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A B S T R A C T

Portable electronic devices and electric cars use lithium-ion batteries, but clumping lithium alloys
limit their lifespan. Due to their strong electronic conductivity, volumetric capacity, and high
energy density, researchers are conducting research on electrochemical metal cells utilizing
tellurium for high-performance batteries. Theoretically, lithium-tellurium batteries can improve
energy densities three times more than lithium-ion batteries. However, metal-tellurium faces
challenges such as low rate capability, unclear redox reactions, intermediate dissolution, and
electrode volume changes. This study explores the enhancement of the energy storage capacity of
next-generation batteries by fabricating coated electrode films as novel anodes from tellurium,
silicon, and graphene. Physical, thermal, and morphological analysis of composite material are
investigated by XRD, TEM, TGA, DSC, SEM, UV, and XPS analyses, revealing its rigidity as well as
durability through its crystal structure alignment and thermal stability. In electrochemical
analysis (CV) at various scan rates, samples that exhibit consistent and high specific capacity (Cp)
values at different scan speeds (25, 50, and 100 mV/s) indicate excellent ability to store and
maintain charge. Decreasing Cp values with increasing scan rates indicate that the speed of
cycling limits the charge transfer kinetics and electrode performance. In EIS, the charge transfer
resistances (Rct) for the pure Te, Te + Gr, Te + Si + Gr, and Te + Si samples are 759.07 Ω, 4.21 Ω,
36.39 Ω, and 164.90 Ω, respectively. The Te + Gr sample has the lowest Rct, indicating the best
charge transfer efficiency at the electrode contact, whereas the Te + Si + Gr sample has a
comparatively lower Rct, indicating better charge transfer kinetics. The combined result exhibits
the synergistic impact of tellurium, silicon, and graphene in enhancing the energy storage ca-
pacity of future batteries across the industry.

1. Introduction

The exhaustion of fossil fuels and severe environmental contamination are prompting the exploration of alternate energy sources,
including the advancement of environmentally sustainable energy sources, which are growing rapidly [1,2]. Furthermore, there has
been ongoing discourse regarding the widespread adoption of intelligent devices and high-capacity energy storage devices, such as
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energy storage systems and electric vehicles [3,4]. In this context, there is a growing demand for lithium-ion batteries (LIBs) that
possess a large capacity, high energy density, and a long lifespan [5,6]. Ongoing research is focused on optimizing the anode material
in LIBs, as it has a substantial impact on battery capacity and charge/discharge speed [6,7].

At now, graphite is predominantly utilized as the anode material because of its affordability and strong durability. Nevertheless, it
is worth noting that it suffers from the drawback of a very low theoretical capacity of 372 mAh/g [8–10]. Research into high-capacity
anodes that can replace graphite is actively being done due to the increasing need for high-energy-density batteries [11,12].

Among the different alloy anodes, chalcogen groups (S, Se, and Te) [13,14] from Group 16 of the periodic table have been
extensively studied. Te exhibits a higher electronic conductivity of 2.0102 S/m, surpassing that of Se (1.010− 4 S/m) and S (5.010− 16
S/m) [13]. Theoretically, tellurium has a larger volumetric capacity of 2621 mAh/cm3 compared to graphite anodes. This is due to its
high density of 6.24 g/cm3. The high density of the battery provides the benefits of minimizing the space taken up by the battery within
the device and the need for extra materials [15,16].

Tellurium (Te) has undergone thorough investigation in not just LIBs but also in different types of ionic batteries, including sodium-
ion batteries (SIBs) and potassium batteries utilizing carbonaceous materials. A composite material consisting of nanostructured
tellurium and carbon for use in SIBs [17,18]. However, Tellurium exhibits increased brittleness due to its inherent brittleness at normal
room temperature [19]. In addition, high temperatures enhance the rate of chemical reactions and volume expansion, resulting in a
decrease in the overall efficiency of tellurium [20].

Silicon has a theoretical capacity of over 4200 mAh/g [21,22], which is far higher than graphite’s 372 mAh/g [22], it is a strong
contender for improving battery performance. During cycles of charging and discharging, silicon has a greater potential to collect and
release lithium ions, increasing its energy storage capacity [23]. A variety of techniques, including the use of silicon nanoparticles, and
silicon-graphene composites, are used in the development of silicon-based anode materials [24,25]. By reducing the difficulties
brought on by silicon’s significant volume expansion during cycling [26,27], each of these architectures seeks to increase the battery’s
overall stability and longevity.

Fig. 1 shows the symmetric diagram of tellurium properties, synthesis methods, and applications. Tellurium has great prospects in
energy storage systems, however, tellurium exhibits major limitations of intermediate dissolution and volume expansion during
cycling [28].

In this study, to fabricate novel tellurium-based composite films as anode combined with graphene and silicon for resolving the
individual limitations tellurium, graphene and silicon. Graphene has remarkable mechanical stability and flexibility as a result of its
outstanding tensile strength and elasticity. While both tellurium and silicon experience substantial variations in volume during the
cycling process, the use of a composite material combining these two elements successfully reduces these limits. The Te-Si composite
utilizes the distinct expansion characteristics of each material to uniformly distribute and absorb mechanical stress. The composite
structure formed by combining silicon and tellurium takes use of silicon’s high capacity and greater volume expansion while being
counterbalanced by tellurium’s relatively lower expansion. This combination allows the structure to effectively tolerate overall volume
changes. In addition, graphene and silicon are associated with the movement of electrons, reduce the electrical resistance, and boost
the overall efficiency of the tellurium. This is confirmed by the physiochemical tests. During physiochemical analysis (CV and EIS) of
composite films, the higher specific capacity and lower charge transfer resistance (Rct) are evaluated, which is promising for anode
applications in energy storage systems.

Fig. 1. Symmetric diagram of Tellurium Properties, Synthesis Methods, and Applications.
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2. Experimental methods

2.1. Materials

This study, three different types of materials are used to make four types of samples: tellurium (Te) powder (25 g, 200 mesh, 99.8 %
trace metal basis, Sigma-Aldrich, Co., 3050 Spruce Street, St. Louis, MO 63103 USA), graphene (Gr) (nanoparticle purity 99 %).
Thickness: 5–10 nm (CAS No.: 7782-42-5 Mol. Wet: 12.01 Rjapalya, Hoodi, Bangalore-560048) and silicon (Si) metal powder (200
mesh, 98.5 % extra pure). MF-Si, MW-28.09, Assay-Min 98.5 %, Mumbai (India)). However, polyacrylic acid solvent (water, con-
centration: 2 % (w/v), electrolyte compatibility: organic.) was used for slurry making and this slurry was coated on the Nickel foam
electrode.

2.2. Anode preparation

The anode preparation the weight percentage compositions of four samples are as follows: the first sample, tellurium 100 % (wt%);
the second sample, tellurium 60 % (wt%) with graphene 40 % (wt%); the third sample, tellurium 60 % (wt%) with graphene 10 % (wt
%) and silicon 30%; and the fourth sample, tellurium 60% (wt%) with silicon 40%. Table 1 shows the weight percentage and material
composition of these samples. All the samples were homogeneously mixed and fine powdered using a mortar and pestle. They were
mixed with a polyacrylic acid (PAA) liquid binder solution and stirred until they formed a slurry.

Nickel foam (thickness: 1 mm, size and shape: 500*500mm/200*300 mm, porosity: 95%–98 %) is collected from China. The nickel
foam serves as a current collector for anode materials. Coated nickel foam electrodes of Area = 25 × 25 mm2 Thickness = 1 mm
undergo the dip-coating process [29]. This process is an economical, dependable, and reproducible technique wherein a moist liquid
film is deposited onto a substrate through its withdrawal at a consistent velocity into a vapor-filled atmosphere after its immersion in a
sample solution. After completing the process, all coated samples were dried in the oven at 100 ◦C. The process of sample preparation is
illustrated in Fig. 2.

Table 1
The weight percentage and material composition of fabricated samples.

Sample name Tellurium (wt. %) Graphene (wt. %) Silicon (wt. %)

Pure Te (S1) 100 – –
Te + Gr (S2) 60 40 –
Te + Si + Gr (S3) 60 10 30
Te + Si (S4) 60 – 40

Fig. 2. Fabrication process of anode.
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2.3. Theoretical capacity and ion storage mechanisms of tellurium composite films

The theoretical capacity is the maximum charge it can store per unit mass when used as an electrode in a battery. The data below
illustrates the theoretical capacities for tellurium.

F0B7 Molar Mass of Tellurium (Te): 127.6 g/mol
F0B7 Number of Electrons (n): 2 electrons per Te atom
F0B7 Faraday’s Constant (F): 26.8 Ah/mol (96,485C/mol)

C=
n× F

Molar mass of Te
=
2× 26.8
127.6

= 420 mAh
/
g

The theoretical capacity of tellurium is approximately 420 mAh/g. Moreover, the theoretical Capacity graphite: 372 mAh/g and
Silicon: 4200 mAh/g. The lithium-ion storage reaction mechanisms of Te, Si, and graphene are as follows:

Lithium-Ion storage mechanism.

• Initial Lithiation (Discharge)

Te+2Li+ +2e− → Li2Te

Fig. 3. Pure Te sample (a, b, c) TEM image (d) Crystal Structure with interplanar spacing (e) Crystal Structure (f) EDX spectrum.
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• Delithiation (charge)

Li2Te→ Te+2Li+ + 2e−

Lithium-Ion storage mechanism for Si.

• Initial Lithiation (Discharge)

Si+4.4Li+ +4.4e− → Li15Si4

• Delithiation (charge)

Li15Si4 → Si+4.4Li+ + 4.4e−

Lithium-Ion storage mechanism for Gr.

• Initial Lithiation (Discharge)

6C+ Li+ + e− → LiC6

Fig. 4. Te + Gr sample (a, b, c) TEM image (d) Crystal structure with interplanar spacing (e) Crystal structure (f) EDX spectrum.
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• Delithiation (charge)

LiC6 → 6C+ Li+ + e−

3. Results and discussion

3.1. Morphological, elemental, electron, and atomic diffraction pattern analysis

A specific model of microscope operating at an accelerating voltage of 200 kV (KV) conducted the Transmission Electron Micro-
scopy (TEM) study. For TEM testing, the samples were prepared with acetone, and these samples were sonicated for 10 min at 40 Hz in
a sonicator bath. After that, samples were spread in a small quantity onto a copper grid coated with carbon. All coated samples TEM
test was done before completing the CV tests.

The photos were obtained at various magnifications to achieve a full grasp of the microstructure of the samples. Figs. 3–6 are shown

Fig. 5. Te + Si sample (a, b) TEM image (c) Electron diffraction pattern (d) Crystal structure (e) Crystal structure with interplanar spacing (f)
EDX spectrum.
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the TEM analysis. TEM image of the pure Tellurium (Te) specimen revealed the presence of structured interplanar space size with
dimensions of 0.417 nm, 0.395 nm, and 0.443 nm. The particles exhibited a distinct andwell-defined crystalline structure, occasionally
aggregating into clusters. The existence of lattice fringes in the high-resolution TEM image provided proof of Tellurium’s crystalline
composition. The TEM picture of the Te + Gr sample made it very clear that there were particles of graphene mixed with particles of
tellurium. The graphene particles were detected as thin, translucent layers around the tellurium particles, suggesting a uniform dis-
tribution. The composite structure of this sample enhances electron conductivity, mechanical stability, and interplanar space size, with
readings of 0.307 nm, 0.308 nm, and 0.335 nm, respectively. These attributes are advantageous for anode materials. The Te + Si + Gr
sample was examined and revealed a hierarchical structure consisting of tellurium particles contained within graphene particles, with
silicon metal powder uniformly dispersed throughout the composite. The hierarchical construction results in increased electrical
conductivity and mechanical strength, which in turn improves electrochemical performance. The TEM image of the Te + Si sample
showed the dispersion of tellurium particles among silicon nanoparticles. The direct contact between the tellurium and silicon makes
charge transfer more efficient, which improves the electrochemical properties. The sample exhibits interplanar space sizes of 0.224 nm
and 0.229 nm. All samples interplanar space size are smaller than 1 nm. Using graphene and silicon metal powder enhances the

Fig. 6. Te + Si + Gr sample (a, b) TEM image (c) Electron diffraction pattern (d) Crystal structure (e) Crystal structure with interplanar spacing (f)
EDX spectrum.

M.M. Rana et al. Heliyon 10 (2024) e39083 

7 



Table 2
The interplanar space size of fabricated samples.

Sample Name The interplanar space size (pm) The interplanar space size (nm)

Pure Te 417.1, 394.6, 442.7 0.417, 0.395, 0.443
Te + Gr 307.0, 308.6, 335.6 0.307, 0.308, 0.335
Te + Si + Gr 396.0, 426.0 0.396, 0.426
Te + Si 223.7, 229.5 0.224, 0.229

Table 3
The atomic and mass percentages of tested samples.

Sample name Atomic number Element Atomic (%) Mass (%)

Pure Te 6 C 35.58 13.28
8 O 22.34 11.11
11 Na 12.56 8.98
14 Si 1.08 0.94
29 Cu 23.65 46.70
52 Te 4.79 18.99

Te + Gr 6 C 25.70 9.97
8 O 28.02 14.48
11 Na 15.58 11.57
14 Si 1.29 1.17
29 Cu 28.20 57.87
52 Te 1.20 4.94

Te + Si + Gr 6 C 23.86 11.45
8 O 41.88 26.77
11 Na 18.28 16.78
13 Al 0.86 0.93
14 Si 2.14 2.41
29 Cu 9.55 24.25
52 Te 3.42 17.43

Te + Si 6 C 11.09 5.39
8 O 54.10 35.03
11 Na 12.95 12.05
14 Si 11.83 13.45
29 Cu 6.82 17.53
52 Te 3.21 16.56

Fig. 7. Sem spectroscopy of the pure Te sample coated on nickel foam.
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samples surface structure, leading to enhanced charge transfer and improved electrochemical properties. The TEM images for these
samples have scales of 200 nm, 500 nm, 20 nm, and 5 nm. Table 2 the interplanar space size of anode samples and Table 3 gives the
elemental atomic and mass percentages of all anode samples. The detected elements, including O, Na, Al, and Cu, are impurities
introduced during sample preparation or from the materials used (like the acetone or copper grid).

3.2. Microstructural surface analysis after charging-discharging process

SEM analysis was used to examine the microstructure of composite anode films. All coated sample morphology was done after
completing the CV tests. The pure Te sample exhibits a volume change during the charging and discharging cycle, highlighting a
significant issue with tellurium as a battery material that impacts battery performance. To overcome this issue, other samples were
composited with graphene (wt%) and silicon (wt%). The morphological image reveals that the addition of these materials reduces the
volume expansion of the Te+ Gr, Te+ Si+ Gr, and Te+ Si samples, respectively. However, it have some cracks, These cracks typically
appeared during the preparation of samples for SEM testing. which can also affect battery performance. Figs. 7–10 show the SEM

Fig. 8. Sem spectroscopy of the Te + Gr sample coated on nickel foam.

Fig. 9. Sem spectroscopy of the Te + Si + Gr sample coated on nickel foam.
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spectroscopy of four samples with different scales (500 μm, 100 μm) under 10 KV. The overall outcome of this test demonstrates that
surface structure and particle dispersion have a potential impact on the battery anode materials.

3.3. Chemical states and elemental Evaluation using XPS analysis

The XPS survey scan showed that tellurium (Te) was the main element in all of the samples, which matches the make-up of the
tellurium-based anode material. XPS spectra are used to analyze the chemical states of tellurium and another element within the anode
material. The spectrum revealed distinct peaks corresponding to different element compositions present in the material [30].
Figs. 11–14 show the XPS and narrow spectroscopy of the tested samples.

The XPS spectrum of the pure Te sample exhibits two distinct peaks: elemental Tellurium (TeO) and Tellurium oxides (TeOx). In the
pure Te sample, the elemental peaks are 572.0 eV (Te 3d5/2) and 582.0 eV (Te 3d3/2), and the oxides peak at 580.0 eV. Additionally,
detected traces of oxygen (O) and carbon (C) peaks, which originate from surface oxidation and contamination. In the 2nd sample (Te
+ Gr), the elemental and oxide peaks of tellurium are the same as in the pure Te sample. In this sample, the graphene elemental and
oxide peaks are 284.0 eV (C-C/C=C) and 286.0 eV (C-O). The elemental and oxide peaks observed in the Te + Si + Gr sample are 99.0
eV (Si 2p3/2), 103.0 eV (Si 2p1/2) for elemental peaks, and 103.0 eV for oxide peaks. The sample’s silicon peaks display noise.
However, the tellurium and graphene peak values are similar to the Te+Gr sample. The sample combines with tellurium and silicon in
the Te + Si sample, there the elemental and oxide peaks of the tellurium and silicon values in this sample are similar to those of the Te
+ Si + Gr sample. Additionally, the silicon peaks in this sample exhibit greater stability compared to the Te + Si + Gr sample. Table 4
represents the elemental and oxide peaks of tested samples. Table 5 shows the atomic percentage of all materials from XPS spec-
troscopy. This percentage shows that all samples are oxidized due to higher oxidation sensitivity of tellurium and graphene [31]. In
battery materials, higher oxidation levels lead to a decrease in their performance and this is one of the limitations of this study.
Moreover, The element Na was also detected in the samples; it was an impurity introduced during sample preparation before testing.

3.4. Crystallographic analysis of fabricated materials using XRD

The X-ray diffraction (XRD) [32] analysis aims to understand the crystal structure and phase composition of Tellurium-base
composite anode materials made of pure Te samples, Te + Gr, Te + Si + Gr, and Te + Si. This analysis is crucial for optimizing its
electrochemical performance. The XRD analysis was performed using Cu Kα radiation (λ = 1.5406 Å) at room temperature.

Fig. 15 shows all XRD spectroscopy of anode samples of pure Te, Te + Gr, Te + Si + Gr, and Te + Si, and the scanning range was
from 10◦ to 80◦ (2θ). The diffraction peaks seen in the Pure Te sample were at 2θ (Te)= 23.13◦, 27.67◦, 38.39◦, 40.65◦, 43.55◦, 46.04◦,
47.28◦, 49.88◦, 51.47◦, 57.15◦, 63.06◦, 64.07◦, 66.22◦, 68.12◦, 72.46◦, 73.95◦, and 75.97◦. These points correspond to the crystal-
lographic (hkl) planes (100), (101), (102), (110), (111), (003), (200), (201), (112), (022), (113), (210), (121), (023), (212), (300), and
(301). The second sample (Te + Gr) combines tellurium powder with graphene 2D materials. The peak observation of this sample was
at 2θ (Te) = 23.09◦, 27.63◦, 38.36◦, 40.56◦, 43.47◦, 49.78◦, 51.39◦, 57.06◦, 62.98◦, 66.09◦, 67.86◦, 72.38◦, 75.81◦, and 2θ (Gr) =
26.54◦, 43.54◦, 46.39◦, 54.65◦, 63.65◦, 77.89◦. The tellurium peaks and crystallographic planes of this sample remained the same as in
the pure Te sample and Graphene: (003), (101), (012), (006), (104), (015), and (110). The highest point of the Te+ Si+ Gr composite

Fig. 10. Sem spectroscopy of the Te + Si sample coated on nickel foam.
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Fig. 11. Pure Te (a) XPS Spectroscopy of Pure Te Sample, (b, c, d) Narrow Spectroscopy of Te 3d, C 1s, and O 1s.
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Fig. 12. (a) XPS Spectroscopy of Te + Gr Sample, (b, c, d) Narrow Spectroscopy of Te 3d, C 1s and O 1s.
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sample was seen at 2θ¸ (Gr)= 26.58◦, 41.91◦, 44.13◦, 50.32◦, 54.75◦, 59.58◦, 71.26◦, and 76.56◦, which are (002), (100), (101), (102),
(004), (103), (104), and (110). Silicon peaks and the crystallographic planes are 2θ (Si) = 28.53◦, 47.14◦, 56.29◦, 59.04◦, 69.37◦,
76.64◦ and (111), (220), (222), (400), and (331). The tellurium peaks and crystallographic planes in this sample are nearly identical.
However, The Te + Si sample exhibits a composite of tellurium and silicon. The XRD peak positions and crystallographic planes for
tellurium (Te) and silicon (Si) remained stable, as in the above samples.

The degree of crystallinity is calculated by using the formula mentioned below.

i. The degree of crystallinity (%),

XC =
Ac

(Ac + Aa)
(1)

where, Ac = Crystalline areaAa = Amorphous area.
And, the Crystallites Size (nm) is calculated by using the Scherrer equation, Dislocation density, and Microstrin mentioned below.

ii .

D=
Kλ

β cos θ
(2)

where, K = 0.9 (Scherrer constant)λ = 0.154006 nm (Wavelength of the X-ray source)β = FWHM (Full width at half maximum) in
radiansθ = Peak position (radians)

iii. Dislocation density,

δ=1
/
D2 (3)

where, D = Crystallites size (nm)

iv. Microstrain,

ε= β/4 tan θ (4)

where, β = FWHM (radians)θ = Peak Position (radians)
Table 6 illustrates the values of the percentage of crystallinity, average crystallite grain Size, dislocation density, and average

microstrain (ε) from XRD spectroscopy. Increased crystallinity typically signifies improved structural organization and conductivity,
while the average size of crystalline grains influences mechanical strength and charge transport properties [33]. Dislocation density
reflects imperfections in the crystal lattice that can impact mechanical properties and ion diffusion [34], and microstrain quantifies the
distortion or strain within the crystal lattice. Elevated microstrain values can have a significant effect on the stability of materials and
their electrochemical performance [35].

Fig. 16 shows the relation among the average crystallite grain size, dislocation density, and average microstrain of all samples. In
this figure, it is shown that the pure Te, Te+ Si+ Gr and Te+ Si samples exhibit significant crystallinity, with values of 53.39 %, 54.19
%, and 51.14 % respectively, indicating a well-organized crystalline phase. This promotes efficient charge transfer and enhances the
durability of battery electrodes. The grain sizes of tested samples, which vary from around 33.98 nm–39.62 nm, are within an
acceptable range for battery materials. This suggests that the samples have the potential to exhibit favorable conductivity and stability.
Nevertheless, the dislocation densities of these samples are comparatively low, varying from 0.00064 nm⁻2 to 0.00086 nm⁻2. This
characteristic is beneficial as it helps to preserve the structural integrity and electrical conductivity of battery electrodes. The
microstrain values vary from 0.153 to 0.424, the higher values suggest that there may be difficulties in maintaining stability and
performance during cycling conditions.

3.5. Thermal stability analysis using TGA and DSC methods

Fig. 17 illustrates the results of Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC) conducted on
samples of pure Te, Te + Gr, Te + Si + Gr, and Te + Si. Thermogravimetric analysis was conducted under ambient atmospheric
conditions. The subsequent observations were recorded for the uncontaminated pure Te sample: A modest weight reduction (5.21 %)
occurs at temperatures below 200 ◦C, with the sample’s initial temperature being 93.79 ◦C. The initial temperatures at which the
samples Te + Gr, Te + Si + Gr, and Te + Si start to experience weight loss are 70.24 ◦C, 72.24 ◦C, and 84.02 ◦C, respectively. This
weight loss corresponds to 7.17 %, 7.03 %, and 7.79 % of the total weight. The following phase of this analysis reveals the onset
temperatures of these samples to be 561.90 ◦C, 542.34 ◦C, 593.00 ◦C, and 530.56 ◦C, respectively. The weight reductions of the Pure
Te, Te + Gr, Te + Si + Gr, and Te + Si samples are 73.58 %, 46.27 %, 38.61 %, and 36.64 %, respectively. The TGA analysis indicates

Fig. 13. (a) XPS Spectroscopy of Te + Si + Gr Sample, (b, c, d, e) Narrow Spectroscopy of Te 3d, Si 2p, C 1s and O 1s.
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that the samples Te + Si + Gr and Te + Si exhibit greater thermal stability compared to the samples pure Te and Te + Gr. In addition,
the sample Te+ Si+Gr shows an extra decrease in weight at around 700.00 ◦C, with a weight loss of 8.91 % and a starting temperature
of 700.82 ◦C, respectively. Table 7 provides a thorough examination of the percentage of weight reduction at various temperatures.

The DSC quantifies the heat flow into or out of a sample to temperature or time. Every sample underwent the following obser-
vations: The pure Te sample undergoes several phase transitions, including a glass transition occurring at a temperature of 77.50 ◦C,
endothermic peaks at 109.36 ◦C, and documented melting peaks at 553.00 ◦C. The Te + Gr sample undergoes a glass transition at a
temperature of 76.50 ◦C, exhibits endothermic peaks at 113.36 ◦C, and displays melting peaks at 450.00 ◦C. Furthermore, the Te + Si
+ Gr and Te + Si samples experience a glass transition at temperatures of 69.00 ◦C and 75.00 ◦C, respectively. Furthermore, they
demonstrate endothermic peaks at temperatures of 99.58 ◦C and 117.14 ◦C, as well as melting peaks at temperatures of 449.50 ◦C and
450.50 ◦C, respectively. All TGA and DSC spectroscopy of these samples are illustrated in Fig. 18. Tellurium is a semiconductor that can
exist in several crystalline forms, known as polymorphs, depending on the temperature. At room temperature, the most stable form of

Fig. 14. (a) XPS Spectroscopy of Te + Si Sample, (b, c, d, e) Narrow Spectroscopy of Te 3d, Si 2p, C 1s and O 1s.

Table 4
It represents the elemental and oxide peaks of tested samples.

Sample Name Elemental Peaks Oxides Peaks

Pure Te 572.0 eV (Te 3d5/2) and 582.0 eV (Te 3d3/2) Te 3d peaks, 580.0 eV
Te + Gr 284.0 eV (C-C/C=C) 286.0 eV (C-O)
Te + Si + Gr 99.0 eV (Si 2p3/2) and 103.0 eV (Si 2p1/2) Si 2p peaks, 103.0 eV for SiO2
Te + Si 99.0 eV (Si 2p3/2) and 103.0 eV (Si 2p1/2) Si 2p peaks, 103.0 eV for SiO2

Table 5
The atomic percentage of tested materials from XPS spectroscopy.

Atomic (%) Sample name

Pure Te Te + Gr Te + Si + Gr Te + Si

C 1s 37.18 27.13 37.05 33.23
O 1s 41.75 46.43 44.54 43.48
Te 3d 3.36 2.43 1.92 0.94
Si 2p - - 1.23 10.99
Na1s 17.71 23.18 15.27 11.36

Fig. 15. Xrd spectroscopy of anode samples.

Table 6
Percentage of crystallinity average, crystallites grain size, dislocation density, and avetage microstrain of anode samples.

No. of Sample % of Crystallinity Average Crystallites Grain Size (nm) Dislocation density (nm− 2)*1000 Average Microstrain (ε)

S1 (Pure Te) 53.39 35.66 0.786251 0.153
S2 (Te + Gr) 34.76 33.98 0.86568 0.224
S3 (Te + Si + Gr) 54.19 38.03 0.691516 0.424
S4 (Te + Si) 51.14 39.62 0.636904 0.318
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tellurium is rhombohedral (α-Te) [36]. However, at higher temperatures, it transforms into a less stable and denser form known as β-Te
[37,38]. A higher melting peak area observed in the differential scanning calorimetry (DSC) analysis of pure Tellurium material
suggests a reduced level of thermal stability. Tellurium composites including silicon (wt%) and graphene (wt%) reduce the size of the
melting peak area. Te + Gr, Te + Si + Gr, and Te + Si samples have greater thermal stability than pure Te samples at elevated
temperatures. The Te + Si + Gr sample exhibits the most significant degree of thermal stability among all the samples.

3.6. Absorbance range analysis of level of stability using UV

The limited absorbance range suggests that the battery materials exhibit a high level of stability when exposed to UV radiation [39].
Materials with high UV light absorption tend to deteriorate when exposed to UV radiation, resulting in decreased battery performance
or lifespan. Fig. 19 displays the UV-spectroscopy results for all samples in this test that have a low absorbance range, indicating that
they are suitable for battery materials.

3.7. Cyclic volummetry analysis

The performance of the battery samples is determined by the specific capacitance (C) values acquired from cyclic voltammetry (CV)
testing at different scan rates. The specific capacitance is a crucial statistic for evaluating battery performance since it directly mea-
sures the charge storage capacity of the electrode material [40,41]. The electrochemical techniques such as cyclic voltammetry were
performed on a coated nickel foam in a 3.5 % NaCl as a solution. Electrochemical measurements were performed in the potential range
of − 1.0 to 1.0 V with a scan rate of 25 mV/s, 50 mV/s, and 100 mV/s. Basi Epsilon Electrochemical Workstation with C-3 electro-
chemical cell was used to perform the test. Where copper and platinum plates with an area of 1.0 cm2 constituted the working and
auxiliary electrodes, using the Ag/AgCl electrode as a reference. (BCSIR)

Figs. 20–23 the cyclic voltammetry (CV) analysis of all tested at different scan rates. The pure Te sample exhibits a decline in
specific capacity values across all scan rates, indicating a deterioration in charge storage capacity across successive cycles. As the
scanning rates increase, the specific capacity values fall, suggesting constraints in charge transfer and electrode kinetics. The specific
capacitance is calculated from Equation (5) by the concept of Fig. 24. In addition, the specific capacitance is converted into the specific
capacity using Equation (6). The decrease in Cp values seen at higher scan rates (100 mV/s) indicates that the charge storage and
electrode kinetics are constrained when the cycling occurs at a faster pace. When the Te + Gr sample demonstrates significant specific
capacity values, suggesting excellent charge storage capacity. Nevertheless, the specific capacity values exhibit a substantial reduction
during cycling, particularly at higher scan rates, indicating constraints in charge retention and stability. The Te + Si+ Gr sample in its
pure form demonstrates superior specific capacity values at lower scan rates (25 mV/s and 50 mV/s), suggesting enhanced charge
storage capacity.At reduced scan rates, the Te + Si sample is cycled, and there is an observed increase in specific capacity values,
suggesting an enhancement in charge storage performance. Nevertheless, when the scan rates are increased to 50 mV/s and 100 mV/s,
the specific capacity values exhibit a substantial drop, indicating constraints in the kinetics of charge transfer. In general, samples that
exhibit consistent and high specific capacity values at lower scan speeds indicate excellent ability to store and maintain charge.
Decreasing Cp values with increasing scan rates indicate that the speed of cycling limits the charge transfer kinetics and electrode
performance and Fig. 25 show the graph specific capacity (Cp) versus cycles at different scan rate. Table 8 The specific capacity and
charge (Q/m) values when sodium chloride (NaCl) was used as the electrolyte.

i. Calculation of Specific Capacitance (C):

Fig. 16. Relation among the average crystallite grain size, dislocation density, and average microstrain of anode samples.
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Fig. 17. TGA and DSC Analysis of Samples (a) pure Te, (b) Te + Gr, (c) Te + Si + Gr, and (d) Te + Si.
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C=
A

2mk(V2 − V1)
(5)

Scan rate = k (mV/s)
Mass of the coated material = m (g)
Potential window Δ V= (V2-V1)
The area inside the CV curve = A.
Specific Capacitance = C (F/g)

ii. Specific Capacity (Cp):

Specific Capacity (mAh / g)= Specific Capacitance (F / g) × Voltage× 3600 (6)

iii. Charge (Q/mass):

Table 7
Percentage of weight losses at various temperatures for all tested samples.

Samples
Name

Weight Losses (%)

100 ◦C
(W100)

200 ◦C
(W200)

300 ◦C
(W300)

400 ◦C
(W400)

500 ◦C
(W500)

600 ◦C
(W600)

700 ◦C
(W700)

800 ◦C
(W800)

900 ◦C
(W800)

Pure Te 2.65 2.38 0.54 0.50 2.41 9.53 43.65 18.54 2.37
Te + Gr 4.20 4.68 1.73 1.40 3.45 12.51 21.89 4.53 0.78
Te + Si + Gr 4.78 3.04 1.34 1.18 3.71 18.86 18.03 3.86 0.84
Te + Si 3.68 5.20 0.73 0.86 2.02 9.53 22.80 0.15 0.15

Fig. 18. (a, b) All TGA and DSC Spectroscopy of Tested Samples.
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Charge (Q /mass) (C / g)= (Specific Capacitance (C)×Mass of the active material) (7)

Fig. 25 illustrates the specific capacity as a function of the number of cycles at scan rates of 25, 50, and 10 mV/s.

3.8. Electrochemical impedance spectroscopy (EIS) analysis

Following a 21-day immersion period (equivalent to 3 weeks), the samples were analyzed using electrochemical impedance
spectroscopy (EIS). The EIS measurement was conducted utilizing a 3.5 wt% aqueous solution of sodium chloride (NaCl) as the
electrolyte. The equivalent series resistance (RS) denotes the cumulative internal resistance of the battery, encompassing electrode,
electrolyte, and interfacial resistances. Lower values of RS indicate decreased resistance in the battery system, resulting in enhanced
energy efficiency and diminished power losses during charge and discharge cycles [42,43]. The values of the electrochemical
impedance spectroscopy (EIS) for the different samples are as follows: 29.99 Ω for the pure Te sample, 28.13Ω for the Te+ Gr sample,
30.53 Ω for the Te + Si + Gr sample, and 44.05 Ω for the Te + Si sample. The Te + Gr and Te + Si + Gr samples have relatively lower
levels of electrical resistance (RS) ranging from 28 to 31 Ω. This indicates that these samples have lower internal resistance and higher
overall conductivity compared to pure Te and Te + Si samples.

The charge transfer resistance (Rct) is a measure of the resistance at the interface between the electrode and the electrolyte. It affects
the speed at which charge transfer processes, such as ion diffusion and electron transfer, occur. Lower Rct values indicate faster charge
transfer kinetics and better electrode performance [44,45]. The next part of the spectrum is the semicircle (a-b), which spans from the
high to the mid-frequency region. This section is known as the charge transfer resistance (Rct). The diameter values for the pure Te
sample, Te + Gr sample, Te + Si + Gr sample, and Te + Si sample are 759.07 Ω, 4.21 Ω, 36.39 Ω, and 164.905 Ω, respectively. The Te
+ Gr sample has the most favorable charge transfer efficiency at the electrode contact, as evidenced by its lowest Rct value of 4.21 Ω.
The Te+ Si+ Gr sample also demonstrates a comparatively low Rct value of 36.39Ω, indicating favorable charge transfer kinetics. The
Rct values of pure Te and Te+ Si samples are greater, measuring 759.07Ω and 164.905Ω, respectively. This suggests that there may be
difficulties in achieving efficient charge transfer and kinetics, Table 9 gives the equivalent series resistance (RS) and the charge transfer
resistance (Rct) of all samples. Fig. 26 shows the EIS data of electrodes (a) Pure Te (b) Te + Gr (c) Te + Si + Gr and (d) Te + Si.

The charge transfer resistance (Rct) calculation formula.

iv. The charge transfer resistance (Rct) =Maximum internal resistance (Rb) - The equivalent series resistance (RS) … … … … … …
… … … … … … … … … … … … ….(4.8)

The phase angle quantifies the time delay between the applied voltage and the resultant current in an AC impedance test. It il-
lustrates the correlation between the resistive (real) and capacitive (imaginary) elements of impedance. Lower phase angles indicate
greater resistance, whereas higher phase angles suggest increased capacitance. The pure Te sample demonstrates a reduced phase
angle (1.47), which can be advantageous for the use of simpler and more resistive electrode materials. The Te + Si sample exhibits a
moderate phase angle of 11.04, indicating a balanced combination of resistive and capacitive behavior that is appropriate for standard
battery electrodes. On the other hand, the Te + Gr and Te + Si + Gr samples display higher phase angles of 54.69 and 37.73,
respectively, suggesting a greater emphasis on capacitive behavior. This makes them potentially suitable for high-capacity electrodes,
which could be advantageous for materials used in high-energy-density batteries. Fig. 27 shows the electrochemical impedance
spectroscopy (EIS) curves: (a) Nyquist plot and (b) phase angle.

Fig. 19. All tested samples UV spectroscopy.

M.M. Rana et al. Heliyon 10 (2024) e39083 

20 



3.9. The advantages of this work compared with previous literatures

Table 10.

4. Conclusions

In summary, tellurium combined with graphene and silicon are found to be promising anode materials in this work for energy
storage applications due to their better specific capacity (Cp) and low charge transfer resistance (Rct). In addition, the fabricated anode
materials have better physical and thermal stability due to their chemical integrity. Hopefully, in the future, the results obtained from

Fig. 20. The cyclic voltammetry (CV) analysis of pure Te sample at different scan rates (a) 25 mV/s (b) 50 mV/s (c) 100 mV/s.
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this work can be used as reliable sources for further research and commercial applications of tellurium composite films as anode in
industry.

The details conclusions from this study can be drawn as follows.

I. The TEM images of pure Tellurium specimens show interplanar spaces measuring 0.417 nm, 0.395 nm, and 0.443 nm. For the
Te+Gr sample, the interplanar spaces measure 0.307 nm, 0.308 nm, and 0.335 nm. For the Te+ Si+Gr sample, the interplanar
spaces measure 0.396 nm, 0.424 nm. Lastly, for the Te+ Si sample, the interplanar spaces measure 0.224 nm and 0.229 nm. All
interplanar spaces in the samples have sizes smaller than 1 nm. Graphene and silicon metal powder improve the surface
morphology of tellurium.

Fig. 21. The cyclic voltammetry (CV) analysis of the Te + Gr sample at different scan rates (a) 25 mV/s (b) 50 mV/s (c) 100 mV/s.
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II. An SEM study after the CV test reveals that pure tellurium changes volume during charging and discharging, impacting battery
performance. Combining graphene and silicon reduced volume growth in Te + Gr, Te + Si + Gr, and Te + Si samples, but
fractures could negatively affect battery functioning.

III. The XPS spectrum of pure Tellurium (Te) shows two distinct peaks: elemental Tellurium (TeO) and Tellurium oxides (TeOx).
The pure Te sample has peaks at 572.0 eV and 582.0 eV, while the oxides peak is at 580.0 eV. The second sample (Te + Gr) has
identical peaks, while the Te + Si + Gr sample has identical elemental peaks and an oxide peak. The silicon peaks exhibit noise
in the Te + Si + Gr sample, but the tellurium and graphene values are comparable. The presence of oxides could affect the
samples electrochemical performance in lithium-ion battery applications.

IV. XRD analysis reveals material structural characteristics like crystallinity, grain size, dislocation density, and microstrain.
Samples show variations in these characteristics, impacting structural quality. Increased crystallinity and larger grain sizes

Fig. 22. The cyclic voltammetry (CV) analysis of the Te + Si + Gr sample at different scan rates (a) 25 mV/s (b) 50 mV/s (c) 100 mV/s.
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indicate better conductivity and mechanical stability, beneficial for battery electrodes. XRD data also influence battery per-
formance, including charge/discharge behavior, cycle life, and capacity retention.

V. TGA analysis reveals that Te + Si + Gr and Te + Si samples show higher thermal stability compared to Pure Te and Te + Gr
samples. The melting peak region found in the DSC examination of pure tellurium material indicates a decreased level of
thermal stability. Tellurium composites including silicon (wt%) and graphene (wt%) decrease the size of the melting peak
region. The thermal stability of Te + Gr, Te + Si + Gr, and Te + Si samples is higher than that of pure Te samples at high
temperatures. The Te + Si + Gr sample demonstrates the highest level of thermal stability compared to all other samples.

Fig. 23. The cyclic voltammetry (CV) analysis of the Te + Si sample at different scan rates (a) 25 mV/s (b) 50 mV/s (c) 100 mV/s.
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VI. Higher Specific capacity values in materials from CV analysis, especially when scanned at lower rates, are beneficial for battery
applications. Understanding the correlation between scan rate and specific capacity values is crucial for improving electrode
design and efficiency in real-world battery systems.

VII. Pure Te has a low phase angle, suitable for simpler, higher-resistance electrodes. The Te+ Si sample has a harmonious resistive-
capacitive combination, suitable for standard battery electrodes. Te + Gr and Te + Si + Gr exhibit higher phase angles, sug-
gesting a greater capacitive behavior that may be well-suited for electrodes with high capacity.

VIII. Low charge transfer resistance (Rct) of the Te + Gr and Te + Si + Gr samples demonstrate excellent electrode performance and
high charge transfer efficiency. Furthermore, optimizing the pure Te and Te + Si samples can lead to a decrease in internal
charge transfer resistance (Rct) and an enhancement in charge transfer kinetics, thereby improving the battery’s performance.

5. Recommendations for future research

Considering the limitations of this research work, future studies can be conducted by resolving the issues, as follows.

I. Material compositions can be improved to promote specific structural qualities. In addition, the proportions of additives can be
optimized to enhance both crystallinity and grain size.

II. Surface oxidation can be reduced using an inert environment for the improvement of electrochemical stability and cycle effi-
ciency of the tellurium-based anode.

III. Charge storage capacity, stability, and charge transfer kinetics can be altered by optimizing electrode composition and shape.
Further studies can be carried out to investigate the influence of specific capacity values, including material interactions,
electrolyte composition, and electrode design to enhance the battery performance.

Fig. 24. Mesearment of specific capacitance (C) from CV graph.

Fig. 25. Specific capacity versus cycles at different scan rate.
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IV. Additional research can be conducted at different aspects, including, the composition of electrodes, formulation of electrolytes,
or design of electrode/electrolyte interfaces to decrease the values of RS and Rct. The correlation between phase angle, electrode
structure, and electrochemical performance can be established. Apart from this, the design and composition of electrodes can be
evaluated by considering impedance characteristics to boost the performance and efficiency of batteries. Moreover, the cor-
relation between phase angle, electrode structure, and electrochemical performance can be established. In addition, the design
and composition of electrodes can be changed by taking into consideration impedance characteristics to boost the performance
and efficiency of batteries.

V. Only one sample (Te+ Si+ Gr) was contaminated by aluminum as an impurity during the preparation for TEM testing, with the
aluminum mass percentage reporting below one percent (0.93 %). The small concentration of aluminum did not significantly
impact the electrochemical performance of the sample. In contrast, oxygen was present as a result of surface oxidation, while
sodium was included during the sample preparation for both TEM and XPS analyses. The sodium atomic percentage in the TEM
study varied from 12.56 % to 18.28 %, whereas in the XPS test, it ranged from 11.36 % to 23.18 %. An increased concentration
of these contaminants may affect the sample’s electrochemical performance. These are the constraints of this investigation.
Even so, we pursued assistance from other research organizations within the Bangladesh Council of Scientific and Industrial
Research (BCSIR) as a result of the university’s inability to provide the requisite testing facilities. In order to fully investigate the
potential of tellurium-based samples in industrial applications, it is recommended that future researchers take more caution in
the preparation and analysis of these samples during physical analysis.

Table 8
The Specific Capacity (Cp) and Charge (Q/m) Values When Sodium Chloride (NaCl) was used as the Electrolyte.

Sample Name Scan rate (mV/s) Cycle no. Specific Capacity (Cp) (mAh/g) from CV test Charge (Q/m) (C/g) from CV test

Pure Te 25 01 173.11 0.48
02 104.53 0.29
03 38.03 0.10

50 01 212.40 0.59
02 120.57 0.33
03 90.97 0.25

100 01 216.40 0.60
02 112.51 0.31
03 84.96 0.23

Te + Gr 25 01 1486.91 4.13
02 667.36 1.85
03 651.19 1.80

50 01 507.71 1.41
02 365.88 1.01
03 405.08 1.12

100 01 223.32 0.62
02 57.57 0.15
03 474.47 1.32

Te + Si + Gr 25 01 465.48 1.29
02 618.82 1.71
03 709.23 1.97

50 01 480.10 1.33
02 330.67 0.92
03 460.92 1.28

100 01 116.15 0.32
02 182.32 0.50
03 186.96 0.51

Te + Si 25 01 7.86 0.02
02 464.76 1.29
03 621.93 1.72

50 01 190.73 0.52
02 143.79 0.39
03 103.71 0.28

100 01 196.04 0.54
02 129.57 0.35
03 101.13 0.28

Table 9
The equivalent series resistance (RS) and the charge transfer resistance (Rct) of all tested samples.

Sample Name The equivalent series resistance (ESR) or bulk resistance, denoted as (RS) The charge transfer resistance (Rct)

Pure Te 29.99 Ω 759.07 Ω
Te + Gr 28.13 Ω 4.21 Ω
Te + Si + Gr 30.53 Ω 36.39 Ω
Te + Si 44.05 Ω 164.905 Ω
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Fig. 26. Eis data of electrodes (a) pure Te (b) Te + Gr (c) Te + Si + Gr and (d) Te + Si.
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Fig. 27. Electrochemical impedance spectroscopy (EIS) curves: (a) Nyquist plot (b) phase angle.

Table 10
The table illustrates the comparison of present and previous studies of this research.

Property Present Study Previous Study

TEM Pure Te the interplanar spacing of the nanocrystal is 0.417 nm, 0.395 nm,
0.443 nm.

The interplanar spacing of the Tellurium nanocrystal is 0.235 and 0.206
nm [46].

Te + Gr the interplanar spacing of the nanocrystal is 0.307 nm, 0.308
nm, 0.335 nm.
Te + Si + Gr the interplanar spacing of the nanocrystal is 0.396 nm,
0.424 nm.
Te+ Si the interplanar spacing of the nanocrystal is 0.224 nm, 0.229 nm.

TGA&DSC Sample Name Temperature (0–700 ◦C) The Te content in the composite (Te@MPC) was determined to be 68.0
wt % by thermogravimetric analysis (TGA). Temperature ranges from
0 to 700 ◦C [47].
Note: Microporous Carbon (MPC)

Pure Te 61.66 wt%
Te + Si + Gr 49.86 wt%
Te + Si 50.94 wt%
Te + Si 44.82 wt%

CV Scan rate (mV/s) Scan rate (mV/s)
Sample Name 25 mV/s 50 mV/s 100 mV/s Sample Name 10–50 mV/s
Pure Te 709.23 mAh/g 480.10 mAh/g 186.96 mAh/g SeCoOTe/F 752.95C/g or 209.15 mAh/g [48]
Te + Gr 621.93 190.73 196.04 SCoOTe/NF 512.40C/g or 142.33 mAh/g [48]
Te + Si + Gr 173.11 212.40 216.40 CoOTe/NF 485.15C/g or 134.76 mAh/g [48]
Te + Si 1486.91 507.71 474.47 Note-(1 mAh/g = 3.6C/g)

Ti5Te4/P@C 440 mAh/g [49]
Ti5Te4/P(30 wt%)@C 300 mA/g [49]

EIS Charge transfer resistance (Rct) Charge transfer resistance (Rct)
Sample Name P-CoOTe/NF 18.5 Ω [48]

CoOTe/NF 20.99 Ω [48]Pure Te 759.07 Ω
Te + Gr 4.21 Ω
Te + Si + Gr 36.39 Ω
Te + Si 164.905 Ω
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VI. In the future, the feasibility of using this developed material as an anode for practical battery fabrication and commercial
applications will be investigated, with a focus on long cycle stability and specific capacity. Additionally, its performance can be
assessed for any potential issues using a commercially available battery cycler.
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