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In the pursuit of sustainable energy solutions and advancements in energy storage technology, this research 

focuses on the synthesis, characterization, and electrochemical evaluation of a Keggin-Type polyoxoniobate 

compound for potential application in sodium-ion batteries (SIBs). While lithium-ion batteries have been the 

standard, concerns about lithium availability and environmental issues have prompted the exploration of 

alternative materials for SIBs. Polyoxoniobates, a subclass of polyoxometalates, have unique properties that make 

them promising candidates for the development of high-performance SIBs. This study delves into the relatively 

uncharted territory of polyoxoniobates in SIBs. The research investigates the adaptation of polyoxoniobate 

structures to enhance their electrochemical properties, the understanding of sodium ion storage mechanisms, 

and comprehensive characterization. A specific Keggin-Type polyoxoniobate compound is synthesized and 

examined for its potential as an electrode material for SIBs. The structural analysis confirms the successful 

synthesis of the compound, with X-ray diffraction patterns, Raman spectroscopy, and FTIR spectra demonstrating 

its purity and integrity. Scanning electron microscopy reveals the unique morphology of the composite material, 

indicating interactions between graphene oxide (GO) and polyoxoniobates. Elemental analysis further confirms 

the composition of the composite material, aligning with the expected stoichiometry. Electrochemical 

characterization using various techniques, including cyclic voltammetry, chronopotentiometry charge/discharge, 

and electrochemical impedance spectroscopy, provides insights into the electrochemical behavior of the 

synthesized material. These findings contribute to the understanding of structure-activity relationships in 

polyoxoniobates and their potential as crucial components in future SIBs.  
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1. Introduction  

The increasing demand for sustainable energy solutions 
and the continouous pursuit of advancements in energy 
storage technology have stimulated the exploration of novel 
materials for sodium-ion battery applications. While lithium-
ion batteries dominate the energy storage industry, concerns 
about limited lithium availability, alongside the environmental 
and economic implications of its extraction have prompted 
research into more accessible and eco-friendly alternatives 
[1–4]. In this context, polyoxometalates (POMs) are 
recognized as promising candidates due to their unique 
properties that contribute to the development of next-
generation high-performance sodium-ion batteries (SIBs) [5]. 

Recently, interest in polyoxometalates as electrode 
materials in sodium-ion batteries has grown substantially due 
to their flexible redox properties and ability to form diverse 
structures. Priyadarshini et al. (2021) showed that Keggin-
type polyoxometalates, specifically Na5PMo10V2O40, exhibit 
remarkable multi-electron redox properties and have been 
employed as cathode materials in SIBs. In this study, it was 
observed that the redox potential of POM can be tuned by 
varying the counterion, heteroatoms and transition metals in 
the cluster. Furthermore, the material demonstrated 
promising results in terms of specific capacity and stability, 
associated with the multi-electron redox reaction of 
Mo6+/Mo4+ and V5+/V4+. DFT studies indicated that the less-
bound sodium ions, upon intercalation into the intercluster 
cavities, improve the electrochemical behavior of the material 
[6]. 

Hartung et al. (2015) explored vanadium-based 
polyoxometalates, specifically Na6[V10O28].16H2O, as potential 
anode materials in sodium-ion batteries. This compound was 
synthesized and characterized, demonstrating high capacity 
and cyclic stability when used as an anode material. The 
research suggests that this high stability is attributed to the 
insertion of sodium ions between the [V10O28]6- anions, rather 
than an intercalation in a continuous crystal structure. This 
mechanism reduces the strain in the crystal structures, 
providing a promising avenue for improving battery durability 
and performance [7]. 

Despite significant advances in the use of 
polyoxometalates in sodium-ion batteries, research continues 
to expand into specific subclasses that may offer even more 
advantageous properties. Polyoxoniobates, a subclass of 
polyoxometalates, have attracted significant attention within 
the scientific community for their complex polyhedral 
structures and versatile electrochemical characteristics. 
Although these compounds have primarily been studied within 
the context of catalysis and photocatalysis [8, 9], their 
potential in energy storage, especially in sodium-ion batteries 
is not yet fully explored. The integration of their inherent 
structural and electrochemical properties suggests that 
polyoxoniobates could serve as the basis for developing 
innovative electrode materials. 

Although there is increasing interest, the application of 
polyoxoniobates in sodium-ion batteries is still emerging. 
Adapting polyoxoniobate structures to enhance their 
electrochemical properties, understanding the mechanisms 
of sodium ion storage and release, and thoroughly 
characterizing their physical and electrochemical attributes 
present significant scientific challenges [10, 11]. Addressing 

these knowledge gaps is crucial for advancing 
polyoxoniobates as electrodes in sodium-ion batteries. 

This research focuses on the synthesis, structural 
characterization, and electrochemical evaluation of a specific 
Keggin-Type polyoxoniobate compound, aiming to elucidate 
its performance as an electrode material for sodium-ion 
batteries. The Keggin-type structure, a prominent class of 
polyoxometalates (POMs features a unique molecular 
architecture with a central tetrahedral core, typically 
composed of phosphorus or silicon, surrounded by oxygen 
groups that create a 'window' encapsulating metal atoms. 
This anionic cluster, capable of exchanging cations, is used in 
various commercial applications due to its compelling 
chemical properties and exceptional stability. Its ability to 
transition to higher oxidation states makes it suitable for use 
as both an electrolyte and electrodes in energy storage 
systems [12–15]. Moreover, this structure provides an 
accessible surface for charge transfer, highlighting its 
potential in the development of new materials for sodium-ion 
batteries. Thus, Keggin-type structures of polyoxometalates 
play a vital role in advancing energy storage technology. 

This study aims to offer significant insights into the 
structure-activity relationships of polyoxoniobates and their 
potential as crucial components in the sodium-ion batteries 
SIBs. 

2. Material and Methods  

2.1 Chemical Materials 

All chemicals were commercially available and used 
without further purification. Amorphous niobium pentoxide 
(Nb2O5 99.8% purity) was received via Brazilian Metallurgy and 
Mining Company (CBMM) donation. 

Carbon Black was purchased from Cabotcorp and Sodium 
Sulfate (Na2SO4), polyvinylidene (PVDF), n-methyl pyrrolidone 
(NMP), Potassium Hydroxide (KOH) and Tetraethyl 
orthosilicate (TEOS) were purchased from Sigma-Aldrich 
(Germany). Milli-Q water was used in all experiments.  

 

2.2 Synthesis of [H2Si4Nb16O56] and [H2Si4Nb16O56]-GO 

H2Si4Nb16O56 was prepared according to the method 
reported in the literature [16].  Graphene oxide (GO) was 
synthesized through an electrochemical exfoliation process 
within an electrochemical cell comprising a two-electrode 
system. Na2SO4 was employed as the supporting electrolyte, 
while exposed graphite derived from depleted dry cells was 
utilized as both the working and counter electrodes. The 
comprehensive procedural details are safeguarded under 
patent (BR 10 2013 019478 6). For the H2Si4Nb16O56-GO 
composite synthesis, the same procedure employed for 
H2Si4Nb16O56 was utilized, with the addition of graphene oxide 
in a proportion of 1% to the reaction medium. This led to the 
formation of the desired composite, as schematically 
illustrated in Figure 1. The incorporation of graphene oxide 
imparts specific properties to the composite, contributing to 
its distinct characteristics and unique performance. 
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Fig. 1. The schematic illustration of H2Si4Nb16O56 and H2Si4Nb16O56-GO composites. 

 

2.3 Characterization 

The X-ray diffraction patterns of the synthesized materials 
were determined by a Rigaku Ultima IV diffractometer using 
CuKα radiation (λ = 1.5406 Å) operated at 40 kV/30 mA. The 
diffraction patterns were recorded using 0.02° per step and 1° 
min−1 in the range 5° < 2θ < 75°.  

Raman shift spectroscopy of the samples was recorded by 
BRUKER Senterra using a 532 nm laser source and an 
excitation power of 20 mW. 

Attenuated reflection infrared spectroscopy (ATR-FTIR) 
was performed in a Shimadzu / IRPrestige-21Spectrometer, 
with wavenumber ranging from 400 to 4000 cm−1. High 
Resolution Scanning Electronic Microscopy (HR-SEM) 
micrographs were obtained using a Tescan Mira 3 scanning 
electron microscope, operating under low vacuum at 2kV. 
Elemental analysis on microscopic sections of composites 
was performed by Energy Dispersive Spectroscopy – Tescan.  

The electrochemical characterization was performed in a 
three-electrode cell connected to a Potentiostat/Galvanostat 
Methrom Autolab model M204, equipped with 
electrochemical impedance module FRA32, using an Ag|AgCl 
(3 M) reference electrode and A platinum (Pt) foil with an area 
of 1 cm2 was used as auxiliary electrode. The electrochemical 
behavior of the obtained materials was characterized through 
a series of electrochemical techniques, including cyclic 
voltammetry (CV), chronopotentiometry charge/discharge 
(CD), and electrochemical impedance spectroscopy (EIS) 
measurements. 

In the context of cyclic voltammetry (CV) experiments, the 
measurements involved the dynamic polarization of the 
working electrode within the voltage range of -0.5 to 0.5 V (vs. 
Ag/AgCl) at a scanning rate of 5 mV s-1. The 
chronopotentiometry charge/discharge (CD) tests were 
carried out by applying various current densities (30, 50 and 
200 mAh g-1) to the working electrode for both charging and 
discharging cycles. The cutoff potential was set at the 
threshold values of -0.8 V and 1 V (vs. Ag/AgCl). The 
electrochemical impedance spectroscopy (EIS) investigations 
were conducted with the open circuit potential (OCP) applied 
after 600 seconds of stabilization. An alternating current (AC) 
perturbation was introduced within a frequency spectrum 

spanning from 105 to 0.1 Hz, encompassing 27 frequencies 
per decade, and utilizing a potential amplitude of 0.01 mV. 

For all electrochemical measurements, the support 
electrolyte used was a 0.5 mol L−1 Na2SO4 solution at pH 4. 
The working electrode (WE) fabrication involved mixing 80 
wt.% of the active material, 10 wt.% of polyvinylidene fluoride 
and 10 wt.% of carbon black in 1.0 mL of N-methyl 
pyrrolidinone. This mixture underwent 30 minutes of 
ultrasonic irradiation. Subsequently, the resulting slurry was 
dripped onto the surface of a glassy carbon electrode and 
dried in an oven at 60 0C. 

3. Results and Discussion 

The X-ray diffraction patterns of the GO, H2Si4Nb16O56, and 

H2Si4Nb16O56-GO samples are depicted in Figure 2. In the case 

of GO, a distinct diffraction peak is observed at 26.27 degrees 

with an interlayer d-spacing of 3.48 Å. When comparing these 

values to those reported for pure graphite in the literature, the 

slightly lower 2θ angle observed in the GO sample, along with 

the larger d-spacing, suggests a degree of functionalization 

and disorder in the graphene layers [17,18]. In GO 

diffractogram (Fig. 2), a broad diffraction peak is observed at 

2θ = 8.7°, indicating a significant increase in d-spacing. This 

new peak is consistent with the introduction of oxygen-

containing functional groups, such as hydroxyl, carboxyl, 

carbonyl groups and epoxy into the interlayer space of 

graphite, which aligns with previously reported values for 

similar materials [19,20]. The compound H2Si4Nb16O56 

exhibits sharp diffraction peaks, in accordance with the X-ray 

diffraction (XRD) patterns previously simulated (Fig. S1) and 

documented in the literature, confirming the phase purity and 

good crystallinity [16]. In the case of the H2Si4Nb16O56-GO 

composite, it is observed that the X-ray diffraction peaks show 

remarkable similarity to those observed for pure H2Si4Nb16O56. 

It is worth noting that, in the presence of GO in H2Si4Nb16O56, 

a slight reduction in the intensity of the diffraction peaks is 

noticeable, which corroborates the formation of the 

H2Si4Nb16O56-GO composite material. 
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Fig. 2. XRD powder patterns of Graphite, GO, H2Si4Nb16O56 and 

H2Si4Nb16O56-GO. 

 

To further confirm the compositions of the composites, 
we determined the FT-IR spectra of GO, H2Si4Nb16O56, and 
H2Si4Nb16O56-GO (Fig. 3). For GO, the spectrum displayed 
vibrational groups of the GO layer, including peaks at 1634 cm-

1 corresponding to C=O bonds, 1560 cm-1 indicative of C=C sp2 
hybridization, 1384 cm-1 arising from C-O and C-OH groups, 
1220 cm-1 associated with C-O-C bonds, and several peaks at 
800, 670, and 460 cm-1 corresponding to C-H bending 
vibrations [21–23].  The FT-IR spectrum of H2Si4Nb16O56 
revealed distinctive bands, the characteristic Nb=O bond 
bands appearing near 930 cm−1, as well as peaks at 855 cm-1 
and 740 cm-1 corresponding to asymmetric stretching of the 
Nb-O bond, and a notable band at 519 cm-1, signifying 
symmetric stretching of the Nb-O bond. Additionally, it 
displayed bands at 803 and 1033 cm-1 are respectively 
attributed to the symmetric and asymmetric stretching 
vibrations of Si–O–Si [24–26]. All characteristic peaks of 
H2Si4Nb16O56 and GO were observed in the H2Si4Nb16O56-GO 
composite sample, confirming the structural integrity and 
purity of both materials. 

The Raman spectra of GO, H2Si4Nb16O56, and H2Si4Nb16O56-
GO are presented in Figure 4. The GO spectrum exhibited 
prominent G band (1344 cm-1), indicative of the ordered and 
pure graphite sheet structure, D band (1597 cm-1), signifying 
typical defects and impurities in nanostructures and carbon, 
as well as the 2D band (2670 cm-1), characteristic of graphene 
structures. To assess the graphene quality, we calculated the 
ID/IG and I2D/IG ratios for the D, 2D, and G bands, as they 
directly depend on graphene's layer organization. The GO 
sample showed ID/IG and I2D/IG ratios of 1.174 and 0.432, 
respectively. These values, therefore, suggest the formation 
of multilayer graphene (more than 5 layers) [27–29]. 

The composite H2Si4Nb16O56 exhibited peaks at 776 cm-1 
and 900 cm-1, which were assigned to the edge-shared 
octahedral NbO6 stretching mode and Nb=O terminal 
stretching mode (terminal bonds possessing double bond 
character), while the modes at 337 cm-1 and 243 cm-1 were 
attributed to the Nb-O stretching mode and Nb-O-Nb bending 
mode, respectively [30]. Upon comparing the Raman spectra 
of H2Si4Nb16O56 and H2Si4Nb16O56-GO, it is evident that the 
same bands are identifiable. However, the H2Si4Nb16O56-GO 
composite also exhibits the D and G bands characteristic of 
graphene, which corroborate the material formation in the 
presence of graphene oxide layers. 

 

Fig. 3. FTIR spectra of GO, H2Si4Nb16O56 and H2Si4Nb16O56-GO. 

 

 

Fig. 4. Raman spectra of GO, H2Si4Nb16O56 and H2Si4Nb16O56-
GO. 

 

The morphology of the GO (graphene oxide), H2Si4Nb16O56, 
and H2Si4Nb16O56-GO composites was comprehensively 
analyzed by scanning electron microscopy (SEM), and 
elemental mapping. The structure of H2Si4Nb16O56 was found 
to be composed of large irregular pieces, consisting of 
numerous small interconnected particles. In contrast, GO 
exhibited a distinctive layered morphology, characterized by a 
layered arrangement. This layered arrangement of GO is a 
direct outcome of the exfoliation process, in which graphene 
sheets are effectively separated and dispersed. The 
H2Si4Nb16O56-GO composite, on the other hand, exhibits an 
agglomerated particle structure with some fine strands 
formed, which can be attributed to the interaction between GO 
and H2Si4Nb16O56. This unique structure arises from the 
intrinsic properties of graphene oxide (GO) and the specific 
nature of the host matrix, H2Si4Nb16O56. GO sheets have a high 
surface area and exhibit a strong tendency to form hydrogen 
bonds and Van der Waals interactions with neighboring 
particles [31–33]. When incorporated into the H2Si4Nb16O56 
matrix, these interactions can lead to the agglomeration of GO 
sheets and the formation of thin wires due to these 
interactions. Furthermore, functional groups on the surface of 
GO can promote the adhesion and aggregation of GO sheets 
onto particles. 
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Fig. 5. SEM images of a,b) H2Si4Nb16O56, c,d) GO and e,f) H2Si4Nb16O56-GO. 

 

The EDS analysis of the composite revealed the presence 
of several elements, with weight percentages as follows: 
oxygen (O) at 34.52%, sodium (Na) at 10.17%, silicon (Si) at 
3.56%, and niobium (Nb) at 51.74%. These results are 
noteworthy as they align well with the expected composition 
of Na14[H2Si4Nb16O56], reinforcing the structural integrity and 
composition of the composite material. Na14[H2Si4Nb16O56] is 
a complex inorganic compound consisting of silicon (Si), 
niobium (Nb), and oxygen (O) atoms in a specific 
stoichiometry. This underscores the importance of precise 
compositional analysis in understanding the structure and 
properties of such complex inorganic compounds. 

 

Fig. 6. EDS spectra of H2Si4Nb16O56 and H2Si4Nb16O56-GO. 

 

The analysis of elemental maps has enriched our 
understanding of the samples characteristics. The results of 
these elemental maps align consistently with observations 

obtained through scanning electron microscopy (SEM). The 
homogeneous distribution of the identified elements, as 
evidenced by the elemental maps, underscores the uniformity 
and quality of the sample. This uniformity is of particular 
significance as it suggests that the elements in question are 
evenly distributed throughout the sample matrix, including in 
the H2Si4Nb16O56-GO sample, which exhibited a distinct 
morphology. 

 

 

Fig. 7. Elemental maps of H2Si4Nb16O56 and H2Si4Nb16O56-GO. 
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The electrochemical behaviour of the H2Si4Nb16O56 and 
the H2Si4Nb16O56-GO were evaluated by cyclic voltammetry 
(CV) measurements were performed with scan rate of 5 and 
25 mV.s-1 over a voltage range of -0.5 and 0.5 V versus 
Ag/AgCl(sat.) (showed in Figure 8-a) and 8-c)) and with a scan 
rate of 25 mV s-1 over a voltage range of -1.5 and 0.5 V versus 
Ag/AgCl(sat.) (showed in Figure 8-b) and 8-d)). 

Figure 8-a), shows the second cycle of the CV 
measurement for the H2Si4Nb16O56 with two different scan 
rates. At the CV recorded at 5 mV s-1 it can be seen an anodic 
current peak at 0.09 V, which presents a cathodic counterpart 
at -0.44 V (a broad reduction peak). This redox process could 
be assigned to the desodiation/sodiation process of the 
H2Si4Nb16O56 probably due to the redox process of the Nb 
metallic centres [34]. However, when the scan rate is 
increased to 25 mV s-1, this peak current vanishes, indicating 
a poor kinect to the electron transfer process. However, from 
the CV obtained for the H2Si4Nb16O56-GO (Figure 8-c)) the 
redox process associated to the desodiation/sodiation 
process can be observed either in the voltammograms 
obtained at 5 mV s-1 and at 25 mV s-1, with the cathodic peak 
current at -0.32 V and the anodic peak at 0,14 V (versus 
Ag/AgCl(sat)). This behaviour indicated that the production of 
the H2Si4Nb16O56-GO enhances the kinect of the redox reaction 
occurred with the Nb centres. Figures 8-b) and 8-d) show the 
voltammogram for H2Si4Nb16O56 and the H2Si4Nb16O56-GO, 
respectively, obtained with scan rate of 25 mV s-1 over a 
voltage range of -1.5 and 0.5 V versus Ag/AgCl(sat.). It is 
possible to verify that the composite material with GO 
decrease the current assigned to the hydrogen evolution when 
compared to the pristine. Also, it was observed, for both 
material the first cycle is different from the others (not 
shown). We have performed 5 cycles and from the second to 
the fifth there is no great difference between then, however 
the first cycle presents an intense cathodic process at -0,38 V 
that disappears in the others cycles. This fact can be related 
to the irreversible electrolyte decomposition, and the 
irreversible Na-ion insertion in the defects of crystal lattice 
electrolyte penetration and formation of a solid electrolyte 
interphase layer (SEI) [35].The repeatable CV curves confirm 
the stability and reversibility of the produced electrode. 

Figure 9 shows the Nyquist plots for the prepared 
materials compare to the diagram obtained for an electrode 
prepared with only CB, which is the material used to insert 
electronic conductive to the electrode. The measurements 
were obtained before and after the performing of the Charge-
Discharge measurements (C-D). For the CB, the Nyquist 
diagram shows a vertical strait line, that is a typical profile for 
a Double Layer Supercapacitor. For the both prepared 
materials it is observed a depressed semicircle at low 
frequencies, and a straight line in the high frequency regime. 
These plots can be qualitatively analysed. The pristine 
H2Si4Nb16O56 material presents a highest resistance for 
charge transfer (Rct) when compared to the H2Si4Nb16O56-GO 
composites, either before and after Charge-Discharge 
measurements. The straight line in the high frequency region 
represents the diffusion of Na+ ions into the bulk electrode. 
After C-D measurement, this straight line displays a most 
vertical form, for both materials. These results highlight the 
enhanced charge transfer process after the formation of the 
SEI. 

 

 

 

Fig. 8. Cyclic Voltammetry results for the a), b) H2Si4Nb16O56 
and c), d) H2Si4Nb16O56-GO over different ranges. 
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Fig. 9. Nyquist Diagrams for the electrochemical impedance spectroscopy (EIS) results for the Carbon Black (used for the electrode 
assemble), H2Si4Nb16O56 and H2Si4Nb16O56-GO: a), before Charge-Discharge Cycles and b) after Charge-Discharge Cycles. 

 

Figure 10 shows the electrochemical performance at a 
galvanostatic cycling in a three electrodes cell considering 
half battery cells for SIBs. The C-D measurements were 
performed at three different current density, 30.0, 50.0 and 
200.0 mA g-1. It is observed that, with the increase in current 
density the C-D capacity decreases. The specific capacitance 
for the pristine material increased from approximately 2 to 4 
mAh·g⁻¹ for the composite material at a current density of 30 
mAh·g⁻¹. For a current density of 50 mAh·g⁻¹, the capacitance 
increased from 1.5 to 3 mAh·g⁻¹, and at 200 mAh·g⁻¹, it 
increased from 1.3 to 1.8 mAh·g⁻¹. As discussed for VC 

measurements it can be observed that the first charge 
process is different from the others. This behavior is assigned 
to the SEI formation. For the cycles from second to the fifth 
present a reasonable stability. Moreover, it clear that the 
composite material presents a potential plateau could be 
observed from the curve of 30 and 50 mA g-1, further 
suggesting that the total capacity is originated from two 
different phenomena: the capacitive current and the 
pseudocapacitive process due to the presence of the 
H2Si4Nb16O56-GO material. 
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Fig. 10. Charge-Discharge measurements at different current density for a), c) e e) pristine H2Si4Nb16O56 and for b), d) e f) H2Si4Nb16O56-

GO composite. 

 

4. Conclusions  

In summary, this research successfully synthesized and 
characterized a Keggin-Type polyoxoniobate compound for 
potential application in sodium-ion batteries (SIBs). The 
results of structural characterization demonstrated the 
successful synthesis of the compound, with X-ray diffraction 
patterns, Raman spectroscopy, and FTIR spectra confirming 
its purity and integrity. Scanning electron microscopy analysis 
revealed the unique morphology of the composite material, 
indicating interactions between graphene oxide (GO) and 
polyoxoniobates. Elemental analysis further confirmed the 
composition of the composite material, aligning with the 
expected stoichiometry. Electrochemical characterization 
using various techniques, including cyclic voltammetry, 
chronopotentiometry charge/discharge, and electrochemical 
impedance spectroscopy, provided valuable insights into the 
electrochemical behavior of the synthesized material. It was 
observed that the H2Si4Nb16O56-GO composite outperformed 
pure H2Si4Nb16O56, exhibiting higher electrochemical capacity 
and faster response due to the presence of graphene oxide. In 
summary, this study explored the synthesis and 
characterization of a Keggin-Type polyoxoniobate compound 
as a potential electrode material for sodium-ion batteries. The 
comprehensive analysis of its structure, morphology, and 
electrochemical behavior sheds light on its suitability for use 
in sustainable energy storage solutions, opening up new 
possibilities for the development of high-performance SIBs. 
The findings of this work contribute to the understanding of 
structure-activity relationships in polyoxoniobates and their 
potential as crucial components in future SIBs. 
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