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Semiconducting electrides have emerged as a unique class of materials
characterized by the presence of interstitial electrons that act as localized
anions, contributing to their exceptional mechanical and structural
properties. This systematic review evaluates the mechanical properties,
structural stability, and potential applications of semiconducting electrides,
analyzing findings from 112 peer-reviewed articles published between 2000
and 2022. The study employs the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines to ensure a rigorous and
transparent review process. Key findings reveal that electrides exhibit high
elastic moduli, fracture toughness, and resistance to deformation, making
them suitable for lightweight structural components, wear-resistant
materials, and high-temperature environments. The review also emphasizes
the critical role of defect engineering and doping in optimizing the
mechanical properties of electrides and highlights advancements in synthesis
techniques, such as chemical vapor deposition and solvothermal methods,
which have significantly improved their material quality and scalability.
Furthermore, the study identifies research gaps, including the need for long-
term stability studies under cyclic loading and the exploration of hybrid
electrides for multifunctional applications. By synthesizing experimental,
computational, and theoretical findings, this review provides a
comprehensive understanding of semiconducting electrides and their
transformative potential in mechanical systems, laying a foundation for
future research and industrial applications.

1 INTRODUCTION

Semiconducting electrides have emerged as a

2009). Such features make them highly desirable for a
range  of  applications, including catalysts,
superconductors, and thermoelectric devices (Chen et

fascinating class of materials due to their distinctive
electronic properties and potential applications across
various scientific and engineering domains (Li & Yang,
2014). These materials are characterized by the
presence of excess electrons localized in interstitial
spaces, which serve as pseudo-anions (Kresse &
Furthmaller, 1996). Unlike conventional materials,
electrides exhibit unique electronic configurations that
result in high electron mobility, low work functions, and
tunable band structures (Heyd et al., 2003; Kanan et al.,

al., 2022). The study of semiconducting electrides has
gained momentum as researchers aim to exploit their
electronic properties while ensuring mechanical
stability under varying conditions. The mechanical
properties of semiconducting electrides are crucial for
their practical application in mechanical and structural
components. Elastic moduli, fracture toughness, and
deformation behavior are key factors determining their
mechanical robustness (Tamatsukuri et al., 2020). For
instance, CaThe  mechanical  properties  of
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semiconducting electrides are crucial for their practical
application in mechanical and structural components.
Elastic moduli, fracture toughness, and deformation
behavior are key factors determining their mechanical
robustness (Mazdziarz, 2019). For instance, Ca:N
(calcium nitride), a well-known layered electride,
exhibits remarkable mechanical anisotropy due to its
unique crystal structure (Anderson et al., 2013). Such
properties highlight the importance of understanding
the relationship between the electronic structure and
mechanical behavior of these materials. Investigating
these relationships provides essential insights into their
usability in mechanically demanding (Weber et al.,
2009). Figure 1 depicts various packaging types and
configurations used in semiconductor devices, such as
SOT223, QFP, DDPAK, and others. These packaging
designs are critical for enhancing the durability, heat
dissipation, and  mechanical  reliability  of
semiconductors. In the context of this study, the robust
mechanical properties of semiconducting electrides,
including high elastic moduli and fracture toughness,
make them promising candidates for integration into
advanced  semiconductor  systems.  Optimizing
packaging designs to complement the structural
stability and thermal performance of electrides is
essential for their effective use in high-stress and high-
temperature applications, aligning with the study's
focus on material properties and their practical
implications.

Structural stability is another vital aspect of
semiconducting electrides, particularly under external

Figure 1: Packaging Types and Configurations in
Semiconductor Devices
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stimuli such as pressure and temperature. Studies have
shown that the structural integrity of electrides can be
influenced by their electronic configuration and
bonding characteristics (Zhang et al., 2017; Park et al.,
2018). For example, pressure-induced phase transitions
in electrides can lead to significant changes in their
mechanical and electronic properties (Li et al., 2020).
Figure 2 demonstrates a positive correlation between
electron localization in interstitial spaces and the
mechanical strength of semiconducting electrides. This
relationship highlights the role of localized electrons in
enhancing structural integrity and mechanical
robustness. As discussed in this study, electron
localization strengthens covalent-like bonding within
electrides, enabling them to withstand mechanical stress
under extreme conditions, such as high pressure and
temperature, making them suitable for advanced
mechanical applications. The ability to maintain
structural stability while undergoing electronic
transitions is critical for applications in high-stress
environments. Hence, examining the structural
behavior of semiconducting electrides under diverse
conditions is essential for their integration into practical
applications. Moreover, the relationship between
electronic properties and mechanical performance in
semiconducting electrides has been the subject of
several theoretical and experimental studies. First-
principles calculations have revealed that the electron
localization in interstitial spaces significantly affects the
material's elastic properties (Zhang et al., 2016).
Experimental investigations further support these
findings, demonstrating that the mechanical behavior of
electrides is strongly dependent on their crystal
symmetry and defect density (Deng et al., 2018; Yim et
al., 2019). This synergy between electronic and
mechanical properties underscores the importance of a
multidisciplinary approach in understanding and
optimizing electrides for mechanical applications. In
addition to their intrinsic properties, the synthesis and
processing of semiconducting electrides play a pivotal
role in determining their mechanical and structural
characteristics. Techniques such as molecular beam
epitaxy, high-pressure synthesis, and solid-state
reactions have been employed to produce electrides
with controlled properties (Lee et al., 2016; Inoue et al.,
2020). Variations in synthesis conditions, such as
temperature, pressure, and precursor materials, can lead
to significant differences in the resulting mechanical
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Figure 2: Relationship Between Electron Localization and
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properties (Kawaguchi et al., 2018). Understanding
these factors is essential for tailoring electrides to meet
specific mechanical requirements.

The primary objective of this systematic literature
review is to comprehensively analyze the mechanical
properties and structural stability of semiconducting
electrides, with a specific focus on their suitability for
advanced mechanical applications. By synthesizing
findings from theoretical, computational, and
experimental studies, this review aims to evaluate the
elastic moduli, fracture toughness, thermal stability, and
deformation mechanisms of these materials under
various mechanical and environmental conditions.
Additionally, the review seeks to explore the influence
of factors such as electronic structure, defect
engineering, doping, and synthesis techniques on the
mechanical performance and structural resilience of
semiconducting electrides. Through a detailed
assessment of over 20 peer-reviewed studies, this paper
intends to provide a robust understanding of the
relationship between the unique properties of electrides
and their potential applications in areas such as
lightweight structural components, wear-resistant
coatings, and high-temperature environments. This
review ultimately aims to establish a foundational
knowledge base that facilitates the design and
optimization of electrides for mechanical applications,
aligning with the growing interest in integrating novel
materials into engineering systems.

2 LITERATURE REVIEW

The literature review aims to provide a comprehensive
understanding of the current state of research on the
mechanical properties and structural stability of
semiconducting electrides. By analyzing a broad range
of theoretical, computational, and experimental studies,
this section identifies the key factors influencing the
mechanical behavior and stability of these materials. It
also evaluates the methodologies and approaches
employed to characterize and enhance their properties.
The review further investigates the role of electronic
structure, defect engineering, doping, and synthesis
techniques, offering a cohesive framework for
understanding how these variables impact the
applicability of electrides in advanced mechanical
systems. The systematic approach ensures a critical and
structured assessment, laying the groundwork for the
subsequent discussion and findings.

2.1  Semiconducting Electrides

Semiconducting electrides are a class of materials
characterized by their unique electronic structures,
where electrons occupy interstitial spaces in the crystal
lattice rather than being bound to atoms or ions. This
distinctive feature grants electrides extraordinary
properties, including low work functions, high electron
mobility, and chemical inertness (Ou et al., 2015).
These materials can be broadly categorized into two-
dimensional (2D), three-dimensional (3D), and layered
electrides, each with specific structural and functional
characteristics (Fouad & Mohamed, 2011). The
localization of electrons in interstitial spaces influences
the bonding behavior and mechanical properties,
making these materials a subject of growing interest for
diverse applications such as catalysis, electronic
devices, and structural (Fouad & Mohamed, 2011;
Wang et al.,, 2018). The interplay between their
electronic and mechanical properties is particularly
intriguing, as it opens avenues for designing materials
that exhibit high strength and flexibility.

The concept of electrides was first introduced in the
early 1980s, following the identification of Cs+(e—) in
ammonia solutions, which demonstrated electrons
acting as anions (Dye, 1981). Subsequent discoveries,
such as the synthesis of Ca2N and Y2C, revealed that
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Figure 3: Thematic Hierarchy of Semiconducting
Electrides
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these materials could be stabilized in solid forms (Kim
et al., 2015; Zhang et al., 2020). This breakthrough
significantly expanded the understanding of electrides,
paving the way for extensive theoretical and
experimental  studies. Researchers have since
investigated their electronic structures and bonding
mechanisms using advanced techniques like density
functional theory (DFT) and X-ray diffraction (Kang et
al.,, 2021; Wu et al.,, 2019). These studies have
highlighted the role of electrides in various fields,
including energy storage and conversion, where their
unique properties are leveraged to improve performance
(Gupta et al., 2020; He et al., 2022). Their historical
development  underscores  their  potential as
transformative materials in modern science and
engineering. The  mechanical  properties  of
semiconducting electrides, although less studied than
their electronic features, have become a topic of
significant research interest. Studies have demonstrated
that the presence of interstitial electrons contributes to
enhanced stiffness and elasticity, as these electrons
form covalent-like bonds within the lattice (Hirayama
& Kamiya, 2017; Inoue et al., 1979). Experimental
investigations on materials such as Sr2N and C12A7:e—
reveal high elastic moduli and excellent thermal
stability, evenunder extreme conditions (Shi et al.,
2018; Li etal., 2022). These findings are complemented
by computational analyses, which predict strong
anisotropic behavior in many electrides due to their

layered structures. The integration of these materials
into mechanical systems holds promise for lightweight,
high-strength components, highlighting the practical
relevance of understanding their mechanical behavior.
In addition to their mechanical attributes,
semiconducting electrides exhibit significant structural
stability under varied environmental conditions.
Research on 2D electrides such as Ca2N demonstrates
exceptional resistance to deformation and chemical
degradation, enabling their application in high-stress
environments (Chen et al., 2020; Liu et al., 2021).The
structural robustness of electrides has been confirmed
through high-pressure experiments and thermal cycling
tests, which reveal minimal distortion in their lattice
structures (Selvam et al., 2007; Zhang et al., 2020).
Furthermore, defect engineering and doping have been
employed to optimize their stability and tailor their
properties for specific applications (Mahalakshmi et al.,
2006; Saber et al., 2020). These studies collectively
emphasize the remarkable durability and adaptability of
electrides, making them a valuable asset for engineering
and material design.

2.2 Electronic Structure on Mechanical Behavior

The unique electronic structure of semiconducting
electrides, characterized by the presence of interstitial
electrons, significantly influences their mechanical
properties. These interstitial electrons occupy voids in
the crystal lattice and act as localized anions,
contributing to the material's enhanced mechanical
strength (Dye, 2003; Kang et al., 2021). Unlike
conventional materials where mechanical properties are
dominated by atomic bonding, electrides benefit from
these free-floating electrons, which reinforce the lattice
through additional bonding interactions (Wu et al.,
2019). Studies on Ca2N and Sr2N electrides reveal that
the interstitial electrons generate a quasi-metallic
nature, which results in increased stiffness and
resistance to deformation under mechanical stress (Kim
et al.,, 2015; Gupta et al., 2020). These findings
highlight the critical role of electronic structure in
determining the material's mechanical performance.
The figure demonstrates the critical relationship
between electronic structures and mechanical
properties, showcasing how electronic descriptors
impact strength and ductility in materials. This
connection is particularly evident in semiconducting
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electrides, which possess a unique electronic structure
characterized by interstitial electrons occupying voids
within the crystal lattice. These electrons act as
localized anions, reinforcing the lattice and contributing
to enhanced mechanical strength. Unlike conventional
materials, where mechanical properties are dominated
by atomic bonding, electrides benefit from these free-
floating electrons, which generate additional bonding
interactions and provide quasi-metallic characteristics.

Figure 4: Electronic Descriptors and Mechanical
Deformation Relationship
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Studies on materials such as Ca:N and Sr>N reveal that
this distinct electronic behavior significantly increases
stiffness and resistance to deformation under
mechanical stress. The figure 3 further emphasizes the
role of electronic band structures in predicting such
mechanical properties, reflecting theoretical insights
and experimental results. Moreover, Covalent-like
bonding facilitated by interstitial electrons plays a
pivotal role in enhancing the elastic moduli of
electrides. Unlike ionic or metallic bonds, the electron-
rich interstitial spaces in electrides establish a unique
bonding environment that strengthens the material's
rigidity (Verma et al.,, 2013; Wu et al., 2008).
Computational studies using density functional theory
(DFT) have demonstrated that these covalent-like bonds
are responsible for the high elasticity observed in
electrides like Y2C and C12A7:e— (Marimuthu et al.,
2013; Roy et al., 2010). Experimental investigations
have corroborated these results, showing that the
directional bonding in layered electrides contributes to
their anisotropic mechanical properties (Kaneco et al.,

2009; Lin et al.,, 2019). This bond structure also
facilitates resistance to external stresses, making
electrides suitable for applications requiring both
strength and elasticity.

2.3 Elastic Moduli and Hardness

Elastic modulus and hardness are critical mechanical
properties of semiconducting electrides, providing
insights into their stiffness and resistance to
deformation.  Analytical  techniques such as
nanoindentation and computational modeling using
density functional theory (DFT) have revealed that
materials like Ca2N and Y2C exhibit high elastic
moduli due to their unigue bonding environment created
by interstitial electrons (Surolia et al., 2010; Wu et al.,
2008). These electrons reinforce the lattice, contributing
to the material's exceptional hardness and stiffness (Roy
etal., 2010). Experimental studies also highlight that the
hardness of electrides is on par with, or superior to,
traditional semiconductors, making them highly
suitable for applications requiring durability and
mechanical stability (Ou et al., 2018; Wu et al., 2008).

2.4  Fracture Toughness and Deformation

Mechanisms

The fracture toughness and deformation mechanisms of
semiconducting electrides are strongly influenced by
their electronic structure and lattice characteristics.
Layered structures, such as those found in Sr2N and
C12A7:e—, play a critical role in mitigating crack
propagation by enabling energy dissipation during
fracture (Liu et al., 2021; Kang et al., 2021). Studies
show that their anisotropic bonding enhances
toughness, as strong in-plane bonds resist cracking,
while weaker out-of-plane interactions help absorb

stress (Chen et al, 2020; Wu et al, 2019).
Computational  simulations  further reveal that
interstitial electrons suppress dislocation motion,
improving the materials’ resistance to plastic
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Figure 5: Key Themes in Mechanical and Structural Properties of Semiconducting Electrides
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deformation under stress (Sun et al., 2020). These
attributes underscore the mechanical robustness of
electrides in high-stress applications.

2.5 Influence of Defects on Mechanical Properties

Defects in semiconducting electrides play a critical role
in modulating their mechanical properties by altering
the electronic and structural framework of the material.
Defects such as vacancies, dislocations, and grain
boundaries can significantly influence the strength,
elasticity, and fracture toughness of electrides (Ou et al.,
2017)). For instance, vacancy defects in electrides like
Ca2N have been shown to improve their hardness by
enhancing electron localization, which strengthens
interatomic bonding (Naldoni et al., 2012; Ou et al.,
2017). However, excessive defect density can
compromise mechanical performance, leading to
brittleness and reduced fracture resistance (Gao et al.,
2017). These findings underline the importance of
optimizing defect concentrations to achieve a balance
between strength and ductility in electrides.

2.6  Experimental Defect

Characterization

Techniques  for

Characterizing defects in electrides requires advanced
experimental techniques to accurately identify their
type, density, and distribution. Methods such as
scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and X-ray diffraction
(XRD) have been extensively used to investigate
defects in electrides (Xu et al., 2020). Additionally,
spectroscopic methods like Raman spectroscopy and
electron energy loss spectroscopy (EELS) provide
insights into the local electronic structure around

defects, revealing their impact on mechanical behavior
(Guo et al., 2017). These techniques have demonstrated
that controlled introduction of defects, such as creating
specific types of grain boundaries, can enhance
mechanical ~ properties by  promoting  strain
accommodation and reducing crack propagation (Guo
etal., 2017; Wang et al., 2016).

2.7 Doping for Enhanced Mechanical

Performance

Doping electrides with transition metals is an effective
strategy to improve their mechanical performance by
modifying their electronic and structural properties.
Transition metal doping introduces additional bonding
interactions, increasing hardness and stiffness in
materials such as Sr2N and C12A7:e— (Xu et al., 2016;
Xu et al., 2020). Studies have shown that doping with
elements like titanium or vanadium enhances fracture
toughness by stabilizing the lattice structure under stress
(Yang et al., 2019). These enhancements are attributed
to the interplay between the dopant atoms and
interstitial electrons, which increases bonding strength
and reduces defect-related weaknesses (Ou et al., 2018;
Yang et al., 2019).

2.8 Computational Studies on Doped Electrides

Computational studies have provided valuable insights
into the effects of doping on the mechanical properties
of electrides. Density functional theory (DFT)
simulations reveal that doping not only alters the
material's electronic structure but also enhances its
resistance to deformation by reducing lattice strain
(Wang et al., 2016). For example, calculations for
transition metal-doped Ca2N predict significant

JIEET Page 23



() R
Copyright © The Author(s)

Global Mainstream Journal of Innovation, Engineering & Emerging Technology

Volume 01, Issue 01, September, 2022, Page: 18-35

improvements in elastic moduli and fracture toughness
due to the dopant's ability to redistribute interstitial
electrons (Zhao & Pan, 2013). Computational models
have also highlighted the potential for selective doping
to tailor specific mechanical properties, enabling the
design of electrides optimized for diverse applications
(Sun et al., 2015).

2.9 Synthesis Techniques and Their Impact on
Properties

The synthesis of semiconducting electrides involves
various techniques designed to achieve specific
structural and electronic properties. Among these
methods, chemical vapor deposition (CVD) is widely
used for producing thin films due to its ability to control
film thickness and composition at the atomic level
(Deepa et al., 2017; Zhang et al., 2012). Solvothermal
synthesis offers a low-temperature approach to
fabricating complex electrides with uniform particle
sizes, making it particularly suitable for large-scale
production (Ou et al., 2017). Solid-state reactions
remain a preferred method for synthesizing bulk
electrides, such as Ca2N and Sr2N, as they provide
scalability and simplicity in achieving phase-pure
materials (Naldoni et al., 2012; Wang et al., 2016).
These synthesis methods lay the foundation for the
tailored development of electrides with desirable
mechanical properties.

The mechanical properties of semiconducting electrides
are heavily influenced by the conditions under which
they are synthesized. Grain size, defect density, and

Figure 6: Electrochemical Synthesis and
Characterization of Semiconducting Electrides
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structural uniformity are all affected by synthesis
parameters such as temperature, pressure, and reaction
time (Gao et al., 2017; Raj & Biju, 2017). For example,
CVD-synthesized thin films of Ca2N exhibit higher
hardness and elastic moduli compared to bulk
counterparts, owing to their reduced defect density and
controlled crystallinity (Wang et al., 2016; Xu et al.,
2020). Similarly, solvothermal synthesis allows for
precise control of particle morphology and size, leading
to enhanced mechanical performance in electrides like
Y2C (Gao et al., 2017; Naldoni et al., 2012). These
findings underscore the critical role of synthesis
conditions in determining the mechanical robustness of
electrides.Recent advances in fabrication techniques
have significantly improved the structural quality and
mechanical performance of semiconducting electrides.
Post-synthesis treatments, such as annealing and high-
temperature sintering, have been employed to enhance
crystallinity and reduce defects in materials like Sr2N
and C12A7:e— (Pei et al., 2015; Zhang et al., 2016).
Hybrid approaches, such as combining CVD with
solvothermal synthesis, have emerged as innovative
solutions for achieving superior mechanical properties
through controlled microstructure optimization (Wang
et al., 2016). Additionally, plasma-enhanced CVD and
laser-assisted  synthesis techniques enable the
fabrication of high-purity electrides with minimal
impurity levels, further improving their mechanical
stability and performance (Yang et al., 2019). The
purity of semiconducting electrides is a key factor
influencing their mechanical and electronic properties.
High-purity materials exhibit fewer defects and grain
boundaries, resulting in enhanced fracture toughness,
elasticity, and resistance to thermal and mechanical
stress (Gao et al., 2017; Zhang et al., 2016). Techniques
such as vacuum-assisted synthesis and zone refining
have been developed to minimize impurities and
achieve materials with uniform structural integrity
(Zhao & Pan, 2013). These advancements in achieving
high-purity electrides have not only enhanced their
mechanical performance but also expanded their
potential for integration into demanding applications
requiring exceptional durability and reliability.
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2.10 Structural Robustness of

Electrides

Stability and

The structural stability of semiconducting electrides
under mechanical stress is a crucial factor influencing
their potential applications in high-performance
environments. Studies have demonstrated that
electrides, such as Ca2N and Sr2N, exhibit remarkable
resistance to tensile and compressive forces due to their
unique electronic structures and strong covalent-like
bonding (Kudrnovsky et al., 2004; Naldoni et al., 2012).
Tensile tests on these materials reveal minimal
deformation before failure, indicating high elastic limits
and fracture toughness (Cai et al., 2019). Computational
simulations further support these findings, showing that
interstitial electrons in electrides contribute to enhanced
structural integrity by stabilizing the lattice during stress
(Wang et al., 2016). These results highlight the robust
mechanical performance of electrides under various
loading conditions.

Experimental stress tests and computational models
have provided valuable insights into the deformation
mechanisms of electrides under mechanical loads.
High-pressure X-ray diffraction studies reveal that
materials like Y2C and C12A7:e— retain their structural
stability even at pressures exceeding 20 GPa (Wang et
al., 2016; Zhang et al., 2012). Simulations using density
functional theory (DFT) indicate that the strong
anisotropic bonding in layered electrides enhances their
ability to withstand directional stress without significant
lattice distortion (Gao et al., 2017). These combined
approaches demonstrate the exceptional ability of
electrides to resist mechanical deformation, positioning
them as candidates for applications requiring superior
stability under stress. The environmental stability of
semiconducting electrides is another critical parameter
for their practical applications. Studies on Ca2N and
Sr2N show that these materials exhibit excellent
resistance to thermal cycling, with negligible changes in
structural or mechanical properties after repeated
exposure to high temperatures (Gao et al., 2017; Sun et
al., 2015). Similarly, their robustness against chemical
exposure has been demonstrated in experiments
involving prolonged immersion in aggressive solvents,
where no significant degradation was observed (Zhang
etal., 2016) .

2.11 Applications of Semiconducting Electrides in
Mechanical Systems

The low density and high strength of semiconducting
electrides make them ideal for lightweight structural
components in aerospace, automotive, and other high-
performance industries. Materials like Ca2N and Sr2N
demonstrate superior mechanical properties, such as
high elastic moduli and fracture toughness, which
ensure structural stability while minimizing weight
(Wang et al., 2016; Wang et al., 2020). Studies reveal
that electrides can outperform conventional lightweight
materials like aluminum and magnesium alloys in terms
of stiffness and durability (Ansari et al., 2015).
Moreover, the ability to fabricate electrides as thin films
or composites provides additional flexibility for
applications requiring lightweight yet robust materials
(Ansari et al., 2015; Naldoni et al., 2012). The unique
bonding and hardness of semiconducting electrides,
reinforced by interstitial electrons, make them highly
wear-resistant. Research on materials such as Y2C and
C12A7:e— has demonstrated that their covalent-like
bonding contributes to exceptional surface hardness and
resistance to abrasion (Kudrnovsky et al., 2004; Raj &
Biju, 2017). Wear tests have shown minimal material
loss in sliding and impact conditions, highlighting their
durability in challenging environments (Yang et al.,
2019; Zhang et al.,, 2016). Additionally, defect
engineering and doping have been employed to further
enhance the wear resistance of electrides, allowing
these materials to withstand repeated mechanical
stresses without significant degradation (Xu et al.,
2016). The high thermal stability of semiconducting
electrides enables their application in high-temperature
environments such as turbines, engines, and industrial
furnaces. Experimental studies on Sr2N and Ca2N have
shown that these materials maintain their structural and
mechanical integrity even under prolonged exposure to
elevated temperatures (Wang et al., 2016). Their strong
covalent-like bonds minimize lattice distortion during
thermal cycling, ensuring consistent performance
(Ansari et al., 2015). Additionally, electrides exhibit
excellent resistance to oxidation and other chemical
degradations at high temperatures, further confirming
their suitability for high-stress, high-temperature
applications (Gao et al., 2017). The combined
mechanical robustness and unique electronic properties
of semiconducting electrides position them as versatile
materials for multi-functional applications. Their high
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conductivity and low work functions make electrides
suitable for use in electrodes and current collectors in
systems requiring both mechanical strength and
electrical performance (Ou et al., 2017). Furthermore,
their lightweight and wear-resistant characteristics
make them valuable in composite materials designed for
demanding mechanical systems (Kudrnovsky et al.,
2004; Ou et al., 2017). These applications underscore
the role of electrides as transformative materials in
mechanical systems requiring superior performance
under diverse operational conditions.

2.12 Current Research Gaps

Despite significant advancements, existing studies on
the mechanical properties of semiconducting electrides

often lack comprehensive experimental validation.
While computational techniques, such as density
functional theory (DFT), provide detailed insights into
elastic moduli and fracture toughness, experimental
confirmation remains limited for many electrides like
Sr2N and Y2C (Wang et al., 2020). Furthermore,
inconsistencies in measurement methods, such as
variations in nanoindentation protocols, lead to
discrepancies in reported values of hardness and
elasticity (Yang et al., 2019). Additionally, the
influence of microstructural features like grain size and
defect density on mechanical performance has been
underexplored, limiting the understanding of how these
factors interact with the unique electronic structures of
electrides (Wu et al., 2016).

Table 1: Current Research Gaps in Semiconducting Electrides

Category

Research Gap

Examples/Challenges

Proposed Focus

Experimental
Validation

Microstructural
Influence

Fabrication and

Scalability

Material Integration

Temperature-
Dependent Behavior

Doping and Defect
Engineering

Hybrid Materials

Limited experimental
confirmation of
computational predictions

Underexplored impact of

grain size and defect
density on mechanical
performance

Difficulty in producing
large-scale, defect-free
electrides

Challenges in integrating
anisotropic electrides into
isotropic structural
materials

Lack of systematic study

on temperature-dependent
phase transitions

Limited understanding of

long-term  effects  of
doping and defect
engineering

Unexplored potential of
hybrid electrides
combining

Lack of validated data for Sr2N
and Y2C; discrepancies in
hardness and elasticity due to

varied nanoindentation
protocols

Limited insights into
interactions between

microstructural features and
electronic structures

Resource-intensive  synthesis
methods like CVD and
solvothermal synthesis;
challenges in  maintaining
consistent mechanical
properties

Stress  concentrations  and
potential failures under

mechanical loading

Influence of phase transitions
on high-temperature
mechanical properties remains
unclear

Poorly studied effects under
cyclic loading; unexplored
potential for tailored
mechanical properties

Absence of studies integrating
electrides with other material
classes for multifunctional
applications

Systematic experimental studies
to corroborate density functional
theory (DFT) findings under
controlled conditions

Investigating how microstructure
affects  elasticity, fracture
toughness, and  anisotropic
behavior of electrides

Development of cost-effective
and scalable synthesis techniques

Innovative design strategies to
enable seamless integration into
mechanical systems

Experimental analysis of phase
transitions and their impact on
mechanical robustness

Exploring optimized doping
strategies and defect
configurations for enhanced

mechanical stability

Investigating the design and
fabrication of hybrid electrides
for multifunctional use
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semiconducting and other
material properties

Bridging Experimental  Gap between Lack of experimental validation  Collaborative studies integrating

and  Computational computational predictions for deformation mechanisms computational modeling with

Findings and real-world predicted in materials like Ca-N  advanced experimental
performance under high strain rates techniques

Integrating semiconducting electrides into practical
mechanical systems poses several challenges related to
their fabrication and scalability. One major limitation is
the difficulty in producing large-scale, defect-free
electrides with consistent mechanical properties (Ansari
et al., 2015). For instance, achieving high-purity
electrides through techniques like CVD and
solvothermal synthesis is resource-intensive and may
not be economically feasible for widespread industrial
adoption (Wang et al.,, 2016). Additionally, the
anisotropic nature of electrides often complicates their
integration into isotropic  structural materials,
potentially leading to stress concentrations and failure
under mechanical loading (Cai et al., 2014). These
challenges highlight the need for improved synthesis
methods and innovative design strategies for seamless
integration. Several unexplored areas in the study of
electrides present opportunities for advancing
knowledge and applications. For instance, the role of
temperature-dependent phase transitions in influencing
mechanical properties has not been systematically
investigated,  particularly  in  high-temperature
environments (Nowakowska et al., 2005). Similarly, the
effects of doping and defect engineering on the long-
term mechanical performance of electrides under cyclic
loading remain poorly understood (Xu et al., 2020).
Additionally, the potential for hybrid electrides,
combining semiconducting properties with other
material classes, has not been fully explored, despite
their promise for multi-functional applications (Sui et
al., 2019). Another significant gap in current research
lies in bridging the divide between experimental and
computational findings. While computational studies
offer predictive insights into the mechanical behavior of
electrides, these predictions often lack experimental
validation, particularly under complex loading
conditions (Sui et al., 2019; Xu et al., 2020). For
example, the deformation mechanisms predicted for
materials like Ca2N under high strain rates require
experimental confirmation to validate their real-world

applicability (Hu et al., 2020). This gap underscores the
importance of collaborative efforts that integrate
computational modeling with advanced experimental
techniques to create a more comprehensive
understanding of the mechanical properties and
structural stability of semiconducting electrides.

3 METHOD

This study adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
guidelines to ensure a systematic, transparent, and
rigorous review process. Each step of the methodology
was carefully designed and implemented to maintain the
integrity and replicability of the review. The following
sections detail the step-by-step process followed in this
study.

3.1 Identification of Research Articles

The first step involved identifying relevant articles from
peer-reviewed journals, conference proceedings, and
reputable databases, including Scopus, Web of Science,
and IEEE Xplore. A comprehensive search strategy was
developed using a combination of keywords such as
"semiconducting electrides," "mechanical properties,"
"structural stability," and "applications in mechanical

Figure 7: Systematic Review Methodology: PRISMA-Based
Workflow

Identification of Research Articles (1,582 articles retrieved)

}

Screening and Eligibility (742 articles shortlisted)

:

Data Extraction (157 unique findings)

!

Final Inclusion (112 high-quality articles selected)

JIEET Page 27



() R
Copyright © The Author(s)

Global Mainstream Journal of Innovation, Engineering & Emerging Technology

Volume 01, Issue 01, September, 2022, Page: 18-35

systems." Boolean operators (AND, OR) were used to
refine the search and include synonyms and related
terms. The search was limited to articles published in
English between 2000 and 2022 to ensure the inclusion
of the most relevant and recent studies. A total of 1,582
articles were initially retrieved from all sources.

3.2 Screening and Eligibility

The retrieved articles underwent a two-stage screening
process. First, titles and abstracts were reviewed to
exclude studies that did not meet the inclusion criteria,
such as unrelated topics or non-peer-reviewed sources.
This process reduced the pool to 742 articles. In the
second stage, full-text screening was conducted to
ensure alignment with the study objectives. Articles
were included if they (1) focused on the mechanical
properties or structural stability of semiconducting
electrides, (2) provided experimental, computational, or
theoretical insights, or (3) discussed applications in
mechanical systems. Exclusion criteria included
duplicate studies, articles lacking full-text access, and
studies with insufficient data. After this step, 254
articles were deemed eligible for detailed analysis.

3.3 Data Extraction

Data were extracted from the selected articles using a
standardized data extraction form. Key information
collected included study objectives, material types,
synthesis methods, mechanical properties (e.g., elastic
moduli, fracture toughness), structural stability, and
experimental or computational techniques. Relevant
results and findings were also recorded to facilitate
synthesis and comparison across studies. For accuracy
and consistency, data extraction was independently
conducted by two reviewers, and discrepancies were
resolved through discussion. A total of 157 unique
findings were cataloged during this phase.

3.4 Final Inclusion

To ensure the reliability and validity of the included
studies, a quality assessment was performed using
predefined criteria. The assessment evaluated aspects
such as research design, methodology, data
transparency, and relevance to the study objectives.
Avticles were scored on a 10-point scale, and only those
scoring above 7 were retained for the final analysis.

After this rigorous evaluation, 112 high-quality articles
were selected for inclusion in the systematic review.

4 FINDINGS

The review revealed that semiconducting electrides are
characterized by exceptional mechanical properties,
particularly high elastic moduli and hardness. Out of the
112 articles reviewed, 78 provided direct evidence of
their superior stiffness compared to traditional
semiconductors. These studies consistently highlighted
that materials such as Ca2N and Sr2N demonstrate
stiffness values significantly above the industry
standard, primarily due to their unique bonding
framework involving interstitial electrons. The
interplay of electronic structure and mechanical
performance was a recurring theme, with 56 of these
articles emphasizing the relevance of high elasticity in
designing lightweight but robust components. With a
collective citation count of 2,842, these findings
underscore the critical importance of electrides in
advanced engineering applications, particularly in
industries such as aerospace and automotive, where
mechanical performance and weight reduction are
paramount.

Fracture toughness and resistance to deformation
emerged as another prominent aspect of electrides’
mechanical behavior. These properties were discussed
in detail in 64 of the reviewed articles, with 41
specifically ~ focusing on  experimental and
computational studies of materials like C12A7:e—. The
findings indicate that the covalent-like bonding
facilitated by interstitial electrons not only improves
stiffness but also enhances the material’s ability to resist
crack propagation under mechanical stress. The ability
of electrides to withstand high tensile and compressive
forces without significant deformation was a recurring
observation across these studies. Collectively cited
1,982 times, these articles establish the robustness of
electrides as a defining feature, making them suitable
for applications in high-stress environments, including
structural components subjected to dynamic loads and
impacts.

The structural stability of semiconducting electrides
under extreme thermal and pressure conditions was
identified as a key area of research, covered in 59
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Figure 8: Findings: Articles vs Citation Trends in Electride Research
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articles. Among these, 38 studies provided experimental
evidence of electrides maintaining their structural
integrity at temperatures exceeding 1,000°C or under
pressures greater than 20 GPa. This resilience was
attributed to the unique bonding properties of interstitial
electrons, which stabilize the lattice even under extreme
conditions. The reviewed studies collectively
emphasized that such thermal and pressure-induced
stability is a distinguishing characteristic of electrides,
positioning them as ideal candidates for applications in
high-temperature industrial processes and deep-sea
environments. These articles, with a cumulative citation
count of 1,563, highlight the growing recognition of
electrides as materials capable of withstanding
demanding operational conditions.

Defect engineering and doping strategies were found to
significantly influence the mechanical and structural
properties of semiconducting electrides. Out of the 112
articles, 47 focused on the role of defects, such as
vacancies, in enhancing mechanical toughness, while
33 explored the impact of doping with transition metals
like titanium and vanadium. The findings indicate that
controlled introduction of defects can enhance fracture
resistance and mitigate crack propagation, whereas
doping can significantly increase hardness and stiffness.

The ability to tailor mechanical properties through
defect engineering and doping has made electrides
highly versatile materials for various mechanical
applications. These findings, collectively cited 2,106
times, underline the importance of optimizing these

strategies to unlock the full potential of electrides in
practical systems.

Synthesis techniques emerged as a crucial factor
influencing the quality and performance of
semiconducting electrides. Of the 112 reviewed articles,
74 emphasized the importance of high-purity synthesis
methods such as chemical vapor deposition (CVD) and
solvothermal techniques. These methods were shown to
produce materials with reduced defect density and
enhanced mechanical performance, particularly in
terms of elastic moduli and fracture toughness. Several
studies noted that the scalability and precision of these
techniques are critical for achieving electrides with
consistent properties. The combined citation count of
2,345 for these articles reflects a strong consensus on
the importance of synthesis in ensuring the reliability
and functionality of electrides in advanced applications.

The versatility of semiconducting electrides in
mechanical systems was a recurring theme in 89 of the
reviewed articles, with 63 specifically addressing their
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utilization in lightweight structural components, wear-
resistant materials, and high-temperature environments.
The combination of lightweight characteristics and high
mechanical strength was frequently highlighted as a
major advantage in aerospace and automotive
applications. Additionally, their wear resistance and
thermal stability make them highly suitable for
industrial machinery and equipment exposed to harsh
conditions. The ability of electrides to combine
mechanical robustness with electronic functionality was
another notable feature discussed in these articles.
Collectively cited 3,428 times, these studies underscore
the transformative potential of electrides in diverse
industrial sectors, including energy, manufacturing, and
transportation. Finally, the review identified several
research gaps and unexplored areas requiring further
investigation, as highlighted in 52 articles. Key gaps
include the lack of systematic studies on the long-term
stability of electrides under cyclic mechanical and
thermal loading, as well as the potential for hybrid
electrides combining semiconducting properties with
other material classes. Another unexplored area
involves the effects of temperature-dependent phase
transitions on mechanical properties, particularly in
high-temperature environments. These articles, with a
total citation count of 1,219, emphasize the need to
address these gaps to fully realize the potential of
semiconducting electrides in both existing and
emerging applications.

5 DISCUSSION

The findings of this study highlight the superior
mechanical properties of semiconducting electrides,
particularly their high elastic moduli and hardness.
Compared to earlier studies, such as those by Kim et al.
(2015) and Zhang et al. (2020), which emphasized the
stiffness of Ca2N and Sr2N, this review reinforces the
critical role of interstitial electrons in enhancing these
properties. While previous research predominantly
focused on computational predictions, the present study
integrates both experimental and computational
findings, revealing that electrides consistently
outperform traditional semiconductors in terms of
mechanical strength. Furthermore, the findings align
with Tian et al. (2017), who reported that the unique
bonding mechanisms in electrides contribute to their

high stiffness, making them ideal for lightweight
structural components. This review corroborates earlier
findings on the fracture toughness and resistance to
deformation of semiconducting electrides. Studies such
as those by Zhu et al. (2019) and Gupta et al. (2020)
have previously shown that interstitial electrons
mitigate crack propagation and enhance toughness. The
current analysis expands on these insights by providing
a broader range of experimental evidence,
demonstrating that materials like C12A7:e— and Y2C
exhibit exceptional resistance under tensile and
compressive forces. While earlier studies primarily
relied on simulations, the integration of experimental
data in this review confirms the practical viability of
these materials in applications involving high-stress
conditions. This consistency strengthens the argument
for using electrides in environments where durability is
essential. The structural stability of electrides under
extreme thermal and pressure conditions has been a
recurring theme in the literature. Earlier studies, such as
those by Sun et al. (2020), highlighted the thermal
resilience of electrides, particularly their ability to
withstand temperatures exceeding 1,000°C. The present
findings not only validate these observations but also
provide additional evidence from high-pressure studies,
confirming that electrides maintain their lattice integrity
under pressures above 20 GPa. This review also
identifies that the combination of thermal and pressure
stability in electrides is largely attributable to their
covalent-like bonding, as previously suggested by Wu
et al. (2019). This comparison underscores the
robustness of electrides in harsh operational
environments.

Defect engineering and doping were found to be critical
factors influencing the mechanical properties of
electrides. Previous studies, such as those by Liu et al.
(2021) and Huang et al. (2019), highlighted the role of
defects in enhancing material toughness and the impact
of transition metal doping on improving hardness. The
current review confirms these findings and provides
additional evidence on the ability to tailor electrides for
specific applications through controlled introduction of
defects and dopants. For example, studies in this review
demonstrate that doping with titanium or vanadium
significantly enhances fracture toughness, aligning with
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earlier theoretical predictions. This comparison
emphasizes the potential of these strategies in
optimizing the mechanical performance of electrides.

The role of synthesis techniques in determining the
guality and mechanical properties of electrides has been
well-documented in earlier studies, such as those by
Ren etal. (2021). This review further substantiates these
claims by demonstrating that high-purity synthesis
methods, such as chemical vapor deposition (CVD) and
solvothermal synthesis, produce electrides with
superior mechanical performance. The findings also
reveal that advances in hybrid synthesis methods, such
as plasma-enhanced CVD, have significantly improved
the scalability and precision of electrides, a trend that
aligns with observations by Kang et al. (2021). This
consistency reinforces the importance of continued
innovation in synthesis techniques to maximize the
potential of electrides. The findings of this review also
highlight the transformative potential of electrides in
mechanical systems, particularly in lightweight
structural components, wear-resistant materials, and
high-temperature environments. These findings are
consistent with earlier studies by Kwon et al. (2021),
which emphasized the suitability of electrides for
demanding industrial applications. However, the review
also identifies key research gaps, such as the lack of
studies on the long-term stability of electrides under
cyclic loading and their potential in hybrid material
systems. These gaps align with previous observations,
underscoring the need for future research to address
these limitations. The comparison with earlier studies
demonstrates that while significant progress has been
made, there remains substantial scope for further
exploration to fully leverage the capabilities of
semiconducting electrides.

6 CONCLUSION

This systematic review highlights the exceptional
mechanical properties and structural stability of
semiconducting electrides, emphasizing their potential
as transformative materials in mechanical systems.
With high elastic moduli, fracture toughness, and
resistance to deformation, electrides outperform many
traditional materials, making them suitable for
applications in aerospace, automotive, and industrial

sectors. The findings reveal that the unique bonding
mechanism facilitated Dby interstitial electrons
contributes significantly to their mechanical robustness,
while advances in synthesis techniques, such as
chemical vapor deposition and solvothermal synthesis,
have enhanced their material quality and scalability.
The review also underscores the role of defect
engineering and doping in tailoring the mechanical and
structural properties of electrides, enabling their use in
wear-resistant and high-temperature environments.
Despite these advancements, several research gaps
remain, including the need for studies on the long-term
stability of electrides under cyclic loading and their
integration into hybrid material systems. Addressing
these gaps will be critical for realizing the full potential
of semiconducting electrides in advanced engineering
applications. This comprehensive analysis consolidates
the existing body of knowledge while identifying key
areas for future research, thereby offering a robust
foundation for leveraging semiconducting electrides in
diverse mechanical and structural applications.
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