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Microwave absorption properties and mechanism of novel apatite-type 
materials Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ 

Haikun Liu1,*, Xiaoming Liu1, Ning Liu2,3, Lefu Mei3 
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Abstract: Manganese minerals possess a high intrinsic magnetic moment, making them 

excellent materials for microwave absorption. Rare earth elements, with their unique electronic 

structures and interactions between spin electrons and orbitals, can further enhance the 

performance of absorbing materials. In this study, we designed a novel microwave absorbing 

material by incorporating manganese into an apatite structure with adjustable chemical 

composition. The material Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂, exhibiting specific microwave absorption 

properties, was synthesized using a high-temperature solid-phase method. The results indicate 

that at a sample thickness of 5 mm, the absorption frequency bandwidth below −10 dB within 

the 2–12 GHz range reaches 1.2 GHz, with a peak absorption of −21.78 dB. Additionally, 

smaller particles were prepared using the sol-gel method, achieving a peak absorption of 

−39.75 dB. The primary absorption mechanism for both particle types is attributed to magnetic

loss. This work presents a new approach to designing microwave absorbing materials and

significantly contributes to expanding the range of apatite-type materials.

Keywords: apatite structure; Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂; microwave absorption performance 

1. Introduction

For a long time, due to the significant research value and importance of absorbing
materials, researchers have made substantial progress through extensive exploration. 
In recent years, manganese-containing minerals, recognized for their excellent 
absorption properties, have drawn increasing attention from researchers [1,2]. 
Manganese (Mn) naturally occurs in three valence states—Mn²⁺, Mn³⁺, and Mn⁴⁺—
which can undergo redox reactions, allowing them to transform into one another [3]. 
Under natural conditions, the transformation between these valence states is slow and 
inefficient. However, under microwave irradiation, the conversion rate is significantly 
enhanced, which is a key reason manganese-containing minerals are applied in the 
field of microwave absorption [4,5]. Despite the advancements in traditional 
manganese-based absorbing materials, research has predominantly focused on ferrite 
with spinel structures, magnetoplumbite types, garnet, and perovskite structures [6]. 
These manganese-based absorbing materials typically exhibit relatively simple 
structures. To expand the research system and scope of microwave absorbing 
materials, the development of novel manganese-containing structures has become 
highly significant. 

Simultaneously, researchers exploring new absorbing materials have turned their 
focus to the “treasure house of new materials”—Rare earth elements. Due to their 
unique electronic structure, interactions between electron spin and orbit, strong crystal 
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fields, magneto-optical effects, atomic magnetic moments, anisotropy, high 
magnetostrictive coefficients, and low-temperature magnetic ordering transitions, rare 
earth absorbing materials have broadened absorption peaks and bands, often 
surpassing existing theoretical limitations [7,8]. These materials have garnered 
significant attention for their promising applications. By combining manganese 
(particularly divalent manganese) with rare earth elements in the microwave 
absorption field, it is possible to create materials with excellent microwave absorption 
properties within certain crystal structures. For example, rare-earth manganese-based 
oxide (LSMO), a material formed from LaMnO doped with oxides such as SrO, 
possesses a cadmium ore structure and exhibits a giant magnetoresistance effect, 
making it highly suitable for the development of absorbing materials [9]. Similarly, 
LaBaMnO₃, with its perovskite-type structure, demonstrates microwave absorption 
properties across the 2–18 GHz range, serving as a multifunctional material for both 
microwave and infrared applications [10]. These materials also offer the potential for 
compatible camouflage in radar and infrared wave bands. 

With this in mind, we focused on the apatite-structured compounds. One key 
advantage of the apatite structure is its highly flexible framework, which allows for a 
wide range of elemental substitutions, thereby offering greater control over the 
material’s dielectric and magnetic properties. This tunability can lead to enhanced 
impedance matching and optimized absorption performance over a broader frequency 
range. For the typical apatite-structured A₁₀[MO₄]₆O₂, the A-site is typically occupied 
by divalent cations such as Ca²⁺, Mg²⁺, and Mn²⁺, but rare earth ions like Eu²⁺ or alkali 
metal ions can also occupy this position due to isomorphic replacement [11]. 
Similarly, [PO₄]³− ions can be substituted by [SiO₄]⁴− or [GeO₄]⁴− anions under varying 
conditions. We therefore selected the compound Mg₂Y₈(SiO₄)₆O₂ with an apatite 
structure for substitution, using ions with appropriate radii and charges, specifically 
Mn²⁺/Gd³⁺ and Mg²⁺/Y³⁺. After substitution, the compound Mn₂Gd₈(SiO₄)₆O₂ was 
obtained. The Mn²⁺ ions possess five unpaired electrons in their outermost layer, 
giving them five spin magnetic moments. This characteristic suggests that divalent 
manganese ions have strong theoretical microwave absorption performance. 
(Trivalent and tetravalent manganese ions also exhibit some microwave absorption 
properties.). The Mn²⁺/Gd³⁺ cations occupy two distinct positions: one is a triple 
trigonal prism formed by nine oxygen atoms, and the other is an irregular pentagonal 
biconical polyhedron coordinated by seven oxygen atoms [12,13]. Leveraging this 
feature, we further incorporated Ce³⁺ ions, known for their excellent microwave 
absorption properties, into various cation sites to induce lattice distortion and enhance 
microwave absorption performance. 

In this study, we report on two synthetic methods used to evaluate the microwave 
absorption performance of the novel apatite compound Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂. The 
crystal structure of Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂, synthesized using the high-temperature 
solid-phase method, is presented for the first time, along with its microwave 
absorption properties. Building on this, the compound was further synthesized using 
the sol-gel method, resulting in smaller particle sizes and enhanced microwave 
absorption performance. These findings demonstrate that this design of microwave 
absorbing material is both feasible and effective. 
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2. Experimental section

2.1. Synthesis of Mn2Gd7.5Ce0.5(SiO4)6O2 

First, Mn₂Gd₇.₅Ce0.5(SiO₄)₆O₂ was synthesized using the conventional high-
temperature solid-state method. All raw materials were of analytical grade and 
obtained from Xilong Chemical Co., Ltd. Manganese carbonate (MnCO₃, 4 mmol), 
gadolinium oxide (Gd₂O₃, 1.5 mmol), silicon dioxide (SiO₂, 1 mmol), and cerium 
oxide (CeO₂, 0.5 mmol g) were weighed according to their stoichiometric ratios. After 
thorough grinding in an agate mortar for 5 minutes, the ground mixture was placed in 
a crucible, buried in carbon, and then calcined in a muffle furnace at 1100 °C for 4 
hours. Once sintering was completed and the sample was fully cooled, it was ground 
again in a mortar to obtain the final sample. 

Second, the smaller-sized particles were prepared using the sol-gel method, with 
metal nitrates as raw materials and tetraethyl orthosilicate as the silicon source. The 
following amounts were weighed according to the stoichiometric ratio: manganese 
nitrate tetrahydrate (0.2 mmol), gadolinium nitrate hexahydrate (0.75 mmol), cerium 
nitrate hexahydrate (0.05 mmol), tetraethyl orthosilicate (0.6 mmol), and citric acid 
C6H8O7·H2O (3.2 mmol). The mixture was stirred at 80 °C to form a wet gel, which 
was then dried at 120 °C for 12 hours to form a dry gel. The dry gel was then sintered 
at 800 °C for 10 hours to obtain a precursor, which was further sintered at 1200 °C for 
5 hours to produce the final Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ sample. 

2.2. Materials characterization 

Powder X-ray diffraction (XRD, D8 Advance diffractometer, Bruker 
Corporation, Germany; 40 kV and 40 mA; Cu Kα, λ = 0.15406 nm) was used for phase 
identification. The structural analysis employed step scanning (2 θ ranging from 3° to 
130°) at a rate of 2.5 s per step, with a step size of 0.02°. To verify whether the valence 
state of manganese matched the design, X-ray Photoelectron Spectroscopy (XPS, 
Thermo Scientific) was conducted using monochromatic Al Kα irradiation (150 W). 
The binding energy (BE) scale was calibrated using the adventitious carbon (C 1s) 
core level, assigned at 284.6 eV. The morphologies of these samples were examined 
by a Hitachi SU4800 field-emission gun scanning electron microscope (SEM). 

2.3. Microwave absorption performance measurements 

The microwave absorption properties of Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ were analyzed 
using a microwave network analyzer (N5244A, Agilent) in the 2 to 18 GHz frequency 
range, with the coaxial wire method in free space. The sample powder (25 wt%) was 
thoroughly mixed with molten wax (75 wt%), and the mixture was pressed into 
toroidal samples. The outer diameter of the samples was 7.00 mm, the inner diameter 
was 3.04 mm, and the thickness was 3 mm. 

3. Result and discussions

3.1. Characterizations of materials 
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The material Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ was successfully synthesized using both 
the high-temperature solid-phase method and the sol-gel method. To study the 
structure of the samples, the powder X-ray diffraction (XRD) was employed. In 
Figure 1b, the XRD pattern of the Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ sample prepared via the 
high-temperature solid-phase method is presented. The crystal face indices 
corresponding to the diffraction peak positions at 21.765°, 22.842°, 25.879°, 28.126°, 
28.966°, 31.773°, 32.172°, and 32.902° are (200), (111), (002), (102), (210), (211), 
(112), and (300), respectively. No new diffraction peaks were observed compared to 
the Ca₂Gd₈(SiO₄)₆O₂ standard card (JCPDS no. 28–0212), indicating that the sample 
retained the apatite structure, and no new phases appeared [14]. However, the 
diffraction peaks of the sample showed a shift to the right compared to the standard 
card. This shift is due to the smaller ionic radius of divalent manganese ions compared 
to calcium ions. When calcium ions are substituted by manganese ions, some lattice 
parameters decrease. Since d is inversely proportional to sin θ, and in the 2 θ range of 
10° to 70°, sin θ increases monotonically, the higher the position of the characteristic 
peak, the smaller the d value [15]. Additionally, for the Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ 
sample, the slight difference in atomic volume between the Ce atom and the Gd atom 
means that the prepared Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ maintains the apatite structure. 
Similarly, the XRD analysis of the sample prepared by the sol-gel method (Figure 1a) 
showed the same matching diffraction peaks when compared with the standard card 
(JCPDS No. 28–0212), confirming that the sample also exhibits an apatite structure. 

Figure 1. XRD patterns of. Mn2Gd7.5Ce0.5(SiO4)6O2 samples. (a) sol-gel synthesis of samples; (b) high 
temperature solid phase synthesis of samples. 

The valence of manganese has a great influence on the microwave absorption 
properties of manganese-containing minerals due to the different number of electrons 
outside the nucleus, and the interactions between the different valence states also have 
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a certain influence on the microwave absorption properties of the materials [16,17]. In 
addition, due to the fact that rare earth element Ce is also a kind of variable element, 
the valence state of these two elements in the compound is necessarily a factor to be 
considered. The photoelectron survey spectrum of the Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ sample 
is shown in Figure 2. The corresponding Mn element images are depicted in Figure 
2a,b. Notably, two distinct broad peaks are observed in the Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ 
sample, regardless of whether the sample was synthesized by the high-temperature 
solid-phase method or the sol-gel method. The wide survey scan of the XPS spectra 
revealed two peaks in the Mn 2p region at binding energies (BE) of 642.5 eV and 
653.4 eV, corresponding to Mn 2p₃/₂ and Mn 2p₁/₂, respectively [18]. The BE 
difference (spin-orbit splitting) between the Mn 2p₃/₂ and Mn 2p₁/₂ peaks is 10.9 eV. 
Additionally, the fitted variance results, close to 1, suggest that Mn predominantly 
exists in the +2 oxidation state in the prepared samples. Meanwhile, the valence state 
of the cerium element on the sample surface corresponds to spin-orbit doublets 
characteristic of the +3 oxidation state (Figure 2c,d) [19]. 

Figure 2. XPS spectra of Mn2Gd7.5Ce0.5(SiO4)6O2 samples. (a), (b) Mn 2p of samples synthesized by high temperature 
solid phase method and sol-gel method; (c), (d) Ce 3d of samples synthesized by high temperature solid phase method 
and sol-gel method. 

The SEM images in Figure 3a,b show the microstructure of the samples 
synthesized by the high-temperature solid-state method and the sol-gel method, 
respectively. The particles of the sample prepared by the high-temperature solid-state 
method are larger and exhibit more significant agglomeration. In contrast, the sample 
synthesized by the sol-gel method shows a noticeable reduction in particle size, with 
less agglomeration. Larger particles tend to agglomerate, which prevents microwaves 
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from penetrating the material uniformly, thereby reducing the absorption performance. 
Smaller particles exhibit better dispersion, reducing agglomeration and increasing 
multiple scattering of microwaves within the material. This extends the propagation 
path of electromagnetic waves and increases the dissipation of electromagnetic energy, 
thereby improving microwave absorption efficiency [20]. 

 
Figure 3. SEM images of the catalyst Mn2Gd7.5Ce0.5(SiO4)6O2 samples, (a) high temperature solid phase synthesis; 
(b) sol-gel synthesis. 

3.2. Microwave absorption performance measurements 

To reveal the microwave absorption properties of the as synthesized samples, the 
reflection loss (RL) values of Mn2Gd7.5Ce0.5(SiO4)6O2 samples were calculated using 
the relative complex permeability and permittivity at a given frequency and thickness 
layer according to the transmit line theory, which is summarized as the following 
equations [21]: 

RL (dB) = 20 log | (Zin − Z0)/(Zin + Z0) | (1)

where Zin and Z0 represent the input impedance of the absorber and the impedance of 
free space. The absorber impedance can be calculated from the following equation 
[22]: 

Zin = Z0(μr/εr)1/2tan h [j (2πfd/c) (μrεr)1/2] (2)

where εr and μr represent the relative complex permittivity and the relative complex 
permeability, respectively; f stands for the frequency; d is the thickness of toroidal 
shaped sample and c is the velocity of electromagnetic waves in free space. The 
relative complex permeability and permittivity were tested on a network analyzer with 
the frequency of a 2–12 GHz range. 

The thickness of the sample is one of the crucial parameters that affects the 
intensity and position of the frequency at the RL minimum. To eliminate the influence 
of sample thickness, we prepared two sets of samples with thicknesses of 2, 3, 4, 5, 
and 6 mm. Figure 4 illustrates the relationship between microwave reflectivity and 
frequency for the sample Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂, synthesized using the high-
temperature solid-phase method and measured with vector network analysis under 
varying thicknesses. The data in Figure 4a reveals that when the sample thickness is 
5 mm, the maximum absorption peak is −21.78 dB at a frequency of 5.2 GHz, with an 
effective microwave absorption bandwidth of 0.62 GHz. This figure clearly indicates 
that the intensity of microwave absorption is closely related to the thickness of the 
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sample. According to microwave absorption theory, sample thickness is generally 
proportional to microwave absorption ability; thus, within a certain range, greater 
thickness results in enhanced microwave absorption performance [23]. It is important 
to note that this relationship holds only within a specific range of sample thickness. 
For a wave-absorbing material, when the matching frequency exceeds the cutoff 
frequency, a matching thickness is established [24]: 

tm=c/（2πs0） (3)

where s0 = μ*fc (c is the light velocity, fc is the relaxation frequency, μi is the initial 
permeability) matching thickness is only related to the performance parameter so of 
the material. When the thickness is lower than or higher than the matching thickness, 
the absorption coefficient of the material decreases. 

The grain size of the sample is another crucial parameter that affects the 
microwave absorption properties of materials. Therefore, we prepared smaller samples 
using the sol-gel method to enhance these properties. For the samples synthesized via 
the sol-gel method, the same calculation method was employed. The results in Figure 
4b indicate that the frequency position at the RL minimum shifts from higher to lower 
as the thickness increases, which is associated with quarter-wavelength attenuation. 
When the sample thickness is 6 mm, the maximum absorption peak rises to 39.75 dB 
at a frequency of 5.2 GHz, with an effective microwave absorption bandwidth of 0.62 
GHz. This is due to the smaller grain size of the samples prepared by the sol-gel 
method compared to those obtained using the solid-phase method. This difference 
results in altered impedance matching conditions for the sample, leading to maximum 
microwave reflection loss at 6 mm. Additionally, the smaller size of the samples 
results in a larger specific surface area, more surface atoms, and more dangling bonds, 
which contribute to stronger interfacial polarization and increased multiple scattering. 

Figure 4. Frequency and microwave reflection losses for different thicknesses of Mn2Gd7.5Ce0.5(SiO4)6O2 compounds: 
(a) high temperature solid phase synthesis of samples; (b) sol-gel synthesis of samples.

As is well known, the synergy between the complex relative dielectric constant 
and permeability of a sample affects the minimum reflection loss (RL) mechanism of 
the material. When the dielectric constant is dominant, the reflection loss mechanism 
is primarily governed by dielectric loss, and the opposite is true when permeability 
dominates. The imaginary components of permittivity (ε′′) and permeability (μ′′) 
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indicate the material’s energy dissipation capability, while the real components 
represent its ability to store electric (ε′) and magnetic (μ′) energy. Figure 5 presents 
the complex dielectric constant, complex permeability, and tangential loss of our 
synthesized compounds combined with paraffin (in a 3:1 mass ratio) over a frequency 
range of 2 to 12 GHz. The samples were synthesized by the solid-phase method, as 
shown in Figure 5a. The real and imaginary parts of the composite dielectric constant 
Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ increase slightly with frequency, showing no significant 
change in the overall composite dielectric constant. This indicates that the material 
exhibits no or only weak dielectric loss under the influence of a microwave alternating 
electric field. Figure 5b shows the relationship between magnetic permeability and 
frequency for the Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂. It can be observed that as the frequency 
increases, the real part of the magnetic permeability decreases significantly within the 
4.8 GHz to 5.5 GHz range. The imaginary part of the magnetic permeability in Figure 
5b also exhibits a sharp peak between 4.8 GHz and 5.5 GHz. This behavior, 
considering the trends of both μ′ and μ′′, corresponds to domain resonance within this 
frequency range, while the remainder of the range corresponds to the relaxation 
spectrum. This frequency range aligns with the microwave absorption bandwidth and 
the frequency corresponding to the material’s maximum microwave absorption peak. 
The observed magnetic tangent loss reaches up to 2.12 at 5.36 GHz (Figure 5c) and 
remains higher than the dielectric tangent loss across the entire frequency range, 
indicating that magnetic loss is the major contributor to electromagnetic loss. 

The complex relative permittivity and permeability of the sample synthesized by 
the sol-gel method are shown in Figure 5d–f. The real part of the composite dielectric 
constant of Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ slightly decreases with increasing frequency, 
while the imaginary part remains unchanged, indicating that the material will 
experience weak dielectric loss under the influence of a microwave alternating electric 
field. This suggests that dielectric loss is not a key factor in the microwave absorption 
properties of the material [25]. Figure 5e shows the relationship between magnetic 
permeability and frequency for the Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂. The figure shows that as 
frequency increases, the real part of the magnetic permeability first decreases and then 
increases, while the imaginary part exhibits the opposite trend. This observation is 
similar to the conclusion drawn from Figure 5b. However, the real and imaginary 
parts of the complex permeability (μ′, μ′′) of the sample synthesized by the sol-gel 
method exhibit more fluctuations compared to those synthesized by the solid-phase 
method. This is because a decrease in particle size changes the resonance frequency 
of the particles, increasing both the absorption frequency and intensity. The tangent 
loss of Mn₂Gd₇.₅Ce₀.₅(SiO₄)₆O₂ composites in Figure 5f supports the same result as in 
Figure 5c, with magnetic loss still making the major contribution to electromagnetic 
loss. 
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Figure 5. (a) Complex permittivity; (b) complex permeability; (c) tangent loss of high temperature solid phase 
synthesis of composites; (d) complex permittivity; (e) complex permeability; (f) tangent loss of Sol-gel synthesis of 
composites. 

4. Conclusion

Microwave-absorbing materials with an apatite structure were successfully
synthesized using both high-temperature solid-phase and sol-gel methods. The 
prepared samples exhibited notable microwave absorption properties, with particle 
sizes obtained from different preparation methods playing a crucial role in determining 
the microwave absorption bandwidth and depth. The microwave absorption properties 
of the material are primarily attributed to magnetic losses. This study provides a new 
perspective on the application of structural adjustment and the microwave absorption 
characteristics of apatite materials. The structural design of microwave-absorbing 
materials with rich properties and the research on apatite-structured materials in the 
field of microwave absorption hold significant research value and promising 
prospects. 
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Abstract: Aluminium matrix composites (AMCs) reinforced with hard ceramic particles is 

currently being widely used as a composite material for a range of industrial and technical 

applications. In the current study, melt stirring was employed to incorporate Aluminium 

nitride (AlN) particulates into the aluminium 6061 alloy. In this study AlN particles in 

different proportions 2%, 4%, 6%, and 8% wt were used with Al6061 alloy. Scanning 

electron microscopy (SEM) and x-ray diffraction were used to characterise the stir cast 

composites and the base alloy. SEM analysis confirmed the uniform distribution of AlN 

particles within the Al matrix. The impact of AlN concentrations on the mechanical 

properties of Al6061 matrix composites was investigated. Pin on disc machines were utilised 

to examine the dry sliding wear properties of the composites that were manufactured. The 

presence of very hard AlN elements in the Al6061 matrix alloy significantly improved the 

mechanical and wear characteristics of the AMCs. As compared to the Al6061 base alloy, the 

test results showed that the Al6061 with 8% weight percentage AlN composites had better 

wear resistance and hardness yield strength and the alloy with 2% AlN showed highest 

tensile strength of 368 MPa. The good interfacial adhesion between fillers and matrix 

prevents cracking and allows for effective load transmission to the reinforcing phase. This is 

mainly because AlN is a highly strong and stiff material, and its incorporation gives strong 

reinforcement as well as increased tensile, flexural, and hardness strength to the composite. 

This enhancement in mechanical properties suggests potential applications in high-wear 

industries such as automotive and aerospace. 

Keywords: aluminium nitride; stir casting; wear analysis; tensile; flexural 

1. Introduction

In modern engineering applications, especially in aerospace and automotive
industries, materials with enhanced mechanical and wear properties are in high 
demand. Aluminium matrix composites (AMCs) offer tuneable mechanical and 
physical properties, making them suitable for various engineering applications. 
These applications include aerospace automobile components such turbine blades, 
engine parts, and wings [1,2]. Furthermore, AMCs have a wide range of uses in the 
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automotive sector, including synchronizers, brake drums, piston rings, and many 
more [3,4]. It is well known that the final desired properties of the manufactured 
AMMCs have a significant influence on the reinforcement selection process, the type 
and proportion of reinforcement determine the composite’s strength, hardness, and 
wear resistance. 

Researchers consistently choose the use of particle and fiber reinforcements in 
composites because of their ability to give the metal matrix great strength, toughness, 
wear resistance, and fatigue resistance [5]. Particles, due to their ability to disperse 
uniformly within the matrix, often provide superior strength and toughness compared 
to fibers. However, due of their ease in fabrication and cheap modelling cost when 
compared to other reinforcements, research have concentrated more on investigating 
particle-based reinforcements. 

Due to its multiple applications in fields such as semiconductors, electronics, 
aircraft, and corrosive chemical handling vessels, aluminium nitride (AlN) coating 
has garnered significant attention [6,7]. AlN has a wide range of applications due to 
its high hardness, high electrical resistivity, low coefficient of thermal expansion, 
outstanding physical and chemical stability—even at quite high temperatures—and 
great resistance to wear, abrasion, and corrosion. These properties make AlN an 
ideal candidate for reinforcement in AMCs, which this study aims to explore. 

Sager et al. [8] examined the application of AlN particles as reinforcement in 
metal matrix composites and the way they affected the corrosion behaviour of the 
materials. The findings indicate that adding AlN reduces grain sizes and improves 
the matrix materials’ resilience to corrosion [8]. The behaviour of stir-cast AlN 
reinforced AA7075 composites were elucidated by Mohanavel et al. [9]. They 
discovered that flexural strength, UTS, and hardness improved significantly with an 
increase in the weight percentage of AlN. Furthermore, it was clear from the SEM 
study that the particles were equally dispersed throughout the composites [9]. 
However, while their work focused on AA7075, the behavior of Al6061 composites 
remains underexplored, particularly with varying AlN concentrations. After 
examining the behaviour of AlN-filled Al composites, Min Zhao et al. [10]. came to 
the conclusion that the strong interfacial interaction between AlN and Al matrix was 
the reason for the significant rise in UTS [10]. 

The Al-AlN composites were fabricated by Lii et al. [11], and the results 
showed that the addition of AlN reinforcement significantly increased the 
composites’ compressive strength, hardness, and fracture strength [12]. The addition 
of AlN content to magnesium alloy considerably enhanced its mechanical properties, 
such as yield strength, UTS, and plasticity, as reported by Khrustalyov et al. [13]. 
The impact of Al2O3 reinforcement on the wear-resistance (WR) of AA6061 and its 
composites reinforced with 10 vol% Al2O3 was documented by Pramanik et al. [14]. 
After undergoing direct chill casting, both aluminium alloy and composites were hot-
extruded into bars. Results indicated that WR was greater in AA6061/Al2O3 
composites than in base alloy. 

Utilising the stir casting method, Pazhouhanfar and Eghbali [13] developed the 
AA2024 matrix composite reinforced with Al2O3 particles of different sizes, namely 
16, 32, and 66 µm. The smaller particles (16 and 32 µm) led to agglomeration and 
segregation of the particles and porosity, whereas the coarser size (66 µm) had a 
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more uniform dispersion. The Al dendrites’ early solidification during the 
composite’s solidification was warranted. As the number of Al2O3 particles present 
grew and the particle size decreased, so did the tensile strength and hardness. 

Tribological properties of aluminium 6061 alloy reinforced with hybrid 
composites of graphite and boron particles have been investigated by Nagesh et al. 
The Al6061 alloy is melted in a graphite crucible in an electrical furnace at a 
temperature of 720 ℃. In order to eliminate gases and prevent a temperature 
decrease during casting, the boron and graphite particles are warmed to 600 ℃. 
When the samples were put through a wear test, the hybrid composite outperformed 
mono composites in terms of wear resistance under the specified conditions [15]. 

Kumar et al. [16], carried out research on composites made of Al6061-SiC and 
Al7075-Al2O3. The liquid metallurgy method is used to create the composites, and 
2–6% of the particles are distributed throughout the basic matrix. As the amount of 
filler in the composites grew, the microhardness of the Al6061-SiC and Al7075-
Al2O3 composites rose as well, reaching 60-97VHN and 80-109VHN, respectively. 
Al6061-SiC composites have better tensile strength qualities than Al7075-Al2O3 
composites, and the composites’ tensile strength properties are found to be greater 
than those of the basic matrix. The composites had greater wear resistance, and SiC 
also made a substantial contribution to the Al6061-SiC composites’ increased wear 
resistance. 

The literature study that is quoted clarifies the important role that ceramic 
reinforcement—specifically, nitrides and Al203—plays in aluminium-based 
composites. When this reinforcement is included into materials based on aluminium, 
it produces a strengthening effect that makes the composite material more resilient to 
deformation and failure. Reinforcement particles alter the material’s behaviour by 
improving its mechanical characteristics, making it more suitable for a variety of 
situations needing increased strength. 

Building upon these insights, the present study explores the effect of varying 
AlN concentrations in Al6061 composites. In particular, the application of 
aluminium nitride as reinforcements in casting-synthesised aluminium matrix 
composites is not as well documented. However, there is still limited research on the 
effects of AlN on the microstructural, mechanical, and tribological properties of 
Al6061 composites. This study aims to fill that gap by investigating the behavior of 
Al6061 composites with varying AlN content. Ultimately, this study aims to create 
and analyze Al6061 composites reinforced with AlN, focusing on optimizing their 
wear resistance, hardness, and compressive strength. Squeeze casting was used to 
precisely create Al6061 matrix composite enhanced with AlN in order to accomplish 
this challenging goal. 

2. Materials and methods

The alloys for the investigation were produced using stir casting technique.
Electric Furnace make VM10L1200 was used for the melting and casting 
procedures, aluminium alloy 6061 (AA6061) used as the base matrix alloy. Melting 
was carried out at 800 ℃ in a heat-resistant steel crucible. The graphite blade 
spinning at 400 rpm was used to agitate the molten metal for ten minutes when AlN 
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reinforcing particles (density 3.26 g/cm3) of average diameter 10 μm were 
introduced. The blade was adjusted horizontally and vertically throughout the 
process to ensure even particle distribution and prevent dead zones in the melt. After 
that, samples were prepared in accordance with ASTM standards by pouring the 
molten composite into a cylindrical steel mould, which was preheated to 2500C to 
avoid thermal shock and ensure a uniform cooling rate during solidification. The cast 
alloys produced had nominal percentages of 0%, 2%, 4%, and 6% AlN. ASTM-E8 
standards were used to produce the tensile samples, ASTM-E10 standards were used 
for the hardness test, ASTM-E23 standards were used for the flexural test, and 
ASTM-G99-95 standards were used for the wear samples. The chemical 
compositions of Al6061 are shown in Table 1. 

Table 1. Chemical composition of Al6061 and AlN. 

Al6061 
Elements Cr Cu Mg Zn Fe Mn Si Ti Al 

Actual value % 0.35 0.40 1.20 0.25 0.70 0.15 0.80 0.15 95.85 

AlN 
Elements O N Al 

Actual value % 1.46 32.26 66.28 

2.1. X-ray diffraction analysis of Al6061 and AlN 

X-ray diffraction assessment was achieved to evaluate the occurrence of Al and 
AlN reinforcement in the composite. XRD spectrum exhibits the occurrence of dual 
peaks related to Al6061 and AlN which are depicted in the Figure 1. XRD data 
obtained using a Cu-Ka source (wavelength of 0.1540598 nm) X-ray. 

Figure 1. XRD peaks of A6061 and A1N. 

Figure 1 shows the XRD pattern of sputtered AlN. The main peaks of the 
aluminium nitride are observed at Bragg’s as 33.3°, 36.0°, 37.5°, and 42.6° 
corresponding to the crystallographic planes (100), (002), (101), and (220), 
respectively. The highest peak intensity was found for AlN with (002) orientation. A 
comparison of observed and standard values of the work investigated by Park and 
Kim [17]. The XRD showed the compounds present in the aged composites. 
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Aluminium having the highest peak, Mg and Si elements was present, confirming 
that it is a 6061 aluminium alloy. 

2.2. Tensile, hardness and flexural strength 

In the current study, prepared specimens were subjected to a tensile test on a 
universal testing machine (UTM), the samples were prepared using ASTM-E8 
standards. Tensile tests were carried out on KIC-2-1000c machine, and at a test 
speed of 1 mm/min. 

According to the results of the tensile tests as shown in Figure 2, the ultimate 
tensile strength of the alloy increases as the AlN weight percentage rises. Adding 
ceramic reinforcing AlN functions as a nucleation site and facilitates the 
crystallisation of the aluminium matrix in the AA6061 matrix. The dislocation 
motion of aluminium composites is robustly mediated by the improvised grain 
boundaries. Grain size has decreased as a result of the confined dislocations that are 
constantly moving across the matrix. This prevents the dislocation motion that builds 
up the composites’ strengthening effect. This reduction in grain size impedes 
dislocation movement, thereby strengthening the composite. The spatial arrangement 
of reinforcement in the matrix alloy and the grain refinement seen in the 
microstructure are the reasons for the rise in hardness of composites. When 
compared to aluminium alloy, it is also discovered that the increased weight % of 
AlN acts as a constraint to resist the motion of dislocation, producing a higher 
hardness. The higher concentration of AlN particles creates more obstacles for 
dislocation movement, resulting in an increase in hardness. 

The flexural test was also conducted on KIC-2-1000c UTM machine with cross 
head speed of 2 mm/min, the specimen was fabricated as per ASTM E23 standard, 
Similar trend is observed flexural test also (Figure 2), the alloy flexural strength 
increased as the AlN wt% increases. One of the main factors lowering the ductility is 
the ceramic-reinforced particles’ brittle behaviour. The ductile matrix content can be 
decreased by increasing the weight percentage of AlN particles in the composites, 
which can counteract the aluminium matrix’s capacity to flow. The flexural strength 
is calculated using Equation (1). 

𝜎 = (𝑀/𝐼)𝑌 (1)

where  
σ: Bending stress 
I: Moment of inertia 
M: Bending Moment 
Y: Young’s Modulus 
Arık et al. [18] studied the mechanical characteristics of B4C-reinforced MMCs 

with an Alumix-13 matrix, generated using hot compaction. They tested the hardness 
and three-point bending strength of the aged and non-aged composites. According to 
the results of the researchers’ three-point bending tests, the B4C reinforcement 
material significantly increased the three-point bending strength of the powder 
metallurgical composite materials, while the composites containing 10% B4C 
decreased in strength. As a cause for this finding, they proposed that the increased 
tendency of fracture formation with the higher B4C ratio restricted the deformation 
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during the three-point bending test and most likely demonstrated a trend towards a 
cleavage fracture. 

 
Figure 2. Tensile strength, hardness strength and flexural strength of AlN reinforced 
Al6061 alloy. 

The hardness experiment was conducted using a main load of 100 kgf on a 
Rockwell hardness testing equipment, with the B scale selected. The specimen with 
0% weight AlN had a hardness of 89.2 BHN; linear increases in hardness were 
achieved by adding 2%, 4%, and 6% weight AlN. The highest BHN recorded in 8% 
wt reinforced specimens was 106.2. These increases have been identified for 
enriching the weight proportion of the hard and brittle modes of the AlN particles in 
the Al6061 aluminium alloy. In a similar work, Hillary et al.’s [19] study examined 
the mechanical behaviour of Al6061 with silicon carbide (SiC) and titanium diboride 
(TiB2) composites. The composite was made with 5 wt% SiC and 2/8 wt% TiB2 
using the traditional stir casting technique. The experiment’s results demonstrated 
increases in micro hardness, tensile strength, and flexural strength of 8.18%, 20.19%, 
and 9.46%, respectively. Hard particles like SiC and TiB2 boosted the hybrid 
composite’s load-bearing capacity, which enhanced the mechanical performance of 
the as-cast Al-6061 composite. 

This might be related to an increase in the quantity of hard ALN particles in the 
aluminium matrix, as well as their high hardness. The incorporation of reinforcement 
particles into the aluminium matrix increases their surface area while decreasing the 
size of the aluminium matrix grains. The presence of these hard surface regions on 
ALN particles provides significant resistance to plastic deformation, resulting in 
increased hardness of manufactured AMCs [20]. Furthermore, the presence of hard 
and brittle ALN particles in the soft and ductile Al6061 matrix decreases the 
ductility content of fabricated AMCs due to the low ductile content of matrix metal 
in the composite, which significantly improves the hardness of manufactured AMCs, 
the same phenomena were observed in the obtained result as shown in Figure 2. 

The dispersion of the strengthening phase and bonding strength of ALN 
particles in the matrix significantly impact the ultimate tensile strength. This is a 
well-known dispersion-strengthening mechanism. As a result, the observed 
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undesirable decrease in ultimate tensile strength is mostly due to the creation of 
small AlN agglomerations inside the matrix. These AlN agglomerations often 
decrease the interfacial area between the reinforcement and the matrix. Furthermore, 
the existence of pores within the matrix caused by the overlapping of the AlN 
particles has a detrimental influence on the material’s strength, resulting in fracture 
initiation in the composite under loading. This reduces interfacial energy bonding 
between reinforcement and matrix particles, this leads to reduce in the strength of the 
composites [21]. 

3. Wear analysis

Dry sliding tests were chosen to simulate real-world conditions where
lubrication might be absent, such as in high-temperature environments. The wear test 
was performed with a ‘Pin-on-Disc’ wear testing equipment, using specimens with a 
diameter of 6 mm and a length of 40 mm, a dry sliding wear test was performed in 
accordance with ASTM-G99-95 standard, against a revolving EN32 steel disc with a 
hardness of 65 Rc. Testing was conducted using a Pin on-Disc wear test machine 
(Make: Ducom Instruments Pvt. Ltd., Model: TR20LE), whereby wear and 
tangential frictional force were tracked with the use of electronic sensors. 

The parameters for tribological experiments include load 20 N, 40 N, and 60 N, 
as well as sliding velocity 1.5 m/s at intervals of 0.5. Figure 3, displays the results of 
the wear tests conducted on the produced composites and illustrates the relationship 
between the particular wear rate and the quantity of reinforcement in terms of sliding 
distance and applied load. The wear rates of all the alloy samples are clearly lower 
than those of the Al6061 alloy, as shown in Figure 3. The composite with 8 weight 
percent AlN has the lowest wear rate, the wear resistance of the 8 wt% AlN 
composites can be attributed to the uniform distribution of hard AlN particles that 
resist surface deformation and material removal during sliding. There are several 
reasons for the increased wear rate in the Al6061 alloy, including the presence of 
reinforced AlN, the uniform distribution of the reinforcement, the interfacial bonding 
between the reinforcement and matrix material, and the increased strength attained 
by 

Smaller grains prevent dislocations from moving and lessen the likelihood that 
a fracture will spread, which is why this happens. AlN, on the other hand, is usually 
stronger and harder than the matrix material. These hard particles can withstand wear 
and distortion when included into a softer matrix, hence boosting the composite’s 
overall hardness and wear resistance. Ensuring a consistent distribution of AlN 
inside the aluminium matrix enhances the composite’s resilience to wear. This 
uniform distribution contributes to the development of a microstructure with several 
hard phases, which can lessen friction and stop wear tracks from forming. 
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Figure 3. Mass loss of AlN reinforced Al6061 alloys at 20 N, 40 N and 60 N load 
conditions. 

The impact of AlN weight percentage on wear weight loss during the wear test 
under various load circumstances, such as 20 N, 40 N, and 60 N, is shown in Figure 
4. The weight loss is calculated using Equation (2). 

Weight loss(gm) =
intial weight − final weight

intial weight
 (2)

The AlN composites with 8 weight percent reinforcement had the lowest mass 
loss, whereas the Al6061 matrices had the highest mass loss. It is evident that hard 
Nano AlN particles reinforced with Al6061 matrix result in a significant increase in 
mass loss. 

The relationship between the rise in wear rate seen in both the Al6061 alloy and 
the AlN reinforced alloy and the increase in normal load is shown in Figure 3. The 
resistance provided by the brittle asperities and the combined surface effects of 
ploughing and delamination brought on by the increased load are the causes of this 
phenomena. Ultimately, the wear rate rises considerably as a result of this higher 
stress. Moreover, a rise in stress might cause subsurface micro cracking, which 
would alter or reduce the surface asperities which can be seen from SEM images in 
Figures 5 and 6. Aluminium alloy contains hard alloy particles, which combine to 
form a mechanically mixed layer (MML) that is made up of a strong layer and a 
stretchable aluminium base matrix. The resultant lower rate of wear is due to this 
multi-layered material’s effective ability to limit material exchange from the surface, 
maintaining a mild wear regime primarily controlled by an oxidative process.  

Similar findings were reported by Raviraj et al. [22] in their investigation of the 
aluminium, zinc, and magnesium alloy as well as Verma and Singh [23], when they 
investigated wear analysis of aluminium matrix composite reinforced with high 
entropy alloy particles.  

3.1. Specific wear rate and co-efficient of friction  

Because of the presence of AlN particles, which withstand the applied stress, 
the contact surface between the produced composite pin sample and the counter steel 
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disc is less than in the parent alloy. Furthermore, when sliding, the AlN 
reinforcement material cannot separate from the aluminium matrix due to the high 
integrity between the reinforcement particle and the Al6061 matrix. Consequently, in 
comparison to the monolithic alloy, the Al6061/8 weight percentage AlN composites 
exhibited the lowest wear rate. The effect of normal force on the wear rate of the Al 
alloy without reinforcement and the Al6061/AlN alloy is shown in Figure 4. The 
chart clearly shows that the produced AMCs and plain matrix Al’s wear performance 
increased linearly with an increase in normal load. An increase in load results in a 
higher WR for Al6061. 

 
Figure 4. Specific wear rate of the AlN reinforced Al6061 alloy for different load 
conditions. 

The surface material softens as a result of intense frictional heating brought on 
by increased applied stress. The hard asperity penetration much improves, leading to 
an increase in the composite material’s plastic deformation. Consequently, these 
actions ultimately cause the composite’s wear rate to increase. 

 
Figure 5. Friction coefficient of the AlN reinforced Al6061 alloy for different load 
conditions. 
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Figure 5 illustrates that the Al6061 has a lower coefficient of friction than the 
AlN-reinforced Al6061 samples. Variations in the degree of localised plastic 
deformation at actual contact locations might be the cause of variations in the 
friction coefficient. Because the AlN surfaces are tougher, it is anticipated that there 
would be less plastic deformation and reduced friction.It is clear that AlN reinforced 
alloys had less adhesive and abrasive wear because of their increased hardness and 
somewhat lower coefficient of friction, respectively. 

A conductive epoxy composite with two hybrid filler reinforcement systems 
was created by Choi and Kim [24]. There are two types of systems: one with large-
sized AlN particles and small-sized Al2O3 particles, and another with small-sized 
AlN particles and large-sized Al2O3 particles. At equal volume contents, this 
composite shows a higher packing density and a smaller surface area. The 
mechanical, electrical, and thermal characteristics of a modified AlN filled 
polyetherimide (PEI) composite were examined by Wu et al. [25]. With increased 
AlN levels, the tensile modulus, strength, thermal stability, and electrical 
characteristics improved. The values of the tensile strength are raised by 27% when 
12.6 vol% AlN is added to the PEI matrix. The highest tensile modulus of the PEI 
matrix filled with 33.6 vol.% modified AlN fillers is 563.29 GPa, which is 300% 
more than the value of the pristine PEI matrix. 

3.2. Morphology of worn-out surfaces 

In order to comprehend the wear mechanism, it is necessary to examine the 
worn surfaces. At the sliding distance traversed with applied load condition, the 
worn surface topography is shown under SEM in Figure 6, showing prominent 
characteristics including asperity fragmentation, wear debris creation, fracture 
development, and delamination. Both the al6061 and the composite having AlN wt% 
Al6061 have more noticeable sliding grooves as a result of the asperities’ abrasive 
ploughing effect on the tougher steel surface. 

Figure 6. SEM morphology of worn out surfaces. 
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According to research by Tyagi et al. [26], the classification, geometry, and 
percentage of the reinforcing materials have a significant impact on the wear 
characteristics of Al-based composites.  

In a study on the sliding wear performance of a hybrid Al2219/Grp/B4Cp 
composite, Rabindranath et al. [27] found that as load, speed, and travel distance 
rose, so did the wear in all the materials. On the other hand, the hybridised composite 
exhibited greater resistance to wear, most likely as a result of the presence of 
ceramic particle reinforcements. The pace at which material was removed from the 
composite’s surface decreased as a result of the particles’ strong resistance to the 
abrasive’s micro-cutting of the composite. 

Kumar et al. [28] investigated the wear response of an Al430-based composite 
including MgO and SiC. Investigators observed that the material wear increased as 
the reinforcing content increased. Maintaining a 2.5% reinforcement concentration at 
600 rpm resulted in a 40% reduction in weight loss. Furthermore, a 45% and 91% 
wear decrease was seen at higher reinforcement concentrations of 5% and 7.5%, 
respectively. Additionally, compared to the basic alloy, the composite wear rate was 
reduced at different loads and speeds. 

Delamination, adhesive, abrasive, and fretting wear modes can all affect Al-
based MMCs. The relationship between each mechanism and surface morphology is 
discussed here. The Al6061/AlN alloy sample exhibits a mix of adhesion wear 
mechanism and deep grooves aligned in the sliding direction, indicating a plastic 
deformation caused by abrasion. As the two surfaces’ interacting asperities fracture 
and undergo plastic deformation, fractured particles are created that serve as abrasive 
particles during sliding. As can be seen, these fragmented particles leave the surface 
and create voids. There have been reports of severe wear in several Al alloys in the 
past. 

4. Conclusion 

Al6061 alloy matrix composite reinforced with 0%, 2%, 4%, 6%, and 8% 
aluminium nitride (AlN) was successfully made using the stir cast approach and 
exhibited excellent qualities due to an efficient integration of the Al alloy and 
reinforcement components. 

 The enhanced mechanical properties with higher AlN loading make these 
composites ideal for applications requiring high wear resistance and durability. 

 For AlN reinforcement concentrations, the hardness values are progressively 
improved, ranging from 89.2 BHN at 0 wt% to 106.2 BHN at 8 wt%. Compared 
to plain matrix, the produced composites have a higher level of hardness. 

 Al6061 with 6 wt% AlN alloy reveals 19.70% greater tensile strength when 
compared to Al6061 plain matrix alloy. Al6061/AlN composites achieves a 
peak yield strength of 205.32 MPa at 6% wt% AlN reinforcement. 

 The wear rate reduced gradually when AlN was added, reaching a minimum at 

8 wt% of AlN reinforcement.  

 The adhesive mode of features for Al6061 matrix alloy and the abrasive mode 
of characteristics for Al6061/AlN AMCs are revealed by worn surface 
morphology. The composites made of Al6061/8 wt% AlN are ultimately shown 
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to have the best mechanical and wear characteristics. This makes Al6061/8 wt% 
AlN composites highly suitable for use in demanding environments such as 
automotive components or industrial machinery. Future studies could explore 
the long-term durability of these composites in various operational 
environments. 
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Abstract: An eco-friendly CuBO2-based photocatalyst has been doped by a lanthanide for the 

first time. Gd3+ and Gd3+/Bi3+-doped CuBO2 are synthesized by the hydrothermal method to 

study their magnetic properties. Then they are analyzed by XRD, UV-Vis, SEM, and VSM. 

The maximum amount of doping is x = 0 − 1.5% in Cu1–3xGd3xBO2 and 

Cu1–3xBi3x/2Gd3x/2BO2 formulas as they are analyzed in XRD. For concentrations higher than x 

= 2%, the additional peak indicates that doping is incomplete. The XRD pattern of CuBO2 

confirms that its crystal structure is a hexagonal one with the R3 m̅ space group. According to 

UV-Vis analysis, the bandgap energies are 2.711, 2.753, and 2.765 for CuBO2 and doped 

systems. Additionally, the morphology of particle sizes is confirmed according to SEM 

images. Meanwhile, the magnetic properties of synthesized material are studied by VSM, and 

the doped compound exhibited higher magnetic properties than CuBO2, which is associated 

with the exchange interaction of electron and d spins in Gd3+ and Bi3+. The study aims to 

provide insights into the magnetic properties of lanthanide-doped CuBO2-based 

photocatalysts, potentially paving the way for developing improved magnetic materials for 

various applications. 

Keywords: bandgap energy; CuBO2; photocatalyst; lanthanide; magnetic properties 

1. Introduction 

One of the most intriguing issues for materializing oxide-based electronics is 
researching and expanding p-type wide-bandgap oxide materials. In order to achieve 
technologies such as electronics that are invisible and utilize wide bandgaps, p-type 
transparent conducting oxides (TCOs) are considered as key factors due to their 
appropriate electrical and optical features [1]. 

In the last decades, CuBO2 has been known as the newest material among 
Copper delafossites, which can be as a hopeful electrical conductivity and splendid 
transparency at room temperature. However, few studies have been conducted on 
this important and valuable material [2–4]. This material with high photocatalytic 
activity was introduced as a p-type material of the environment-friendly TCO group 
by Chattopadhyay’s research group [1]. 

Copper metaborate belongs to the group of oxide copper compounds and has 
various magnetic features [5]. Hence, Roessli et al. have reported that temperature 
changes affect the magnetic phase of such material and the phase changes from the 
paramagnetic to the commensurate weak ferromagnetic by decreasing temperature at 
10 ≤ T ≤ 21 K under zero magnetic field [6]. 

There are other various types of these compounds, i.e., CuB2O4, Cu3B2O6, 
Cu2[BO(OH)2](OH)3, Cu3B6O12·H2O and Cu3B6O12 each of which is utilized in the 
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optical devices and electrodes according to their magnetic and electrical properties, 
respectively [7]. 

Chattopadhyay et al. studied the photocatalytic performance of this delafossite 
material for the first time with a standard photocatalytic set-up that showed the 
photocatalytic efficiency increased with decreasing particle size. The efficient 
photocatalytic performance made this novel p-type wide bandgap semiconductor an 
indeed multifunctional material [1]. 

In another study, Mero et al. studied the optical features of copper metaborate 
by spectroscopic ellipsometry and Raman scattering spectroscopy. The results 
illustrated that temperature reduction caused an unusual redshift to appear in the 
bandgap. In addition, upon cooling at 21 K—that is, the canted antiferromagnetic 
ordering temperature—the irregularities were observed in the bandgap, peak energy, 
and normalized intensity of charge transfer bands [8]. 

Scanlon et al. have utilized GGA corrected for on-site Coulomb interactions 
(GGA + U) and a hybrid density functional (HSE06) for investigating and computing 
the geometry and electronic structure of CuBO2. The analysis of band extrema shows 
that boron (B) does not contribute to the state that controls conductivity. Also, good 
p-type conductivity was forecast. It is noticeable that the smaller Cu-Cu distance in 
such material in comparison with any other delafossites caused this increasing 
conductivity [4]. 

Other studies have investigated changes in the magnetic and optical properties 
of doped copper metaborate by Ni2+ and Mn2+ [9–11]. Doping is a common method 
used to intentionally introduce impurities (other cations) into the structure of 
semiconductors, thereby changing their electrical, optical, and magnetic properties, 
and improving their bandgap properties [12–14]. Hence, Khanh et al. demonstrated 
that electric polarization can be created and controlled in doped copper metaborate 
by Ni2+ under a magnetic field by investigating the magnetoelectric effect in the 
Ni/copper metaborate system [9]. 

On the other hand, lanthanides have recently gained attention due to their 
magnetic, optical, and electrical properties [15–19]. 

In this study, gadolinium has been selected as a lanthanide with magnetic 
properties [20,21], and the changes in the magnetic properties of doped copper 
metaborate by Gd3+ and Gd3+/Bi3+ are compared. Notably, this is the first time a 
lanthanide has been doped into the copper metaborate structure in order to improve 
its magnetic properties. 

2. Materials and methods 

Copper acetate (99.99%), borax (99.0%), and bismuth nitrate pentahydrate 
(99.99%) purchased from Sigma-Aldrich, and sodium hydroxide (99.0%) and 
gadolinium oxide (99.9%) purchased from Merck, were used in the synthesis 
method. The purity of used materials is 99%. Also, XRD (Siemens D500), SEM 
(TESCAN MIRA3-FEG), UV-Vis (Sinco 4100), and VSM 7400 Lake Shore (VSM) 
are used for analyzing synthesized nanostructures. 

2.1. Synthesis of Cu1–3xGd3xBO2 
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Gadolinium oxide was dissolved in the minimum amount of nitric acid 
according to Table 1 with a determined molar ratio to use its nitrate in the reaction. 
Then copper acetate and 0.04 molar borax solutions are prepared in a separate beaker 
and added into the gadolinium-nitrate solution, and stirred for 30 min at 25 ℃. Next, 
0.2 molars of NaOH are added to the main solution and stirred for 2 min at the same 
temperature. The mixture will be entered into the autoclave and heated for 10 hours 
at 180 ℃. The last step is cooling, filtering, washing with deionized water, and 
drying the obtained powder at room temperature [1,22,23]. 

Table 1. The ratio of used materials for the synthesis of Cu1–3xGd3xBO2. 

Sample Nitric acid (M) Borax (mol) Gadolinium oxide (mol) Copper acetate (mol) x (%) 

A 

0.2 0.0008 

0.0062 0.003341 0.005 

B 0.0124 0.003324 0.01 

C 0.0186 0.003307 0.015 

D 0.0248 0.003290 0.02 

2.2. Synthesis of Cu1–3xGd3x/2Bi3x/2BO2 

Gd3+/Bi3+ doped-CuBO2 catalyst was synthesized by the same method in 2.1. 
The difference is that the ratio of used materials is according to Table 2. 

Table 2. The ratio of used materials for the synthesis of Cu1–3xGd3x/2Bi3x/2BO2. 

Sample Nitric acid (M) Borax (mol) Bismuth nitrate (mol) Gadolinium oxide (mol) Copper acetate (mol) x (%) 

A 

0.2 0.0008 

0.000017 0.0062 0.003324 0.01 

B 0.0000255 0.0093 0.003307 0.015 

C 0.000034 0.0124 0.003290 0.02 

3. Results and discussion

3.1. XRD Pattern 

According to the JCPDS card (No. 28–1256), the synthesized CuBO2 organizes 
a hexagonal structure with an R3 m̅ space group [24,25]. XRD patterns in Figure 
1a,b,c show there is no additional peak to behold in x = 1.5%. It can be concluded 
that Gd3+ is solvable in the Cu1–3xGd3xBO2 system up to x = 1.5%, while when x 
goes to 2%, there will be three additional peaks at 2θ = 28.15, 36.45, and 52.22. This 
could be related to oxidized non-doped gadolinium in the process of synthesis. 
Figure 1d indicates that incomplete doping is in accordance with gadolinium oxide 
peaks in the JCPDS card (No. 42–1465). 
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Figure 1. XRD patterns of Cu1–3xGd3xBO2 (a) x = 0.5%; (b) x = 1%; (c) x = 1.5%; 
and (d) x = 2%. 

 

Figure 2. XRD spectra of (a) Cu1–3xGd3x/2Bi3x/2BO2 (x = 1%); (b) 
Cu1–3xGd3x/2Bi3x/2BO2 (x = 1.5%); (c) Cu1–3xGd3x/2Bi3x/2BO2 (x = 2%). 

Based on XRD spectra in Figure 2a and 2b, it can be concluded that Bi3+ and 
Gd3+ are soluble in Cu1–3xGd3x/2Bi3x/2BO2 system at the same concentration (x = 
1.5%). Figure 2c illustrates that when x increases to 2%, there will be an additional 
peak at 2θ = 42.89, which shows incomplete doping. 

3.2. UV-Vis analysis 

The purpose of carrying out UV-Vis analysis is to calculate the bandgap and 
investigate electron transfer. Figure 3 illustrates the UV-Vis spectra of CuBO2, 
showing that absorption intensity has been increased by doping and a small shift has 
been observed in the wavelengths. 
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Indeed, electron transfer in copper metaborate is related to ligand-to-metal 
charge transfer [LMCT]. The absorption band is near 457 nm. This could be related 
to the electron transfer from the oxygen 2p orbital to the copper 4s orbital [LMCT]. 

It should be mentioned that LMCT is electron transfer from the valence band 
(O2– : 2p) to the conductive band (Cu+: 4s). There is no d-to-d orbital electron 
transfer because d orbitals are occupied in Cu+. This applies to Bi3+ (6p) too. But f 
orbitals (4f) are partially filled in Gd3+; therefore, f-to-f orbital electron transfer can 
occur. Hence, they have shifted to shorter wavelengths. 

In order to calculate bandgap energy, Equation (1) is used, where h is Planck's 
constant, c is the velocity of light, and λ is the wavelength [26]: 

E= hc/λ 
(1) 

E= 1239/ λ (eV) 

The calculated bandgap energies for CuBO2, Cu1–3xGd3xBO2, and 
Cu1–3xGd3x/2Bi3x/2BO2 are 2.711, 2.753, and 2.765 eV, respectively. 

 

Figure 3. UV-Vis spectra of (a) CuBO2 nanopowders; (b) Cu1–3xGd3xBO2 (x = 
1.5%); and (c) Cu1–3xGd3x/2Bi3x/2BO2 (x = 1.5%). 

3.3. Magnetic spectra analysis 

Magnetic measurements of samples were performed by VSM. The results are 
demonstrated in the magnetization curves based on magnetic field strength. Figures 
4a–4c indicates magnetization curves based on the magnetic field in synthesized 
nanopowders for different x at room temperature. As seen, all samples include a 
hysteresis curve, so they have paramagnetic properties. (Hc) and (Ms) of samples are 
seen in graphs. 

28



Materials Technology Reports 2024, 2(2), 1699.  

Figure 4. Magnetization curve on the basis of the external magnetic field in room 
temperature of (a) CuBO2 nanopowders; (b) Cu1–3xGdxBO2 (x = 1.5%); and (c) 
Cu1–3xGd3x/2Bi3x/2BO2 (x = 1.5%). 

As can be seen in Figure 4, (Ms) increases as the type of doped element 
changes. This is because of the increase in the replacement magnetic moment in the 
host network [27]. Indeed, in a magnetic network, electrons will be polarized by the 
injection of magnetic ions at a determined level. It is the result of exchange 
interactions in Ruderman-Kittel-Kasuya-Yosida (RKKY). This impurity can have 
paramagnetic properties [28]. Therefore, paramagnetic features in doped 
compositions are obtained by the exchange interaction of electron and d spins in 
Gd3+ and Bi3+. The interaction can cause a regular arrangement of adjacent spins and 
the magnetization of the network. 
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3.4. SEM images 

The purpose of electron microscopy images is the analysis of surface 
morphology, grain size, and distribution. The magnifications of 30000x and 50000x 
for analyzing powders were used (Figure 5). The frequency of particles shows that 
their size is around 60 nm. It should be mentioned that the distribution is high and 
the highest frequency is in the range of 59 nm to 65 nm. 

  

Figure 5. SEM image of (a) Cu1–3xGd3xBO2; and (b) Cu1–3xGd3x/2Bi3x/2BO2. 

4. Conclusion 

This study successfully doped nano CuBO2 with a lanthanide for the first time. 
The XRD pattern of the synthesized samples illustrated that the maximum amount of 
doping is x = 0 − 1.5%. In concentrations higher than x = 2%, additional peaks are 
observed that indicate doping is incomplete. LMCT is electron transfer from the 
valence band (O2–: 2p) to the conductive band (Cu+: 4s). There is no d-to-d orbital 
electron transfer because d orbitals are occupied in Cu+. This applies to Bi3+ (6p) too. 
But f orbitals (4f) are partially filled in Gd3+, so f-to-f orbital electron transfer can be 
carried out. Hence, they have shifted to shorter wavelengths, and the calculated 
bandgap energies for CuBO2, Cu1–3xGd3xBO2, and Cu1–3xGd3x/2Bi3x/2BO2 are 2.711, 
2.753, and 2.765 eV, respectively. Magnetic curves of samples demonstrated that all 
of the samples include hysteresis curves, and (Ms) increases as the type of doped 
element changes. It is because of the increase in the replacement magnetic moment 
in the host network. Therefore, paramagnetic properties in doped compositions are 
obtained by the exchange interaction of electron and d spins in Gd3+ and Bi3+. The 
interaction can cause a regular arrangement of adjacent spins and the magnetization 
of the network. 
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Abstract: The paper discussed the current research on the applicability of biosorbents for the 

purification of biogas, particularly the decrease of H2S by using encapsulated or embedded 

biological biomass. This study investigated the potential of alginate-yeast biosorbent (AlgY) 

for biogas purification, focusing on hydrogen sulfide (H2S) removal. A biogas column test 

was conducted to compare the biosorption efficiency of AlgY and pure alginate beads. Using 

Response Surface Methodology (RSM), the effects of column length, acquisition time, and 

biosorbent type were evaluated for CH4, CO2, and H2S removal. Results depicted significant 

H2S reduction, with AlgY achieving a p-value of < 0.0001 and a high correlation coefficient 

(R2 = 0.9518). The relatively high correlation coefficient (R2) of the tested quadratic model of 

all the responses were recorded (R2; 0.5560, 0.5048, and 0.9518 for CH4, CO2, and H2S 

respectively). According to the studies’ preliminary findings, the type of biosorbent has a 

significant role in determining the biosorption effectiveness. The ANOVA of model terms 

depicted a significant p-value (p < 0.05) indicated a potential alginate-yeast (AlgY) biosorbent 

for H2S purification or reduction. 

Keywords: biosorbent; yeast-alginate bead; biogas 

1. Introduction 

The article reported the previous and ongoing research works on biobased 
materials that are biofiller and biosorbent adaptable for pollutant reduction through 
the encapsulated microbial biomass and embedded yeast biomass respectively. The 
findings broaden the green process technology approaches and help to minimize the 
secondary pollution problems in addressing environmental sustainability. The other 
part of the article presented the findings of the biosorbent preliminary study 
synthesized from dry yeast and maize silage biomass. 

Various materials including microalgal biomass olive pomace [1], and banana 
fiber [2] have been previously examined for this purpose. Ciapponi [3] investigated 
how renewable fillers influence the mechanical properties of plasticized gluten. The 
findings revealed that incorporating microalgal biomass, which resulted in a modest 
enhancement of surface sensitivity to water. However, despite this increase in surface 
sensitivity, the biomass contributed to a reduction in water absorption kinetics and 
were assessed for materials in the presence of different flexibilities. 

Consequently, biomass that derived from microalgae emerges as a compelling 
and sustainable resource for developing gluten-based materials, particularly for 
enhancing mechanical properties without compromising thermal stability or water 
resistance. Current research predominantly focuses on the progression of Polymer 
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Matrix Composites (PMCs), which are strengthened with various fibers (both natural 
and synthetic) and supplemented with fillers (both organic and inorganic). This 
emphasis is due to the inherent in these composites is a wide range of characteristics 
and attributes [4,5].  

The possibility of yeast (Saccharomyces cerevisiae) biomass was encapsulated 
or immobilized in the calcium alginates beads. The findings of calcium alginatere 
beads encapsulated with yeast biomass for hydrogen sulphides (H2S) and carbon 
dioxide concentration are presented. As mentioned in other sources, the majority of 
yeasts exhibit robust growth within the pH range of 4.5 to 6.5. However, virtually all 
species demonstrate the capability to thrive in media with either more acidic or 
alkaline conditions. Saccharomyces cerevisiae for instance, the primary species 
employed in industrial bioethanol production achieves optimal growth under pH 
conditions ranging from 4.0 to 6.0 [6]. Fungi growth is regulated by various factors, 
among them signalling molecules like hydrogen sulphide (H2S), traditionally 
considered a toxic gas devoid of physiological function. Enzymatically and 
endogenously produced in numerous species, H2S acts as a gaseous signalling 
molecule, playing a crucial role in various essential biological functions. A surface, 
intersurface, metabolism reaction could be a possible mechanism which occurs 
during the treatment process [7]. The experimental design incorporated the use of 
Response Surface Methodology (RSM). RSM offers a structured statistical design 
methodology for investigating the collective impact of two or more variables 
employed in an experiment [8]. 

Drawn from enzymatic reactions, particularly those originating from in vivo 
CO2 metabolic processes, this approach could offer a more efficient and 
environmentally friendly method for CO2 conversion. This is attributed to its 
elevated stereospecificity and enantioselectivity [9]. In principle, the 
biomineralization processes can employ carbon dioxide (CO2) to produce CaCO3 
particles, and this preparation is recognized as an environmentally conscious and 
eco-friendly method for carbon dioxide sequestration [10]. The CO2 catalytic 
conversion into CaCO3 particles using calcium alginate (CA) occurs through three 
distinct stages. 

CO2 + H2O ↔ CA HCO−3 + H+ (1) 

HCO−3→ H+ + CO2
−3 (2) 

Ca2+ + CO2
−3→ CaCO3 (3) 

Of the mentioned reactions, step (1) is the least rapid, signifying that it serves as 
the rate-limiting step. Of the mentioned reactions, step (1) is the least rapid, 
signifying that it serves as the rate-limiting step [11]. The core concept is that CA 
catalyzes the swift conversion of H2O and CO2 into H+ and HCO3

− ions initially. 
Following this, the HCO3

− undergoes an easy transformation into CO3
2−, 

subsequently reacting with the introduced Ca2+ to yield CaCO3 [12]. Bioassimilation 
refers to the mechanism through which organisms assimilate specific elements, 
compounds, or particles from their surroundings, incorporating them into their own 
physiological structures. It holds a crucial function in diverse living systems, 
manifesting both advantageous and adverse impacts on species and ecosystems 
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[13,14]. Adsorption is defined as the alteration in the density of a molecule at the 
surface layer of a solid material in comparison to the bulk phase per unit surface area. 
The term sorption is a comprehensive expression encompassing both absorption and 
adsorption processes [15]. These terms are often confused. Absorption is the 
incorporation of a substance in one state into another of a different state (e.g., liquids 
being absorbed by a solid or gases), i.e., into a three-dimensional matrix [16]. 
Biosorption or bio-adsorption may be simply defined as the removal of substances 
from pollution matrix of phases by biological materials [17].  

The precise binding mechanisms may range from physical, i.e., electrostatic 
interactions, van der Waals forces, hydrogen bond, to chemical binding, i.e., ionic 
and covalent. Some of the reported mechanisms include absorption, (surface) 
adsorption, ion exchange, binding or surface complexation, (surface) precipitation or 
microprecipitation, and mineral nucleation. Biosorption is a property of both living 
and dead organisms, and their components. While most biosorption research 
concerns metals and related substances, the term is now applied to particulates and 
all manner of organic substances as well. Practically, all biological material has an 
affinity for metal species [18]. However, the term “biosorption” refers to the passive 
or physicochemical attachment of a sorbate to a biosorbent, essentially the binding of 
a chemical species to biopolymers. The definition, thus, specifically excludes 
metabolic or active uptake by living, metabolizing cells. In the literature, the term 
“biosorbent” includes the usage of dead biomass such as fibres, peat, rice hulls, 
forest by-products, chitosan and agro-food wastes as well as living plants, fungi, 
algae (unicellular microalgae, cyanobacteria, multicellular macroalgae) and bacteria. 
Biosorbents represent cheap filter materials often with high affinity, capacity and 
selectivity, and they are abundant and already available in most places [19–21]. 

2. Materials and method

2.1. Experimental setup and preparation of yeast-alginate bead 

The experiments were conducted in a controlled laboratory setting. The 
experimental setup of the biosorbent preparation and the biogas purification column 
test are illustrated in Figures 1 and 2 respectively. 

A calcium alginate bead and yeast-alginate beads/biosorbent were prepared as 
described by [22] with minor modification. Alginate solution was firstly performed 
by stirring sodium alginate (Fisher Scientific) in warm distilled water. Yeast-alginate 
beads were prepared by mixing Saccharomyces cerevisiae with sodium alginate, 
followed by crosslinking with CaCl2. Crosslinking agents were selected based on 
their ability to enhance bead stability and biosorption capacity. The 3.5 g dried yeast, 
Saccharomyces cerevisiae was mixed with 8 g of sodium alginate and added to 400 
mL warm (50–60 ℃) distilled water and stir on the heater-magnetic stirrer for 5–10 
min to obtain a yeast-alginate slurry. Later the heater was switch off and the calcium 
alginate (control) and yeast alginate slurry were kept under gentle stirring until the 
mixtures are mixed completely. The immobilization of Saccharomyces cerevisiae 
biomass was carried out in a 1 L beaker containing 0.1 M CaCl2 solution with the 
agitation speed of 450 rpm. The prepared slurries were added drop-wise in a CaCl2 
solution using an appropriate dropper manually. The bead size (3 ± 0.3 mm of 
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diameter) formed was stirred in the CaCl2 solution for 20 min at room temperature to 
allow complete gelation. The spherical beads were washed several times to eliminate 
the remaining CaCl2. 

Figure 1. Illustrated the research flowchart of the study. 

Figure 2. Schematic diagram of the biogas purification column test set up. 

2.2. Design of experiment for biosorption test column 

A Central Composite Design (CCD) was employed to investigate the effects of 
column length (15–45 cm), acquisition time (5–20 min), and biosorbent type (control 
and AlgY). Table 1 summarized the CCD design of experiment depicted the three 
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levels of the two numerical parameter variables, column length and acquisition time. 
Two different types of scrubbers/biosorbents that is sodium alginate and 
Alginate-yeast were selected as categorical variables. Statistical analyses using RSM 
were conducted with Design Expert software, evaluating model adequacy through 
p-values and R2. The effects of these parameters on the ability of alginate-yeast 
encapsulation on the methane, carbon dioxide and hydrogen sulphide concentration 
of the maize silage anaerobic digester were discussed based on the response surface 
methodology (RSM) central composite design (CCD) and fitted model looking at the 
factor’s interaction.  

The experimental data were analyzed by RSM using the Design Expert 11.0 
trial version (STAT-EASE Inc., Minneapolis, USA). The response surface was 
applied to describe the effects of different factors on yeast alginate biosorption. The 
16 runs in a single block were designed to study the effects of three factors on three 
response variables. The Fisher’s test (F-value) and p-value at 95% confident level 
was used to evaluate the statistically significant of the model equation and the model 
term. Table 2 illustrated the summary of CCD experimental design selected for the 
experiment. The quality of the model fitted to the quadratic regression equation was 
determined via the coefficient of determination (R2). The fitted equation was 
presented in contour and 3D plots to explain the relationship between the responses 
and the experimental levels. The results depicted the response variables of yeast 
alginate biosorbent with the control. 

Table 1. Range of numerical and categorical variables used in the RSM central 
composite design. 

Factors Unit Type Symbol codes 
Coded levels 

−1 1 

Length of column cm Numeric X1 15 45 

Acquisition time minute Numeric X2 5 20 

Type of biosorbent - Categoric X3 Control AlgY 

Table 2. Summary of RSM central composite design carried out in the study. 

 Factor The experimental response data 

Run Column length Acquisition time Type of biosorbent CH4 CO2 H2S 

 cm Minute - % % ppm 

1 30 5 Control    

2 45 5 AlgY    

3 15 12.5 AlgY    

4 30 5 AlgY    

5 45 20 AlgY    

6 45 12.5 AlgY    

7 15 12.5 Control    

8 30 20 Control    

9 45 12.5 Control    

10 15 20 Control    
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Table 2. (Continued). 

Factor The experimental response data 

Run Column length Acquisition time Type of biosorbent CH4 CO2 H2S 

cm Minute - % % ppm 

11 15 20 AlgY 

12 45 5 Control 

13 15 5 Control 

14 45 20 Control 

15 30 20 AlgY 

16 15 5 AlgY 

3. Results

3.1. Performance of the preliminary study of the alginate biosorbent 

The results of the preliminary study were depicted in Tables 3 and 4 for the 
descriptive statistic of the biosorbent performance and the experimental response data 
(CH4, CO2, H2S) towards the factors studied respectively. The results exhibited a 
promising reduction in H2S concentrations for the alginate-yeast (AlgY) biosorbent. 
Alginate-yeast was observed to improve CH4 purification compared to control of the 
overall experimental runs. Similar trend occurred in CO2 concentrations reduction. 

The Central Composite Design (CCD) of RSM was operated to analyse the three 
parameters; column length (X1), acquisition time (X2), and type of biosorbent (X3) for 
biogas purification. The three independent factors were studied at two levels (−1, 1) as 
stated in Table 1. The CH4, CO2 and H2S sorption efficiencies were noted as response 
values; Y1, Y2 and Y3 respectively. Each experiment was the average of the triplicate. 
The 16 runs were randomly performed to analyse the process variable (Table 2). For 
Central Composite design, an appropriate fitted quadratic model was established to 
illustrate the effect of each factor and their quadratic interaction, which is determine in 
the following Equation (1). 

Y = a0 + +  + + ℇ (1) 

where Y is the predicted response, xi and xj are independent factors, a0 is intercept, ai is 
linear coefficient, aii is quadratic coefficient, and aij is interaction coefficient, 
respectively whilst, ℇ is the random error or uncertainties between predicted values. 
Table 3 is the presented results (descriptive statistic) of the study outcomes/findings. 
It is not a data from any references. 

Table 3. A descriptive statistic of the biosorption performance. 

Response Unit Minimum Maximum Mean Std. Dev. 

CH4 % 51.3157 64.1025 55.9976 2.3037 

CO2 % 29.8682 40.9008 38.0869 3.0642 

H2S ppm 0.0000 0.0045 0.0019 0.0014 
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Table 4. Experimental response data of the CCD. 

 Factor The experimental response data 

Run Column length Acquisition time Type of biosorbent CH4 CO2 H2S 

  cm Minute - % % ppm 

1 30 5 Control 54.0805 41.1018 0.0031 

2 45 5 AlgY 55.7741 40.3798 0.0000 

3 15 12.5 AlgY 55.6839 33.0012 0.0000 

4 30 5 AlgY 61.5787 27.3164 0.0000 

5 45 20 AlgY 57.7003 38.2491 0.0000 

6 45 12.5 AlgY 56.1015 39.9914 0.0000 

7 15 12.5 Control 51.5724 31.4814 0.0024 

8 30 20 Control 55.3274 40.1459 0.0037 

9 45 12.5 Control 55.3609 40.1261 0.0034 

10 15 20 Control 55.7223 39.7518 0.0042 

11 15 20 AlgY 55.9157 39.2705 0.0007 

12 45 5 Control 55.5904 39.9123 0.0037 

13 15 5 Control 55.9445 39.7251 0.0045 

14 45 20 Control 55.1074 40.1981 0.0032 

15 30 20 AlgY 57.3776 38.0508 0.0000 

16 15 5 AlgY 56.0173 36.0266 0.0015 

Response surface methodology (RSM) analysis of central composite design and 
model fitting were depicted in Tables 5 and 6. The experimental data, methane (CH4), 
carbon dioxide (CO2) and hydrogen sulphide (H2S) in Table 4 were utilized to develop 
the statistical model using multiple regression analysis fitting the quadratic model 
according to Equation (1). Table 5 exhibited the fitted quadratic equation a significant 
model representing the relationships between H2S and column length (X1), acquisition 
time (X2) and type of biosorbent (X3). Among the tested model term H2S depicted a 
significant response of the quadratic model with the p-value of 0.0006 suggesting a 
H2S purification was significant at 95% (Table 6) in comparison to CH4 and CO2. 
Alginate-yeast (AlgY) recorded a p-value of < 0.0001 indicates the type of biosorbent 
is an importance factor which determine the biosorption efficiency. The relatively high 
correlation coefficient (R2) of the tested quadratic model of all the responses were as 
follows; R2 = 0.5560, 0.5048 and 0.9518 for CH4, CO2 and H2S. 

The Predicted R2 of 0.7493 for H2S is in reasonable agreement with the Adjusted 
R2 of 0.8968 and the difference is less than 0.2. Whereby adequate precision measures 
the signal to noise ratio. A ratio greater than four (4) is desirable thus the ratio of 
10.817 for H2S indicates an adequate signal and suggested the model can be used to 
navigate the design space compared to CH4 and CO2 with recorded ratio of 3.6937 and 
3.1679 respectively. Therefore, the H2S results of the statistical analyses indicate the 
high adequacy of the tested quadratic model to represent the desired response of the 
parameter variables in this preliminary study of the biogas purification through 
biosorption with alginate-yeast biosorbent. 
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Table 5. The fitted model equations showing coefficients in terms of coded factors. 

Response Fitted model equation  

H2S 
0.0009 − 0.0002X1 – 0.0001X2 – 0.0016X3 + 0.0001X1X2 – 0.0001X1X3 – 0.0001X2X3 

+ 0.0005X1
2 + 0.0008X 

2
2 

Table 6. Summary of analysis of variance (ANOVA) of fitted model. 

Factors 
Responses fitted to the quadratic model. 

CH4 (%) CO2 (%) H2S (ppm) 

 F-value p-value F-value p-value F-value p-value 

Model 1.10 0.4586 0.8919 0.5666 17.30 0.0006Sig 

X1-Column length 0.4902 0.5064 1.97 0.2030 2.30 0.1732 

X2-Acquisition time 0.0723 0.7958 0.6445 0.4485 0.2555 0.6288 

X3-Type of biosorbent 4.90 0.0625 1.56 0.2512 129.53 < 0.0001Sig 

X1X2 0.1006 0.7604 0.2015 0.6671 0.1380 0.7213 

X1X3 0.0159 0.9032 0.0056 0.9425 0.5007 0.5021 

X2X3 0.1828 0.6818 0.8011 0.4005 0.0920 0.7705 

X1
2 0.8611 0.3843 1.06 0.3383 2.25 0.1770 

X2
2 1.15 0.3198 1.52 0.2578 4.91 0.0623 

R2 0.5560 0.5048 0.9518 

Adjusted R2 0.0485 −0.0612 0.8968 

Predicted R2 −1.3315 −1.3656 0.7493 

Adequate Precision 3.6937 3.1679 10.8167 

3.2. Effect of parameter variables on bead stability 

The fitted quadratic equation of CH4, CO2 and H2S were presented in response 
3D surface plots as illustrated in Figure 3a,b, Figure 4a,b and Figure 5a,b to 
describe the relationship between the factors studied (column length, acquisition time, 
type of biosorbent). The interaction between sodium alginate and CaCl2 solution, lead 
to a Ca2+ substitution with the Na+ ions and later cross-interact with carboxylate 
groups (-COO-) and negatively polar groups (-OH) [23]. The process progressively 
integrates Saccharomyces cerevisiae into the gel formation. In addition, the yeast 
biomass was successfully encapsulated within the gel beads. The study applied the 
best reported conditions of sodium alginate and CaCl2 concentrations, gelation time 
and mixing rpm from the published literature to obtain the beads stability. Figure 3a,b 
to Figure 5a,b illustrated the hydrogen sulphide, carbon dioxide and methane 
biosorption contour profile at different acquisition time and column length of 
alginate-yeast (AlgY) and Control respectively. 
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(a) (b) 

Figure 3. Hydrogen sulphide biosorption contour profile at different acquisition time and column length. (a) AlgY; (b) 
control. 

(a) (b) 

Figure 4. Carbon dioxide biosorption contour profile at different acquisition time and column length. (a) AlgY; (b) 
control. 

(a) (b) 

Figure 5. Methane biosorption contour profile at different acquisition time and column length. (a) AlgY; (b) control. 
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The results exhibited the good absorption for H2S compared to CO2 and CH4 with 
the encapsulated yeast beads as biosorbent. In addition, the effect of acquisition time 
and length of column insignificantly affected the biosorption and recommended 
further experiment should be incorporated the concentration of the encapsulated yeast 
biomass to correlate growth profile of the Saccharomyces cerevisiae during the biogas 
purification. The ANOVA of model terms in Table 6 indicated only the factor of type 
of biosorbent represented a significant term (p < 0.05), suggesting the type of 
biosorbent variables of alginate bead could be considered to have a primary influence 
on gas biosorption. Varying a CaCl2 and sodium alginate concentration will be added 
in the future work for cell encapsulation stability and efficiency.  

4. Discussion 

Alginate is presently employed across numerous industrial sectors, spanning 
biotechnology, bioengineering, biomedicine, clinical applications, pharmaceuticals, 
chemicals, textiles, packaging, construction, food and beverage production, 
aquaculture, dentistry, paper manufacturing, arts and crafts, as well as leisure 
activities [24]. Despite great potential in various applications, alginate exhibits some 
limitations especially when exposed to the physiological environment in sustaining 
the structure stability. As reported by [25] to address this issue, various materials 
have been introduced into the alginate structure, resulting in the formation of robust 
composite materials. For example, incorporating adhesive peptides, natural polymers, 
or synthetic polymers into alginate moieties yields an enhanced composite material. 
This material not only exhibits superior mechanical properties compared to native 
alginate but also offers additional healing capabilities and facilitates improved tissue 
regeneration for instance in medical applications and the food industry.  

The reported findings additionally suggests that the carboxylic groups present 
on the surface of TEMPO-oxidized nanocellulose (TOCN) may contribute to the 
formation of the structure of alginate-based films. The enhanced insolubility and 
mechanical strength, coupled with the decreased water vapour permeability of the 
crosslinked films, could significantly broaden the utilization of polysaccharides in 
diverse applications, particularly in food packaging [26]. Cross-linking also 
significantly enhances mechanical properties, along with the use of suitable 
plasticizers, which enhance film flexibility and broaden their potential applications 
[27,28]. A notable feature of alginates is their ability to interact with multivalent 
metal cations, particularly calcium ions, which create linkages between MM and GG 
blocks of the polymer, resulting in a three-dimensional network [29–31].  

The prevalent approach for removing hydrogen sulfide and carbon dioxide from 
gas entails subjecting natural gas to an alkaline solution. One widely recognized 
approach for hydrogen sulfide removal relies on the reaction between hydrogen 
sulfide and iron oxide, wherein the gas is directed through a bed of wood chips 
infused with iron oxide. Solid sorbents utilized in fixed bed reactors for H2S capture 
can operate through two distinct mechanisms that is physisorption which weak bonds 
form between H2S and the substrate. Chemisorption involves chemical bonds 
between the adsorbate and the substrate [32]. Biosorbents, originating from 
sustainable sources like plant-based materials, animal waste, and marine biomass, 
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can be conveniently tailored to enhance their adsorption capacity. This adaptability 
makes them exceptionally effective in tackling a wide range of pollutants [33,34]. 
Several studies have reported the biosorption efficiency of colour chemicals in textile 
wastewater using bacterial biomass [35]. The ability of bacterial biomass to adhere to 
dye particles is due to the presence of hydroxyl, carboxyl, amino, and phosphate 
groups within the peptidoglycan layer of the cell wall. As biosorption is a 
metabolically self-sufficient process, microbial cell growth does not necessitate 
additional nutrients. Utilizing a straightforward entrapment technique, 
Saccharomyces pastorianus, a representative yeast strain, was immobilized and 
subsequently microencapsulated in alginate for the purpose of eliminating cationic 
dye [36]. 

Numerous research groups have focused on employing the most prevalent 
biopolymers to adsorb hazardous heavy metal ions and other noxious pollutants. In 
recent studies, it has been found that the most effective polymers for adsorption are 
not cellulose or starch, but rather chitin, algae, and their primary derivatives, 
chitosan and alginate [37]. Among these polymers, alginate has garnered interest for 
its environmentally friendly nature and cost-effectiveness. Derived from brown algae, 
alginate can be readily shaped into beads or biofilm through uncomplicated 
immersion in a crosslinking agent, such as multi-valent cations. Typically, the 
process of alginate encapsulation includes forming spherical beads by introducing an 
alginate solution into a solution containing a crosslinking agent [38]. While alginate 
encapsulation offers numerous advantages, it has not been applied as an 
encapsulation polymer for dry yeast clay, specifically Saccharomyces cerevisiae, in 
the context of atmospheric pollutant adsorption. 

Encapsulated cells experience restrained replication, enhancing their ability to 
convert substrate into product more efficiently compared to planktonic cells. This 
limited replication also contributes to their increased stress resistance [39]. Typically, 
encapsulated cells demonstrate higher product yields than planktonic cells, as they 
direct less substrate toward the generation of new biomass [40]. This efficiency 
enables them to process feedstock more effectively. Additionally, alginate beads 
exhibit good reusability, maintaining their performance even after undergoing five 
rounds of simple sorption–desorption procedures. 

Biosorption of alginate derived from brown algae widely employed for heavy 
metals removal in polluted water. The sodium alginate biosorbent possess high 
affinity through gelation [41] and rich in functional groups like carboxyl and 
hydroxyl, can effectively crosslink with cations [42]. The carboxyl group’s negative 
nature allows for electrostatic adsorption with heavy metal ions, leading to chelation 
simultaneously [43]. In other reported study Ca-alginate beads was addressed to 
portray a biodegradable property. They exhibit significant efficacy in removing 
uranium and thorium ions with high capacity, presenting a promising alternative for 
the biosorption of radionuclides from waste streams [44]. Thus, the efficacy of the 
biopolymers has yet to be explored to achieve sufficient selectivity for toxic gases 
abatement and gas purification. 

The limitation on using calcium alginate matrices for encapsulating cells in 
wastewater pollution abatement may stem from the existence of elevated 
concentrations of dissolved monovalent cations (mainly Na+, K+, and Mg2+) in 
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high-salt effluents. These cations have the potential to displace divalent cations, 
ultimately causing the degradation of the polymer matrix structure [45]. Typically, 
the formation of a three-dimensional polymer network is facilitated by the ionic 
interaction between alginate chains and calcium ions [46]. Strategies such as 
modification, immobilization, or encapsulation using various organic or inorganic 
materials could enhance the selectivity and stability of Ca-alginate beads. These 
microorganisms exhibit remarkable pollutant uptake capabilities, can self-regenerate, 
and incur minimal operational costs. Moreover, Versatility in utilizing a diverse 
range of carbon or nitrogen sources is evident in both pure and mixed bacterial 
cultures [47]. Finally, this study demonstrated the potential application of the dual 
function of biological biomass (i) biofilter and (ii) biosorbent incorporated with 
natural polymers suggestting a viable green material for pollution abatement that is 
able to minimize the carbon footprint. The possible mechanism of the AlgY 
absorbent in reducing the H2S concentration is through the alteration of H2S biogas 
to act as a signaling molecule. The signalling molecule promotes the growth of yeast. 
Gu et al. [48] reported the effect of the phenotypic or transcriptomic alternations on 
the fungal growth enhancement by H2S is exhibited in the intracellular association of 
H2S in their findings. 

5. Conclusion

This research employs RSM to assess alginate-yeast (AlgY) performance under
varying experimental conditions, bridging existing gaps in biosorption efficiency 
studies. The overall preliminary findings of AlgY as a biosorbent for biogas 
reduction especially for H2S, reveal a positive potential application and can be 
explored further. The significance of the screening model of AlgY biosorbent 
depicted the type of biosorbent variables of alginate bead influence the biogas 
sorption. The results exhibited the potential of AlgY for biogas purification, 
achieving significant H₂S removal (R2 = 0.9518, p < 0.0001). Hydrogen sulfide (H2S) 
is a common contaminant in biogas that poses environmental and operational 
challenges. Biosorbents such as alginate-yeast (AlgY) have gained attention due to 
their biodegradability, cost-effectiveness, and potential for gas purification however 
this preliminary work can be further explored to determine the compositions of the 
spent AlgY biosorbent. The spent AlgY biosorbent composition analyses will lead to 
the understanding of the H2S reduction mechanism as well as CO2 and CH4 
responses. AlgY offers a potentially sustainable alternative to traditional 
chemical-based methods and, open path for the physico-chemical and 
biological-based reaction mechanisms. The preliminary findings of the study are 
unable to explain the reduction mechanism of the tested gaseous which reflected the 
high removal efficiencies reported for H2S. It is best to run the Langmuir and 
Freundlich isotherms study to estimate the adsorption capacity of the AlgY 
biosorbent. Transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM) can be used to further visualize any changes in the internal and 
surface structure of the AlgY biosorbent. 
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6. Recommendation 

Varying a CaCl2 and sodium alginate concentration can be considered in future 
work for cell encapsulation stability and efficiency. This can be entailed and 
explored in (i) optimizing CaCl2 and sodium alginate concentrations to improve 
biosorption, (ii) exploring alternative crosslinking agents like iron and (iii) 
evaluating the economic feasibility of scaling up AlgY biosorbents. 
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Abstract: Owing to current growing demands of environmental friendly energy devices, 

innumerable green materials/nanomaterials have been applied to design the desired high tech 

devices. Amongst energy devices, supercapacitors have been ranked distinctively for efficient 

energy storage competence. Principally, green nanocomposites derived from green or 

ecological polymers and green nanoparticles have been scrutinized for supercapacitor 

components. Concerning this, current review has been planned to sketch the energy storage 

application of green nanocomposites, predominantly for supercapacitors. In this concern, 

mostly synthetic green polymers (such as polyaniline, polypyrrole, etc.) and their blends with 

natural polymers (like chitosan) having fine biodegradability, non-toxicity, low cost, and 

superior device end performance have been found as the noteworthy materials. Additionally, 

green nanofillers like carbon nanoparticles (carbon nanotube, graphene, etc.) and metal 

nanoparticles have been processed with green polymers via ecological techniques, like in situ, 

solution, sonication, mixing, hydrothermal, exfoliation, reduction, etc., to form the anticipated 

energy device components. In consequence, the designed ecological nanocomposites 

expectedly had the advantages of low price/weight, superior mechanical/heat resilience, 

electron transference, capacitance, power/charge density, charge-discharge, sustainability as 

well as environmentally friendliness for energy related methodological systems. Incidentally, 

the design and performance challenges towards the application of ecological nanocomposites 

in energy storage devices have been conversed. 

Keywords: green; polymer; nanofiller; nanocomposite; supercapacitor; environmental; high 

performance 

1. Introduction

With the advancements in the materials and nanotechnological breakthroughs,
green materials/nanomaterials having facile biodegradability and sustainability 
features have been the focus of recent technical researches [1,2]. For nanocomposites, 
essential environmental materials like natural or synthetic green polymers have been 
investigated as matrix materials [3,4]. Further, numerous nanoparticles of inorganic 
(metal, ceramics) and organic (carbon, polymers) types have been studied for 
advanced green nanocomposites [5]. In consequence, the nanocomposites designed 
from green matrices and nanofillers have been reported for valuable structural, 
mechanical, biodecomposibility, and sustainability features for progressive 
applications [6,7]. Besides, one important aspect of the green nanomaterials has been 
identified as the utilization of environmentally safe processing techniques to avoid any 
probable green house effects [8]. Ultimately, carefully designed green nanocomposites 
have been scrutinized for demanding industrial level employments, including energy 
sector, electronics, engineering, biomedical, etc. [9]. Use of environmentally safe 
nanomaterials have recently gained much curiosity in the energy/electronics fields 
[10]. In this concern, various combinations of eco polymers and eco nanoparticles 
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have been focused for advanced energy devices and systems [11]. Furthermore, use of 
advanced green synthesis techniques has been engrossed to form the green 
nanomaterials for high tech energy applications [12]. Especially, in the field of energy 
storing devices, like supercapacitors, interesting field researches have been observed 
concentrating the use of green nanomaterials, instead of traditional non-ecological 
materials designs in practice [13,14]. 

Accordingly, disciplined research attempts have been observed for the synthesis 
of ecological or green materials or nanocomposites for energy storage devices [15]. 
For example, research reports have been detected on conducting polymers and 
graphene-based nanomaterials using green methods for supercapacitor electrodes 
having environmental friendliness, low price, superior surface area, capacitance, and 
charge-discharge properties [16]. Lots of attempts have been reported in recent years 
(2020–2024) on supercapacitor electrodes derived from conducting polymers 
(polyaniline, polypyrrole, polythiophene, and polythiophene) and carbon 
nanoparticles with sustainability and ecofriendliness for application in supercapacitor 
electrodes [17,18]. Çıplak et al. [19] formed ecological polyaniline/graphene/gold 
nanoparticles, by green in situ polymerization method, for supercapacitor electrode 
applications. Consequently, the environmentally friendly supercapacitor electrode 
showed reasonable specific capacitance of 212.8 Fg−1. In recent years, Arthisree et al. 
[20] formed environmentally friendly high performance supercapacitor electrodes 
using polyacrylonitrile, polyaniline, and quantum dots. Consequently, the 
polyacrylonitrile/polyaniline/quantum dot nanocomposite showed high specific 
capacitance of up to 600 Fg−1. More recently, Zhao et al. [21] used carboxyl 
substituted dipyridophenazine and MXene based green nanocomposites to design 
electrodes for efficient energy storing devices. The resulting nanomaterial had 
reasonably high reversible capacity of 172.6 mAh cm−3 in 4000 cyclic performances. 
The carboxyl substituted dipyridophenazine/MXene were suggested for ecofriendly 
flexible portable energy storing device applications. Hence, lots of recent researches 
have been seen on the green and sustainable nanocomposite electrodes for 
environmentally friendly charge storage devices [22]. 

Along these lines, this novel review has thrown light upon the existing designs 
and demanding necessities regarding the implementations of green nanocomposites 
for energy storage systems. In this concern, essential green polymers and nanofiller 
based designs have been argued here. Effectiveness of green nanomaterials to attain 
low weight, cheap, robust, and sustainable green supercapacitor components, having 
high specific capacitance, power/charge density, recyclability, etc., have been 
surveyed for commercial energy devices applications. It seems that future of energy 
storage systems, like supercapacitors, relies upon more precise research endeavors to 
identify high-tech green/sustainable designs having least processing and performance 
related challenges. 

2. Concept of green polymers, nanofillers and nanocomposites 

Recognition of natural or green polymers can be related to centuries back with 
the wood, cotton, and natural rubber like materials [23,24]. Later, natural green 
polymers like cellulose, chitosan, starch, nylons, etc. and synthetic green polymers 
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like poly (vinyl alcohol), poly (ethylene glycol), poly (lactic acid), etc., have been 
foreseen [25,26]. Green polymers usually own biodegradability, sustainability, and 
environmentally friendly features [27,28]. Moreover, synthetic green polymers must 
be processed via ecological routes to maintain the environmental demands [29]. 
Further, green polymers have been observed practically beneficial for a number of 
industrial applications due to their increasing demand for engineering structures, 
adhesive/coating, and biomedical industries [30–32]. Besides, for reinforcing green 
polymeric matrices, numerous ecologically beneficial green nanofillers have been 
adopted including the polymeric nanoparticles, metal nanoparticles, carbon 
nanoparticles, and inorganic nanoparticles like nanoclays [33–35]. Figure 1 shows 
few examples of essential ecological or green nanoparticles and also the green 
polymers used for environmentally friendly nanocomposites.  

 
Figure 1. Few green polymers and green nanofillers. 

For green nanocomposites, starch has been adopted as a low-cost natural polymer 
having facile biodegradation and environmentally friendly nature [36,37]. For 
example, Cheviron et al. [38] formed green nanocomposites based on starch and silver 
nanoparticles and explored for antimicrobial packaging applications. Similarly, the 
nanocomposites of lignin, cellulose, and allied natural green polymers have been 
reported [39,40].  

Chitosan is an important green polymer used as matrix material for 
nanocomposites [41]. Regarding green metal nanoparticle-based system, Hashem et al. 
[42] prepared the chitosan/gold nanoparticle hybrid using a green chemical reduction 
method. Figure 2A shows the transmission electron microscopy image of the 
chitosan/gold nanoparticle hybrid having gold nanoparticles of sizes in the range of 
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20–120 nm in the matrix. Figure 2B depicts the particle size distribution of the 
chitosan/gold nanoparticle hybrid with average nanoparticle sizes of ~ 200 nm, owing 
to the insertion in the polymeric matrix and coating with the polymer. In addition, 
Figure 2C shows the X-ray diffraction patterns of the chitosan/gold nanoparticle 
hybrid with characteristic diffraction peaks for chitosan (22.8°) and gold nanoparticle 
peaks at 37.9° and 44.1°–77.4° due to crystallinity of the nanocomposite sample. 
Carlo et al. [43] also loaded gold nanoparticles in chitosan matrix using a green 
solution route based on HAuCl4 salt and caffeic acid. The chitosan/gold nanoparticle 
nanocomposites had fine biodegradability and biocompatibility features. 

Figure 2. (A) Transmission electron microscopy image of the chitosan/gold 
nanoparticle hybrid; (B) particle size distribution of the chitosan/gold nanoparticle 
hybrid; (C) X-ray diffraction patterns of the chitosan/gold nanoparticle hybrid [42]. 
Reproduced with permission from MDPI. 

Poly (ethylene glycol) is a synthetic green polymer having water solubility, 
biodegradability, and non-toxicity properties and it is widely applied as a matrix for 
nanofillers [44]. Including metal nanoparticles or carbon nanofillers in poly (ethylene 
glycol) matrix has been found to enhance the heat stability and mechanical properties 
of the resulting nanomaterials [45]. For example, Nguyen et al. [46] applied green 
plasma assisted chemical reduction approach for the formation of the poly (ethylene 
glycol) functional gold nanoparticle nanocomposite. Figure 3A shows a simple 
synthetic process for plasma assisted formation of the poly (ethylene glycol) 
functional gold nanoparticle nanocomposite. The as prepared poly (ethylene glycol) 
functional gold nanoparticle sample was scanned for the scanning electron 
microscopy images of different resolutions, as given in Figure 3B,C. According to the 
micrographs, gold nanoparticles had fine dispersions in the polymer and own uniform 
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quasi spherical shapes.  

 
Figure 3. (A) Process for the plasma assisted synthesis of poly (ethylene glycol) 
functional gold nanoparticles (Au@PEG NPs); scanning electron microscopy images 
of Au@PEG NPs: (B) at 60,000 × resolution; and (C) at 160,000 × resolution; (D) 
the particle size distribution of Au@PEG NPs, with average particle size of 32.5 nm 
(standard deviation, SD, of 0.1 nm [46].  
Reproduced with permission from MDPI. 

Figure 3D illustrates the particle size distribution plots of the poly (ethylene 
glycol) functional gold nanoparticles obtained by Image J software showing a 
uniform symmetrical gold nanoparticle distribution and average size of around 32.5 
nm. These results indicated the success of the green plasma-based technique applied to 
form the green poly (ethylene glycol)/gold nanoparticle hybrids. Similarly, countless 
reports have been observed on the poly (ethylene glycol) hybrids, e.g., the poly 
(ethylene glycol)/halloysite nanotubes [47], poly (ethylene glycol)/turmeric 
nanofibers [48], poly (ethylene oxide)/silver nanoparticles [49], poly (ethylene 
oxide)/silica nanoparticles [50] for applications in devices, packaging, antimicrobials, 
and biomedical fields [51]. 

Among other metal (gold/silver nanoparticles) or inorganic nanoparticles 
(nanoclays) filled green hybrids, poly (vinyl alcohol) [52–54] and poly (lactic acid) 
[55–57] based nanomaterials have been reported for low cost, fine biodegradability, 
non-lethality, and environmentally friendliness for wide ranging applications as 
antibacterial, wound healing, biomedical, and technical relevance.  
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Besides, various nanocarbons including carbon nanotube, graphene, graphene 
oxide, and other modified graphene forms have been applied as beneficial nanofillers 
for the formation of the green polymers and nanocomposites. 

3. Green nanocomposites for energy systems 

Concept of using green or ecological materials can be related to the ancient 
development of wind turbine blades using natural composites, instead of heavy 
metal-based structures [58]. Further research efforts on ecological composites 
exposed uses in sophisticated devices, like optoelectronics [59]. Similarly, numerous 
environmental materials, e.g., natural polymer, have been recognized with the 
potential for energy conversion systems, like batteries [60]. Consequently, 
natural/green polymers and related materials have been explored for light emitting 
diodes [61], solar cell devices [62], thermoelectric generators [63], and related 
thermoelectric devices [64]. In these systems, green polymers have been suggested to 
develop donor-acceptor type associations for energy conversion purposes [65]. 
Incidentally, the optical, electron conduction, and energy conversion features of these 
ecological materials depicted their demand in today’s high-tech energy conversion 
systems, like supercapacitors.  

Among efficient energy conversion systems, supercapacitors have been 
enormously focused by the researchers due to high energy outputs [66]. 
Advancements in the field of supercapacitors have devised the use of effective green 
materials, such as polymers, composites, and nanocomposites [67]. Consequently, 
green or ecological polymers, natural fillers, green or green derived nanoparticles 
have been investigated to form the ecological composites and nanocomposite designs 
for energy storage devices [68]. In this concern, ecofriendly/green synthesis methods 
have also been studied for the formation of environmentally safe materials or 
nanomaterials [69].  

Out of huge variety of polymers, naturally occurring and synthetic polymers 
having ecofriendly, biodegradability, and sustainability properties have been focused 
for green energy applications [70]. Few examples may include cellulose, chitosan, 
chitin, lignin, starch, and countless other eco polymers [71]. Particularly, for 
supercapacitor electrodes, natural/green polymers offer the advantages of facile 
processing and superior performance, in addition to sustainability aspects [72]. 
Despite of using green polymers, several non-green materials have been processed 
using ecological routes to attain environmentally safe materials for supercapacitors or 
energy devices [73].  

For superior supercapacitor device performance, green polymers have been 
converted to green nanocomposite by adopting several inorganic (metal nanoparticles 
or metal oxide nanoparticles) and carbon nanomaterials [74,75]. Amidst carbon 
nanoparticles, carbon nanotube, graphene, and modified carbon nanotube or graphene 
nanostructures have been investigated [76]. Additionally, use of green methods with 
safe chemical and reagents have been practiced to form the desired ecological 
nanocomposite for energy storage [77].  
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4. Green energy devices—Supercapacitors

For energy devices, carbon nanoparticles have been processed with polymers or
inorganic matrices via environmentally safe chemicals and methods to attain the 
desired ecological device materials [76]. In this way, use of hazardous organic 
solvents and reagents can be avoided to form green nanocomposites [78]. 
Subsequently, researchers are continuously struggling to fabricated advanced 
supercapacitor devices with high capacitance, power density, and cyclic performance 
using green polymers, green nanocarbons, and green synthesis routes [79].  

Carbon nanotube based green nanocomposites have been reported for 
supercapacitor assemblies [80]. Here, Jyothibasu et al. [81] used modest low cost in 
situ chemical polymerization, sonication, and filtration routes to form green 
polypyrrole/kapok fiber/carbon nanotube nanocomposite. Figure 4A shows the cyclic 
voltametric curves of the polypyrrole/kapok fiber/carbon nanotube nanocomposite, 
which was bent at several angles of 0° to 180° (40 mV s−1). The obtained 
nanocomposite based flexible supercapacitor is also shown as an inset with digital 
photograph in bent form. The nanocomposite-based supercapacitor electrode had 
symmetric cyclic performance in cyclic voltametric curves. Figure 4B displays 
electrochemical impedance spectroscopy spectra of the polypyrrole/kapok 
fiber/carbon nanotube nanocomposite based flexible supercapacitor at various 
bending angles. The results showed an increase in the areal capacitance from 128.4 
mF cm−2 (0°) to 139.4 mF cm−2 (180°). Ultimately, the polypyrrole/kapok fiber/carbon 
nanotube nanocomposites connected in series were used to light the red-light emitting 
diode, as given in Figure 4C. Moreover, the polypyrrole/kapok fiber/carbon nanotube 
nanocomposite based flexible solid state symmetric supercapacitor had constant 
cycling stability over 2500 cycles (25 mA cm−2) and capacitance retention of 97.4% 
(Figure 4D). Hence, low price, green and sustainable high performance flexible 
polypyrrole/kapok fiber/carbon nanotube nanocomposite-based supercapacitor has 
been developed. 
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Figure 4. (A) Cyclic voltametric curves of the polypyrrole/kapok fiber/carbon 
nanotube nanocomposite bent at various angles (40 mV s−1), inset is digital 
photograph of flexible supercapacitor in a bending state; (B) electrochemical 
impedance spectroscopy spectra of the polypyrrole/kapok fiber/carbon nanotube 
nanocomposite based flexible supercapacitor at various bending angles; (C) digital 
photograph of red light emitting diode powered by three polypyrrole/kapok 
fiber/carbon nanotube nanocomposites based supercapacitors connected in series; (D) 
cycling stability (2500 cycles, 25 mA cm−2) of the assembled polypyrrole/kapok 
fiber/carbon nanotube nanocomposite based flexible all-solid-state symmetric 
supercapacitor [81].  
Reproduced with permission from MDPI. 

Recently, graphene has been a hot focus of research for technical applications, 
due to its inherent nanocarbon nanostructure [82]. Predominantly, nanocomposite 
forms of graphene have been reported efficient for energy conversion device 
applications [83]. Here, adding minute graphene contents have shown remarkable 
increase in the physical properties of the nanocomposites [84]. For supercapacitors, 
graphene or modified graphene has been combined with inorganic metal or metal 
oxide nanoparticles to form the supercapacitor electrodes [85]. For example, 
Ezeigwe et al. [86] fabricated a supercapacitor electrode based on the graphene and 
zinc oxide-based nanomaterial. They used green liquid phase exfoliation and 
solvothermal techniques to synthesize the graphene/zinc oxide hybrid. In these 
methods water and ethanol solvents were used as environmentally safe reagents. The 
resulting graphene/zinc oxide hybrid had reasonable specific capacitance of about 236 
Fg−1 for supercapacitor electrode application. Additionally, non-conjugated polymers, 
like poly (vinyl alcohol) and poly (ethylene glycol) have been used for supercapacitor 
electrodes [87]. In this regard, Nayak et al. [88] used poly (vinyl alcohol) as a green 
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polymer with graphene for supercapacitor electrodes. Consequently, they designed the 
poly (vinyl alcohol)/graphene/WO3 hybrid as a green electrode nanomaterial for solid 
state asymmetric supercapacitor application. This device had energy density of 6–25 
W h kg−1 over 4000 charge-discharge cyclic recital. The solid-state asymmetric 
supercapacitor was capable of lighting the red-light emitting diode, as shown in 
Figure 5. 

 
Figure 5. (a) Diagram of a flexible solid state asymmetric supercapacitor device 
set-up of poly (vinyl alcohol)/graphene/WO3 hybrid; (b) picture of real asymmetric 
supercapacitor device of poly (vinyl alcohol)/graphene/WO3 hybrid applied to light 
red light emitting diodes after charging [88].  
Reproduced with permission from ACS. 

Majority of the research attempts on polymer/nanocarbon nanomaterials for 
supercapacitor electrodes have reported the use of conjugated polymers [89]. 
According, conducting polymer/graphene nanocomposites have been prepared 
having superior electrochemical performance for supercapacitors [90]. For this 
purpose, the conducting polymer/graphene nanocomposites have been fabricated 
through facile green methods [91]. Consequently, conducting polymer/graphene 
nanocomposite-based electrodes were found to have low cost, durability, superior 
surface area, specific capacitance, energy/power density, and cyclic performance 
[92]. A number of conductive polymers have been used with graphene to form 
supercapacitor electrodes, namely polyindole, polyaniline, polypyrrole, 
polythiophene, and their derived forms [93]. Ramesh et al. [94] used a green 
hydrothermal route for the formation of the polyindole/cobalt (II, III)/nitrogen doped 
graphene oxide hybrids aiming for ecological supercapacitor electrodes. Figure 6A 
shows the process for the formation of cobalt (II, III)/nitrogen doped graphene oxide 
and polyindole/cobalt (II, III)/nitrogen doped graphene oxide hybrids involving 
oxidative polymerization and hydrothermal routes. Figure 6B,C shows the scanning 
electron microscopy images of polyindole/cobalt (II, III)/nitrogen doped graphene 
oxide. A homogeneously dispersed microstructure with cobalt oxides nanoparticles 
of about 10–20 nm were seemed to be distributed on the hexagonal nanosheets of 
nitrogen doped graphene oxide. Figure 6D depicts the specific capacitance vs. 
current density of the polyindole/cobalt (II, III)/nitrogen doped graphene oxide 
hybrid. Here, highest specific capacitance of around 680 F g-1 was attained at the 
current density of 0.5 Ag−1 in 5000 cyclic durations. Hence, the green synthesized 

polyindole/cobalt (II, III)/nitrogen doped graphene oxide hybrids had fine potential 
for supercapacitor electrode utilization. 
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Figure 6. (A) Schematic for the formation of cobalt (II, III)/nitrogen doped graphene 
oxide (Co3O4@NGO) and polyindole/cobalt (II, III)/nitrogen doped graphene oxide 
(PIN/Co3O4@NGO) hybrid; (B and C) scanning electron microscopy images of 
PIN/Co3O4@NGO hybrid; (D) specific capacitance vs. current density of the 
PIN/Co3O4@NGO hybrid [94].  
Reproduced with permission from Elsevier (Open access). 

Gul et al. [95] devised green nanocomposites of the polyaniline/graphene oxide 
co-doped dodecyl benzene sulfonic acid hybrid and the polyaniline/graphene oxide 
co-doped camphor sulfonic acid hybrid via in situ and doping processes for the 
supercapacitor electrodes. Figure 7A shows the scanning electron microscopy 
micrographs of the polyaniline/graphene oxide co-doped dodecyl benzene sulfonic 
acid hybrid with fine nanoparticle dispersion and porous morphology. Figure 7B 
displays the scanning electron microscopy micrographs of the polyaniline/graphene 
oxide co-doped camphor sulfonic acid hybrid having similar nanoparticle distribution 
and porous morphology.  
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Figure 7. Scanning electron microscopy micrographs of (A) polyaniline/graphene 
oxide co-doped dodecyl benzene sulfonic acid (ds@PANI/GO) hybrid; (B) 
polyaniline/graphene oxide co-doped camphor sulfonic acid (cs@PANI) hybrid; (C) 
Nyquist plots of ds@PANI/GO and cs@PANI/GO hybrids [95].  
Reproduced with permission from MDPI. 

Figure 7C expresses the Nyquist plots of the hybrids with a compressed 
semicircle behavior in high frequency region by both the polyaniline/graphene oxide 
co-doped dodecyl benzene sulfonic acid and polyaniline/graphene oxide co-doped 
camphor sulfonic acid hybrids showing low resistance electrical conductivity 
properties, Consequently, the green supercapacitor device had high power density 
of > 1700 Wkg−1, specific capacitance of 97–150 Fg−1, and capacitance retention of 
93–97 %. Li et al. [96] fabricated the cellulose/polyaniline blend and 
cellulose/polyaniline/graphene oxide hybrid via facile green in situ polymerization, as 
shows in Figure 8a.  
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Figure 8. (a) Synthetic route for the cellulose/polyaniline/graphene oxide; (b) plots 
of areal specific capacitance vs. current for the cellulose/polyaniline and 
cellulose/polyaniline/graphene oxide [96].  
GO = graphene oxide; PANI = polyaniline; ANI = aniline Reproduced with permission from MDPI. 

Figure 8b presents the areal specific capacitance of the cellulose/polyaniline 
blend and cellulose/polyaniline/graphene oxide hybrid. As compared to the blend 
sample, the cellulose/polyaniline/graphene oxide hybrid with 5 wt.% nanofiller had 
superior areal specific capacitance, power density, and electrical conductivity of 
around 1218 mFcm−2, 1201 µWcm−2, and 1.15 Scm−1, respectively. Thus, the green 
cellulose/polyaniline/graphene oxide hybrid revealed high performance for practical 
ecological supercapacitor applications. 

Henceforth, several successful design combinations have been proposed for 
green energy storage devices, like supercapacitors, employing suitable green materials 
and methods [97–99]. In this concern, environmentally friendly supercapacitor 
electrodes based on conjugated polymers, such as polyaniline, polypyrrole, etc., and 
green polymers like cellulose, chitosan, etc., have been developed [100–102]. 
Moreover, carbon nanotube and graphene have been used as green nanocarbons for the 
ecological supercapacitor electrodes [103,104]. Moreover, facile green processing 
techniques, such as in situ method, sonication, solution mixing, hydrothermal method, 
etc., have been adopted to form the ecological polymer/nanocarbon nanomaterials for 
energy maneuvers [105]. Consequently, the ensuing supercapacitor electrodes had fine 
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electron conduction and charge transport features for high end green energy devices 
[106–108]. In this way, superior surface area, electrochemical features, electrical 
conductivity, specific capacitance, and power/charge density have been attained for 
the ecological supercapacitor devices [109].  

5. Perspectives and encounters

Conventionally, industrial level energy systems have been designed using
expensive materials and high-priced sophisticated techniques to attain desired high 
energy outputs. For example, commercially employed supercapacitor devices usually 
comprise of high cost electrodes and catalysts prepared via non-environmental 
techniques. Moreover, commercial supercapacitors lack sustainability and 
biodegradability properties, in turn causing green house effects. In this concern, recent 
research has been continuously turned toward the development of low cost, 
sustainable, biodegradable, non-toxic, and environmentally friendly materials for 
supercapacitor assemblies. Use of green techniques may further enhance the potential 
of green nanomaterials towards supercapacitors. Additionally, green materials derived 
supercapacitors must have the advantages of superior mechanical/thermal stability, 
electron conduction, specific capacitance, capacitance retention, energy/power density, 
charge-discharge, durability over repeated cyclic life, and other desirable 
electrochemical features. For this purpose, choice of green polymer, green nanofiller, 
as well as green processing route have found indispensable to fabricate high-tech 
energy device materials. Table 1 presents essential comparison of important design, 
properties and application of various past and present green nanomaterials used for 
supercapacitors. 

According to the literature presented in above sections, it is important to 
highlight the specific performance metrics (such as specific capacitance, capacitance 
retention, energy density, power density, charge-discharge, etc.) of green 
nanocomposites needed for high performance supercapacitor devices. Specifically, 
Pawar et al. [110] recently used a green chemical bath deposition method for the 
formation of polyaniline and reduced graphene oxide derived nanocomposite for 
supercapacitor electrodes. The subsequent polyaniline/reduced graphene oxide 
nanocomposites showed considerable high specific capacitance and capacitance 

retention of > 1130 Fg−1 and > 80 %, respectively, in 5000 charge-discharge cyclic 

route. In addition, polyaniline/reduced graphene oxide had superior power density 

and energy density around 732 W kg−1 and 23 Wh kg−1, respectively. Thus, 

supercapacitor performance matrices were analyzed via specific capacitance, 
capacitance retention, charge-discharge, energy density, and power density features. 
Very recently, Mupit et al. [111] used green chemical exfoliation and in situ methods 
for the formation of environmental friendly polyaniline/graphene nanocomposites. 

These supercapacitor electrodes had high specific capacitance of > 300 F g−1. Also, 

in a recent attempt by Tale et al. [112], nanocarbons and manganese dioxide based 
green nanomaterials were prepared for supercapacitor electrodes. The ensuing 
electrodes showed superior specific capacitance and capacitance retention of about 

1900 Fg−1 and 98 %, relatively, over 6000 charge/discharge cycles. 
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Presently used environmentally friendly methods for green nanomaterials 
include in situ polymerization, solution mixing, and similar simple techniques 
[113,114]. These lab-scale synthesis practices for green nanomaterials have 
advantages of inexpensiveness, non-toxic fabrication, and easy processing. However, 
large scale or industrial level production of green nanomaterials using solution or in 
situ methods face countless challenges [115]. Most importantly, these methods may 
result in poor material compatibility, dispersion, and homogeneity issues, so 
hindering the scalability, high performance, and applicability of these nanomaterials 
on commercial level [116]. Here, it is suggested to use advanced sophisticated 
techniques like spinning, coating, three dimensional printing, etc., to overcome the 
potential barriers towards scalability or commercial adoption of green 
nanocomposites. Use of advanced processing techniques for green nanomaterial 
ensure well-controlled and optimized conditions for industrial scale production of 
energy systems [117].  

In real world, field researchers are constantly striving to integrate green 
nanohybrids into supercapacitor electrodes (especially as anodes) to gain superior 
charge storage, cyclic rate, and performance endurance [118]. For practical industrial 
applications, recent designs of green derived supercapacitor components had 
sustainability, long life, and potential to store larger amount of electricity for rapid 
charging, compared with out-of-date traditional commercial supercapacitors [119]. 
Continuing research on conducting polymers based green or environmentally 
friendly nanomaterials showed important real life uses in micro-supercapacitors. 
Presently, these green micro-supercapacitors have been found commercially 
beneficial for applications in modern smartphones, portable computers or laptops, 
electric vehicles, and other sustainable energy/electronic devices [120,121]. It is 
important to mention that restricted attempts have been reported to deal with the 
current market trends of green nanomaterials based energy systems so far [122]. 
Nevertheless, the available literature up till now specified future potential estimates 
of green nanomaterials for forthcoming breakthroughs of their possible marketplace 
[123]. 

Table 1. Comparison of past and present green nanomaterials for supercapacitors. 

Matrix Nanoadditive Green method Property/Application Ref. 

Polyaniline/graphene oxide/gold 
nanoparticles and polyaniline/ 

Reduced graphene oxide/gold 
nanoparticles 

Green in situ synthesis;  
Cetraria Islandica L. Ach 
lichen 

Supercapacitor electrode has scan rate of 
5–200 mV s−1; 
specific capacitance and capacitance 
retention 212.8 F g−1 and 86.9%, 
correspondingly 

[19] 

Polyacrylonitrile/polyaniline/ Graphene 
Drop casting; 
screen printing 

Electron conductivity 2.362 × 10−6 S m−1 [20] 

Cellulose/polyaniline Graphene oxide In situ technique 

Electron conductivity and areal specific 
capacitance of 1.15 S cm−1 and 1218 mF 
cm−2, respectively; 
energy density of 1201 µW/cm2 

[96] 

Polyaniline Reduced graphene oxide  Chemical bath deposition 

Supercapacitor electrodes; 
specific capacitance 1130 F g−1;  
capacitance retention 82 %; 
5000 cycles 

[110] 
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Table 1. (Continued). 

For future high performance and applicability of green nanomaterials in advance 
energy storage systems, it is suggested to define precise research directions by 
intensive repeated research efforts on the synthesis and analysis of these materials. In 
this regard, wide-ranging experimental as well as theoretical studies need to be 
performed on nontoxic, ecofriendly, sustainable, and biocompatible nanocomposites 

Matrix Nanoadditive Green method Property/Application Ref. 

Polyaniline Graphene oxide  
Chemical exfoliation; 
 in situ technique 

Supercapacitor electrode; 
specific capacitance  
> 300 F g−1 

[111] 

Polyaniline 
Graphene; 
graphene oxide; 
manganese dioxide 

In situ method 

Supercapacitor electrode; 
specific capacitance > 1882 F g−1; 
capacitance retention ~ 98 %; 
6063 cycles 

[112] 

Polyaniline 
Reduced graphene oxide; 
amine functional graphene  

In situ process 

Electrical conductivity  
8.66 S cm−1;  
specific capacitance  
250 F g−1 

[124] 

Polyaniline Sulfonated graphene In situ polymerization 
Specific capacitance  
478 F g−1 

[125] 

Polyaniline Aniline-functional-graphene In situ method 

Supercapacitor electrodes; 
specific capacitance 
100–440 F g−1; 
capacitance retention 73–80% 

[126] 

Bacterial cellulose Carbonization Solution process 

Supercapacitor electrodes;  
specific capacitance and capacitance 
retention 
216 F g−1 and 97.6 %, respectively 

[127] 

Bacterial cellulose Carbon nanotube Solution process 
Supercapacitor electrodes; 
specific capacitance and capacitance 
retention 50.5 F g−1 and 99.5%, respectively 

[128] 

Bacterial cellulose Polypyrrole 
In situ  
Method 

Supercapacitor electrodes; 
specific capacitance and capacitance 
retention153 F g−1 and 93.0 %, respectively 

[129] 

Bacterial cellulose 
Polypyrrole; 
Carbon nanotube 

In situ  
Method 

Supercapacitor electrodes; 
specific capacitance and capacitance 
retention 228 F g−1 and 88.0%, respectively 

[130] 

Bacterial cellulose 
Polypyrrole; 
Graphene 

In situ  
Method 

Supercapacitor electrodes; 
specific capacitance and capacitance 
retention 4.16 F cm−2 and 91.5%, 
respectively 

[131] 

Bacterial cellulose 
Polypyrrole; 
reduced graphene oxide 

In situ  
Method 

Supercapacitor electrodes; 
specific capacitance and capacitance 
retention 3.66 F cm−2 and 73.5%, 
respectively 

[132] 

Bacterial cellulose Reduced graphene oxide Solution process 

Supercapacitor electrodes; 
specific capacitance and capacitance 
retention 2106–2544 mF cm−2 and 100%, 
respectively 

[133] 

Poly 
(vinylpyrrolidone)/recycled 
poly (ethyelene terephthalate) 

Graphene Screen printing technique 
Specific capacitance and capacitance 
retention of 201 F g−1 and 97%, respectively 

[134] 

Polyaniline 
Olive stones functional 
reduced graphene oxide 

In situ self assembly 
Specific capacitance 582.6 F g−1;  
 capacity retention 97 %; 3000 cycles 

[135] 
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with predefined property improvement phenomenon for progresses in this field. 
According to literature analysis, it can also be suggested that future of green 
nanocomposites relies on scalability and large scale production of these materials for 
real world applications by considering the necessary environmental and economic 
concerns. Moreover, future research on green nanomaterials have been found essential 
to reveal further utilizations towards the green/sustainable microelectronics, solar 
cells, light emitting diodes, and related high end devices. 

6. Conclusions

In brief, this review manuscript argues ecologically essential polymers,
nanofillers, and nanocomposites viable for applications in significant energy devices, 
particularly the supercapacitor components. For this application, conducting and 
synthetic green polymers have been filled with carbon nanoparticles like carbon 
nanotube and graphene. In this regard, ecological and low cost method have been 
applied to attain high performance environmental friendly energy materials for 
supercapacitor related systems. Typically, in situ polymerization, electrochemical 
polymerization, solution processing, and similar facile synthesis techniques have 
been used for the synthesis of green nanomaterials for energy devices. Mixing of 
polymers with nanomaterials through green methods considerably improved the 
processability, structural stability, ecofriendliness, and life-long performance of the 
resulting components for energy devices. In this regard, electrical conductivity, 
mechanical stability, heat conduction, capacitance, and cyclic performances of green 
nanomaterials have been investigated. Potential of green nanomaterials for energy 
devices points towards essential future industrial level utilizations, nevertheless 
continuous research efforts must be performed to introduce new design varieties and 
to overcome the fabrication and performance hindering challenges. After considering 
the literature surveys presented in the above sections of this novel review, it can be 
suggested that future research on new design combinations, property/performance 
investigation, and minimization of challenges for green nanocomposites can lead to 
promising commercial level energy devices. In this way, advanced potentials of high 
performance green nanomaterials based energy storing systems can be explored for 
utilizations in modern electronics, space/defence structures, and biomedical 
equipment. 
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Abstract: In the relentless evolution of technological innovation, the incorporation of 

engineered materials across numerous sectors is becoming increasingly widespread. Among 

them, ultra-high molecular weight polyethylene (UHMWPE) fiber, as a novel type of 

engineered material, has emerged as a critical hot topic in industries such as aerospace, 

national defense, and new energy due to its exceptional physical and chemical properties. This 

article attempts to introduce the characteristics of UHMWPE fibers, including their 

advantages and areas for enhancement, to provide researchers with a comprehensive overview 

and research trajectory of UHMWPE. Moreover, this article succinctly elucidates the 

preparation methodologies and advances of UHMWPE fibers, encompassing mainstream dry 

and wet spinning methods, revealing their research trajectories, pivotal positions, and practical 

significance in the realm of engineered materials. In summary, this review briefly discusses 

the research overview and recent advances in UHMWPE fibers, which contribute to 

accelerating comprehensive and sustainable progress in this field. 

Keywords: UHMWPE fiber; high strength; high modulus; gel-spinning; dry method; wet 

method 

1. Introduction

With the deepening development of high-tech fiber preparation and application
worldwide, high-performance fibers have achieved continuous innovation and 
breakthroughs, and have now entered a prosperous and rapid development period [1]. 
One of the world high-performance fibers is UHMWPE fiber, which is refined from 
UHMWPE through gel-spinning and high-ratio stretching processes [2,3]. The 
molecular weight (MW) of UHMWPE fiber ranges from 1 × 106 Da to 9 × 106 Da, 
combined with a high degree of orientation and a high degree of carbon-carbon bond 
strength, making UHMWPE fiber a material with high specific strength, high specific 
modulus, and low break elongation when compared to other conventional 
commercial fibers [2,4]. Since the successful development of the world’s first 
UHMWPE fiber, Dyneema series fiber, by Dutch company DSM in 1979, 
researchers have innovated many excellent products, such as Allied Signal’s Spectra 
series fiber and Mitsui’s Tekmilon series fiber [5]. 

The preparation process of UHMWPE fiber is complex and diverse, mainly 
including high pressure solid extrusion, plastic melt spinning, surface crystal growth, 
super stretching or local super stretching, gel-spinning with hot stretching and other 
processes [6,7]. This type of fiber has extremely high strength and modulus, as well 
as characteristics such as low density (only 0.97 g/cm3), excellent energy absorption 
performance, chemical corrosion resistance, impact resistance, non-water absorption, 
and high compatibility with living organisms [8]. Therefore, it has shown broad 
application prospects in the field of special materials and composite materials. In 
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particular, the emergence of UHMWPE fibers has successfully broken the monopoly 
of aramid fibers in the field of bulletproof materials and presented a trend of 
gradually replacing aramid bulletproof fibers [9]. Currently, UHMWPE fibers have 
been widely used in key fields such as marine industries, mooring ropes, fishing 
lines, medical equipment, engineering materials, daily necessities, aerospace, 
military industry and so on [10,11]. This article endeavors to elucidate the properties 
of UHMWPE fibers and the preparation techniques and advances of UHMWPE 
fibers, to equip researchers with a comprehensive overview and investigative 
trajectory of UHMWPE. We believe that these efforts will help accelerate innovative 
and sustainable progress in this area. 

2. Advantages of UHMWPE fibers

The focus on UHMWPE fibers highlights their superior strength, modulus, wear
resistance, low friction coefficient, chemical inertness and so on (Figure 1). These 
unique features contribute to their wide range of applications across various 
industries such as engineering, manufacturing, medical science, military equipment, 
fishing and rope, etc. 

Figure 1. Schematic illustration of the advantages of UHMWPE fibers. 

2.1. Low dielectric constant 

The dielectric constant is a measurable property that quantifies a material 
response to an electric field. The dielectric constant of UHMWPE fibers falls in the 
range of 2.3–2.4 with the low loss tangent (0.003–0.02), rendering them particularly 
suitable for applications in high frequency radio waves [12]. When utilized as a radar 
cover, it exhibits superior radio wave transmittance (85%–99%). This indicates that 
when UHMWPE interacts with an electric field, its internal molecular architecture is 
less susceptible to polarity alterations. This trait of low dielectric constant renders 
UHMWPE proficient in electrical insulation, which confers significant application 
value in electronic devices [13]. For instance, in high-frequency circuits, UHMWPE 
can serve as a dielectric material to produce components such as microwave 
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waveguide tubes and capacitors. Moderate dielectric constant can mitigate 
transmission losses of electrical signals and enhance signal transmission quality. 
Concurrently, UHMWPE can also be employed to manufacture cable insulation 
layers and electrical insulation films, ensuring reliable electrical insulation 
performance. 

2.2. Low relative density 

Currently, a multitude of commercial UHMWPE fibers are available on the 
market with a specific gravity of 0.97 g/cm3, making it the lightest of all 
high-performance fibers [8,14]. This value is notably lower than aluminum (2.7 
g/cm3) and steel (7.86 g/cm3), two common metals used in engineering applications. 
Moreover, it is ~2/3 of aramid fibers (1.44 g/cm3) and ~1/2 of carbon fibers (1.78 
g/cm3). The lightweight nature of UHMWPE fibers makes them an ideal candidate 
for use in various applications where weight reduction is critical. For example, they 
can be incorporated into sports equipment like tennis rackets and golf clubs to 
improve swing speed and reduce fatigue during long games. Similarly, UHMWPE 
fibers, due to their low density, are expected to be used as composite materials in 
fields such as automotive and component manufacturing [15], effectively reducing 
vehicle weight and contributing to energy conservation and emissions reduction. 

2.3. Exceptional specific modulus and specific strength 

UHMWPE fibers possess a substantial bond strength within the main chain. 
Moreover, its highly crystalline orientation confers the fibers high stiffness and 
strength. Meanwhile, UHMWPE fiber presently exhibits the highest specific strength 
among high-performance fibers, which is 15 times that of high-grade steel, 4 times 
that of glass and nylon 66, 2.6 times that of carbon fiber, and 1.7 times that of aramid 
fiber [16]. The fiber with an exceptional specific modulus (slightly lower than carbon 
fiber, but greater than any other fiber) is 2.5 times that of aramid [17]. Due to the 
elevated stiffness under conventional quasi-static conditions, it can induce high 
sound velocity propagation, rendering it superior to other fibers in energy absorption 
and stress wave transmission during bullet impact protection. Therefore, UHMWPE 
fiber is currently recognized as the fiber possessing the highest bulletproof 
performance. 

2.4. Stability against chemical agents 

UHMWPE fiber has a relatively simple chemical structure and is chemically 
inert, demonstrating excellent resistance to chemical corrosion and even higher 
resistance to chemical reagents when compared to other fibers such as aramids [18]. 
It exhibits robust resistance to a variety of chemical substances including acids, 
alkalis, salts and water, which exerts negligible influence on properties, structure and 
strength. Only a very limited number of organic solutions can slightly swell them 
with a mechanical performance loss of less than 10% [2]. The corrosion resistance of 
UHMWPE fibers is notably higher than that of aramid fibers when the strength 
retention rates of UHMWPE fibers and aramid fibers are compared in diverse 
chemical media. Note that its strength is only lost in sodium hypochlorite solution. 
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2.5. Light resistance 

Owing to the robust chemical structure of UHMWPE fibers, their light 
resistance is also the utmost superiority among high-performance fibers [8]. After 
1500 h of UV radiation, the strength retention rate remains at 90%. Notably, the 
strength retention rate of UHMWPE fibers is significantly higher than other fibers 
when compared to nylon and aromatic amides fibers [19]. Aramid fibers are not 
resistant to UV rays and can only be utilized when avoiding direct sunlight exposure 
[20,21]. 

2.6. Impact resistance 

UHMWPE fibers exhibit excellent impact resistance, and their capacity to 
absorb energy and resist impact during deformation and shaping is higher than that 
of aramid fibers and carbon fibers [22,23]. In terms of impact resistance, the total 
absorption energy of UHMWPE fiber composite material is 1.8 times that of carbon 
fiber and 2.6 times that of aramid, and its bulletproof ability is 3.6 times that of 
aramid armor structure. 

2.7. Remarkable wear resistance 

The most important characteristic of UHMWPE is its remarkable wear 
resistance [24]. Notably, UHMWPE exhibits a low coefficient of friction, even in the 
absence of lubrication [25]. Its high MW and extensive polymer chains offer 
significant abrasion resistance, surpassing even polytetrafluoroethylene (PTFE), 
rendering it ideal for applications involving sliding or high friction elements [26]. 
This makes it an optimal material for applications where reduced friction is 
imperative, such as conveyor belts, bushings, and bearings [27]. 

2.8. Excellent low temperature performance 

UHMWPE exhibits excellent low-temperature characteristics and can maintain 
its mechanical properties at temperatures below −80 ℃ [28]. This renders it an ideal 
material for use in extremely cold environments, such as cold regions or deep seas. 
For example, in the realm of construction, UHMWPE can serve as an effective 
ground and wall material in cold storage facilities. The material’s ability to resist 
frost heave and maintain structural integrity in freezing conditions ensures optimal 
performance and durability. 

Inadequate anti-creep 

properties

Figure 2. Schematic illustration of the issues that need to be improved in UHMWPE 
fibers. 
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3. Areas for improvement of UHMWPE fibers

UHMWPE fibers have certain drawbacks in terms of heat resistance, creep
resistance, surface properties, etc. (Figure 2). However, these drawbacks do not 
hinder the unique advantages of UHMWPE fibers in multiple fields, such as 
protective materials, aerospace, industrial applications, etc. With the continuous 
progress of technology and the deepening of modification research, it is believed that 
these shortcomings will gradually be overcome and improved. 

3.1. Limited interface performance 

The exceptional hydrophobicity and lack of polarity exhibited by UHMWPE 
fiber renders it highly impervious to wetting [29]. Furthermore, the molecular 
structure of the surface of the UHMWPE fiber consists solely of methylene groups, 
which exhibit minimal reactivity with the surrounding matrix. The absence of 
reactive functional sites on the fiber surface effectively prevents it from forming 
covalent bonds with the resin [30]. As a result, the surface energy remains relatively 
low, preventing the resin from adhering easily; coupled with the absence of a 
roughened surface to facilitate mechanical interlocking, this significantly restricts its 
potential use in resin-based composite materials [31]. Owing to the inertness and 
non-polarity of UHMWPE fiber molecular chains, the interfacial viscosity strength 
between the fibers and the resin matrix is low, affecting the mechanical properties of 
UHMWPE fiber composites, particularly interlayer shear, transverse tension, and 
fracture toughness, thereby restricting their application to structural materials. 
Besides, there is such a class of self-reinforced composite materials, but it has been 
poorly studied, so it is rarely used. 

Notably, in composite materials, resin serves solely as a connecting agent, 
whereas fibers are the primary force-bearing entity. A series of effects occur at the 
interface between fibers and the matrix, such as stress transfer effect and crack 
blocking effect in composite materials [32]. If the interface bonding force between 
the fibers and the matrix is not robust, cracks are prone to form at the interface and 
propagate in the direction of the fibers, resulting in debonding between the fibers and 
the matrix when the composite material sustains damage. Conversely, the adhesion 
between the fibers and the matrix is strong, and the diffusion of cracks is confined to 
a local range, resulting in a synergistic effect between the fibers and the matrix in the 
composite material, substantially enhancing the performance of the composite 
material [33]. Hence, interfaces with strong adhesion can effectively transfer stress 
from the matrix to the fibers. Consequently, when employing UHMWPE fibers for 
the production of armor proofing materials or integral structures, it is often necessary 
to apply surface treatments to augment their interfacial efficiency. However, surface 
modification can affect the strength of UHMWPE fibers, and careful consideration 
should be given when employing it. In current research, commonly utilized surface 
treatment methods encompass plasma treatment [34], corona discharge treatment 
[35], chemical oxidation (e.g., oxidative etching) [36], radiation-induced oxidation 
[37], radiation grafting [38], photo-induced crosslinking , etc. Occasionally, several 
methods are employed in combination to achieve superior results. 

To improve the interfacial properties of UHMWPE fibers, Wu et al. 
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substantiated [39] the synergistic improvement in interfacial characteristics and 
resilience of UHMWPE fiber-reinforced polymer matrix composites (PMC) when 
subjected to oxygen plasma treatment. The oxygen plasma-treated UHMWPE/vinyl 
ester composites displayed a superior interface shear efficiency of 90.99%, 
significantly influencing the composite mechanical attributes. Optimal conditions 
were identified as an input power of 150–180 W, a duration of 120–150 s, and a gas 
flow rate of 8 sccm, resulting in a 10.67% increase in tensile strength, a 51.93% 
reduction in impact damage projection area, and a 24% decrease in dent depth. 
Concurrently, a gradual shift towards energy dissipation dominated by fiber fracture 
has been observed, optimizing fiber reinforcement and enhancing impact resistance. 
Yang et al. [40] introduced a novel physio-chemical alteration technique for 
enhancing interface compatibility between UHMWPE fibers and epoxy resins. The 
outcome revealed a significant increase in interfacial shear strength (IFSS), reaching 
up to 15.75 MPa, a 357% improvement over untreated UHMWPE fibers. 
Interestingly, the tensile strength of treated UHMWPE fibers decreased marginally 
by 7.3%, which was further validated by Weibull distribution analysis. Further 
findings indicated that the improved interface performance was due to roughened 
fiber surfaces and in situ grown groups, thereby improving the wettability between 
UHMWPE fibers and epoxy resins. Besides, Chen et al. [41] pioneered an innovative 
approach utilizing tannic acid (TA) to enhance the interface interaction between 
UHMWPE fibers and epoxy resins, yielding superior mechanical performance and 
enhanced hydrophilicity compared to virgin fibers. The IFSS of the modified 
micro-composite material escalated to 1.055 MPa, representing a significant 43.3% 
enhancement over the original UHMWPE fiber, while the tensile fracture strength 
and modulus rose by 28.0% and 49.4%, respectively. SEM images of the composite 
tensile fracture revealed substantial improvements in the interface characteristics of 
the TA-coated UHMWPE fiber and matrix. Notably, the doping of some inorganic 
compounds can also improve the interfacial properties of UHMWPE fibers, which 
helps to enhance their application in the field of composite materials. For example, 
Wang et al. [42] presented an innovative one-step, mild approach to fortifying the 
interfacial qualities of UHMWPE fiber-reinforced plastics. The resultant fibers 
exhibited enhanced surface roughness, polarity, and wettability due to their unique 
three-dimensional architecture and ample polar groups. Consequently, IFSS of these 
fibers increased 407.8%, reaching 8.36 MPa compared to untreated UHMWPE of 
2.05 MPa. Analysis indicated that the failure mode shifted from adhesive to cohesive 
and substrate failure in the most robustly strengthened fibers. Moreover, in an effort 
to enhance the interfacial performance of UHMWPE fibers, Liu et al. [43] 
investigated the enhancement of interface stability in rigid polyurethane 
(RPU)/UHMWPE fiber composites through surface modification. They synthesized 
donut-shaped zinc oxide (D-ZnO) crystals on UHMWPE fibers, exploring their 
formation mechanism (Figure 3). The tensile strength of the 
D-ZnO-UHMWPE/RPU composite increased significantly by 127.9%, while impact 
toughness escalated by 155.2%. These results indicated that D-ZnO decoration can 
substantially improve the mechanical performance of these composites. Furthermore, 
it is suggested that the incorporation of D-ZnO-UHMWPE fibers into the RPU 
matrix creates additional crack propagation routes, thereby enhancing the toughness 
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of composites. 

Figure 3. SEM images of the (a) untreated UHMWPE fibers; (b) D-ZnO-UHMWPE 
fibers; (c) Zoom-in views of (b); (d) Zoom-in views of (c). Reprinted with 
permission from reference [43], copyright American Chemical Society 2022. 

3.2. Limited heat resistance 

UHMWPE fibers demonstrate high crystallinity and orientation, small 
cross-sectional area of macromolecular chain, minimal melting point (Tm), and 
resulting restrained heat resistance [44]. In contrast to aramid fiber, this fiber is not 
resistant to high temperatures and melts at ~150 ℃, and application temperature is 
limited to 80–90 ℃ [45]. When employed at elevated temperatures, the strength 
diminishes and the creep resistance significantly escalates. When fabricating 
bulletproof backs and helmets, protection against blunt injuries may be 
compromised. Therefore, it is necessary to modify the heat resistance of UHMWPE 
fibers and significant progress has been made [46]. 

Recently, Liu et al. [44] have established an extensive fabrication procedure for 
elevated, through-plane thermal conductivity in UHMWPE fibers/PDMS 
unidirectional (UD) composites employing aligned UHMWPE fibers as filler and 
PDMS as matrix. At 400 ℃, the pure PDMS exhibited a weight loss ratio of ~2%, 
signifying excellent thermal stability. Up to 300 ℃, the weight loss ratio remained 
below 2%. Thus, the thermal stability of UHMWPE fibers/PDMS composites could 
fulfill the needs for practical application. Notably, with innovations in UHMWPE 
fiber via ultraviolet (UV) crosslinking, significant focus must be placed on its 
thermal aging characteristics and heat tolerance mechanism. Dong et al. [47] used 
UHMWPE fibers in varied forms, including full drawn yarn (FDY) and UV 
crosslinked FDY (UVFDY), and then subjected them to isothermal aging at 135 ℃. 
The impacts of thermal aging on their surface structure and mechanical attributes 
were initially examined and the findings affirmed that UVFDY is a heat-resistant 
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fiber. During an aging period of 10 h, numerous grooves appeared on the FDY 
surface, while the UVFDY surface remained free of patterns, showcasing its 
exceptional mechanical characteristics. This validates UVFDY as a heat-resistant 
fiber. Moreover, Yu et al. [48] employed air plasma and ZnO coating for 
modification of UHMWPE fibers. Results suggested that a dense, net-like nano-ZnO 
coating was observed on the treated fiber, and the fiber surface was activated via 
O-C = O group adsorption, enhancing the bonding strength between the nano-ZnO 
coating and the fiber. The plasma-treated fiber exhibited improved plating efficiency, 
a 19.7% enhancement in thermal stability post 120 s treatment, and a significant 
177% increase in impact resistance following 90 s treatment. 

3.3. Inadequate anti-creep properties 

Considering that UHMWPE possesses a simplified macromolecular structure, 
with only van der Waals interactions between molecules, resulting in inadequate 
creep resistance and vulnerability to deformation under stress [49,50]. All these 
shortcomings significantly reduce its service lifespan and restrict its application 
range, such as in scenarios where continuous stress prevails in ropes and cables. 
Consequently, modifying UHMWPE fibers is a highly significant and meaningful 
research endeavor, particularly in the context of preserving their inherent superior 
performance [51]. The exploration of strategies to enhance the creep resistance of 
UHMWPE fibers and their continuous production holds significant theoretical and 
practical implications. 

Notably, highly creep resistant UHMWPE fibers are predominantly utilized in 
ocean mooring cables, ship cables, and marine fisheries due to their exceptional 
creep resistance, yet traditional fabrication approaches of UHMWPE fibers 
emphasize post modification, severely restricting application in complex 
environments. Yuan et al. [52] synthesized granulated hydroxylated UHMWPE via 
ethylene/10-undecenoic acid triisobutylaluminum copolymerization under a titanium 
catalyst, i.e., [tBuNSiMe2(2,7-tBu2Flu)]TiMe2. The resulting polymer powders 
underwent gel-spinning and heat-drawing to form hydroxylated UHMWPE fibers, 
exhibiting enhanced creep resistance and hydrophilicity with preserved tensile 
strength. Notably, the fiber creep rate decreased significantly from 0.52% of regular 
UHMWPE to 0.32% of UHMWPE-OH. Hence, minimal incorporation of hydroxyl 
moieties in UHMWPE contributes significantly to fiber creep resistance due to the 
high bond energy (21 kJ/mol) of hydrogen bonds within the polymer chain, 
surpassing the intermolecular slip force (0.4 kJ/mol–4.0 kJ/mol). The blend fiber 
showed a reduced creep rate (0.48%) and improved tensile strength (17.5 cN/dtex) 
over commercial UHMWPE fiber (1.01%, 14.2 cN/dtex), indicating potential for 
UHMWPE-OH powder as a blend modifier. Besides, Li et al. [53] employed wet 
spinning to produce UHMWPE fibers, subsequently modifying their surface via 
hydrolysis and condensation reactions. Examination of the chemical structure, 
thermal stability, and micromorphology revealed an interlaced network on the fiber 
surface, accompanied by reduced crystallinity, minimal thermal stability, and 
diminished molecular chain mobility. This unique methodology increased creep 
resistance in modified fibers by over 50% compared to untreated UHMWPE fibers. 
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This study successfully amalgamated UHMWPE spinning and surface modification 
techniques, thus substantially enhancing the creep resistance of UHMWPE fibers. 

Figure 4. Schematic illustration for the structure evolution model of UV crosslinked UHMWPE fiber during 
processing. Reprinted with permission from reference [54], copyright John Wiley and Sons 2024. 

Despite improvements in UHMWPE fiber for heat and creep resistance via UV 
cross-linkage, the impact on fiber structure during processing is crucial. Dong et al. 
[54] inspected UHMWPE fiber in varied states including pre-oriented yarn (POY),
FDY, and UVFDY using differential characterization methods (Figure 4). They
further assessed the heat and creep resistance of UVFDY through temperature at
break (Tb), glass transition temperature (Tg), time at break (tb) under specific aging
conditions, and creep elongation (Lc). Their findings revealed UVFDY with high gel
content (89.0%), crystallinity (84.2%) and orientation (91.7%). These attributes
endowed UVFDY with exceptional mechanical strength and heat/creep resistance,
particularly evident in its elevated Tb (220  °C), Tg (−75.7  °C) and tb (20 h) along
with decreased Lc (7.8%). This study sheds light on the structural-functional
correlation of UVFDY, aiding future developments of UV crosslinked UHMWPE
fibers with enhanced heat and creep resistance. Besides, using electron beam (EB)
radiation crosslinking, Wen et al. [55] developed a high creep resistance UHMWPE
fiber, demonstrating increased thermo-stability, reduced crystallinity, and substantial
cross-linkages as compared to the initial sample. Note that the gel content of the
crosslinked fiber ascended to 88%, indicating enhanced cross-linking in the
amorphous phase, thereby minimizing molecular slip. Notably, the room temperature
creep extension of radiatively treated fibers dwindled by over 30%. When compared
with untreated UHMWPE fibers, cross-linked UHMWPE fibers exhibited superior
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creep resistance under diverse ambient conditions (60 ℃, 90 ℃ and 120 ℃), with 
negligible creep expansion observed during irradiation with 100 kGy. This study 
introduced a streamlined methodology for fabricating and evaluating high creep 
resistance UHMWPE fiber, paving the way for its broader utilization, especially in 
military protective gear. 

4. Gel-spinning of UHMWPE fibers

4.1. Gel-spinning and its mechanism 

The mainstream manufacturing process of UHMWPE in industry is called 
gel-spinning, which can be classified as dry spinning method and wet spinning 
method [17,56]. The former employs a high volatile solvent for the dry gel-spinning 
process, while the latter utilizes a low volatile solvent for the wet gel-spinning 
process. The solvent utilized and subsequent procedures are the primary distinctions 
between these two process routes [57]. Owing to the substantial disparities in the 
attributes of the two types of solvents, subsequent solvent recovery processes are 
also completely distinct, each possessing its own unique advantages. Gel-spinning 
mechanisms are intricate, prompting numerous investigations of UHMWPE spinning 
mechanisms, which is mainly based on the theory of entanglement and 
disentanglement of polymer chains [58–60]. There is a well-established outline 
elucidating the basic mechanism of UHMWPE fiber gel-spinning. Primarily, the 
UHMWPE solution undergoes heating and shearing within the extruder to form 
polymer fibers. At this point, polymeric crystals within the fiber are disentangled, 
thereby establishing a preferred alignment between the polymer chains within the 
fibers. Subsequently, the disentangled polymer chains in the fiber are forced to align 
further. The elevated drawing ratio endows the orientation of the chains in the fiber, 
which also instigates high crystallinity. By drawing, the crystallinity of the polymer 
can reach up to 85 % compared to crystallinity below 60 % in PE fibers with low 
polymer orientation [61]. Given that UHMWPE polymer chains within the fiber are 
highly oriented in specific directions, the fibers exhibit a highly anisotropic behavior. 
While mechanical properties such as tensile strength (up to 2.9 GPa with Young’s 
modulus of 101 GPa) and stiffness along the fiber orientation are extremely high, 
axial compression and transverse strength are diminished due to the weak interaction 
of polymer chains with each other [62]. 

Notably, the advanced understanding of UHMWPE gel-spinning mechanism is 
also perpetually enhanced and refined. Recently, Wang et al. [17] elucidated the 
influence of entanglements and intracrystalline chain dynamics on UHMWPE 
mechanical traits, explored disentangled UHMWPE crystal construction theories, 
and deduced the rationale behind the superior modulus and strength of final fiber. 
Significantly, they deduced that utilization of high molecular weight PE resins 
diminishes both the defect fraction at chain termini and also lessens the entanglement 
concentration (i.e., ϕe). A higher entanglement magnitude per polymer chain at a 
specific concentration bolsters the stability of the gel framework, inhibiting the 
formation of individual crystals. Additionally, immersing UHMWPE resins in 
solvents like decalin and paraffin, yielding dilute solutions, mitigates entanglement 
density, with this disengagement potentially preserved post crystallization, yielding 
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superior ultrafine drawability. Meanwhile, Sun et al. [58] established the 
entropy-viscosity model, facilitating the correlation between the tangible 
macroscopic determinant (drawing stress) and the microscopic quantity 
(macromolecular entanglements). The study revealed that the trend in the NskT 
parameter, reflecting the chain-slippage within the slip links during extension on 
spinning lines, supports the observation of a peak in each relationship curve linking 
the tensile strength and modulus of UHMWPE fibers through the maximum 
solid-state draw-down ratio. This indicates the “disentanglement on the spinning 
line” molecular motion mechanism. As these entangled molecules are incorporated 
into the flowing units, their apparent count decreases. Notably, molecular 
entanglement numbers, derived from theoretical fitting to pre-draw and post-draw 
data, have escalated dramatically, mainly due to agglomeration rather than 
topological entanglements. Besides, Wang et al. [63] utilized in situ wide-angle 
X-ray diffraction (WAXD), small-angle X-ray scattering (SAXS) and SEM to 
scrutinize the structural evolution from shish-kebab to fibrillar crystals of UHMWPE 
fibers fabricated from dilute solution during the hot-stretching procedure. As the 
hot-drawing strain escalates, kebab crystals (lamellae) exhibit stress-induced 
breakage and recrystallization at 90 ℃, 100 ℃, and 110 ℃, and fusion followed by 
recrystallization at 120 ℃, transforming into fibrillary structures. Remarkably, the 
length of pre-fiber shish initially increases steadily at each strain level before 
decreasing slowly, while their numbers persistently increase and diameter widens 
gradually until reaching constant. Regardless of the strain temperature, the 
crystallinity index exceeds 0.9 throughout the entire stretching procedure. These 
findings suggest that shish-kebab crystals in low-concentration polyethylene fibers 
can seamlessly transition into fibrillar form through hot stretching technology. 

4.2. Dry method gel-spinning 

The dry spinning process route primarily utilizes decalin as the spinning 
solvent, which is blended with UHMWPE resin, and subsequently undergoes 
high-temperature shearing, blending, and spinneret extrusion in a twin-screw 
extruder to form a melt flow [64,65]. The solvent is eliminated by blowing with inert 
gas (i.e., N2) and other techniques, and the melt solidifies into precursor fibers that 
can be rolled and shaped. UHMWPE fibers with high strength and modulus can be 
obtained by subjecting the precursor fibers to high multiples of heat stretching 
(Figure 5). Compared to wet spinning, dry spinning possesses a more streamlined 
procedure, is cost-effective and environmentally friendly, and produces fibers with a 
smooth surface, fewer defects, softness, high crystallinity, high fiber density, high 
Tm, short melting range, and low solvent residue. Notably, the crucial process 
technology of the dry process route principally comprises the following aspects. 
Initially, the swelling process of the resin in decalin solvent is critical for uniform 
dissolution of the spinning solution. Subsequently, uniform discharge of the spinning 
solution is the critical determinant of fiber dimensions. Further, proficient 
volatilization of solvents in precursor fibers is the critical factor impacting solvent 
recovery and mechanical characteristics of final fibers. Ultimately, thermal tensile 
temperature, tensile ratio, and tensile velocity are the principal determinants of fiber 
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crystallization and mechanical properties. 
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Figure 5. Schematic illustration of dry method gel-spinning of UHMWPE fibers. 

Recently, Wang et al. [65] produced UHMWPE fibers via the dry spinning 
process with an UHMWPE resin viscosity-average MW (Mv) of 600 × 104 Da, 
observing structural transformation during hot-drawing. UHMWPE (6%) was 
incorporated into decalin and fed into a twin-screw extruder. Processing parameters 
were set above the Tm of UHMWPE and the solvent boiling point (189 oC). Then 
pre-drawing was executed in a hot box to generate initial fibers with a draw ratio of 
~10. Hot-drawing with varying DRs of 10–75 yielded tensile strengths of 4.49 
cN/dtex–35.04 cN/dtex. Notably, as DR increased, fiber linear density initially 
diminished, attaining a maximum of 83.5 N at DR 40, indicating stress orientation of 
amorphous phase molecules and orthorhombic crystal formation. Moreover, chain 
slip occurred at higher DRs, diminishing fracture force but augmenting fiber 
strength. Note that a shoulder peak appeared on differential scanning calorimetry 
(DSC) curves at 154 ℃, accompanied by three unique peaks in the X-ray diffraction 
pattern, i.e., (001) at 2θ of 19.3o, (110) at 2θ of 21.6o, and (200) at 2θ of 24.1o. As 
DR increased, the average grain size of these planes decreased, indicating enhanced 
fiber structure integration. Furthermore, Ding et al. [59] fabricated 7 diverse types of 
fibers by dry spinning technique, encompassing raw fibers (with high fracture strain) 
and final fibers with varying fore-spinning and post-spinning draw ratios. Initially, 
UHMWPE powder was mixed into decalin (6 wt%), fed into a twin-screw extruder 
for complete dissolution, and extruded through a spinneret via a metering pump. A 
gel fiber formed after cooling and pre-drawing at 80 ℃–100 ℃ in a drying box, 
yielding a dry raw fiber. Findings indicated that the fiber’s tensile strength obeyed 
the Weibull distribution, which located in the range of 24.72 cN/dtex–36.84 cN/dtex. 
Interestingly, pre-spinning spinneret’s draw ratio significantly affected the strength 

81



Materials Technology Reports 2024, 2(2), 1518.  

distribution. Diverse drawing methods altered the fiber’s fracture mechanism as 
confirmed by DSC and the taut tie molecules (TTMs) fraction analysis. Notably, 
Weibull distribution parameters signified fiber quality, while Weibull modulus 
correlated with fiber property dispersion and processing conditions. The 
characteristic strength corresponded to the mean test stress, indicating its efficacy as 
a metric for fiber reliability in practical use. 

Figure 6. Cross-sectional optical microscope images of (A) as-spun; and (B) drawn 
UHMWPE fibers using cross-sectional polyamide 6 (PA6) fibers as mounting filler, 
and scanning electron microscopy (SEM) images of twisted; (C) as-spun fiber; and 
(D) drawn fiber, and SEM side view of; (E) as-spun fiber; and (F) drawn fiber.
Reprinted with permission from reference [66], copyright John Wiley and Sons
2024.

In view of the common utilization of hazardous petrochemicals in large-scale 
UHMWPE fiber manufacturing, it’s noteworthy that orange terpenes, a byproduct of 
citrus fruits, can serve as an environmentally friendly bio-degradable alternative. 
Brown et al. [66] have thoughtfully conducted research on ultrafine UHMWPE 
fibers utilizing orange terpenes as a solvent with a 5:1 dilution ratio (Figure 6). The 
process involved preparing a blend of UHMWPE and orange terpenes by heating a 
solution containing both substances above the Tm of UHMWPE, followed by the 
addition of the polymer while stirring. The blend was instantly introduced into a 
preheated extruder barrel (130 ℃), allowing it to stabilize for 5 minutes. The nozzle 
featured a round aperture of 250 μm diameter and approximately 500 μm length. 
Extrusion was executed at 130 ℃, with a syringe pump operating at a rate of 0.07 
mL/min. The extruded filament extruded through a 10 cm air void into a room 
temperature deionized water coagulation bath, lingering for about 68 cm before 
being coiled onto a spool at a speed of 2.5 m per minute. The resulting fibers 
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displayed a smooth, micrometer ribbon cross-sectional profile, optimally configured 
for high fiber volume fraction composites. Post-extrusion, the fibers demonstrated 
enhanced tenacity (8.6 cN/dtex) and modulus (229.2 cN/dtex). This investigation 
effectively underscores the prospective application of orange terpenes as an 
environmentally conscious solvent for UHMWPE gel-spinning, establishing a 
platform for future process enhancement initiatives pertaining to these fibers. 
Interestingly, shape memory polymer fibers (SMPF) including UHMWPE fibers, a 
significant component of smart fabrics, are applied in textiles, polymers, and 
medicine, such as surgical sutures and medical devices. Li et al. [67] developed 
external stress-free two-way SMPFs using UHMWPE matrix based on gel-spinning 
and hot-drawing of UHMWPE to yield raw fibers. A blend of UHMWPE powder 
(12.66 g) and Irganox 1010 (0.09 g) in decalin (1000 g) was heated to 155 ℃ under 
mechanical stirring for 150 min. The resulting transparent UHMWPE solution (1.25 
wt%) was injected into a glass syringe maintained at 155 ℃ via a heater. Filaments 
were formed by extrusion through a 1.5 mm syringe needle, which was then cooled 
in an ice petroleum ether bath to form a gel fiber. Subsequently, the gel fiber was 
dried at room temperature for 24 h before being hot-drawn thrice at 100 ℃, 110 ℃, 
and 120 ℃ to produce raw UHMWPE fibers. After programming, these UHMWPE 
fibers exhibited high tensile strength (338.72 MPa) and Young’s modulus (2287.34 
MPa), along with one-way SME, quasi-two-way SME, and external stress-free 
reversible two-way SME, with a reversible strain of 27.42%. These fibers can be 
utilized to fabricate artificial muscles and actuators, which can lift over 250 times 
their own weight with a reversible strain of ~10%. Given their simplicity in 
preparation and programming, they are suitable for industrial mass production. 

Screw extruder
Spinning 

box

Continuous extraction

Mixing tank

Water 
tank Drying box

Ultradrawing Winding  
Figure 7. Schematic illustration of wet method gel-spinning of UHMWPE fibers. 

4.3. Wet method gel-spinning 

Notably, the wet method technique was first incorporated in 1985 following 
licensing DSM patents from Honeywell in the United States [68]. The primary fiber 
grades launched encompass the Spectra series items, with Spectra-HT grades with 
tensile strength of up to 40 cN/dtex [69]. In addition, Mitsui Corporation of Japan 
formally launched the manufacture of Tekmilon UHMWPE fiber in 1988, targeting 
the markets for work gloves, cables, and fishing lines. Contrasting vastly with the 
dry spinning method, the wet spinning technique employs a non-volatile spinning 
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solvent with a high boiling point, such as naphthalene, paraffin oil and other 
hydrocarbons including kerosene, white oil, mineral oil, etc. [70]. Consequently, the 
spinning processing temperature can be varied over a wide range. The spinning 
material is extruded through a spinneret and subsequently condensed and solidified 
in a water bath to yield frozen precursor fibers [71]. Subsequently, the spinning 
solvent necessitates to be extracted and dried at the latter stage of spinning (Figure 
7). Commonly utilized extractants encompass xylene, dichloromethane, hydrocarbon 
cleaning agents, etc. Note that after more than a decade of industrial evolution, the 
spinning solvent recovery process is relatively straightforward and mature, yet there 
persist the issues of residual solvent, escalating pressure on environmental protection 
and safety. From the appearance, there is no obvious difference between the 
precursor fibers and the final fiber product, but the product fibers usually have a low 
denier (Figure 8). Generally, gel-spinning is currently a more widespread method in 
fiber yarns that is capable of preparing products with excellent morphology and 
regularity in industrial production. 

(a) (b)
Figure 8. Schematic diagrams of UHMWPE (a) precursor fiber; and (b) final fiber 
product. 

The progress of wet processing methods stems from the inherent drawbacks of 
the traditional wet processing method, which impact the uniformity of product 
quality, particularly the fiber diameter deviation is typically substantial. Refining the 
existing process route to further enhance the mechanical properties, stability, and 
functionality of fibers is currently the research focus of wet processing methods. For 
example, considering the harsh conditions during the decomposition of UHMWPE 
fibers caused by heat and shear heavily decimates the MW of UHMWPE, Hu et al. 
[72] successfully facilitated the dissolution of UHMWPE in paraffin oil whilst
circumventing substantial degradation, thereby enhancing fiber tensile strength. The
application of gel-spinning utilizing supercritical carbon dioxide (SC-CO2) treated
UHMWPE/paraffin oil suspension yielded fibers possessing superior MW
preservation and disentanglement efficacy. Significantly, the tensile strength of
SC-CO2-modified UHMWPE fibers reached 30.11 cN/dtex, an appreciable
augmentation of 10.3% compared to untreated counterparts, with a modulus of
1328.71 cN/dtex. Furthermore, the thermal and crystallization attributes of the
modified fibers were enhanced. Thorough examination of the thermo-mechanical,
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mechanical, and crystalline properties of these fibers indicated that SC-CO2 
treatment notably enhanced MW and disentanglement of UHMWPE gel fibers, as 
demonstrated by both thermo-mechanical and rheological assessments, corroborated 
by cross-sectional morphologies of the fibers. Similarly, Wang et al. [73] utilized 
decalin (dec) as a pre-soaking agent to optimize the UHMWPE solubility in paraffin 
oil, avoiding severe deterioration, thereby producing UHMWPE fibers with high 
MW preservation and low tangled structure (Figure 9). UHMWPE fibers are 
prepared using gel-spinning and hot-drawing techniques. Among them, the 
UHMWPE/dec-s-3 sample, where UHMWPE was pre-soaked in a decalin solution at 
a mass ratio of 3:1, exhibited the highest MW. Notably, the entanglement of 
UHMWPE fibers from this sample is noticeably less dense than those from 
UHMWPE-neat or other swollen samples. Furthermore, the tensile strength and 
modulus of UHMWPE/dec-s-3 fibers increased significantly, reaching 31.41 and 
1446.26 cN/dtex, an increase of 15.1% and 14.3% over UHMWPE-neat fibers. 
Additionally, the thermal and crystallization properties of UHMWPE fibers from 
swollen UHMWPE are enhanced. Moreover, investigation by Yu et al. [74] delved 
into the structural characteristics and functional performance progression of 
UHMWPE fibers generated via industrial manufacturing plants, incorporating draw 
ratios of up to 54.5. This study used. This study utilized advanced analytical tools 
such as DSC, WAXD and SAXS. The UHMWPE fibers, fabricated from 8 wt% 
paraffin oil emulsion, encompassed 60 filamentary yarns per bundle. Initially, the 
paraffin oil concentration in the unprocessed fibers approximated 75 wt%, with a 
residual content of 2.0 wt% after extraction. Findings revealed considerable 
augmentation in amorphous molecular chain alignment and crystallinity during 
preprocessing, but no discernible alteration in fiber mechanics. Initial drawing led to 
an elevation in crystallinity and orientation from 68% to 81% and 0.88 to 0.97, 
respectively, accompanied by substantial increments in modulus and tensile strength 
(29.5 cN/dtex to 878.1 cN/dtex and 4.3 cN/dtex to 21.1 cN/dtex). Subsequent steps 
of drawing accentuated the monoclinic phase content, substantially contributing to 
the ongoing fortification of mechanical attributes. 

Figure 9. Schematic illustration for the preparation process of UHMWPE fibers by 
regulating the dissolving system to enhance mechanical properties. Reprinted with 
permission from reference [73], copyright John Wiley and Sons 2022. 
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Figure 10. Schematic illustration for the (a) online fabrication process; (b) mechanism of modification of a highly 
creep-resistant UHMWPE fiber. Reprinted with permission from reference [75], copyright American Chemical 
Society 2024. 

The advancement of UHMWPE fibers possessing distinct functionality, 
accompanied by the materialization of UHMWPE fibers suitable for practical 
deployment, represents an ongoing evolution in this specialized field. For example, 
Yang et al. [75] innovated highly creep resistant UHMWPE fibers mimicking the 
molecular architecture of a fish skeleton (Figure 10). They formulated a spinning 
blend comprising UHMWPE (10%), an antioxidant, and liquid paraffin, which was 
subjected to stirring and swelling for 6 h at 80 ℃ followed by the addition of 
n-hexene (at 1 wt%, 3 wt%, 5 wt%) and diisopropylbenzene peroxide. This blend
was subsequently restituted in a pressurized dissolving kettle for 1 hour before being
fed into a twin screw for additional swelling and extrusion. A raw UHMWPE wire
was prepared by inserting a 1.0 mm diameter spinneret into a cooling tank.
Solvent-free UHMWPE filaments were extracted and subjected to thermal drawing,
resulting fiber with tensile strength of 26 cN/dtex–30 cN/dtex and modulus of 800
cN/dtex–1268 cN/dtex. Melt-grafting spinning and hyperthermal drafting were used
to produce modified UHMWPE fiber products with improved polymer chain slip
hindrance. Notably, raising the monomer concentration to 5.0% notably decreased
elongation from 8.5% to 2.5% at 70 ℃, representing a substantial improvement
(over 70%). This approach effectively overcomes traditional industrial modification
limitations, online spinning modifications, and high creep resistance, making it a
practical and economical solution. Hu et al. [76] developed advanced abrasive
UHMWPE fibers by gel-spinning, utilizing an 8 wt%–16 wt% UHMWPE
formulation via a single-hole spinneret, extraction, drying, and drawing methods.
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The incorporation of dispersed UHMWPE powder and antioxidant 1076 (0.7 wt%) 
into paraffin oil yielded 8 wt%, 10 wt%, 12 wt%, 14 wt%, and 16 wt% UHMWPE 
gel-spinning solutions. The fiber tensile strength attained values ranging from 23 
cN/dtex–30 cN/dtex, while the modulus ranged from 882 cN/dtex–1103 cN/dtex. 
Moreover, the influence of solution concentration on solvent phase separation, 
crystallinity, erosion protection, and mechanical properties was evaluated. The 
findings revealed that elevated solution concentration can expedite phase separation 
equilibrium, thereby curtailing production duration. The wear resistance improved by 
almost 3-fold with a 2-fold solution concentration and a doubling of UHMWPE 
monofilament density. Despite marginal reductions in MW and tensile strength, 
enhanced erosion resistance and rapid phase separation equilibrium render this 
method advantageous, substantially bolstering the utilization of UHMWPE fibers in 
civil engineering applications. 

5. Recent advances in UHMWPE fibers-based composite materials

The employment of UHMWPE fiber, renowned for its exceptional
strength-to-weight ratio, robust tenacity, and supreme chemical and abrasive 
resistance, is deemed to be the most advantageous reinforcement element. 
Nonetheless, substandard interaction and compatibility between UHMWPE fibers 
and polymeric matrix has hindered the progress of UHMWPE composites with 
superior properties. To mitigate this issue, ongoing contemporary investigations have 
focused on surface modification of UHMWPE fibers and UHMWPE/polymer 
interfacial interactions. For instance, the physico-chemical approach involving 
plasma modification and polypyrrole (PPy) grafting was adopted by Yang et al. [77], 
to enhance the impact resistance of UHMWPE fiber/epoxy composites at low 
velocities. Two distinct gas compositions, N/O (N2:O2, 5:5) and pure N2, were 
utilized in plasma processing. Polypyrrole was applied after treatment and residual 
compression strengths for impacted laminates were measured. Results showed 
compression strength of 30.9 MPa and 30.4 MPa for PP-N/O and PP-N2 composites, 
respectively, and 25.9 MPa and 22.1 MPa for PM-N/O and PM-N2 composites, 
respectively. Comparative analysis indicated significant improvements in impact 
resistance and residual strength following combined plasma treatment and 
polypyrrole grafting, accompanied by a notable reduction in void fraction. Notably, 
the impact resistance of a single physical plasma treatment was primarily influenced 
by the N2-O2 ratio. Besides, cyanate (CE) resin and UHMWPE fiber are pivotal 
constituents serving as matrix and reinforcement, respectively, for facilitating 
lightweight, high wave transparency within composites. Nonetheless, compatibility 
barriers may pose challenges in composite manufacturing, therefore Jiang et al. [78] 
overcame this obstacle through the utilization of the polysulfide catalyst (PSC), 
which accelerated the curing process of CE resin, thereby lowering its activation 
energy and the required molding temperature (Figure 11). The observed activation 
energy of the CE-PSC resin was reduced from 107.2 kJ mol−1 to 60.7 kJ mol−1, with 
a Tg of 257.2 ℃ and flexural and tensile strengths of 120.2 MPa and 60.8 MPa, 
respectively. Accordingly, the CE-PSC/UHMWPE fiber composites fabricated at an 
optimized molding temperature of 135 ℃, exhibit remarkably low density (1.05 g 
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cm−3), low dielectric constant (2.4), minimal dielectric loss (0.006), and superior 
wave transmittance (92.2%). Thus, these composites possess considerable potential 
in the field of lightweight, high wave-transparent materials. 

Considering the recent focus on material ballistic threshold and single hit 
behavior, Xiang et al. [79] presented a novel method to probe the multi-point 
asynchronous impact responses and damage mechanisms of UHMWPE fibers, 
aiming to elucidate why there are significant variations in the ballistic threshold and 
energy absorption capacities of UHMWPE fiber composite panels, depending on 
their impact separation. By leveraging CT scanning and DIC (Digital Image 
Correlation), delamination extent and dynamic response can be quantified. The 
results indicated that the ballistic threshold of the subsequent impact increased by 
3.05% at an impact distance equal to 2.5 dm of the bullet. Despite interference 
within the damaged zone, the maximum disparity in energy absorption between 
consecutive impacts remains limited to 3.7%, even at impact separation of 5 dm of 
the bullet. Thus, from the point of view of energy absorption, the two impacts remain 
independent. Overall, multi-impact testing is critical for protective materials, and this 
study provides valuable insights into the multi-impact performance of UHMWPE 
fiber laminates. Qiao et al. [80] examined a class of composites designated as 
thermoplastic polymer-fiber-reinforced polymers (PFRPs), commonly referred to as 
self-reinforced composites (SRCs). As an example, they utilized unidirectional (UD) 
UHMWPE fibers embedded in a high-density polyethylene (HDPE) matrix for 
optimal PFRP. They exposed the filament-wound PFRPs, possessing varying fiber 

volume fractions (𝑉𝑓), to rigorous experimental examination under different 
compression molding temperatures and pressures. The maximum specific tensile 
strength and modulus of PFRP laminas achieve values of 600 MPa/(g/cm3) and 31 
GPa/(g/cm3), respectively. These parameters rival those of 
glass-/aramid-fiber-reinforced polymers, with PFRPs showcasing superior ductility 
(specific strain at peak load of ~4%/(g/cm3)) compared to other prevalent polymer 
composites. Moreover, Liu et al. [81] formulated an innovative 
environment-friendly, formaldehyde-free impregnation solution for improving the 
interfacial bond between UHMWPE fiber cords and rubber. Prior to impregnation 
with a blend of glycerol triglycidyl ether (GTE), diethylenetriamine (DETA), and 
vinyl pyridine latex, the UHMWPE fiber cords undergo treatment using dopamine 
(DA) and N-(β-aminoethyl)-γ-aminopropylmethyldimethoxysilane (KH602). The 
data showed no adverse effect on post-impregnation fiber strength and a 257% 
increase in bond strength between the modified fibers and rubber as demonstrated by 
H pull-outs results. Subsequent to impregnation, significant fiber strength was 
maintained. When equating GTE/DETA to proportion of 5:1.5, the resulting H 
pull-out resistance and 180o peel strength for 
UHMWPE-PK-Resorcinol-formaldehyde-latex (RFL) fiber cord/elastomeric 
composites increased to 52.7 N and 8.3 N/mm, respectively, akin to that of 
UHMWPE-PK-RFL fiber cord/rubber composites. 
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Figure 11. CE resin with polysulfide cation catalyst and its UHMWPE composites. (A) Flexural and tensile strength 
of different CE resin systems. Fractured surface morphology of flexural strength samples: (B) uncatalytic CE resin, 
(C) 121 ℃-CE-PSC, (D) 130 ℃-CE-PSC, (E) 135 ℃-CE-PSC, and (F)140 ℃-CE-PSC. Reprinted with permission
from reference [78], copyright John Wiley and Sons 2024.

Notably, inorganic compound materials can also be incorporated into the 
polymeric matrix, facilitating synergistic properties enhancement for UHMWPE 
fiber-reinforced composites. For instance, Wang et al. [82] deployed wrapping to 
amplify armor material impact resistance. They infiltrated polyurethane (PU) into 
UHMWPE threads, interwoven it with ZrO2 for added tenacity, and evaluated the 
outcomes using several microscopic methodologies inclusive of three-dimensional 
X-ray computed tomography, optical microscopy, and SEM. Observations indicated 
that PU coated composite threads exhibited strain-rate sensitivity reaching 4.4 × 10−2 
s−1; beyond this limit, strain rate ceases to affect their peak force. Furthermore, ZrO2 
integration substantially enhanced peak forces, potentially owing to fiber cohesion 
reinforcement. Additionally, PU insertion noticeably amplified UHMWPE thread 
peak tensile forces, escalating rates by 47.2% (95% CI, 28.4%–66.0%) for PU/PE 
threads and 44.0% (95% CI, 29.0%–58.9%) for ZrO2/PU/PE threads across varying 
strain rates, likely due to improved fiber connectivity. Henceforth, these composite 
threads hold the promise to refine impact energy dissipation, thereby bolstering 
large-scale armor structure impact resistance. In order to surmount the impediment 
for materials in domains such as extraterrestrial exploration with versatility, low 
mass, high strength, and superior neutron shielding capabilities, novel 
organic-inorganic composites have been innovated by Xu et al. [83] This research 
employed the self-reinforcement technique of UHMWPE fibers within a linear 
low-density polyethylene (LLDPE) matrix, coupled with a hierarchical scattering 
and absorption methodology. A flexible, lightweight multi-layer construct was 
engineered through alternate layers of gadolinium oxide (Gd2O3)/LLDPE and 
UHMWPE fiber stacks fabricated using hot-pressing techniques to bolster the 
composites mechanical resilience and neutron shielding efficacy. Consequently, a 
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shielding efficiency of approximately 90.0% can be attained with just 2 mm 
thickness of the composites (comprising 20 wt% Gd2O3), while an equivalent Gd 
areal density (EGdAD) value of 0.0489 g/cm3 suffices to attain 99% shielding 
proficiency. Additionally, the composites exhibited substantial enhancements in 
tensile strength and modulus, averaging 1000% (from 15.86 MPa to 179.95 MPa) 
and 1238% (from 230.53 MPa to 2787.55 MPa) boost over the Gd2O3/LLDPE 
counterparts, respectively. The overall performance of multilayer 
Gd2O3/UHMWPE/LLDPE composites exceed previous literature reports, thus 
presenting immense potential for applications in diverse sectors such as aerospace. 
Besides, Gangwani et al. [84] assessed the tribological efficacy of graphite, 
hexagonal boron nitride (hBN), and short carbon fibers (CFs), utilized as micro-nano 
fillers in a hybrid UHMWPE composite under boundary lubrication. The filler 
combinations tested were subjected to contact pressures ranging from 5 to 15 MPa 
using distilled water. The study identified synergistic effects among fillers, with 
optimal performance achieved by incorporating all scale fillers. The most efficient 
composite, comprising short CFs, micrographite, micro-hBN, and nano-hBN, 
exhibited a 75% friction reduction, a friction coefficient of 0.06, and a specific wear 
rate reduction of two orders of magnitude to 2 × 10−7 mm3/Nm, compared to the 
original UHMWPE. Notably, strategic incorporation of BN resulted in a reduced 
wear rate, with nano-BN composites displaying 40% lower friction than those 
containing solely micro-scale fillers. Consequently, it deterred the extraction of short 
carbon fibers, transitioning the dominant wear mechanism from abrasive to adhesive 
in nature. 

6. Prospect

UHMWPE fibers have great application potential and significant practical
implications in the field of contemporary engineered materials. Nevertheless, due to 
its shortcomings, including inadequate heat resistance, poor interfacial performance, 
it continues to encounter the obstacle of propagation and implementation. Therefore, 
it is imperative to strengthen the research and development of UHMWPE fibers, 
reduce production costs, and promote their application in an expanded range of 
fields. 

Firstly, the manufacturing process of UHMWPE fiber materials requires 
continuous enhancement, mainly focusing on reducing energy consumption, 
augmenting solvent recuperation, streamlining processes, or employing intelligent 
technology to assist in the spinning process and fiber quality analysis and control, in 
order to increase the tensile strength and elongation at break of fibers, reduce 
residual additives, and mitigate the unevenness of deniers. Secondly, by refining the 
crystal structure, crystallinity, molecular weight distribution (MWD) of raw 
materials, regulating the entanglement degree of raw material chains, and 
incorporating nanomaterials, more opportunities can be provided for its application 
in the field of engineered materials. Moreover, in terms of functional modification of 
UHMWPE fiber materials, surface treatment, composite material formulation, and 
nanofiller reinforcement are employed to enhance the strength of composite 
materials, UV resistance, wear resistance, and anti-static properties, enriching the 
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preparation of differentiated fibers and broadening their application scope in the field 
of functional materials. Specifically, the introduction of novel chemical conversion 
technologies aids in amplifying the potential application of UHMWPE in the 
recycling and utilization of long-chain polyethylene. Reflecting on the future, with 
the relentless progress of technology and the intensification of environmental 
mandates, the modification and application methodology of UHMWPE will 
persistently evolve, establishing it as a more indispensable role in the field of 
high-performance materials. 

7. Conclusions

The relentless advancement of society has led to an escalating use of engineered
materials across diverse domains, particularly in aerospace, national security, and 
renewable energy. The demand for advanced materials with unique properties is 
progressively increasing. Among them, UHMWPE fibers have emerged as a notable 
high-performance fiber, primarily attributed to their exceptional strength, elevated 
modulus, superior low-temperature resistance, and robust wear resistance. These 
characteristics render UHMWPE fibers suitable for a variety of applications, thereby 
presenting substantial market opportunities. In this review, we provide a 
comprehensive analysis of the performance characteristics of UHMWPE fibers, 
along with an in-depth discussion of their fundamental fabrication techniques and 
recent research advances. We believe that these efforts will catalyze progressive and 
enduring advancement in this area. Furthermore, within the realm of UHMWPE 
fibers, more pioneering material processing procedures, theoretical advancements, 
and augmented industrial applications will manifest, in order to optimize the 
performance and potential of this material. 
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Abstract: Thermoelectric (TE) materials have gained significant attention in recent days for 

their ability to convert waste heat energy into electrical energy. Numerous advances in new 

and a unique thermoelectric materials have been developed during the last decades due to their 

ease of device fabrication technique and technology. Thermoelectric research has become a 

hotspot in materials science over the recent years due to its promising global necessity in energy 

generation, energy conservation and subsequent utilization. Here this article seeks to highlight 

some of the recent advances in thermoelectric research such as criteria for ideal TE materials, 

various strategies that are in practice to improve TE performance and different methodologies 

adopted in the preparation of TE-based materials. This article also highlights some of the 

explored state-of-art materials in thermoelectric research to layout a grid for future purposes. 

Keywords: thermoelectrics; figure of merit; power factor; waste heat; electricity 

1. Introduction

The energy crisis was a universal concern due to many factors including the
global campaign to reduce the emission of carbon and other related effects. In the early 
2000s, the demand for fossil fuels contributed to show the renewed interest in the 
negative effects on climate change and it focused on reducing the emission of carbon 
[1]. Since much attention is gained on renewable energy i.e. it is derived from the 
sources that can be refilled, restored or reused [2]. One of the major advantages of 
renewable energy is that it does not release any harmful pollutants into the 
environment. The investment in renewable energy in our global market is considerably 
increased in our daily lives and the dropping investment in fossil fuels energy led to 
an energy shortage, which could not be filled by the emerging energy sources [3,4]. 
The major key factor influencing the growth of global energy demand is due to 
economic growth, urbanization, and industrialization. Solar and waste heat energy is 
the most attractive, abundant, renewable, clean and green energy sources. 

Due to the rapid economic expansion and world’s fastest-growing energy 
markets, severe energy demand was to be expected across the world, including in 
developing countries by 2035. It is projected that global energy demand will increase 
approximately by 128% in 2035, with an average annual growth rate of nearly 5%. 
Currently, about 65% of world’s electricity is generated from thermal power plants 
utilizing fossil fuels such as coal, natural gas and petroleum. Nuclear sources 
contribute 20% of the electricity generation, while renewable sources account for 15%. 
It’s worth noting that up to 50% of input energy is wasted as heat during the energy 
production process [5]. Thus, the major drawback associated with the above energy 
production sources are its environmental pollution and greenhouse gas emission. 
Hence, the future growth depends on the long-term and steady sources that are 
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affordable, easily accessible, and environment-friendly. Also, there is a huge need in 
developing technologies that can utilize the wasted heat energy and convert it into an 
electrical energy [6]. Figure 1 shows the schematic view that generates electrical 
energy from various sources. By making advancements in these areas, researchers aim 
to overcome the existing limitations by the usage of TE devices and unlock their full 
potential for practical applications in power generation, waste heat recovery, and 
refrigeration. These efforts are crucial for realizing the promise of thermoelectricity as 
a clean and sustainable energy technology. 

 
Figure 1. Schematic view of various sources that generates electrical energy. 

2. Importance of thermoelectrics 

The field of thermoelectric technology faces its limitations in widespread of 
application due to several factors such as low energy conversion efficiency, higher 
cost, and limited usage at higher temperature. Modern research efforts are primarily 
focused on addressing these limitations by improving the efficiency and power output 
of thermoelectric devices. A key parameter in this pursuit is the figure of merit (ZT), 
which quantifies the efficiency of thermoelectric materials [7]. The performance of 
TE materials can be analysed using figure of merit which can be calculated as ZT = 
(S2σ/κ) T, where S denotes the factor Seebeck coefficient, σ is electrical conductivity, 
T is an absolute temperature and κ is thermal conductivity. Researchers continually 
strive to enhance ZT values to maximize energy conversion efficiency. Figure 2 
illustrates the different steps involved in achieving the high ZT value. The barrier of 
the current TE materials is a low ZT, to be competitive with the today’s power systems, 
TE devices must have a high ZT of 4. A secondary limitation of present technology is 
their unstability and poor performance at higher temperatures particularly their 
mechanical stability at elevated temperature is very low, the above are the main 
constraints to be taken into account while developing the materials for TE device [8]. 
Currently Bi2Te3 PbTe, CdO, Bi2e3 Sb2Te3 have appreciable ZT values and used in 
present commercial TE devices which are rare, toxicity, high cost, too hazardous to 
human health and environment. The present TE materials are too brittle which reduces 
the strength, hardness, and toughness during utilization, which might have to be 
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considered for commercial viability. A material used in thermoelectric applications 
must possess a high stiffness (i.e. Young’s modulus) to prevent defects during 
manufacturing, moderate hardness to resist surface damage during handling and 
significant thermal toughness to withstand thermal cycling without failure [9]. 
Improving materials with such mechanical properties by maintaining high ZT values 
possess a significant challenge due to the inverse relationships between mechanical, 
electrical and thermal behaviour. Enhancing one aspect often comes at the expense of 
others, complicating the search for an ideal thermoelectric material. Nevertheless, 
ongoing research and development efforts aim to overcome these challenges by 
exploring a new material, optimizing doping levels and employing advanced 
fabrication techniques. The ultimate goal is to identify materials with the highest 
potential for achieving a high figure of merit while also exhibiting desirable 
mechanical properties for commercial applications. 

Figure 2. Strategies to improve the figure of merit. 

Among vast field, this thermoelectrics presents a major challenge to physicists, 
as well as to materials scientists. Major challenge here is to develop a stable, efficient, 
less expensive, and an environment-friendly solid-state material. Further the research 
on developing new materials requires a combination of theoretical direction, intense 
chemical intuition, synthetic skill, materials processing, and a good expertise in 
measurement techniques. The combination on all of these led to a development of new 
and emerging thermoelectric materials. 

3. Criteria for good thermoelectric materials

The good TE materials should have large Seebeck coefficient and electrical
conductivity at the same time low thermal conductivity. By rule of thumb, both 
Seebeck coefficient and electrical conductivity must be high, while thermal 
conductivity is minimized to obtain the maximum ZT. From the formula it is known, 
that by reducing the thermal conductivity as shown in Figure 3. one can create the 
more efficient thermoelectric device. The parameter S2σ also known as the power 
factor (PF), which means by having a large PF the device could output, a large voltage 
and current. Historically, most of TE materials and devices had ZT values around 2.0, 
and the energy conversion efficiency was approximately about 25% or less. Achieving 
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a higher ZT value, ideally around 4 or higher, is considered a significant milestone in 
thermoelectric research [10]. With such a ZT value, the theoretical maximum energy 
conversion efficiency between heat and electricity could reach approximately 30%. 
This level of efficiency would represent a substantial improvement over current 
thermoelectric technologies and would open up a wide range of practical applications, 
including waste heat recovery in industrial processes, automotive exhaust systems, and 
power generation from renewable energy sources. Researchers are actively exploring 
various strategies to enhance the thermoelectric performance of materials and devices, 
including novel material synthesis techniques, nano structuring, and advanced 
characterization methods. By pushing the ZT value closer to the theoretical limit, 
thermoelectric technology holds the potential to become a more efficient and 
sustainable solution for energy harvesting and conversion in the future. By Slack, 
maximum ZT is referred as “Phonon Glass Electron Crystal” (PGEC). The PGEC 
material features the property as glass-like thermal conductivity by the coexistence of 
high mobility and charge carriers. However, those properties are interdependent to 
each other in a bulk material to increase the ZT, and it is hard to adjust one parameter 
individually [11]. Along with the concept of PGEC, a strategy named as Phonon-
Liquid Electron-Crystal (PLEC)was also used to decrease the lattice thermal 
conductivity by using the liquid-like behaviour of superionic conductors for the 
transport of phonons. Both PGEC and PLEC strategies represent an innovative way to 
tailor the thermal and electronic properties of materials. By optimizing a balance 
between phonon scattering and electron transport mechanism, researchers aim to 
develop a material with an enhanced thermoelectric efficiency, ultimately enabling 
more efficient energy conversion in thermoelectric devices. 

 
Figure 3. Strategies to achieve low thermal conductivity. 

• Low temperature (up to 600 °C): Common application of TE are wearable and 
medical devices, here the device works near to room temperature and also used 
in the Microelectronics applications. 

• Mid temperature (from 600 °C to 1000 °C): Commonly employed TE materials 
in this range are used in automotive and industries, where the heat waste is 
converted into an electricity. 
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• High temperature (from 1000 °C): Here the TE materials are mainly used in 
aerospace for energy harvesting, space missions and in exploration of outer space 
also [12]. 

4. Art of thermoelectric materials 

In the past, many different techniques have been used to develop the 
thermoelectric materials. An overview about the recent most TE materials and its 
preparation methods are reported here. Hence, the below guidelines should be taken 
in to an account for best production and fabrication techniques in practical 
applications:  
1) Employed technique needs to be adopted at low cost for the high crystallinity 

production and mass distribution. 
2) For practical applications, the density of material should be 95% or above to that 

of theoretical density and the material must be normally stable during entire range 
of operation. 
By the above-mentioned properties, various synthesis techniques have been 

progressed in the research such as single crystal growth, bulk technologies (Powder 
synthesis) and few of them are discussed below. 

5. Preparation methods 

5.1. Processing technologies: Single crystal growth 

Currently, lot of studies have been reviewed on a modern technique called 
temperature gradient growth that enables the ease-fabrication of high-performing TE 
single crystals. Recently reported P and N-type SnSe shows the ZT values from 0.8–
1.2 around 300–600K [13]. 

5.2. Bulk technologies: Powder synthesis 

Bulk materials are fabricated from the route of powder processing technologies; 
among these few methods such as mechanical alloying, ball milling, magnetron 
sputtering, arc-melting and other are discussed below [14]. 

5.2.1. Hydrothermal method 

Hydrothermal synthesis is a viable chemical process for material synthesis and it 
has been increased during the years. This method refers to the heterogeneous reactions 
for synthesizing inorganic materials in solution of aqueous as the reaction associated 
with high temperature and high-pressure systems. Hence, this method is associated to 
class of the liquid phase chemical solution synthesis and has numerous advantages 
such as quiet operation, simple and easy synthesis process, controlled particle size and 
morphology, high crystallization & homogeneity, and phase purity can be achieved. 
Here the Table 1. shows the different figure of merit values for different materials at 
different temperature, which was synthesized using the hydrothermal method. 
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Table 1. Figure of merit values for various materials prepared by hydrothermal method. 

Materials Methods Figure of merit (ZT) Temperature (K) References 

Ag/Cu2S Hydrothermal 1.4 773 Yue et al. [15] 

Bi2S3/GO Hydrothermal 0.17 300–650 Bai et al. [16] 

Bi2S3 + 0.5Wt%f-MWCNTs Hydrothermal 0.33 589 Bai et al. [17] 

Bi1.985Cu0.015S3 Hydrothermal and SPS 0.3 573 Liu et al. [18] 

Zn0.3BTS Hydrothermal 0.79 600 Yun et al. [19] 

5.2.2. Mechanical alloying 

Mechanical alloying and milling include two different ways of synthesizing 
thermoelectric materials. Mechanical alloying means individual elements are directly 
ground to form alloys while mechanical milling usually refers to grinding crystalline 
ingots into nanoparticles. The advantage of mechanical alloying and milling is that 
large quantity of nano powders can be produced through a relative convenient 
procedure and with a minimal requirement for equipment. Before high energy ball 
milling was introduced, mechanical alloying and milling was considered as a path to 
synthesize these TE materials directly and a wide variety of materials were produced, 
such as Si-Ge, rare-earth sulfides, Bi-Sb-Te, Pb-Te, Fe-Si and skutterudites. In 
conclusion, mechanical alloying has been developed into a very mature method of 
making different kinds of thermoelectric nanocomposites and significant improvement 
of ZT was observed in literature which was shown in the Table 2. The advantages of 
this method include simple procedure, minimal requirement on equipment, large yield, 
and surfactant-free environment. The disadvantages include energy intensive, time 
consuming and little morphology control. The oxide-based TE materials are earth 
abundant, non-toxic, and stable at higher temperature and also in oxidizing 
atmosphere. These oxide TE have low figure of merit due to their large thermal 
conductivity and lower mobilities compared to other TE materials like selenides, 
chalcogenides and pnictides. 

Table 2. Figure of merit values for various materials prepared by mechanical alloying. 

Materials Methods Figure of merit (ZT) Temperature (K) References 

Bi2O2Se Mechanical alloying 0.45 823 Zhou et al. [20] 

BiXSb2−xTe3 Mechanical alloying 1.01–1.13 355 Ioannou et al. [21] 

Mg2Si0.57Sn0.4Bi0.03 

Mg2Si0.53Sn0.4Ge0.05Bi0.02 
Mechanical alloying 

1.07 
1.2 

750 Symeou et al. [22] 

5.2.3. Arc melting 

Arc melting is one of the most primary and modern method which is used for 
melting metals to form an alloy. Here an arc is struck between the electrode, most 
commonly a tungsten is used and here the sample are placed over water-cooled copper 
hearth. Then electric arc generates a large amount of heat towards the sample, which 
melts the metal together in order to form an ingot. Evacuation chamber is mostly filled 
with an argon gas to prevent unwanted oxidation and reaction of the sample with the 
outer atmosphere. Then repeated melting of the sample is done to improve the 
homogeneity of alloy, but the small localized region in a melted sample is common. 
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And the different figure of merit for various materials prepared using an arc melting 
method was shown in Table 3. 

Table 3. Figure of merit values for various materials prepared by arc melting. 

Materials Methods Figure of merit (ZT) Temperature(K) References 

Ni0.07Co0.93Sb3 Arc melting ≈ 0.041 640 Bhardwaj et al. [23] 

TiNiFe0.03Sn 
Arc melting/Melt spinning/SPS 
Method 

0.54 900 He et al. [24] 

Ba8GaxSi46−X Arc melting and SPS 0.55 873 Anno et al. [25] 

Nb0.8Ti0.2Fe1.02Sb Arc melting 0.73 390 Kihoi et al. [26] 

Ru2TiGe Arc melting 0.025 1000 Mondal et al. [27] 

P type-Ru2TiSi &N type-Ru2Ti0.80Ta0.20Si Arc melting 0.42 900 Fujimoto et al. [28] 

5.2.4. Solid state reaction 

Solid-state reaction is a decomposition of chemical reaction, where a reactant of 
solid is heated to form a composition of new solid material. This method is usually 
employed for the oxide preparation from the source of simple oxides, carbonates, 
nitrates, hydroxides, oxalates, alkoxides, and other metal salts. Normally, the 
procedure used in this reaction is employed with multiple steps of annealing and 
intermediate milling to increase the phase homogeneity, and to decrease particle size. 
Extra milling makes the powder more compact and to be active. This solid-state is one 
of the reactions which is most inexpensive routes and requires a simple apparatus. In 
this method a large volume of powder can be prepared by a simple and easy manner. 
Compared to other wet preparation routes, this solid-state reaction shows a higher 
agglomeration, large particle size as well as relative homogeneity. Here in the Table 
4 maximum figure of merit is 1.3 which was achieved at 680K in solid state reaction 
is reported by our research group [28]. 

Table 4. Figure of merit values for various materials prepared by solid state reaction. 

Materials Methods Figure of merit (ZT)/Power factor (PF) Temperature (K) References 

Zn3.9Cd0.1Sb3 Solid state reaction ZT = 1.3 680 Karthikeyan et al. [29] 

Graphene/CuAlo2 Solid state reaction ZT = 0.0045 575 Daichakomphu et al. [30] 

Sn1−xSbxO2 Solid state reaction ZT = 0.06 1073 Macario et al.[31] 

Na1.2Co1.8Ag0.2O4/rGO Solid state reaction PF (444 µWCm-1K-2) 859 Phochai et al. [32] 

Cu0.15B0.15Co4Sb11.5Te0.5 Solid state reaction ZT = 0.66 814 Bai et al. [33] 

CuO0.75ZnO0.25 Solid state reaction PF (12.92 µWCm-1K-2) 575 Ghazi and Kadhim [34] 

La0.9Ba0.1FeO3  solid state reaction PF (3.73 µWCm-1K-2) 650 Karthikeyan et al. [35] 

5.2.5. Ball milling 

Recently, ball milling was one of the popularly used method for preparing the 
nanostructured thermoelectric materials. During this process both mechanical alloying 
and nano structuring occurs simultaneously through a collision of events inside a high 
energy mill. This whole process was done inside an argon gas filled glove box to 
reduce the unwanted oxidation of precursor materials. Then the jar was placed in a 
high energy milling machine. Thus, the merit of ball milling includes high yield, with 
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the potential to produce kilograms of material. Additionally, the resulting 
nanomaterials are conducive to sintering, facilitating the formation of high-density 
pellets with larger grain boundaries. This characteristic is advantageous for enhancing 
the Seebeck coefficient and reducing lattice thermal conductivity, thereby improving 
the figure of merit as illustrated in Table 5 of relevant studies. However, a major 
significant drawback of milling is the challenge of controlling particle size 
distribution, particularly as materials may lose crystallinity over prolonged milling 
durations. This loss of crystallinity can impact the final properties of the material, 
necessitating careful monitoring and optimization of milling conditions to achieve 
desired outcomes. 

Table 5. Figure of merit values for various materials prepared by ball milling. 

Materials Methods Figure of merit (ZT) Temperature (K) References 

P-type (Bi, Sb)2Te3 Ball milling 1.14 323 Son et al. [36] 

Higher Manganese Silicide Ball milling followed by SPS 0.39 770 Chen et al. [37] 

ZnSb Ball milling 0.76 600 Balasubramanian et al. [38] 

Bi0.9Sn0.1Se Ball milling 0.32 473 Lu et al. [39] 

5.2.6. Magnetron sputtering 

This magnetron sputtering is one of the techniques in vacuum coating process 
which allows material deposition, such as metals and ceramics, over a substrate 
material with the help of suitable magnetic field, which is applied into a sputtering 
target. Here the deposition rate is faster at lower pressure compared to other techniques 
by a strong adhesive coating on a substrate. Thus sputtering deposition does not 
require any high melting or evaporation of the source material, which lead to many 
advantages compared to other PVD technologies: first, all of the materials can be 
deposited with the help of magnetron sputtering regardless of their melting 
temperature; second, sources can be scaled up and positioned anywhere within the 
chamber based on our requirements; Then finally, a film of alloys and compounds can 
be deposited over the source material by maintaining the similar composition. Here 
Table 6 shows the different power factor values for different materials using the 
magnetron sputtering method. 

Table 6. Figure of merit values for various materials prepared by magneton sputtering. 

Materials Methods Power factor (PF) Temperature (K) References 

Mg3Bi2 Magnetron Sputtering 1.1 µWCm-1K-2 393 Fang et al. [40] 

Cu2Se Magnetron Sputtering 15.6 µWCm-1K-2 723 Rapaka et al.[41] 

Mg2Sn Magnetron Sputtering 1.45 µWCm-1K-2 623 Liu et al. [42] 

Bi2Te3 Magnetron Sputtering 0.70 & 27.3µWCm-1K-2 573 Kurokawa et al. [43] 

5.3. Role of physical methods 

The physical method also plays a pivotal role in the performance and efficiency 
of a thermoelectric material by tuning their key parameters. These physical methods 
are employed to improve the figure of merit (ZT) by tailoring the various structural, 
electronic and phononic properties in a material. With the help of synthesis method 
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and advanced computational tools one can yield a high thermoelectric performance 
material for practical applications [44]. There are several steps employed in the 
physical methods and some of them are discussed below 

5.3.1. Precise control and sintering methods 

Tuning of the key parameters offers an unmatched precision in a thermoelectric 
material. Spark Plasma Sintering (SPS) and Hot pressing is one of the sintering 
methods which consolidates a powder to bulk material with a controlled 
microstructural property [45,46]. 

5.3.2. Band engineering for enhancement of power factor 

Through the bandgap engineering or doping strategies, we can able to modify the 
electronic structure to improve See-beck coefficient by maintaining electrical 
conductivity. 

5.3.3. Reduction of thermal conductivity 

Nano-structuring, alloying, interface engineering, enhancing electron transport 
across material junctions and increasing phonon scattering at the grain boundaries is 
one of the effective approaches used to reduce the lattice thermal conductivity by 
maintaining the electrical properties [47]. 

5.3.4. Minimization of material defects 

Using the surface modification and controlled growth techniques such as CVD, 
PVD, ALD and defect engineering helps to minimize the unwanted defects in a 
material which can degrade their thermoelectric performance [48]. 

5.4. Categories of thermoelectric materials 

The state-of-the-art; TE materials are broadly classified into eight main 
categories and detailed discussions on the different TE materials are reviewed below. 

5.4.1. Half Heusler alloys 

Mostly the Half-Heusler (HH) alloys are the primary focus on thermoelectric 
research for majority of high temperature applications. Due to its high mechanical 
strength, high thermal stability, high electrical conductivity, and also this HH have a 
moderate Seebeck coefficient when compared to other TE materials. Generally, HH 
alloys are known as a better TE material than full-Heusler because this HH have a 
small band gap, low electrical resistivity and high thermopower. Additionally, the 
natural vacancies are created in an unit cell either by doping or substitution in the 
parent elements, makes strengthening the Heusler alloys electronic properties. This 
HH alloys are mostly nontoxic, less expensive with the high and low melting elements. 
Synthesis of HH materials mostly requires a high temperature when compared to the 
other materials. The general procedure used for most of Half Heusler alloys is a melt 
technique, such as an arc melting or induction levitation melting, then it was followed 
by a secondary heat treatment known as the annealing, to produce a dense single-phase 
material. Densification using Hot Isotatic Press (HIP) or Spark Plasma Synthesis 
(SPS) is often implemented to reduce the porosity of material. Generally, the Half 
Heusler alloys prepared through various methods, and its different figure of merit 
values are reported in the Table 7. 
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Table 7. Figure of merit values for various Half Heusler alloys. 

Materials Methods Figure of merit (ZT) Temperature (K) References 

FeNb0.8Ti0.2Sb Arc & Induction melting 0.20 800 El-khouly et al.[49] 

CoTiP Theoretical 0.95 300 Bouchrit et al. [50] 

P type TiXSn (X = Ni, Pd, Pt) Quantum ESPRESSO Packages 0.56–0.70 900 Xiong et al. [51] 

NaYZ (Z = Si, Ge, Sn) DFT 1.8–1.9 900–1200 Adeleye et al. [52] 

PdMX 
(M = Sc, Y) & (X = P, As, Sb) 

Theoretical 0.28–0.44 1000 Rani et al. [53] 

ZrNiCu0.05Sn Arc melting 1.1 950 Yan et al. [54] 

Hf0.3Zr0.7Co (Sn0.3Sb0.7)1-xAlx Arc melting followed by SPS 1.5 980 Mitra et al. [55] 

5.4.2. Chalcogenides 

A chalcogenide is a class of compound which has atleast one chalcogen anion 
(group 16 element, such as Te, Se and S) and an electropositive element (such as Bi, 
Pb and Sn). Mostly widely used chalcogenide in the applications of TE are based on 
group IV-VI compounds such as (PbTe, SnSe, GeTe, etc.) and V-Ⅵ compounds 
(Bi2Te3, Sb2Te3, Bi2Se3, etc.); these compounds are generally rock-salt structure in 
nature. These chalcogenides are the commonly employed materials for TE 
applications, almost 75% of the global market is occupied by the bismuth telluride and 
lead tellurides. Among the other TE materials, the above two tellurides have the high 
ZT reported so far. Currently Bi2Te3, PbTe have enhanced ZT values and used in the 
TE modules, but one major drawback is they are rare, toxic, high cost, too hazardous 
to human health and environment and brittle in nature. Recently Duong et al. 
developed a Bi-doped SnSe single crystal with a maximum ZT of 2.2 around 773 K; 
currently this was only the material which shows highest ZT value, reported so far in 
Bulk materials as shown in Table 8. 

Table 8. Figure of merit values for various chalcogenides. 

Materials Methods 
Figure of merit (ZT)/Power 
factor (PF) 

Temperature 
(K) 

References 

BaErCuS3, 

BaGdCuS3 
Theoretical ZT = 0.4–0.5, ZT = 0.3-0.45 400, 800 Khan et al. [56] 

Sr2GeX4 (X = S, Se) Theoretical ZT = 0.001–0.006 800 Jawad et al. [57] 

Bi doped n type Sn,Se single 
crystals 

Temperature gradient growth 
method 

ZT = 2.2 773 Duong et al. [58] 

FeIn2Se4 
Conventional solid state reaction 
method 

PF (3.5µWCm-1K-2) 643 
Karthikeyan et al. 
[59] 

5.4.3. Skutterudites 

Skutterudites (SKUs) are a trending class of materials that gained a lot of 
attention within the research community since 1990s. Here by incorporating a smaller 
ion into the voids of skutterudite results in lowering the Thermal conductivity. 
Skutterudite exhibit a semiconductor like property and they have common formula 
AB3, where (A = Co, Rh, Ir and B = P, As, Sb). The skutterudite materials mostly used 
for energy conversion are based on CoSb3. Both the P and N type CoSb3 shows a large 
power factor values compared to others. These SKU generally have a high thermal 
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conductivity, but it can be lowered by heavy doping or alloying. Then an alternate way 
to reduce the thermal conductivity is by the introduction of Rare-earth elements or 
Lanthanides into the voids of crystal structure, by the substitution of Fe or Ni instead 
of Co. Currently the La-Fe-Co-Sb and Ba-Ni-Co-Sb system yielded a figure of merit 
above one, at or above 600 °C. The temperature range for SKUs is nearly from RT to 
900K and these SKUs based materials are used in various applications such as waste 
heat recovery, thermophiles and high temperature energy harvesting and used in 
aerospace also. The highest ZT value reached in the literature is so far around 1.9 at 
823K which was shown in the Table 9. 

Table 9. Figure of merit values for various skutterudites. 

Materials Methods 
Figure of merit (ZT)/Power 
factor (PF) 

Temperature 
(K) 

References 

Double doped CO4Sb 
High temperature vacuum 
melting 

0.65–0.7 673 
Karthikeyan et al. 
[60] 

N-
type(R0.33Ba0.33Yb0.33)0.35Co4Sb12.3 

Ball milling 1.9 823 Rogl et al. [61] 

Co4Sb12 & Co4Sb10.8Se0.6Te0.6 Fast SHS-PPS route PF (0.46-2.16µWCm-1K-2) 598-673
Kruszewski et al. 
[62] 

5.4.4. Zintls 

Zintls are a class of P-type material, which demonstrates a large potential to the 
field of TE community. Currently Sb, Zn, Cd based Zintls yields the high TE 
performance via band engineering. So far, the highest ZT in Zintls is 2.5 which was 
achieved around 700K through the first principle method with the Generalised 
Gradient Approximation (GGA) was shown in the Table 10. 

Table 10. Figure of merit values for various Zintls. 

Materials Methods Figure of merit (ZT) Temperature (K) References 

Sc doped Mg3X2 (X = Sb, Bi) First principle calculations 1.53 703 Yu et al. [63] 

P type-Mg3Sb2 Ball mill & SPS 0.85 723 Zhang et al. [64] 

YbMg2X2 (X = P, As, Sb, Bi) Theoretical 0.72–0.74 950 Khan et al. [65] 

P type-Mg3sb2 Theoretical 2.5 700 Ning et al. [66] 

5.4.5. Oxyselenides 

Oxyselenides are a group of compounds which contains both the oxygen and 
selenium atoms. This Oxyselenides are a class of compound which contains various 
transition metal elements, and they show a wide range of structure and properties. 
Recently this BiCuSeO gained a much more increased attention and they have been 
extensively studied and widely used as a promising material, due to its low electrical 
conductivity and carrier concentration by comparing to other materials, here the 
doping is the main strategy to improve its properties and to enhance its figure of merit 
of a material. The low lattice thermal conductivity due to slow transport of phonons 
which means less stiffness makes the Oxyselenides an attractive material. Currently 
there is a major demand on BiCuSeO based TE materials in the market, but many 
papers reviewed that by doping this BiCuSeO material with Mg, Cd or Pb and Ba 
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shows the higher performance. The different Oxyselenide materials with different ZT 
values was reported in Table 11. 

Table 11. Figure of merit values for various Oxyselenides. 

Materials Methods Figure of merit (ZT) Temperature(K) References 

Sm doped BiCuSeO Two step solid state method 0.74 873 Feng et al. [67] 

Sm doped BiCuSeO Two step solid state method 0.65 823 Kang et al. [68] 

I doped Bi2O2Se Solid state reaction 0.32-0.35 790 Kim et al. [69] 

Pb doped BiCuSeO Microwave synthesis combined with SPS Sintering 0.76 773 Lei et al. [70] 

5.4.6. Organic-inorganic and hybrid materials 

Hybrid organic-inorganic materials are a emerging new material in the Te field, 
due to its great potential by utilizing a lower thermal conductivity in organic materials, 
and high Seebeck coefficient and electrical conductivity in inorganic materials. Here 
the Metal-organic coordination polymers belong to a class of metal compounds where 
each metal tends to bind with more than a ligand to create an array of metal centres. 
Linearly coordinated polymers with transition-metal ions and Ethylenetetrathiolate are 
expected to be an attractive and highly efficient material for achieving the good 
electrical conductivity. Recently these hybrid perovskites, such as CH3NH3PbI3 and 
CH3NH3SnI3 have been known as an effective TE material compared to other material 
due to its high seebeck coefficient and low thermal conductivity. So far, Iron 
phthalocyanine polymer achieved the highest figure of merit 1.02 at 300K was 
reported by M. Bashi et al. shown in the Table 12 using the theoretical FP-Law 
method. 

The different ways implied for improving the TE Performance in the Hybrid 
Organic–Inorganic Nanocomposites. 
1) By controlling a major factor, such as size, shape, morphology and dimension led 

to improvement of high figure of merit in a inorganic nanostructure material. 
2) Modifying their properties literally improves the electrical conductivity of 

organic materials either through doping or by controlling the oxidation state  
3) Tuning and modifying the interfaces of material led to an increased power factor 

by improving the Seebeck coefficient on the hybrids. 

Table 12. Figure of merit values for various organic-inorganic & hybrid materials. 

Materials Methods Figure of merit (ZT) Temperature (K) References 

Iron phthalocyanine polymer Theoretical  1.02 300 Bashi et al. [71] 

PE DOT: PSS-Bi2Te3 Solution mixing 0.58 Room temperature (RT) Wang et al. [72] 

WSe2 Electrochemical-intercalation 0.245 340 Liang et al. [73] 

2AL-PR-X (X = 2H, Ni, Pt, Zn) Theoretical 0.32,0.9 RT,800 Wu et al. [74] 

6. Conclusion 

Development of new and modification in existing materials have been 
considerably increased in thermoelectric research over the past decades. It has been 
perceived that due to interdependence between the key parameters such as electrical 
conductivity, Seebeck coefficient and thermal conductivity, various criterions and 
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strategies are adopted to achieve high ZT values and still yet to develop. Several 
mechanisms are been in trend to increase the power factor (σS2) and to diminish the 
thermal conductivity (κ) to pull off high figure of merit values. Both theoretical and 
experimental approaches were been in a practise to move the field forward. Based on 
the current advances numerous TE materials were already developed and achieved 
reasonable ZT values of ≈ 2 with thermoelectric efficiency of ≈ 25% as potential 
barrier. It is anticipated that for the futuristic TE materials development various 
strategies has to be made to improve the ZT values to ≈ 4 with thermoelectric 
efficiency of ≈ 45%. 
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