analysis

Figure 5 shows the chemical oxidative state of the as-prepared 0D SnNb,Oy spherical
composite characterized by XPS analysis. Figure 5a shows that the XPS full survey spectrum
of 0D SnNb,Og belongs to the main core level spectrum of Sn3d, Nb3d, and Ols, with
additional sub-core level composition elemental electronic states of Nb4p, Nb3p, Sn3p1,
OKLL, and Sn Auger [59]. Additionally, a magnified view of deconvoluted fitting with
the background curve of the Shirley background using CASA XPS peak fitting software
(http:/ /www.casaxps.com/berlin/) is displayed in Figure 5b for Sn3d, (c) Nb3d, and
(d) O1s. Figure 5b shows that the Sn3d core-level XPS spectrum is de-convoluted in the
binding energy photoelectron peak position of 486.14 eV and 494.57 eV, corresponding to
two peaks due to spin—orbit division, with electrons from the Sn3ds,, peak and Sn3d;,,
states of Sn(4+). Figure 5c shows that niobium typically exhibits two peaks that are often
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deconvoluted into Nb 3d at around 212.4 eV and 211.3 eV, corresponding to the Nb3ds, and
Nb3d3,, shown in Figure 5c. These results suggest the presence of niobium oxide in the bulk
region; the oxidation state of niobium results from a mixture of Nb>* and Nb?* oxidation
states, i.e., NbyOs [60]. Finally, the Ols deconvoluted spectrum demonstrates binding
energy values of 529.76 eV and 530.74 eV, assigned to O-Nb-O and Sn-O, respectively, and
exhibit the existence of oxygen in different environments in oxygen groups present in the
SnNb,O¢ composite. Herein, these Ols reveal the natural oxidative spectrum, showing
that the binding energy value presence of the Nb,Os phase in this sample is predominantly
due to the oxidation of the surface after exposure to air. The XPS overall survey spectra are
major core-level spectra with a surface composition in atomic percentages (at.%) of Sn3d
(8.55), Nb3d (18.20), and O1s (73.25) present in the 0D SnNb,Og composite.

(a) l SnNb,Og survey data (b) Sn3d raw data
2l 3 33 ——Sn3d, , fitted
5 & —Sn3d, , fitted
Background
Sn3d envelope
o = s
E 5 )
g s 2
2 2 <
= £
§ s
€ £
: : 5 . ; d . 480 483 486 489 492 495 498
1200 1000 800 600 400 200 0
Binding Energy (eV) Binding Energy (eV)
(c) < |——Nb3drawdata | (@) [——Ofts raw data
2 |——Nbad,, it ——01s(Sn-0) O-N6-0
z —Nb3d‘ fit ——01s (Nb-O)
8 —— background
< —— Background ——O1s - envelope
2 —— Nb3d envelope fit
3 g 3
&) LA
2 2
£ £
T T T T T T T T T T T
212 210 208 206 204 202 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

Figure 5. (a-d) XPS survey spectra of Nb 3d, Sn 3d, and O 1s of the as-prepared SnNb,Og composite.
(b) Deconvoluted fitting for Sn3d, (b) deconvoluted fitting for Nb3d, and (b) deconvoluted fitting
for Ols.

2.6. Electrochemical Analysis

The electrochemical performance was evaluated through CV, EIS, and GCD techniques
for the SnNb,Og, Nb,Os, and SnO; electrodes, respectively. Three-electrode electrochemical
testing was conducted within an optimum potential range spanning from —0.2 V to +0.55 V,
utilizing a 3M aqueous KOH electrolyte. The 0D SnNb,Og¢ heterostructure composite
electrode is shown in Figure 6a. CV provides valuable insights into the electrochemical
behavior at various scan rates ranging from 10 to 100 mV/s. In the CV curves, increasing
the sweep rate exhibits enhanced redox peaks within the potential range from —0.2 V to
+0.55 V, resulting in the widening of the electrochemical active current range, indicative
of enhanced kinetics. Moreover, the concurrent elevation of the oxidation and reduction
current peaks signifies a robust electrochemical redox response within the test window.
This is indicative of its superior charge storage capacity. Thus, CV can help elucidate their
redox processes and pseudo-capacitive nature.
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Figure 6. (a) Cyclic voltammetry (CV) and (c) galvanostatic charge—discharge (GCD) at (—0.2-0.55 V)
versus Ag/AgCl with 3M KOH and (b) electrochemical impedance spectroscopy (EIS) for SnNb,O¢
electrode.

EIS is used to characterize the electrochemical electrode—electrolyte interface resistance
behavior of materials, especially in the context of the SnNb,Og composite. Furthermore,
the electrochemical performance of the EIS-Nyquist plot revealed a pronounced response
in the high-frequency range, consisting of solution resistance (Rs, 1.09 () and efficient
charge transfer resistance (Rct, 2.25 (), showing a condensed electrode—electrolyte interface.
The Rct value suggests that electrolyte ions move through efficient ion diffusion within
the electrode (SnNb,Og) and an intermediate-frequency region related to the Warburg
impedance (Wgq) linear line for good capacitive behavior. These EIS results suggest fa-
vorable electrochemical behavior, potentially facilitating enhanced reaction kinetics and
overall performance of the electrode material.

In addition, as shown in Figure 6c¢, the electrochemical performance of the GCD
profiles was evaluated for SnNb,O¢ favorable charge/discharge characteristics and its
potential range (—0.2 V to +0.55 V) as a high-performance electrode material in a 3M
aqueous KOH electrolyte. The GCD curves reveal the calculated (Equation (1)) specific
capacitance (Csp) of 294.02 F/g, 143.29 F/g, 80.20 F/g, 54.77 F/g, and 39.50 F/g, which
correspond to applied varying current densitiesof 1 A/g,2 A/g,3A/g,4A/g, and5A/g,
respectively. Additionally, in the GCD profile, notable pseudo-capacitive behaviors were
observed, indicating enhanced energy storage properties. The incorporation of Sn with the
Nb bimetallic oxide spherical composite resulted in a significant increase in the storage
capacity; therefore, the SnNb,Oy electrode is a key contributor to the advancement of
electrochemical energy storage technologies.

Additionally, NbyOs electrodes of CV, EIS, and GCD curves were recorded, as shown
in Figure 7a—c. As shown in Figure 7a, the CV curves reveal that the redox reactions
are associated with pseudo-capacitance and their charge storage capabilities, which has
gained attention owing to their unique energy storage properties. The CV curves provide
information on the charge transfer processes at the redox interface between the K* and
OH" ions. The electrochemical CV performance of Nb,Os exhibited notable redox current
peaks, indicating a favorable response within the active window. Increasing scan rates



Inorganics 2024, 12, 142

10 of 18

corresponded to increased current rates, expanding the area under the CV curve, which is
indicative of enhanced electrochemical activity.

50 400
ol (a) Nb,0, (b)

30 4
300

20 o

200

100 /
— 100 ml\//s 0_/’}

T T T T | T
02 041 00 0.1 0.2 0.3 0.4 0.5 0.6 T J T y J T T T
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Figure 7. (a) Cyclic voltammetry (CV) and (c) galvanostatic charge-discharge (GCD) curves and
(b) electrochemical impedance spectroscopy (EIS) for Nb,Os electrode.

We investigated the EIS properties of Nb,Os electrode materials with excellent electro-
chemical impedance activity and potential for energy storage applications. The EIS high-
frequency region x-axis involves measuring the impedance response using the Nyquist plots
of an electrode, which provides valuable information about solution resistance (Rs, 0.72 (2)
and charge transfer resistance (Rct, 3.35 (2). Both Rs and Rct values exhibited distinct behav-
iors, indicating improved conductivity and reduced charge transfer resistance. Therefore,
impedance analyses of NbyOs electrode materials in the high-frequency region revealed
notable enhancements in charge transfer kinetics at the electrode—electrolyte interface.

In addition, GCD for Nb,Os electrodes can be used to enhance the capacity of the
electrode. GCD curves of the Nb,Os electrode demonstrated Csp values of 132 F/g, 83.60 F/g,
59.06 F/g, 42.48 F/g, and 27.61 F/g matching under various constant applied current densities
of 1 A/g, 2 A/g, 3 A/g 4 A/g, and 5 A/g, respectively, as derived from Equation (1).
These GCD curves showed significant enhancement, leading to prolonged discharge times.
Furthermore, niobium oxide offers high conductivity and capacity, ensures efficient metal-ion
diffusion, and stabilizes the electrode structure. These findings highlight the potential of
Nb,Os as a high-performance electrode material for energy storage applications.

CV curves of the SnO, electrode offer insights into the synergistic effects of these ma-
terials, such as enhanced charge storage capacity or catalytic activity. The electrochemical
performance of SnO, was evaluated through CV. The observed oxidation and reduction
current peaks indicate its favorable redox activity. Increasing the scan rate led to a simul-
taneous rise in the current rate and a broadening of the CV curve area. These findings
suggest an expanded electrochemically active window for SnO, within the fixed potential
window range (—0.2 to +0.55). The CV analyses contribute to the understanding of the
electrochemical redox properties of the SnO, electrode for supercapacitors.
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Moreover, as shown in Figure 8b, the SnO, electrode demonstrates EIS analyses
and offers valuable insights into the electrochemical behavior. The Nyquist plot of the
SnO; electrodes revealed distinct features in the high-frequency range, indicating complex
electrochemical behavior. In addition, the Nyquist plot solution resistance (Rs, 0.68 (1) and
charge transfer resistance (Rct, 7.64) were effectively determined from the high-frequency
region. The low-frequency region comprises Warburg impedance (W()) at a 45° slope. This
EIS results in a significant understanding of the impedance characteristics of the kinetics at
the electrode—electrolyte interface. Notably, the observed Rct values were slightly higher
than those of the SnNb,;Og and Nb,Os electrodes for optimizing the electrode performance
in terms of the efficiency of charge transfer processes. Figure 8c shows GCD curves for
enhancing the electrochemical performance of SnO, electrode materials with different
current densities. The GCD curves determined the Csp values of 132 F/g, 83.60 F/g,
59.06 F/g, 42.48 F/g, and 27.61 F/g for various applied current densitiesof 1 A/g,2 A/g,
3A/g 4 A/g and 5 A/g, respectively. This exhibited the promising electrochemical
performance of these materials for energy storage applications. Figure 8c shows the GCD
curves of the SnO; electrode and the synergistic effects arising from tin oxide, which can
potentially lead to enhanced electrochemical properties.
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Figure 8. (a) Cyclic voltammetry (CV) and (c) galvanostatic charge-discharge (GCD) curves and
(b) electrochemical impedance spectroscopy (EIS) for SnO; electrode.

Finally, the overall CV, EIS, and GCD results indicate promising characteristics for
potential electrochemical applications. The separate results and discussion include the
analysis necessary for the CV, EIS, and GCD performance in Figure 6a—c, Figure 7a-c, and
Figure 8a—c, respectively. Interestingly, all the data combined with the CV curves depicted in
Figure 9a illustrate the electrochemical activity of the three electrode active materials: SnO,,
Nb,Os, and SnNb, Oy spherical composites. Notably, the SnNb, Oy composite exhibited
enhanced electrochemical activity compared with the SnO; and Nb,Os electrodes. This
enhancement was evident from the higher current response observed in the CV curves.
Figure 9b depicts the EIS analysis of the comparative samples, analyzed using z-fit (EC-
Lab) software combined with BIOLOGIC. The Nyquist impedance plots illustrate the
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relationship between Zreqy (Z') and Zimq (Z") across a frequency range from 100 kHz
to 100 mHz. In Figure 9 (inset, electrical Randle’s circuit: ((R; + Q;/W + Rp) + Qp)),
the higher-frequency region displays R1, representing the solution resistance (Rs)R;, and
the charge transfer resistance (Rct) R2 represents the electrode—electrolyte interface. In
addition, the lower-frequency region encompasses the diffusion impedance of the Warburg
element (Wq) and mass-transfer (Q1, Q2) constant phase element of pseudo-capacitance,
represented at the intersection point of Randle’s z-fitted circuit the comparative values
assessment displayed in Table S1. Analysis of the EIS-Nyquist plot along the Zre() axis
reveals charge transfer resistance values of 2.25 (), 3.35 (), and 7.64 () for SnO,, Nb,Os,
and SnNb,Og spherical composites, respectively. The Rct value is lower for the SnNb,Og
spherical composite compared to the SnO, and Nb,Os electrodes. These EIS results indicate
superior kinetics at the electrode—electrolyte interface, favoring efficient charge transfer
processes. Additionally, the low-frequency region linear plots that fit in the EIS-Nyquist
impedance spectra with calculated diffusion coefficients for each electrode material data
with information (Supplementary Materials SM; Figures Sla,b, S2a,b and S3a,b) were used
to calculate the diffusion coefficient of K* ions. In addition, Figure 9c compares the charge—
discharge profiles of the three-electrode system. In addition, the exhibited overall maximum
specific capacitances of 132.84 F/g, 177.94 F/g, and 294.02 F/g correspond to the SnO,,
Nb,Os, and SnNby;Og composites displayed at constant current density 1 A/g, respectively.
Thus, the overall compared CV, EIS, and GCD results of the SnNb,Og composite to enhance
the electrochemical supercapacitor analyses provide insights into their electrochemical
behavior. The advantages of SnNb,Og composites are highlighted by comparing them to
previous literature reports in Table S2.
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Figure 9. Overall comparative profile: (a) CV data with 100 mV /s, (b) EIS-Nyquist plot showing the
experimental and inset Randel’s electrical circuit for z-fitted data at 100 Hz-100 mHz, and (c¢) GCD
curves with 1 A/g.
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2.7. Electrochemical Cycling Stability

Electrode stability analyses are crucial for assessing the long-term performance of
materials in various electrochemical applications. Electrode stability analyses reveal that
these electrodes are suitable for maintaining supercapacitor behavior over extended periods
of continuous charge-discharge cycles. Herein, we focus on the stability of electrodes based
on the SnO,, Nb,Os, and SnNb,Og composites with an applied current density of 5 A/g.
Figure 10 shows the stability curves of SnNb,Og composites (green line), known for their
excellent superconducting properties with capacity retention (CR, 96.15%) over 5000 cycles.
This synergy leads to improved charge—discharge rates and prolonged cycle life. How-
ever, exposure to moisture and chemical contaminants can degrade their performance,
emphasizing the importance of Sn—Nb bimetallic 0D spherical composite active materials.
Comparing the best overall electrochemical performance, the heterostructure (SnNb,Og)
composite electrode system combines tin (Sn) and niobium (Nb), both of which exhibit in-
teresting electrochemical properties. This combination results in superior charge—discharge
performance and extended cycle life.

—
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Figure 10. Coulombic efficiency (CE %) (n) versus capacitance retention (CR %) for overall electrode
cyclic stability performance at 5 A /g for 5000 cycles.

The cycling stability performance visualized with GCD curves demonstrated the compa-
rable electrodes and capacity retention of SnO, (CR, 76.73%) and Nb,Os (89.86%), respectively.
Each material offers unique advantages, and the choice depends on specific requirements
such as capacity, rate capability, and cycle life of the targeted energy storage device. However,
the electrode’s long-term performance columbic efficiency (CE%) for the three comparative
electrodes is enhanced to 99.5%, and this charge—discharge efficiency has proven that these
are stable active materials with only gradual decreases over 5000 cycles. Tin combined with
the niobium oxide-based spherical composite electrode SnNb,Oy exhibited notable stability,
maintaining its superior electrochemical properties. However, without distinct pure SnO, and
Nb,Os electrodes, a lower capacity and cycling capacity retention may occur. Figure 10 shows
the stability curve of the SnNb,Og composite electrode. This makes it a promising candidate
for superconducting electronics and energy storage applications.
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3. Experimental Section
3.1. Materials and Methods

Potassium stannate (K;O35n), 99.9%, Macklin) trace-metals basis, (Sigma-Aldrich
chemicals), St. Louis, MO, USA, niobium (II) oxide (NbyO5), (99.9% trace metals basis,
Sigma-Aldrich), absolute ethanol (Sigma-Aldrich), and cetyltrimethylammonium bromide
(CTAB) (99.0%, Sigma-Aldrich) were purchased, and all chemicals were of analytic grade
and used without further purification.

3.2. Preparation of 0D SnNb,Og Heterostructure Sphere

Micrometer-sized SnNb,Og spheres were synthesized via a facile hydrothermal prepa-
ration of potassium stannate (K,O35n) and niobium (II) oxide (Nb,O,) powders at a gravi-
metric proportion ratio of 1:1. Specifically, in typical synthesis, both precursors used as dry
powders were mixed vigorously, ground in an agate mortar for 5 min, and mixed in 30 mL
absolute ethanol vigorous magnetic stirrer for 30 min while slowly adding 20 mL of CTAB
solution. The solution was homogeneous as analyzed by a high-frequency probe under
high-amplitude ultrasonic waves using a probe sonication instrument (500 W, 20 kHz) and
three 3 s ultrasound pulses, with a spacing of 1 s between each. The homogeneous mixture
solution was then transferred to a hydrothermal reaction vessel in a Teflon-lined autoclave
covered with stainless steel and the reaction was held at this temperature of 160 °C for 12 h.
Then, the reaction vessel was allowed to naturally cool to room temperature. The cooled
reactor and precipitate were collected by centrifugation and washed with deionized (DI)
water and absolute ethanol to remove any unreacted precursors or byproducts. Finally,
the precipitated material was vacuum-filtered through a micropore glass fiber membrane
and washed with deionized water. Finally, the solid material (SnNb,Og) obtained was
sintered at 500 °C for 2 h to remove residual moisture. Subsequently, SnO; and Nb,Os
comparative sample materials were synthesized using the same experimental procedure.
The as-synthesized SnNb,Og was characterized by various analytical techniques for further
material conformation analysis.

3.3. Materials Characterization

The as-prepared SnO,, Nb,Os, and SnNb,Og composite materials were further char-
acterized. The phase composition of the samples was determined using X-ray powder
diffraction of crystal structures, and their planes were observed using “X"Pert PRO PAN-
Analytical” operating at 40 kV and 30 mA with Cu-K« as an X-ray source (A = 1.5406 A),
from 10° to 80°, accelerating voltage of 30 kV, and a beam current of 30 mA. Laser Raman
spectroscopy scattering spectra were recorded using an XPLORA Plus (HORIBA Scientific,
Horiba Jobin Yvon, Palaiseau, France) at room temperature, excited with a YAG (Nd) laser
at 532 nm, with a spectrum gain time of 100 s and operating power of 10 mW. Surface
morphologies were investigated using FE-SEM images obtained via 5-4800 coupled with
energy dispersive spectroscopy (EDS) (Tokyo, Japan) at an accelerating voltage of 15 kV. In
addition, FE-TEM was used for different magnifications of nanoscale surface recorded with
an ‘FEI-TECNAI’ TF-20 through an operating accelerating voltage of 200 kV. Oxidation
states of each element present in the SnNb,Og spherical composites using XPS (Thermo
Scientific K-Alpha system with an Al Kot X-ray source) were used to analyze the ion source
energy between 100 V and 3 keV. Finally, the surface area of each sample was determined
using 3Flex of the SnO,, Nb,Os, and SnNb;Og materials with a BET analyzer (Gemini™ V
Series 2380, Micromeritics, Norcross, GA, USA). The BET data and discussion are provided
in the Supplementary Materials (SM) Section (Figures 54-56)).

3.4. Active Material Preparation and Electrochemical Characterization

A supercapacitor with active materials of SnO,, Nb,Os, and SnNb,Og composites
was applied for an electrochemical energy storage three-electrode system. The preparation
of the working electrode involved weight percentages of 80%:10%:10% corresponding to
5nO,, Nb,Os5, and SnNb,Og4, which acted as an active material, conductive polymeric
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binder as polyvinylidene fluoride (PVDF), and conductive additive as an activated carbon
black (AC), respectively. Mixtures of the above three sources (Active materials; AC; PVDF)
were ground by a mortar and pestle for 10 min, and subsequently, N-methyl-2-pyrrolidone
(NMP) solvent solution was added to a uniform slurry paste to form an ink-like mix. Then,
the supercapacitor conductive electrode was used with cleaned nickel (Ni)-foam substrate
(2.5 x 1 cm™2). Subsequently, the active material catalyst coating of slurry ink was coated
on Ni-foam subtracts (1 x 1 cm~2) with a manual brush. Furthermore, all slurry-coated
electrodes were dried at 80 °C overnight to remove excess solvent. The electrochemical
three-electrode cell setup contained platinum (Pt) foil as the counter electrode, silver/silver
chloride (Ag/AgCl) as the reference electrode, and Ni—foam slurry coating as the work-
ing electrode. The 3M potassium hydroxide (KOH) was used as an aqueous electrolyte
medium. After electrochemical measurement using a BIO-LOGIC electrochemical worksta-
tion, further electrochemical demonstration by CV, EIS, and GCD was carried out in the
three-electrode potential range (—0.2 to +0.55) using 3M KOH aqueous electrolytes. The
specific capacitance was calculated from GCD measurements, which can be calculated from
the GCD curves as follows:

Csp=(I x At)/(m x AV)  F/g, (1)

where Csp, I, At, AV, and m correspond to specific capacitance (F/g), constant discharge
current (A), discharge time (s), total potential window (V), and mass of the active material
(mg), respectively.

4. Conclusions

Z0D SnNb,Og composites were successfully synthesized using a straightforward
hydrothermal method followed by pyrolysis. The as-prepared composite exhibited a mono-
clinic crystal structure, as confirmed by XRD. The surface morphologies of the synthesized
binary composites were examined using FE-SEM and HR-TEM. The chemical oxidative
states of Sn3d, Nb3d, and Ols, along with their respective binding energies (486.12, 206.66,
and 529.8 eV) were determined by XPS surface survey analysis. Raman spectroscopy
identified associated in-plane vibrations at 473.23 cm~! (E2g1) and out-of-plane vibration
modes at Blg/B2g 849.117 cm ™! and 905.01 cm ™!, corresponding to Sn-O/Nb-O bonds.
The as-prepared active materials were evaluated for electrochemical supercapacitor ap-
plications using CV, EIS, and GCD analyses. In GCD analyses, the Csp of the SnNb,Oq
spherical composite was found to be 294.02 F/g, and comparative electrode performance
was observed in both SnO; (Csp-132.84 F/g) and NbyOs (Csp-177.94 F/g) under similar test
conditions at a current density of 1 A/g. Furthermore, these findings underscore SnNb,O¢
as a promising electrode material. Meanwhile, the capacity retention of the as-prepared
SnNb,Og binary composite electrode remained stable over 5000 cycles at a higher current
density of 5 A/g. The tin/niobium composite presents a promising platform for efficient
energy storage and advanced supercapacitor energy storage devices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics12060142/s1, Figure S1: Nyquist impedance plot for
SnO2 and the, the Warburg impedance with the diffusion coefficient using Nyquist plot a linear line
fitting SnO2 data; Figure S2: Nyquist impedance plot for Nb,Os and the, the Warburg impedance
with the diffusion coefficient using Nyquist plot a linear line fitting Nb,Os data; Figure S3: Nyquist
impedance plot for SnNb,O6 and the, the Warburg impedance with the diffusion coefficient using
Nyquist plot a linear line fitting SnNb,Og data; Figure S4: BET isotherm graph of specific surface
area analysis of SnNb, Oy composite material with quantitative volumetric adsorbed (Cm?/g) versus
relative pressure isotherm in terms of P/Py; Figure S5: BET surface area analysis with N, adsorp-
tion/desorption isotherms linear curves of Nb,O5 material; Figure S6: BET surface area analysis with
N, adsorption/desorption isotherms linear curves of SnO, material; Figure S7: X-ray diffraction
(XRD) patterns of SnO, electrode for after cycling data.; Figure S8: X-ray diffraction (XRD) patterns of
Nb,Os electrode for after cycling data; Figure S9: X-ray diffraction (XRD) patterns of SnNb,Og elec-
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trode for after cycling data; Table S1: Electrochemical impedance spectroscopy (EIS) is a Nyquist plot
with measured by z-fit software fitting to an equivalent electrical circuit model; Table S2: Comparison
of previous reported supercapacitor composite electrode materials for energy storage applications.
Supplementary Materials References [61-73].
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