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Lithium fluoride (LiF) stands out as a material with exceptional physical and chemical properties, including high
ionic conductivity, thermal stability, and compatibility with modern battery components. While its initial ap-
plications were rooted in radiation dosimetry due to its thermoluminescent capabilities, LiF has since evolved

;\pp;hcanons into a versatile material with broad applications spanning optics, electronics, and lithium-ion battery (LIB)
urface . . . . . . . . . . .
Dosimetry technologies. This review delves into the multifaceted roles of LiF, charting its progression from a dosimetric

material in the 1980s to a critical component in next-generation solid-state batteries. The material’s ability to
enhance the stability, durability, and safety of LIB components, especially in solid electrolyte systems, is
particularly emphasized. LiF also plays a significant role in the fabrication of high-efficiency OLED devices, as
well as in nuclear technologies, where it is utilized in neutron dosimetry and reactor materials. Furthermore, the
paper explores LiF’s contributions to defect engineering, surface modifications, and recycling strategies, which
are pivotal in advancing its application in energy storage technologies. Beyond batteries, LiF’s utility extends to
fields like catalysis, biomedicine, and nuclear technologies, reflecting its vast potential for future innovations.
This study provides a comprehensive overview of LiF’s properties, applications, and research directions, offering
insights into its critical role in the development of sustainable and high-performance materials for emerging
technologies.

Solid electrolytes

1. Introduction

Today, the fourth generation of lithium-ion technology with enor-
mous potential is on the verge of further development. Due to its unique
properties and advantages, such as inherent safety, high ionic conduc-
tivity, chemical stability and compatibility, economic potential, and
non-proliferation in nature, LiF has become the focus of significant
attention for lithium-ion technology [1-3].

Historically, the use of LiF began in radiation dosimetry, where its
thermoluminescent properties enabled precise measurement of ionizing

radiation doses [4]. Later, with the advancement of technologies,
lithium fluoride found widespread application in the optical industry,
nuclear technologies [5], electronics [6], and modern lithium-ion bat-
teries (LIBs) (Fig. 1). Recent studies show that the addition of LiF to
electrolyte and cathode materials significantly enhances their stability,
durability, and safety, which is particularly critical for the development
of solid electrolytes in lithium-ion technologies. Additionally, LiF is
actively utilized in medical applications, including radiation detectors,
as well as in the foundry industry due to its ability to withstand extreme
temperatures and chemical exposure.
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This article examines the main areas of research and application of
LiF over the past 50-60 years, ranging from optics and electronics to
nuclear technologies, LIBs, medicine, and industry. A detailed analysis
not only highlights the advantages of LiF but also identifies promising
directions for further research and the development of innovative
technologies based on this material.

This study primarily reviews the history of research on LiF materials,
including authors and active research centers. Then, the research status
of LiF is presented, describing the current state of research, the scientific
areas in which LiF is used, and the strategy of experimental research. In
addition, the resulting novelties and challenges encountered when using
LiF are discussed, including defect formation in materials, optimization
of solid electrolyte component systems for energy control, interactions
with other substances, and disposal and recycling methods. Based on the
above, research directions in the field of LiF are discussed, and research
areas are recommended for the future development of Li-ion and other
technologies. The purpose of this article is to provide the current state of

research and expected future developments in the field of LiF-related
materials.

2. Methodology

To achieve our goal, we employed a content analysis approach based
on the survey method. An extensive literature search was conducted
across various platforms, including Scopus, Web of Science, Science
Direct, Google Scholar, ResearchGate, and international agencies.

Of course, we cannot cover the entire spectrum of existing crystals,
which includes metals, semiconductors, and alkali halide crystals. Doing
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so would result in an overwhelming amount of data that would require
extensive processing. However, among all classes of crystals, alkali
halide crystals hold a special place due to their unique properties and
wide range of applications.

Comprehensive searches were conducted using keywords such as:
“lithium fluoride (LiF); surface of alkali halide crystals; surface of
lithium fluoride crystals; defects in lithium fluoride crystals; lithium
fluoride in solid-state batteries; lithium fluoride in solid electrolytes;
issues, advantages, and applications, as well as pros and cons.”

During this search process, numerous articles were identified. The
literature evaluation involved a thorough analysis of titles, keywords,
abstracts, article contents, and journal topics to select relevant
references.

The review process was carried out in two distinct stages:

— Selection Method
— Review Results

The selection stage began with an extensive literature search, during
which several dozen documents were identified. Subsequent evaluation,
including key keywords and an assessment of titles, abstracts, topics,
and materials, narrowed down the selection. Finally, factors such as
impact factor, citation count, review process, and publication period
were considered, leading to the selection of appropriate articles. These
articles formed the basis for subsequent review, analysis, and critical
discussion of lithium fluoride materials used in various industries. The
topics discussed included an overview and comparison of properties and
functions for use in different applications, the growing demand for such
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Fig. 1. The Evolution of Lithium Fluoride Applications: From Dosimetry to Future Technologies.
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materials, structure, classification, advantages, optimization of various
applications, as well as general issues.

Following this, research directions and potential areas for future
research to advance various technologies related to LiF materials are
discussed.

3. Brief information about lithium fluoride crystals

Lithium fluoride crystals are distinguished by their unique proper-
ties. These crystals exhibit a cubic crystal structure similar to that of
NaCl. LiF crystals belong to the cubic system, which provides them with
high symmetry and an orderly atomic arrangement (Fig. 2).

Under normal conditions, lithium fluoride exists as a white powder
or transparent, colorless crystals with a cubic symmetry. Its space group
is Fm3m, with atomic parameters of a = 0.40279 nm and Z = 4. It melts
at a temperature of 848.2 °C. Lithium fluoride is a diamagnetic material
with a molar magnetic susceptibility of —10.1 x 10" cm® /mol.

Electrons in LiF crystals are distributed across energy zones and
bands. Due to the ionic bonds between lithium and fluoride ions, this
material exhibits the properties of an electrical insulator. The fluorine
atom accepts one valence electron from lithium, forming an F~ ion with
eight valence electrons.

The physicochemical properties of LiF crystals are characterized by
their high stability and durability. These crystals are thermally stable,
chemically inert, and exhibit excellent optical transmission capabilities.
Such properties make lithium fluoride highly sought after in various
fields, including optics, electronics, and precision scientific instruments.

Lithium fluoride demonstrates exceptional transparency across a
wide range of wavelengths, from ultraviolet to infrared radiation
(0.12-6 um). As a result, it is extensively used in ultraviolet optics
(including vacuum ultraviolet, where its transparency surpasses that of
all other optical materials) and infrared optics. Additionally, lithium
fluoride is employed in radiation dose measurements using thermolu-
minescent dosimetry (TLD) methods.

Monocrystals of lithium fluoride are used in X-ray monochromators
and in the development of lasers with highly efficient (up to 80 %) color
centers. Lasers based on F»~ centers emit infrared radiation with a
wavelength of 1120 nm. Lithium fluoride exhibits weak scintillation.
With a wide bandgap of 12 eV, LiF has high specific electrical resistance.

4. Results and discussion

Data obtained from the Scopus and Science Direct search systems
indicate that after the 1940s, during World War II, alkali halide crystals,
including LiF, became popular research subjects. This surge in interest
was driven by several factors. Table 1 presents some of the reasons why
these crystals were considered "trendy" for research during that period.

Alkali halide crystals, including LiF, were actively studied for the
development of optical systems due to their superior transparency in the
ultraviolet and infrared ranges compared to most available materials.
This was crucial for military, optical, and scientific applications. As
evident, the post-war trend of researching alkali halide crystals was
driven by the combination of their unique properties and the pressing

Table 1
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Key reasons for the popularity of alkali halide crystals (including LiF) for
research in the second half of the 20th century.

Category Description Examples and Reasons
Nuclear Development of nuclear ~ Use of LiF in molten salt nuclear
Technologies energy and dosimetry reactors. Radiation dosimetry:

Optical Research

technologies.

High transparency and
nonlinear optical
properties.

precise measurement of ionizing
radiation doses due to
thermoluminescent properties.
Transparency in UV and IR ranges
for optical systems. Study of color
centers and photorefractive effects
for lasers and optical instruments.

Fundamental Investigation of defects Convenient model for studying
Physics and quantum- defects (vacancies, color centers).
mechanical Exploration of electronic states
phenomena. and light-matter interactions.
Military Materials for military Active media for lasers and
Applications technologies resistantto  detectors. Space technologies:
radiation. thermal protection and optical
instruments.
Ease of Use Ease of growth and Ability to produce large, high-

processing of alkali

quality single crystals. Simple

cubic structure makes them ideal
as model objects.

Use of spectroscopy (IR and UV) to
analyze optical properties. Early
models for computer simulation in

halide crystals.

Advancement in
Research
Methods

New experimental and
theoretical approaches.

solid-state physics.

needs of the time. From nuclear technologies to optics and quantum
physics, these materials became catalysts for numerous scientific dis-
coveries and technological breakthroughs.

The development of radiation-resistant materials and devices for
nuclear reactors, space technologies, and dosimetry (radiation moni-
toring) required fundamental research into defect formation. Lithium
fluoride became a model material for such studies due to its simple cubic
structure and high sensitivity to radiation.

4.1. LiF in optics and electronics

During implantation, the bombardment of a surface with high-
energy ions can lead to the creation of primary defects, the formation
of new phases, changes in the chemical composition and structure of the
surface, and even alterations in the bulk of the materials. Plasma and
laser processing can also lead to melting, evaporation, decomposition of
the surface material, changes in the chemical composition, structure,
and topography of the surface, as well as the formation of new functional
groups and structures and changes in properties.

Thus, the primary result of surface formation from physical and
chemical treatments is the creation of defects. With increasing time and
intensity, these treatments lead to the accumulation and increase in the
concentration of defects on the surface, which will undoubtedly affect its
properties. Defects in the near-surface region can have both positive and
negative effects on the properties of materials. For example, they can
affect mechanical strength, electrical conductivity, optical

Fig. 2. Appearance, atomic arrangement of LiF, and cubic crystal structure.
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characteristics, catalytic properties, corrosion resistance, etc.

This section analyzes key achievements and current challenges
related to the study of defects in LiF that affect its luminescent proper-
ties, including fluorescence, photoluminescence (PL), and thermolumi-
nescence. Since thermoluminescence (dosimetry) in LiF is an extensive
and significant topic, a separate paragraph will be dedicated to it in the
following section.

Recent data obtained from the Scopus and ScienceDirect search
systems revealed an unusual trend based on studies on the surface of
alkali halide crystals and specifically LiF crystals (Fig. 1). As shown in
Fig. 1, the number of studies conducted on the surface of alkali halide
crystal samples per year until 2024 is illustrated. After 2000, the number
of experimental and theoretical works carried out sharply decreases,
reaching approximately 50 works per year, whereas in 1996, the number
reached 125 works (Fig. 3, red line).

However, if we search for publications specifically on the surface of
LiF crystals, we observe the following trend shown by the red line in
Fig. 3. There is a sharp increase in the number of publications (by about
20 times) related to experimental and theoretical work on the surface of
LiF. This surge is primarily due to the increased use of these materials as
a key component of solid electrolytes for LIBs [7].

Apart from its use in LIBs, LiF also finds applications in other fields
such as optics [8], catalysis, and biomedicine. Fig. 4 shows that after the
1980s, most research on the LiF surface was conducted for use in
dosimetry, nuclear energy, and nuclear medicine. After the 1990s, the
graph indicates increased use in laser technology for optical applica-
tions. From the 2000s onward, as shown by the red line, LiF has pri-
marily been used as an electrolyte in LIBs, highlighting the growing
interest and publications in this area.

Indeed, from the presented graph, it can be seen that after the 1980s,
the number of studies on the LiF surface increased significantly since LiF
is an ideal material for dosimeters. It can accurately measure X-ray [9]
and gamma radiation doses [10], making it a valuable tool for moni-
toring radiation exposure in various fields such as medicine, electronics,
nuclear power, industrial, and space materials science.

In the 1990s, LiF was such a popular material that entire scientific
groups conducted research on it. One notable group is the laboratory led
by Rosa Maria Montereali at the ENEA Institute - Frascati Research
Center. To date, this group has published more than 300 articles devoted
to LiF materials. In Fig. 5, you can see the number of articles by author
dedicated to research on the surface of LiF crystals. Additionally, Hor-
owitz, Yigal S. from the Israeli Ben-Gurion University, is still publishing
on the topic of thermoluminescence in LiF dosimeters, and their number
of publications is increasing (more than 100 publications).

Significant contributions to the study of the optical properties of LiF
crystals when exposed to radiation were made by RM Montereali, F.
Bonfigli, and E. Nichelatti. They are leading specialists in the field of
studying the physicochemical properties of LiF crystals, conducting
extensive research on the luminescent properties of LiF crystals acti-
vated with various impurities under different types of radiation. They

[72]
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Fig. 3. Number of publications devoted to processes on the surface of alkali
halide crystals (AHC) (red) and lithium fluoride (blue) over time.
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Fig. 5. Number of publications by author over the entire period devoted to
research on the surface of LiF crystals.

have also studied second harmonic generation, photorefraction, and
other nonlinear optical phenomena in LiF crystals.

By the beginning of 2010, their research group had accumulated a
vast amount of data on defects in LiF, their absorption, and PL (see
Fig. 6). Their research has shown that these defects can be utilized in
creating lasers in thin films and crystals (see Fig. 7).

Fig. 4 displays the absorption and emission spectra of several color
centers (CCs) (Fo, F§ F3 etc.) in LiF crystals at room temperature (RT).
These peaks indicate that color centers absorb light at specific wave-
lengths and emit light at specific wavelengths after absorption.

Fig. 7 illustrates the relationship between the average energy and
tuning range of CC lasers operating at room temperature in pulsed mode
in LiF crystals. The tuning range refers to the wavelengths that the laser
can be adjusted to emit. These figures collectively suggest that CCs in LiF
crystals can serve as sources for wavelength-tunable lasers. The specific
laser wavelength and tuning range vary depending on the type of CC

LiF crystal
atRT

‘ Absorbtion

mission

Ei

400 600 800 1000 1200 1400
Wavelength (nm)

Fig. 6. Absorption and emission bands, outlined as normalized Gaussian
curves, of the known CCs which possess PL in LiF at RT. Reproduced from [11]
with permission.
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Fig. 7. Average energy and tunability range versus wavelength of the CC lasers
operating at RT in LiF crystals in pulsed regime. Reproduced from [11]
with permission.

employed.

By the beginning of 2010, tables detailing defects in LiF were
compiled based on research data from this group. All the data obtained
are presented in Table 2.

The Table 2 contains the spectroscopic properties and room tem-
perature optical gain of laser-active CCs in LiF grown by non-
stoichiometric crystal growth at n = 1.39.

Explanation of the table:

Aa (nm): Absorption wavelength of the CC.

Ae (nm): Emission wavelength of the CC after absorbing light.

Av (10'2 Hz): Energy difference between the absorption and emis-
sion states of the CC in units of 10'3 Hz, related to the emitted light color.

Tefr (ns): Effective lifetime of the excited state of the center, indi-
cating how long the electron stays in the excited state before returning to
the ground state.

1 (%): Quantum yield of the CC, the percentage of absorbed photons
converted into emitted photons.

g (cm™1): Optical gain of the CC, indicating how much light is
amplified when passing through the material.

Overall, the table demonstrates that defects in LiF crystals can serve
as active media for lasers, with specific properties varying depending on
the type of CC.

Their work has significantly contributed to understanding lumines-
cence mechanisms, clarified the role of defects in the optical properties
of LiF crystals, and opened new possibilities for their use in nonlinear
optics. They conducted comprehensive studies on PL, electrolumines-
cence, and thermoluminescence of LiF crystals with defect states.
Additionally, LiF radiation detectors, based on the thermoluminescence
method, exhibit a response where the luminescent detector’s efficiency
depends on the received dose magnitude, the detector’s composition
materials, and the method of dose transmission (i.e., the microscopic
pattern of energy release), greatly affecting its effectiveness [12].
Lithium fluoride detectors have high sensitivity to ionizing radiation and
are capable of detecting a, B, y radiation, as well as 1 and p particles [13].

LiF detectors demonstrate a highly linear response to radiation in-
tensity and have low background noise, enabling accurate measurement
of radiation doses under diverse conditions. Additionally, LiF exhibits
resistance to thermal and mechanical stress, ensuring reliability and
durability in operation [14]. Its low cost, ease of processing, and us-
ability make LiF a preferred choice for a wide range of applications, from
personal dosimetry to scientific research and radiation monitoring in

Table 2
Spectroscopic properties and optical gain at room temperature of laser-active
CCs in LiF.

CCs  Ay(nm)  A.(nm) AV(10°Hz) tgr(ms) 1 (%) glem™')
Fa* 448 541 6.5 11.5 100 7.6

F2 444 678 7.5 17 100 7

Fs~ 800 900 8 10 10 1.9

F2* 645 910 7 15 50 7.6

F2- 960 1120 8 55 30 1.6
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fields such as medicine, nuclear power plants, and space exploration. In
contrast, other materials may be less convenient and mobile, limiting
their application to narrow fields of science and technology [15]. For
example, some materials may be heavy or require complex cooling
systems or specific environmental conditions [16], restricting their use
in mobile or field settings [17]. LiF, due to its lightweight nature, con-
venience, and ease of use, enjoys widespread adoption. Recent research
[18] has also shown that LiF has potential applications in UV dosimetry.

Now, let’s examine key studies from the last 5 years. In [19] visible
PL of CCs in LiF crystals was studied for advanced diagnostics of 18 and
27 MeV proton beams. Using a simple defect formation model that
considers energy release in the material and saturation of defect con-
centration, researchers obtained a two-dimensional dose map from the
image of transverse beam intensity distribution. They also reconstructed
the full Bragg curve, enabling comprehensive characterization of proton
beams produced by the accelerator. The high intrinsic spatial resolution
and wide dynamic range of these new LiF detectors facilitated
two-dimensional imaging of lateral beam intensity distribution. These
findings are crucial for dose assessment in hadron therapy and for nu-
clear and space research at CERN (European Organization for Nuclear
Research) [20].

In [21], a comparative study of PL and modeling of F, and F§ CCs in
lithium fluoride irradiated at high doses with low-energy proton beams
was conducted. In their work, the authors studied the PL of Fo and F§
CCs in lithium fluoride crystals irradiated with a proton beam with en-
ergies of 3 and 7 MeV (Fig. 6). Radiation doses varied from 10%:10° Gy.
Ionization caused by protons in LiF crystals led to the stable formation of
CCs exhibiting broad PL bands in the red (F3) and green (F$) regions of
the spectrum when optically pumped with blue light (~450 nm).

The main goal of the study was to investigate the dependence of PL
intensity on the absorbed dose. It was found that at high doses (about
108 + 107 Gy) there is a decrease in the integral PL intensity for F§
centers. The authors suggest that this phenomenon is associated with the
formation of absorption or quenching centers that absorb or scatter PL.
The study covers a wide range of radiation doses, allowing for a detailed
examination of the effects that occur at different levels of radiation
exposure. The work offers a separate analysis of the contribution of Fy
and F§ CGs to the overall PL, contributing to a better understanding of
the processes occurring in irradiated LiF crystals.

The results may be useful for improving diagnostic and dosimetry
techniques in radiation therapy, especially in the context of the use of
protons and other heavy particles. In this work, there is a discrepancy
between the model and the experimental data at low irradiation doses,
which may be due to measurement inaccuracies or nonlinear effects of
the formation of CCs. Additionally, the model used does not always
accurately describe the behavior of the system, especially at high doses,
which requires further research and possible modification of theoretical
approaches.

The authors of the study [22] from ENEA studied the visible PL of
CCs in thin films of lithium fluoride for use in detectors of low-energy
proton beams at high doses. The article describes how irradiation of
thermally evaporated LiF thin films with a proton beam with a nominal
energy of 3 MeV in the fluence range from 10'! + 10'® protons/cm?
causes the formation of stable CCs, including primary F centers and
aggregate defects F5 and F§. The authors showed that PL, measured in
spectrally integrated form, depends on the absorbed dose and behaves
linearly until saturation at high dose values (>~1 0° Gy). It was found
that the spectral contributions of Fo and F§ CCs in the red and green
regions of the spectrum exhibit differences in their behavior at high
irradiation doses.

The difference between this work and the previous one is that thin
LiF films provide high spatial resolution, which is important for accurate
mapping of radiation doses. The study also demonstrates the detectors’
ability to operate in a wide range of doses, from low to high values,
making them versatile for various applications. It has been shown that
CCs remain stable at room temperature, simplifying their use and
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analysis. After irradiation, the detectors do not require complex pro-
cessing, facilitating their operation.

This work does not take into account the influence of the proton
beam energy on the formation of CCs, which requires consideration
when calibrating detectors for various irradiation conditions. Addi-
tionally, the limited thickness of LiF films (about 1 pm) can affect their
ability to detect deeper layers of materials, and signal saturation at high
doses limits the capabilities of detectors under extremely high radiation
doses. This necessitates further research to expand their applicability.
However, ultimately, this and other studies from this group [23]
demonstrate the promise of using LiF thin films to detect low-energy
proton beams, offering new opportunities for radiation diagnostics and
therapy while indicating the need for further research to optimize their
performance and expand the range of applications.

In [24], solid-state radiation detectors using PL of stable point de-
fects in LiF crystals were employed for advanced diagnostics during the
commissioning of the TOP-IMPLART linear proton accelerator segment
with energies up to 27 MeV for proton therapy. Here, LiF detectors
provided high spatial resolution and a wide dynamic range, enabling the
creation of two-dimensional images of the transverse distribution of
beam intensity. They also accurately determined the position of the
Bragg peak using a conventional optical fluorescence microscope. The
term "Bragg peak” in the context of radiation therapy refers to the spe-
cific point within a material where maximum energy release from
ionizing radiation, such as protons, occurs. This peak is displayed on a
graph of absorbed dose versus radiation penetration depth. The critical
point is that most of the radiation energy is released just before the
particles come to a complete stop.

The study reports and discusses the results of proton beam charac-
terization, including estimates of energy components and beam dy-
namics under various accelerator operating conditions. Fig. 9 shows the
dependence of PL intensity on the depth of proton penetration into LiF.
Protons with an energy of 27 MeV are used to excite PL. The work shows
that the intensity of PL in LiF depends on the depth of proton penetra-
tion. The maximum PL intensity is achieved at a certain penetration
depth, after which it gradually decreases.

The continuation of this work allowed [25], based on this knowl-
edge, the creation of solid-state dosimeters based on PL readings. The
authors conducted a systematic study of the optical properties of LiF
when exposed to 7 MeV proton beams and found that the PL of these CCs
under optical pumping is proportional to the absorbed dose. A model
was developed to reconstruct the Bragg curve and perform 2D dose
mapping from PL images stored in LiF. The study presents results
highlighting quantitative aspects of PL behavior in LiF at various doses,
including cases of high CC saturation.

The fourth most prolific author in publications on LiF surface
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Fig. 8. PL intensities were measured for several absorbed doses emitted from
spots irradiated with protons with energies of 3 and 7 MeV. Here, the PL in-
tensities are integrated over the F§ emission band’ and the doses are averaged
over the irradiated volume. Reproduced from [21] with permission.

Next Materials 8 (2025) 100548

27 MeV - r.o.i#2 BPsBP
50+ BP4 2
) BP1
§ 404
g 30+
N
T 204
10+
o0 I/, . . . .
0 1000 2000 3000

Distance (um)

Fig. 9. PL intensity profile vs. proton penetration depth to LiF. Reproduced
from [24] with permission.

research is Y.S. Horowitz and his group (Fig. 5). Horowitz specializes in
studying the effects of radiation on LiF crystals [26]. He has conducted
several studies on the impact of various types of radiation on the optical
properties of LiF crystals [27]. Horowitz’s work is important for un-
derstanding the radiation resistance of LiF crystals [28] and their po-
tential use in radiation-resistant optical devices [29,30].

M.A. Vincenti studies the photochemical properties of LiF crystals
[31]. He has conducted a number of studies on the photochemical re-
actions occurring in LiF crystals under the influence of various types of
radiation [32]. Vincenti’s work is very important for understanding the
photostability of LiF crystals and their potential use in photochemical
devices [33]. He and his co-authors are the first to show promising re-
sults using LiF crystals as solid-state fluorescent nuclear tracking de-
tectors under typical ion radiobiology conditions, and further
experiments are ongoing to improve this promising application, espe-
cially at higher doses and energies.

These are just a few of the many authors who have made significant
contributions to the study of the optical properties of LiF crystals when
exposed to radiation. The studies of these authors have helped to clarify
the fundamental mechanisms underlying the optical properties of LiF
crystals and opened up new possibilities for the use of these materials in
various fields such as optics [34,35], laser technology [36], and medi-
cine. It is important to note that the list of authors presented above is not
exhaustive. Many other researchers have made significant contributions
to this area. Apart from these main applications, LiF surface research is
also being carried out in other fields such as electronics [36-38], and
catalysis [39]. Due to its high sensitivity to radiation, LiF can detect very
low levels of radiation [40-42], making it an attractive material for
research.

Despite the significant amount of research dedicated to defect for-
mation in the near-surface region, many issues remain insufficiently
studied. To develop effective methods for defect management, a deeper
understanding of their formation mechanisms and their impact on ma-
terial properties is required. The development of materials with tailored
surface properties could lead to the creation of new materials with
unique characteristics, which in turn could stimulate the growth of
various industries and improve the environmental situation. Control
over defect formation in the near-surface region can enhance the effi-
ciency of material and product production, reduce the number of de-
fects, and increase their competitiveness. The development of new
materials with improved characteristics can improve people’s quality of
life. For example, materials with higher corrosion resistance can be used
to build more durable buildings and structures, while materials with
enhanced biocompatibility can be used to create more advanced medical
implants.

Overall, the study of defect formation in the near-surface region is a
pressing scientific, technical, economic, social, and environmental issue.
Based on this, in this paragraph, we have thoroughly analyzed the works
carried out throughout the research period on defect formation and its
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Fig. 10. Sketches of the two mounting geometries used for low-energy proton irradiation of LiF detectors: a) larger surface perpendicular to the proton beam
propagation direction, b) larger surface parallel to the proton beam propagation direction. Reproduced from [25] with permission.

influence on material property changes. Alkali-halide crystals attract the
attention of scientists due to their ability to easily form and modify
defects under the influence of external factors, which opens up possi-
bilities for targeted control of their properties. These crystals, including
materials such as NaCl and LiF, are widely used in various fields of
science and technology, from optics and electronics to biomedicine and
nuclear energy. The data obtained from research on defects in alkali-
halide crystals are of great importance not only for the development
of technologies based on these materials but also for a broader under-
standing of defect formation processes in other classes of crystals, such
as semiconductors and metals. Since the mechanisms of defect formation
and evolution are largely universal, the results obtained in alkali-halide
crystals can be adapted to interpret similar processes in semiconductors
and metals. This allows for the use of accumulated knowledge to
improve material properties in electronics, where defects play a key role
in determining conductivity and longevity, as well as in metallurgy,
where defect management is crucial for mechanical properties and
corrosion resistance. Thus, in-depth study of defect formation in lithium
fluoride crystals opens new prospects for interdisciplinary application
and technology advancement, representing a promising direction
capable of bringing significant scientific and technical achievements.
Due to its many advantages, LiF is likely to remain an important material
for research and development for many years to come.

4.2. LiF in dosimetry

As stated above, when radiation affects the surfaces and the bulk of
LiF, different types and quantities of defects are formed, which can be
used to create lasers and modify the electronic and optical properties of

the material. Additionally, lithium fluoride plays a crucial role in TLD,
providing accurate radiation dose measurements due to its ability to
efficiently accumulate and release energy when exposed to radiation.
These unique properties make LiF an indispensable component for
solving a range of tasks in nuclear physics and related technologies [43].

As demonstrated in the previous paragraph, the study of lumines-
cence mechanisms and the role of defects in forming the optical prop-
erties of LiF crystals has opened new opportunities for developing
dosimeters based on the thermoluminescence effect in LiF crystals. [12].
It follows that a precise understanding of these changes in efficiency is
fundamental. For the design of dosimeters based on fluorescent de-
tectors, it is essential to accurately assess the measured radiation doses.
Below, in Table 3, we have compiled various methods of radiation
detection.

Table 3 highlights the materials used in various radiation detection
methods, providing insights into which materials are effective at
detecting certain types of radiation and under what conditions they are
used.

The Table 3 emphasizes the significant advantages of LiF detectors.
LiF detectors offer high sensitivity to ionizing radiation and can detect
various types of radiation, including a, B, y radiation, and neutrons [13].
Radiation detectors are most commonly used as dosimeters, and one of
the simplest and most widely used methods for radiation detection is
TLD.

TLD is a method for measuring and recording doses of ionizing ra-
diation using materials that can accumulate radiation energy. When
these materials are heated, the accumulated energy is released in the
form of light (thermoluminescence), the intensity of which is propor-
tional to the radiation dose received. This method is widely used in

Table 3
Various methods for recording radiation.
Method Description and principle of work Type of Basic materials Applications
radiation
Geiger-Muller Radioactive particles ionize the gas, creating an electrical impulse. a, B, L Gas (argon, helium, neon) measuring radiation levels
counter

Scintillation They emit light when they absorb a radioactive particle. Light is converted a, B, A, 1 Nal, Csl, BGO, plastics, Medical diagnostics,
into an electrical signal. liquid scintillators particle physics

Ionization camera Measures the current produced when a gas is ionized by radiation in an a, B, L Gas (usually air or argon) Radioecology, medical
electric field. physics

Proportional counter Similar to an ionization chamber, but amplifies the signal to be proportional  a, §, A Argon gas with methane Spectrometry, scientific
to the amplitude of the energy of the ionizing event. admixture research

Semiconductor Radiation creates electron-hole pairs, generating an electrical signal. a, B, A Si, Ge, GaAs High precision

spectrometry

Thermoluminescent The material stores energy from radiation and releases it as light when o, B, A1, p LiF, CaF, dosimetric equipment
heated.

Electron spin Measures the change in the state of electrons in materials caused by a, B, A Amino acids, carbonates, Dosimetry, radiation

resonance radiation. quartz biology

Bubble camera Aliquid in a superheated state forms bubbles along the trajectory of charged  particles Liquid hydrogen, liquid Experimental physics
particles. neon

Spark camera Sparks are created in a gas along the tracks of charged particles in an electric ~ particles Gas (usually argon or a Experimental physics

field.

mixture of gases)




U. Sharopov et al.

radiation protection, medical diagnostics, radiation therapy, and envi-
ronmental research. In Table 4, you can find materials used for ther-
moluminescent dosimeters (TLDs) and their main characteristics.

As shown in the Table 4, lithium fluoride is one of the most versatile
materials for TLD. Thanks to various doping options, such as LiF:Mg,Ti
(e.g., TLD-100, TLD-700) [44], LiF:Mg,Cu,P (e.g., TLD-700H,
TLD-100H) [45], and LiF:Mg,Ti enriched with different lithium iso-
topes (6Li"6Li and 7Li"7Li), LiF is capable of detecting a wide range of
radiation types, including gamma, X-ray, beta, and neutron radiation.

LiF:Mg,Ti (e.g., TLD-100, TLD-700) — This is the most widely used
dosimeter with universal sensitivity to various radiation types. Enrich-
ment with 6Li"6Li or 7Li"7Li allows the material to effectively capture
neutrons, making it useful for radiation protection and medical
dosimetry.

LiF:Mg,Cu,P (e.g., TLD-700H, TLD-100H) — This material features

Table 4
Materials for thermoluminescent dosimeters (TLDs) and their main
characteristics.

Material Dopants Radiation Primary Application
Sensitivity
LiF (Lithium LiF:Mg,Ti o, B, A, 1 Universal dosimetry
Fluoride) (TLD-100) (medicine, ecology,
personal)
LiF:Mg,Ti o, B, A (enriched  Dosimetry in conditions
(TLD-700) 7Li) with no significant
neutron radiation
LiF:Mg,Ti n (enriched 6Li)  Neutron dosimetry in
(TLD—600) nuclear energy and
reactor environments
LiF:Mg,Cu,P a, B, A (very Low doses in medical
(TLD-700H) high sensitivity)  and personal dosimetry
LiF:Mg,Cu,P o, B, A, N Low-dose dosimetry in
(TLD-100H) neutron irradiation
conditions
CaS0a4 (Calcium CaSO4:Dy o, B, A Narrow dose ranges,
Sulfate) (TLD—-900) high-sensitivity
personal dosimetry
CaSOa4:Eu o, B, A Radiation protection
CaF: (Calcium CaFz:Dy o, B, A Medical and industrial
Fluoride) (TLD-200) applications
CaFz:Mn o, B, A Radiation protection
(TLD—300) and low-dose
monitoring
Al20s Al205:C a, B, A (high Medical dosimetry
(Aluminum (TLD-500) sensitivity and (radiotherapy,
Oxide) linearity) diagnostics)
Al20::Mg,Y o, B, A Medical and industrial
dosimetry
Li2B4O7 (Lithium Li2B4sO7:Mn o, M Dosimetry in weak
Tetraborate) neutron background
conditions
Li2B4O7:Cu,In o, 1 (increased Personal and medical
sensitivity) dosimetry
MgB4O~ MgB«O7:Dy, Eu o, n Universal dosimetry
(Magnesium
Tetraborate)
BaSOs (Barium BaSOa4:Dy o, B, A Radiation protection
Sulfate)
BaF: (Barium BaFz:Ce o (high doses) Industrial dosimetry
Fluoride)
SiO2 (Silicon) SiO:2 (Glass) a, B, A Long-term dose
monitoring (RPLD)
Topaz Topaz-Teflon o (high doses) High-dose dosimetry
(Al2SiOa(F,
OH)2)

Topaz-Glass o (high doses) High-dose dosimetry

ZrO2 (Zirconium ZrO2:Eu,Sm o, B Low signal attenuation
Dioxide)
Y205 (Yttrium Y20s:Tb o, B Personal and medical
Oxide) dosimetry
Polymeric Polymers with Depends on Experimental dosimetry
Materials Carbon matrix and filler
Nanotubes
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high sensitivity and low signal fading, making it suitable for precise
dosimetry, especially in low-dose environments.

LiF enriched with 6Li"6Li (e.g., TLD-600) — This is used for
neutron dosimetry, making it an important tool in nuclear energy and
reactor applications.

Thus, LiF is one of the most preferred materials for dosimetry due to
its versatility, high sensitivity, and ability to be used across various
fields, including medical dosimetry, radiation protection, and neutron
radiation monitoring. Below, Table 5 summarizes the types of radiation
detected by lithium fluoride and their characteristics.

As seen in Table 5, lithium fluoride is a highly effective material for
detecting various types of ionizing radiation. It can register a wide range
of radiation, including gamma rays, X-rays, beta radiation, neutrons,
alpha particles, and cosmic radiation. Due to specific defects in its
crystal lattice, activated LiF materials exhibit high thermoluminescent
intensity. The effective atomic number of LiF (Zeff = 8.14) is close to
that of human soft tissue, enabling accurate dosimetric data for medical
applications [46]. Additionally, LiF is resistant to mechanical stress and
can be reused multiple times in dosimetry. It demonstrates stable re-
sponses to different radiation types and energy levels, making it a ver-
satile material for measurements. Below, Table 6 presents various types
of thermoluminescent dosimeters (TLD) based on LiF and their main
characteristics.

From Table 6, it is evident that LiF compositions differ in the isotopic
composition of lithium:

1. Natural lithium fluoride (as in TLD-100) is sensitive to all types of
radiation.

2. Enriched 7Li (as in TLD-700) is insensitive to neutrons [47].

3. Enriched 6Li (as in TLD-600) is used for neutron dosimetry [48].

4. Dopants (e.g., Mg, Ti, Cu, P, Dy) determine the material’s sensitivity
to specific doses and types of radiation.

5. Materials without lithium (e.g., CaSO4:Dy, Al20a:C) are used where
high sensitivity to gamma or X-ray radiation is important [49].

The disadvantages of LiF-based dosimeters include signal degrada-
tion over time, which must be accounted for during long-term mea-
surements. Sensitivity may also be insufficient at very high or low doses.
Additionally, excessively high or low doping concentrations can reduce
the material’s efficiency.

Thus, LiF remains one of the most universal and widely used mate-
rials in TLD due to its chemical stability, tissue equivalence, and high
sensitivity. However, further research is necessary to optimize doping
methods, improve linear response at extreme doses, and develop new
approaches to signal stabilization.

4.3. LiF in lithium-ion technologies

After the 1990s, the rapid development of technologies, accompa-
nied by the widespread adoption of mobile phones, portable gadgets,
and other electronic devices, became a significant driver for the inten-
sification of research in the field of lithium-ion technologies. The
continuously growing demand for compact, energy-efficient, and dura-
ble power sources prompted the scientific community to search for new
materials and improve existing battery technologies.

LIBs proved to be the ideal solution to meet the requirements of
modern portable devices due to their high energy density, long lifespan,
and fast rechargeability. During this period, the number of scientific
publications focused on improving the characteristics of LIBs surged,
including research on new cathode and anode materials, electrolyte
enhancements, and the development of more efficient battery manage-
ment systems.

Particular attention was paid to improving the stability and safety of
lithium-ion technologies. New issues and tasks emerged, focused on
studying the interaction between electrodes and electrolytes, mini-
mizing thermal risks associated with short circuits, and preventing
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Table 5
Types of radiation detected by lithium fluoride and their characteristics.
Type of Characteristics LiF Detection Features Applications
Radiation
Gamma High-energy electromagnetic radiation with - High sensitivity. - Linear response in dose range from mGy to ~ Radiotherapy, environmental monitoring,
Radiation (y) strong penetrating ability. Gy. personal dosimetry.
X-ray Radiation Electromagnetic radiation with lower energy - Good tissue equivalence (Zeff = 8.14). - Wide dose range. Medical diagnostics, personal dosimetry.
than y-rays.
Beta Radiation Stream of electrons or positrons with low - Requires optimization of detector thickness for efficient Work with radioactive isotopes, personal
()] penetrating ability. absorption. dosimetry.

Neutrons Electrically neutral particles with high
penetrating ability.

Alpha Radiation Stream of helium nuclei with low penetrating

- Indirect detection via lithium—6 reaction (6Li + n — 3 H +
4He). - Utilizes isotopic forms of LiF.
- Detected only upon direct contact with the material.

Nuclear energy, neutron dosimetry.

Rarely used; monitoring of alpha sources.

() ability.
Cosmic High-energy particles (protons, electrons, heavy - Effective for detecting high-energy particles and secondary Space research, aviation.
Radiation nuclei). radiation.
Table 6

Types of thermoluminescent dosimeters (TLD) based on LiF and their main
characteristics.

TLD Type Material Lithium Radiation Primary
Composition Isotopic Sensitivity Applications
Composition
TLD—100 LiF:Mg,Ti Natural Sensitive to Universal
lithium (6Li: gamma, X- dosimetry
~7.5 %, 7Li: ray, beta (medicine,
~92.5 %) radiation, environmental
and monitoring,
neutrons. personal
dosimetry).
TLD—700  LiF:Mg,Ti Enriched 7Li Sensitive to Dosimetry in
(~99.9 %) gamma, X- environments
ray, and beta  without
radiation. significant
Not sensitive neutron
to neutrons. radiation.
TLD—600  LiF:Mg,Ti Enriched 6Li High Neutron
(~95 %) sensitivity to  dosimetry in
neutrons nuclear power
(reaction 6Li and reactor
+n—-3H+ environments.
4He).
TLD- LiF:Mg,Cu,P Enriched 7Li Extremely Low-dose
700H (~99.9 %) high measurements in
sensitivity to medical and
gamma and personal
X-ray dosimetry.
radiation;
insensitive to
neutrons.
TLD- LiF:Mg,Cu,P Natural High Low-dose
100H lithium sensitivity to dosimetry in
gamma, X- environments
ray, and with neutron
neutron exposure.
radiation.
TLD- LiF:Mg,Cu,P Enriched 6Li High Neutron
600H (~95 %) sensitivity to dosimetry
neutrons. (nuclear physics
and energy
sectors).

material degradation under intensive use. The use of LiF in battery
technologies helped address these challenges in the energy sector,
including improving efficiency, safety, and battery longevity, which in
turn supports the energy boom and the transition to more sustainable
energy sources. Accordingly, this has led to an increase in research due
to technological breakthroughs and stimulates funding for such tech-
nologies in different countries. Data obtained from Scopus shows that
the number of publications, by country and by affiliation, continues to
increase (Figs. 11 and 12). From these two figures, you can see the
distribution of the number of publications devoted to research on LiF

Republic of China
erche Scientifique

f Sciehces

Documents by affilation

200 300
Documents

400 500

Fig. 11. Number of publications, by affiliation, over the entire period of time
devoted to the study of LiF crystals.

Documents by country
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Documents

Fig. 12. Number of publications, by country, over the entire period of time
devoted to the study of LiF crystals.

crystals, across 10 countries and by affiliation for all time and for the last
10 years.

From the information presented in the graph, it is worth noting that:

China: Approximately 2700 publications, which is the largest num-
ber among all countries.

USA: Approximately 2400 publications, ranked second, and so on. It
can be seen that China and the USA are leaders in LiF crystal research,
each with 2000 + publications. Japan, Germany, and the Russian
Federation follow in the next positions in terms of the number of pub-
lications, indicating their active engagement in this area of research. Of
course, this is a rough visual representation of the data. But overall
(without considering the quality or impact of each publication), the
graph provides a valuable overview of global activity in the field of LiF
crystal research.

Recently, research has become increasingly interdisciplinary,
combining fields such as physics, chemistry, materials science, and en-
gineering (Fig. 13). The number of publications devoted to LiF surface
research [50,51] continues to grow. New research methods, such as
computer modeling [52,53] and nanotechnology, are opening up new
possibilities for studying and using the LiF surface. LiF surface research
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Fig. 13. Number of publications by scientific field for the entire time devoted to the study of LiF crystals.

is of great importance for the development of new technologies and the
improvement of existing lithium production [54,55].

Fig. 13 shows the distribution of publications in the form of a pie
chart on LiF crystal research as a percentage of the total number of
publications in various scientific fields.

Several important conclusions can be drawn from the diagram:

The dominant areas of research are materials science (19.1 %),
physics (18.3 %), and chemistry (17.6 %), collectively accounting for
about 55 % of all publications. This highlights the significance of LiF in
both fundamental and applied research across materials, physics, and
chemistry. Engineering applications (12.1 %) and chemical engineering
(6.9 %) also show a substantial number of publications. The proportion
dedicated to energy applications (6.7 %) underscores LiF’s importance
in fields like batteries [56,57] and nuclear technologies [58,59], align-
ing with contemporary trends in renewable energy sources and energy
storage.

The remaining publications cover biomedical and environmental
research, including medicine (5.5 %), biochemistry, genetics, and mo-
lecular biology (3.8 %), environmental sciences (2.5 %), and health
professions (2.4 %). This diversity illustrates the wide-ranging applica-
tions of LiF beyond the fields mentioned above.

From Fig.s 4 and 13, it is evident that lithium fluoride has been
actively utilized in recent years for electrochemistry and energy appli-
cations as an electrolyte in solid-state LIBs [60]. The development of
LIBs has enabled significant progress in portable electronic devices and
facilitated the integration of electric vehicles. However, the low poten-
tial of anode reactivity necessitates the formation of a solid electrolyte
interface (SEI) to passivate the electrode surface and ensure long-term
cycling stability. Despite decades of research on SEI, a comprehensive
understanding of its formation mechanisms and evolution remains
elusive. The instability of SEI components leads to their decomposition,
resulting in gas formation [61] and solute species in the electrolyte. This
evolution increases SEI porosity, further electrolyte reduction, and
thickening of SEI layers. Developing more stable SEI components is
crucial for enhancing battery performance. Let us briefly examine the
concept of SEI and its characteristics.

The SEl is a solid electrolyte interphase film that forms on the surface
of the anode in rechargeable lithium batteries (such as lithium-ion or
lithium-metal batteries) [62]. It is created as a result of chemical re-
actions between the electrolyte and the anode material during the initial
charging of the battery.

The primary function of the SEI is to protect the anode. Acting as a
barrier, it allows only lithium ions (Li*) to pass through while blocking
the movement of electrons. The SEI prevents further decomposition of
the electrolyte on the anode surface by forming a protective layer. This
enables the battery to operate over many charge/discharge cycles,
thereby extending its lifespan. Additionally, the SEI helps mitigate the
growth of lithium dendrites, which can cause short circuits and reduce
the battery’s safety.

As shown in Table 7, the SEI consists of two main layers:

1. Inner Layer (Inorganic):
— Located closer to the anode.

10

Table 7

Key compounds in SEI.

Compound Characteristics Percentage in
LIB
Inorganic  Lithium Fluoride High chemical stability. 20-30 %
(LiF) Low ionic conductivity.
Lithium Provides mechanical 30-40 %
Carbonate stability. Prevents
(Li=COs) dendrite growth.
Lithium Oxide Forms a dense layer. 10-15 %
(Li=0) Protects the anode from
reactions with the
electrolyte.
Lithium Nitride High ionic conductivity. <5%
(LisN) Stabilizes the anode.
Lithium Less stable. May <5%
Hydroxide (LiOH) contribute to SEI
degradation.
Organic Lithium Fluoride Form a porous outer 20-25 %
(LiF) layer. May be less stable.
Lithium Provide flexibility to SEI 5-10 %
Alkylcarbonates Reduce side reactions.
Polymers Enhance SEI stability. <5%

Reduce ionic
conductivity.

Forms on silicon anodes.
Stabilizes SEI on Si.

Lithium Silicate
(LixSiOy)

Depends on the
anode (up to
30 % on Si)

— Key components: LiF, Li-O, Li2COs, LisN, LiOH.
— Dense and compact, responsible for protecting the anode.
2. Outer Layer (Organic):
— Positioned closer to the electrolyte.
— Key components: organic electrolyte decomposition products (e.
g., polymers or carbonates).
— Porous, facilitating lithium-ion penetration.

The percentage composition in LIBs varies depending on the elec-
trolyte composition and the type of anode (e.g., graphite, silicon, or
lithium metal). As indicated in Table 7, the most prevalent SEI compo-
nents are LiF and Li-COs, owing to their stability and protective prop-
erties. Organic compounds are more commonly found in the outer layer,
which interacts directly with the electrolyte. A deeper understanding of
the nanostructure of SEI components and ionic transport along particle
grain boundaries is critical for advancing this field. Additionally, a
better understanding of the nanostructure of SEI components and ion
transport along grain boundaries is critically important for advancing in
this direction. Of course, LiF has not been left out in this regard. In
Fig. 14-a, you can observe the mechanism and composition of the initial
SEI [63]. As you can see, LiF is utilized as part of the SEIL

Based on these initial results, an approximately 50 nm thick SEI
composed of lithium ethylene dicarbonate and LiF is generated, which
can function as an effective passivation layer, thereby preventing further
electrolyte decomposition and graphite peeling, as shown in Figs. 14-b
and 15.

As it can be seen, at this stage of development, LiF is actively used as
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Fig. 14. Formation mechanism and composition of initial SEI. (a) Initial
ethylene carbonate reduction reactions at the interface of graphite electrodes.
(b) Schematic representation of the initial SEI formed on the graphite surface
during the first cycle of operation of a Li-ion battery. Reproduced from [63]
with permission.
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Fig. 15. Schematic representations of the initial SEI generated on graphite
anodes for electrolytes containing vinylene carbonate (left) or fluoroethylene
carbonate (right). Reproduced from [64] with permission.

SEIL While not a primary material in traditional LIBs, it finds application
in various auxiliary and innovative contexts related to lithium-ion
technologies [65]. Lithium fluoride is sometimes used as a component
in electrolytes to stabilize and enhance their characteristics [66,67]. It
can help mitigate electrolyte decomposition [68] and improve battery
performance at high voltages [69,70]. Introducing LiF into the electro-
lyte can also enhance thermal stability and safety [71,72]. In solid-state
lithium-ion battery research and development, LiF can be used as part of
composite materials for solid electrolytes. Solid electrolytes have the
potential to significantly increase safety and energy density compared to
traditional liquid electrolytes [73,74]. Lithium fluoride may be present
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in the SEI layer on the anode surface. The SEI layer forms during initial
charge/discharge cycles and plays a crucial role in protecting the anode
and ensuring battery stability. LiF can contribute to improving the sta-
bility of the SEI layer, thereby enhancing battery durability and
performance.

Lithium fluoride can also be used as an additive in cathode materials
to improve their structural stability and cyclic longevity. This is
particularly important for cathodes operating at high voltages, where
material stability is critical to prevent degradation [75-77]. Recent
studies have shown [78] that adding LiF to various components of LIBs
can significantly enhance their performance. For instance, research in-
dicates that a small amount of LiF [79] added to the electrolyte can
enhance cathode stability and reduce degradation rates over multiple
charge-discharge cycles. Also, in study [80], the authors used LiF in
phosphorus-based batteries. The research showed that LiF plays a key
role in addressing the issue of soluble potassium polyphosphates
encountered when using phosphorus as an anode material for
potassium-ion batteries. LiF prevents the penetration of polyphosphates
into the electrolyte before and after the formation of the SEI and, in
combination with replacing the electrolyte KPFg with KFSI, promotes
the formation of a thin, stable, and homogeneous SEI layer on the
electrode particle surface. Thanks to LiF, the initial coulombic efficiency
increases to 73.7 %, and the reversible specific capacity reaches 507.6
mAheg-1 after 100 cycles at a current of 50 mAeg-1. Overall, LiF helps
address the issue of soluble potassium polyphosphates, leading to
improved initial efficiency, capacity, and cyclic stability of
phosphorus-based potassium-ion battery systems.

In this [78] study, the authors propose using a composite protective
layer LiF-LisN, which forms in situ on the surface of the lithium anode.
LiF-LisN possesses high interfacial energy and adhesion, allowing it to
effectively suppress side reactions and inhibit lithium dendrite growth.
Fig. 16 from this study demonstrates the impact of the LiF-LisN pro-
tective layer on the cyclic capacity and stability of solid-state lithium
batteries with a LiCoO- cathode.

From Fig. 16, it can be seen that the fabricated LiF-LisN protective
layer in solid-state lithium batteries prevents side reactions between
lithium and the sulfide solid electrolyte, improves the reversibility of
lithium stripping/plating, thereby suppressing lithium dendrite forma-
tion. Thanks to the LiF-LisN protective layer, the critical current den-
sities of Li@LiF-Li3N cells with Li; gGeP,S;2 and LigPSsCl electrolytes can
reach high values of 3.25 and 1.25 mA-cm—2, respectively. As a result,
the batteries demonstrate excellent cyclic stability over 500 cycles with
capacity retention of 93.5 % and 89.2 % at 1 C charge or discharge rate,
respectively.

Comparing these studies, in both cases LiF enhances battery perfor-
mance, but through different mechanisms. In the first study, LiF acts as a
barrier, preventing the negative impact of soluble components on the
electrolyte, whereas in the second study, LiF is part of a protective layer
that directly interacts with the lithium anode, stabilizing its surface.

Overall, LiF demonstrates its versatility and effectiveness in
addressing various challenges in solid-state batteries. Its use contributes
to the development of solid-state batteries, enhancing their safety, per-
formance, and longevity. Below, we will delve into some studies that
feature existing and new technologies, ultimately leading to the transi-
tion to solid-state batteries.

The study [79] investigates the use of mesoporous LaxCoO3.5 nano-
fibers with controlled cationic defects as a composite polymer-oxide
electrolyte component for all-solid-state lithium-metal batteries. The
main goal of the work was to address the challenge of managing in-
teractions between components in such electrolytes to enable efficient
Li* ion transport and stable interfacial contact between the CPE and the
electrode. To achieve this, the authors proposed using LaxCoOs
nanofibers with a controlled level of cationic defects at the A-site (La),
with x ranging from 1.0 to 0.8, which enhanced the interaction between
the nanofibers and the PEO/LiTFSI polymer electrolyte.

In addition, the study highlights the importance of the LiF/LigN
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Fig. 16. Effect of LiF-LizN protective layer on the cycling capacity and stability of solid-state lithium batteries with LiCoO, cathode. Reproduced from [78]

with permission.

interfacial layer, which facilitates high ionic conductivity and ensures
high electrochemical stability of the system. The combined use of Lax-
CoO3.5 nanofibers and the LiF/LisN interfacial layer significantly im-
proves the performance of solid-state lithium-metal batteries, including
enhanced interfacial stability, reduced dendrite growth risk, and
extended operational lifespan.

The problem of an unstable electrolyte/electrode interface, with
dendrite growth and increased resistance, significantly reduces the
safety and efficiency of all-solid-state lithium-metal batteries. In the
study [81] an "in situ LiF nanodecoration" method is proposed to address
this issue. The approach involves the uniform distribution of ultrathin
LiF nanoparticles in an amorphous LiyB;5H;2 matrix, which is formed in
situ through a solid-phase reaction.

Characteristics of the new composite electrolyte:

— Li-ion conductivity: 5 x 10™* S/cm at 75°C.

— Low electronic conductivity: 9 x 107! ° S/cm at 75°C.

— High compatibility with the electrode due to the formation of stable
electrolyte/electrode interfaces.

— Dendrite suppression capability: critical current density of 3.6 mA/
cm?.

— Low interfacial resistance: 746 Q-cm? after 10 cycles at 75°C.

The new composite electrolyte contributes to the stable cycling of Li-
LiFePO4 ASSB, paving the way for the use of in situ nanodecoration
chemistry to develop safe and highly efficient batteries.

The issue of low lithium-ion conductivity at room temperature is a
significant challenge for polymer electrolytes, although polymer solid
electrolytes possess flexibility and high safety.

In the study [82], polymer-ceramic composite electrolytes were
developed for high-energy solid-state lithium-sulfur (Li-S) batteries.
Specifically, the use of a flexible composite polymer-ceramic electrolyte,
consisting of polyvinylidene fluoride and garnet-type Ligslags.
Bag 5ZrTa01, is discussed for operation at room temperature, demon-
strating high lithium-ion conductivity (0.34 mS/cm at 20°C). For the
first time, polyvinylidene fluoride-garnet polymer-ceramic composite
electrolytes were modified with the addition of LiF, which was
confirmed by stable galvanostatic cycling at 0.2 mA/cm? for over
800 hours. The addition of LiF improves the stability of polyvinylidene
fluoride-based polymer-ceramic composite electrolytes, as confirmed by
X-ray photoelectron spectroscopy and electrochemical measurements.
The solid-state lithium-sulfur battery created with the modified
polymer-ceramic composite electrolyte demonstrates a high specific
capacity (936 mAh/gat 0.1 C and 20°C) and stable operation for over 80
cycles, as well as excellent rate capability and high efficiency. As can be
seen, LiF improves the stability of these electrolytes by preventing
dehydrofluorination and ensuring stable galvanostatic cycling. This
significantly enhances the lifespan and efficiency of solid-state
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lithium-sulfur batteries at room temperature.

By 2024, a process for creating an ultrathin (200 nm) lithium fluo-
ride coating on the surface of lithium metal using vacuum evaporation
has been developed. The study [66] investigated a simple and controlled
surface fluorination method to create a dense and uniform ultrathin
protective LiF coating on the surface of lithium metal via vacuum
evaporation. As a result, dendrite-free deposition was achieved at a high
current density of 3 mA/cm? Full cells, LiF@Li|LiFePO4, with a
LiF-coated anode (200 nm thick), demonstrated up to 85.31 % capacity
retention over 600 cycles. Stable lithium deposition was achieved for
1200 hours under limited electrolyte conditions. The conclusion was
made that the protective lithium fluoride coating is a promising
approach for enhancing the stability and safety of lithium-metal anodes.
This method allows for the creation of stable interfaces and improved
lithium-ion conductivity, leading to improved cycling stability and
overall battery performance.

The studies [83,84] focus on the role of lithium fluoride in the
composition of the SEI. These works highlight the fundamental aspects,
characteristics, and potential applications of LiF in lithium-based bat-
teries. LiF, as an inorganic component of SEI, contributes to the uniform
distribution of lithium-ion (Li*) fluxes and minimizes undesirable re-
actions between the anode and the electrolyte. However, the exact
mechanism of Li* transport through the SEI remains insufficiently un-
derstood. It is hypothesized that LiF forms dense nanostructures,
enabling Li* transport along grain boundaries. While LiF is often regar-
ded as a critical protective component of SEI, some studies [85,86]
suggest that its role is limited and that it does not always form a dense
layer in contact with the electrolyte. Despite these disagreements, un-
derstanding SEI processes remains crucial for the development of bat-
teries with high energy density, durability, and safety. LiF remains a
central focus in this field due to its protective properties and stability.

High-voltage lithium batteries, as discussed in [87,88], represent the
next stage in lithium battery evolution. They aim to enhance energy
density, longevity, and safety. A key factor in their performance is the
stability of the SEI and the cathode electrolyte interphase, where LiF
plays a significant role.

Additionally, the development of new solid polymer electrolytes [89,
90] offers significant potential for advancing energy storage technolo-
gies. In such systems, LiF remains an important component, ensuring
interface stabilization and extending battery life [91,92].

In conclusion, LiF continues to be a critical element in research on
next-generation lithium batteries, contributing to their stability, dura-
bility, and performance enhancements.

Thus, LiF exhibits high electrochemical stability, especially under
high voltage conditions, making it an ideal material for protecting the
interface between the anode (typically lithium metal or graphite) and
the electrolyte. This helps reduce lithium dissolution and the formation
of a more stable and durable SEIL SEI is a key component in LIBs that
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prevents further reactions between the anode and the electrolyte.
However, the SEI can become unstable during prolonged cycling, lead-
ing to battery degradation. LiF helps stabilize this layer, making it more
resistant to decomposition, and also reduces the formation of by-
products such as lithium salts and gaseous products. Additionally, LiF
has high thermodynamic stability and does not react with the electrolyte
at high temperatures, which helps maintain the long-term integrity of
the SEI interface and improves the cyclic stability of the battery.

Furthermore, LiF can also act as a mechanical stabilizer, as fluorides
such as LiF have high hardness and resistance to chemical and me-
chanical damage. This can help strengthen the SEI structure, especially
under mechanical stresses that may arise during battery cycling (e.g.,
during expansion and contraction of the anode material). The incorpo-
ration of LiF into the SEI improves the homogeneity of the interface,
which helps reduce material degradation and extends the battery’s
lifespan.

The advantages of LiF in LIBs lie in its ability to stabilize the anode
surface, preventing lithium dissolution and minimizing the formation of
by-products in the electrolyte. Such a layer helps reduce gas formation,
which may result from reactions with the electrolyte. This is important
for preventing an increase in pressure within the battery and main-
taining safe operation. In conclusion, it can be confidently stated that the
stabilization of the SEI with LiF is the result of both electrochemical and
mechanical factors. Primarily, LiF acts as an electrochemical stabilizer,
enhancing the stability of the interface and reducing side reactions,
which directly impacts the long-term performance of the battery. Me-
chanical factors include the improvement of the strength and resistance
of the SEI to physical and chemical changes, which also contributes to its
longevity. However, new methods and approaches are required to un-
derstand the molecular mechanisms underlying SEI formation and the
role of LiF during charge/discharge cycles. Special attention should be
given to the development of artificial interphase films with an optimal
LiF content. Ultimately, many studies [93-97] indicate that the transi-
tion to solid-state batteries is inevitable, with LiF playing a significant
role.

4.4. Application of LiF in nuclear technologies

Nuclear energy is one of the key sources of energy for ensuring the
stability of energy systems in developed countries [98]. It helps mini-
mize dependence on fossil fuels, reduce greenhouse gas emissions, and
ensure long-term energy security [99].

After the introduction of nuclear reactors in the 1950s, one of the key
scientific and technical challenges became ensuring effective cooling of
their active zones. The creation of a high-quality heat transfer system in
the active zone of nuclear reactors is necessary to ensure efficient heat
removal generated during nuclear reactions [100]. Effective heat
transfer improves the operational performance of the reactor [101],
enhances its safety, and extends the service life of structural components
[102]. This challenge became a key element in the design of nuclear
reactors [103]. After a thorough analysis of numerous reviews and sci-
entific papers in this field, we have compiled the following tables. Nu-
clear reactors are categorized into generations based on their
technological level [104], safety [105], efficiency, and stability [106].
Table 8 presents their main characteristics.

Table 8
Comparison of nuclear reactor generations.
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As seen, generation IV reactors represent the future of nuclear en-
ergy. The main focus here is on a closed fuel cycle and minimizing waste.
These reactors include Molten Salt Reactors (MSR), Sodium-cooled Fast
Reactors (SFR), and Very High Temperature Reactors (VHTR).

In the next Table 9, a comparison of nuclear reactors based on their
years of operation, current use, and development status is presented.

The Table 9 shows that the Light Water Reactor (LWR) is the most
widespread type of reactor in the world, with over 400 units. The first
commercial LWRs began operation in the 1960s and are used in nuclear
power plants in many countries, including the USA, France, Russia,
China, and others. The first developments of Sodium-cooled Fast Re-
actors (SFR) began in the 1960s (e.g., the Phenix reactor), but these
reactors faced issues due to the chemical activity of sodium. Today,
more advanced versions, such as Natrium, are actively being developed.
The first experimental SFR was EBR-I (USA, 1951). Russia actively
operates the BN-600 and BN-800, with the BN-1200 project in prepa-
ration. Prospects are associated with a closed fuel cycle and the use of
reprocessed fuel.

Lead-cooled Fast Reactors (LFR) appeared in the 1990s but remain in
the development stage as part of Generation IV technologies, with ex-
amples such as the MYRRHA project. Their appeal lies in corrosion
resistance and radioactive safety. Currently, only prototypes exist, such
as the Russian "Brest-OD-300" project.

Supercritical Water Reactors (SCWR) are still under development
because supercritical water requires complex materials to operate under
extreme conditions. The main advantage is high thermal efficiency.

Molten Salt Reactor (MSR): The first prototypes (MSRE in the USA)
were developed in the 1960s, but commercial operation never began.

Table 9
Comparison of nuclear reactors by years of operation, current use, and devel-
opment status.

Reactor Type Combined Information  Current Status

Light Water Reactor 1950s, Water (H20), Widely used (AP1000, etc.)
(LWR) ~300°C

Sodium-cooled Fast 1960s, Liquid Sodium, In use, new projects under
Reactor (SFR) ~550°C development (e.g., BN—800,

Natrium)
Compact, promising
development (MYRRHA)

Lead-cooled Fast
Reactor (LFR)

1990s (design), Liquid
Lead or Lead-Bismuth
Alloy, ~500°C

2000s (design),
Supercritical Water,
~600°C

1960s (design), Fluoride

Supercritical Water
Reactor (SCWR)

Under development

Molten Salt Reactor Promising development for

(MSR) Salts, ~700°C small modular reactors
(ThorCon, Terrestrial Energy
IMSR)
Fluoride Salt 2010s, Fluoride Salts, Under development (FuSTAR,
Reactor (FHR) ~850°C AHTR)

Gas-cooled Fast
Reactor (GFR)

2000s (design), Gas
(Helium or Carbon
Dioxide), ~900°C
1970s, Helium, > 900°C

Under development, promising
project within Gen IV

Very High
Temperature
Reactor (VHTR)

Heavy Metal Fast
Reactor (HTMR)

Promising project for hydrogen
energy (HTR-PM, Xe—100)

1990s, Lead, Bismuth,
~500-600°C

Promising project

Parameter

Generation I

Generation II

Generation IIT

Generation I+

Generation IV

Development period
Examples of reactors
Coolant types
Coolant temperature
Efficiency

Service life

1950s-1960s
Magnox, AMB
Gas, water
~250-300°C
~25%

20-30 years

1970s-1990s

PWR, BWR, CANDU, VVER
Water

~300°C

~30-33 %

30-40 years

1990s-2000s

EPR, AP1000, VVER—1200
Water

~300°C

~35%

40-60 years

2000s—present

Hualong One, APR1400
Water

~300°C

~37 %

60 + years

Expected after 2030

MSR, SFR, SCWR, VHTR

Sodium, lead, helium, molten salts
500-1000°C

~45-50 %

60 + years
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Today, promising variants are being developed. The first experimental
reactor operated in the USA (ORNL, 1965-1969). MSRs are not in use
due to challenges with fuel reprocessing, but their prospects have
revived with the development of small modular reactors [107].

Fluoride Salt Reactors (FHR): This is a new generation of reactors
based on the success of MSRs but with improved coolants. Examples
include AHTR and FuSTAR. It is a more modern concept, related to MSRs
but using graphite moderators and solid fuel. Currently, it is under
investigation and is considered for hydrogen production and space ap-
plications [108].

Gas-cooled Fast Reactors (GFR) and Very High Temperature Reactors
(VHTR) emerged later, as they require complex technologies and ma-
terials [109]. They attract attention due to their high outlet tempera-
tures and potential for hydrogen production. The concept was explored
in the 1960s and 1970s but was not realized due to material challenges.
Prospects are linked to operation at high temperatures and resistance to
accidents. The VHTR (Very High Temperature Reactor) experiments
began in the 1970s (e.g., the AVR project in Germany) and are used on a
limited scale, such as in China.

As follows from the information in Table 9, one of the key tasks in the
design of nuclear reactors is ensuring efficient heat transfer. For this, a
material is required that possesses high thermal conductivity, resistance
to extreme temperatures, radiation resistance, corrosion resistance, and
meets safety requirements. The high radiation and extreme temperature
resistance of LiF makes it an ideal material for operation in the harsh
conditions typical of nuclear energy. One of its key applications is in the
composition of flux salts for nuclear reactors, such as MSRs [110].

The first work on MSR was in 1954 [111], on an experimental
aircraft with a molten fuel reactor and a coolant consisting of molten
fluoride salts, which was tested for 100 hours of operation. The second
was a civilian power plant based on MSR [112]. However, for some
reasons, this experimental project was rejected by the government. The
working principle of MSR is shown in Fig. 17.

To date, pure LiF is not used in MSR reactors due to its limited
properties, which do not fully meet the needs of the reactor environ-
ment. Instead, multi-component mixtures based on LiF are used. For
example, a study [113] focuses on the properties and structure of molten
salts used in nuclear technologies, with an emphasis on
actinide-containing compounds such as fluorides and chlorides. Lithium
fluoride is mentioned in the context of MSRs, where it is used in
multi-component fuel salt mixtures, such as LiF-ThF4-UF4-PuFs.

It is shown that LiF is a key component in MSRs due to its high
thermal stability, low viscosity, and low neutron capture cross-section.
Additionally, in mixtures with other fluorides (such as ThF4 and UF,),

Air cooling tower -
Cold and heat exchanger

Compressor
Heat exchange
Molten salt pool
Heat exchange
Molten salt pump

Reactor body Molten salt

Fig. 17. Operating principle of a MSR with LiF.

14

Next Materials 8 (2025) 100548

LiF helps create a stable liquid structure that enables efficient heat
transfer and the removal of fission products. It is emphasized that
mixtures like LiF-ThF, have a complex structure involving polyhedral
complexes ([Tth]4') that form networks with various atomic
coordination.

The study [114] analyzes the Fluoride-Salt-cooled high-Temperature
Advanced Reactor (FuSTAR) — a compact fourth-generation nuclear
reactor. The reactor uses fluoride salts such as LiF-BeF2 (FLiBe) as a
coolant, providing high thermal conductivity, corrosion resistance,
operation at atmospheric pressure, and temperatures up to 700°C. The
reactor employs the supercritical Brayton cycle with CO2, achieving
thermal efficiency of up to 53 %. The reactor is designed to operate at
high temperatures (up to 700°C), enabling its use in thermochemical
hydrogen production, oil refining, desalination, and other industrial
processes. Emergency scenarios, such as loss of cooling, are considered,
showing that the system remains stable. The challenges of tritium gen-
eration and management to reduce its environmental impact are dis-
cussed. It is demonstrated that FuSTAR offers high economic efficiency,
safety, and broad application potential, including the transition to
carbon-free energy. Lithium fluoride in reactors such as the FuSTAR has
advantages that distinguish it from other types of reactors [115-118].
Thus, FuSTAR achieves the highest thermal efficiency (53 %) due to the
use of fluoride salts and the supercritical Brayton cycle. These reactors
have varying levels of maturity and are aimed at unique tasks—from
decarbonization to industrial heat utilization. FuSTAR and AHTR are
ideal for countries striving for a carbon-free economy. They can replace
fossil fuels in electricity and heat production. Additionally, they are
perfectly suited for thermochemical hydrogen production, oil refining,
chemical production, and desalination. Modular reactors like FuSTAR
can be used in remote or isolated regions where developing a centralized
energy grid is challenging. The AP1000 will continue to be used for
large-scale electricity production in centralized energy systems. Fast
reactors (Phenix, SFR) will help close the fuel cycle, minimize waste, and
recycle actinides.

This figure demonstrates the temperature range of the coolant at the
outlet from the active zone of various types of nuclear reactors and their
potential applications in different industrial processes. Each type of
reactor has its own area of application. Fluoride salt reactors represent
the future of the hydrogen economy and industrial heat, AP1000 re-
mains key for large-scale electricity generation, and fast reactors like
Phenix are used for closing the fuel cycle.

LiF-based reactors provide a unique combination of safety, thermal
efficiency, and durability. Unlike other types of reactors, the use of LiF
allows operation at higher temperatures without high pressure, reduces
corrosion effects and leakage risks, and enhances neutron safety due to
its low capture cross-section. These properties make LiF-based reactors
more competitive and promising for use in modern energy, industry, and
space applications. However, the future of nuclear energy is not stag-
nant; it is evolving with the adoption of intelligent systems [103,119],
innovative materials, and advanced modeling-based programs [120].
These advancements enable the development of more efficient reactor
designs [121], the enhancement of safety systems, and improvements in
nuclear waste management. Cutting-edge modeling technologies and
artificial intelligence allow for highly accurate predictions of reactor
behavior, fuel optimization, and reduced environmental impact [122].
Additionally, the application of new materials [123], such as
accident-tolerant fuels and advanced composites, contributes to
increased reactor efficiency and longevity. These innovations pave the
way for the next generation of nuclear technologies that promise to be
more sustainable, cost-effective, and safer.

4.5. Application of LiF in PLED and OLED Cathodes
This section discusses the key aspects of LiF application in PLED and

OLED cathodes, including its impact on electron emission, mechanisms
for improving electron injection, and recent advancements in this field.
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The development of display technologies has gone through several
key stages, from cathode ray tubes (CRT) to modern organic light-
emitting diodes (OLED) [124] and their advanced versions, AMOLED
[125,126]. Each generation of displays has brought significant im-
provements in characteristics such as image quality, energy consump-
tion, screen thickness, and response speed.

The simplest energy scheme of the OLED matrix operation principle
is shown in Fig. 19. The figure illustrates the process of electron and hole
recombination in OLED displays. It demonstrates the process where,
under the influence of an electric field, electrons from the cathode and
holes from the anode move towards the active layer. In the active layer,
they recombine, resulting in the emission of light (photons). This process
forms the basis for the operation of OLEDs, used in displays to create
bright and energy-efficient images.

ITO (anode) — Indium Tin Oxide, used as a transparent electrode.
HTL — Hole Transport Layer, ensures hole transport to the emissive
layer. EBL — Electron Blocking Layer, prevents electron transfer to the
anode. EML — Emissive Layer, where electron-hole recombination oc-
curs, leading to light emission. HBL — Hole Blocking Layer, prevents
hole transfer to the cathode. ETL — Electron Transport Layer, helps
direct electrons to the emissive layer. Substrate — The base on which all
OLED layers are assembled.

Lithium fluoride also plays an important role in the development of
modern organic light-emitting devices, such as OLEDs and polymer
light-emitting diodes (PLED). Due to its unique properties, including
high thermal stability, chemical inertness, and the ability to form
interfacial layers with metals, LiF has become a key component in
improving the efficiency and longevity of these devices.

The main function of LiF in the cathodes of PLED and OLED is to
reduce the electron work function of the metals used as cathodes, such as
aluminum. This promotes more efficient electron injection from the
cathode into the device’s active layer, leading to a significant increase in
brightness, efficiency, and emission stability.

Recent studies show that thin LiF layers, just a few nanometers thick,
applied between the cathode and the emissive layer, can significantly
improve device performance by forming an ultra-thin barrier layer and
enhancing the contact between the layers. These advancements have
made LiF an important material in the production of displays, lighting,
and other optoelectronic systems based on PLED and OLED
technologies.

The use of LiF in OLEDs began with the active development of this
technology in the early 2000s, when its important role in improving the
performance of cathodes was recognized. LiF was applied in ultra-thin
interfacial layers between the cathode (e.g., aluminum) and the
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Fig. 19. The simplest energy scheme of the OLED matrix operation principle:
recombination and light emission processes.

organic emissive layer. Fig. 20 shows the operating principle of OLED
displays: recombination processes (a), matrix structure (b), and their
applications (c).

Currently, OLED consists of a multilayered device where light
emission occurs due to the recombination of electrons and holes in the
emissive layer. In Fig. 20a, you can see the simplest structure of a typical
three-layer OLED device. The base of the OLED is a glass substrate that
provides mechanical support and transparency for light output. On top
of it, an anode with a high work function is deposited: typically made
from transparent conductive material, most often indium tin oxide
(ITO), which is connected to the positive potential and generates holes
in the organic layer.

A hole transport layer is formed between the organic layer and the
anode. This layer consists of materials with high hole mobility, high
glass transition temperature, and the ability to block electrons. The hole
transport layer reduces the barrier for hole injection into the OLED de-
vice, facilitating their movement into the emissive layer. Copper
phthalocyanine (CuPc) and m-MTDATA are commonly used materials
for the hole transport layer (HTL), as their highest occupied molecular
orbital (HOMO) aligns with the work function of the ITO anode,
improving hole injection efficiency.

The emissive layer consists of materials with high efficiency, long
lifespan, and high color purity. The main classes of materials used in the
emissive layer of OLEDs include:

— Small molecules
— Polymers
— Conjugated dendrimers

Fluoride Salt-Cooled High-Temperature Reactor (FHR) - FUSTAR
Methane reforming hydrogen production

Sodium-Cooled Fast Reactor (SFR) - Phenix
Petroleum refining

1950 | 1960 | 1970

1980 1990 | 2000 | 2010 | 2020 NFHIEEEE

Fig. 18. Comparison of the evolution of nuclear reactors by coolant temperature and application area.
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Fig. 20. Operating principle of OLED displays: recombination processes (a), matrix structure (b), and applications (c).

The emissive layer plays a crucial role in the operation of OLEDs, as it
is here that the recombination of electrons and holes occurs, resulting in
the emission of light. The choice of material depends on the desired
color, efficiency, and lifespan of the device. The thickness of this layer
typically ranges from 100 to 200 nm.

The cathode is typically made from aluminum or a metal with a low
work function. It is connected to the negative potential, leading to the
injection of electrons into the organic layer. A layer for electron trans-
port is deposited between the cathode and the organic layer, which fa-
cilitates the movement of electrons from the cathode to the emissive
layer. It is here that a thin layer of lithium fluoride is primarily used,
acting as a barrier that facilitates electron injection.

The operating principle of this system is as follows: when a forward
bias potential is applied between the anode and cathode, the anode in-
jects positively charged holes into the hole transport layer, while the
cathode injects negatively charged electrons through the electron
transport layer. The thin layer of LiF facilitates the electron injection
process by reducing the energy barrier. Electrons and holes move to-
wards the emissive layer through their respective transport layers. When
they meet in the emissive layer, recombination occurs, releasing energy
in the form of photon emission. The light generated in the emissive layer
passes through the anode and glass substrate outward.

LiF is used in the electron transport layer and plays a key role in
enhancing the efficiency of OLED devices. Its main functions are to:

— Reduce the work function of electrons, making it easier to inject
them into the organic layer

— Improve the stability of the cathode, preventing damage to the
organic layers

— Enhance charge recombination efficiency, leading to increased
brightness and reduced power consumption

Thus, the addition of LiF to the OLED structure marked an important
milestone in the development of the technology, particularly for high-
efficiency and durable displays.

OLED technology continues to evolve, becoming more powerful and
complex. As the demands for matrices increase, such as higher fre-
quencies, larger sizes, and other parameters, new challenges arise for
developers and researchers.

In a recent study [127], optimizations were made in the structure
composition of tandem OLEDs. Specifically, LiF is used as part of the
charge generation layer (CGL) to improve the device’s efficiency
(Fig. 21a). LiF forms the LiF/Mg interface, which enhances electron
injection and transport. This is part of a new approach to creating a
dual-emissive layer (DEML) structure in green tandem OLEDs (Fig. 21b).
It was shown that compared to previously published results, [128,129]
tandem OLEDs with dual-emissive layers achieved advanced values of
current efficiency up to 242.4 cd/A. Optimization of the thickness of the
dual-emissive layers and resonator lengths allowed reducing the oper-
ating voltages to 4.8 and 5.4 V at different brightness levels. The devices
demonstrated an extraordinarily long lifetime (LT50) of 734.8 hours at

Mg: Ag
LiF
TPBiI
TAPC -
Mg: Ag HATCH LiF 30nm
LiF AIq3:Yb }CGL TCTA 35nm
TPBi TPBi TAPC 30nm
MoOs 5nm
Bphen:Liqg(1:1) 20nm
HATCH HATCH LiF 30nm
ITO ITO ITO
a b c

Fig. 21. Structure schematic diagrams of (a) conventional single-unit OLEDs and (b) tandem OLEDs including two EL units and a charge generation layer using Alq3:

Yb/HAT-CN.
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an initial brightness of 10,000 cd/cm?, emitting pure green light with
high color purity (coordinates (0.27, 0.71)) and the ability to adjust the
emission properties by changing the resonator length.

In Fig. 21, BCzPh:Ir(pp)2(ac) is a material used in OLEDs as the
emissive layer. BCzPh serves as the host material, being a carbazole
derivative structurally modified with phenyl (Ph) groups, which
ensures good thermal stability and energy compatibility with dop-
ants like Ir(pp)2(ac). Its primary function is to transfer energy from
the host to the dopant.

pp refers to phenylpyridine, which forms strong coordination bonds

with iridium. Phenylpyridine is the ligand responsible for light

emission in the visible range (green or yellow-green).

ac refers to acetylacetonate, which stabilizes the complex. This ma-

terial acts as a dopant, meaning it’s the active light-emitting

component responsible for efficient light emission. This material is
popular in OLED research and development, particularly for
achieving bright green emission.

— HAT-CN stands for 1,4,5,8,9,11-hexaazatriphenylenehexacarboni-
trile, an organic material commonly used as a hole injection layer
(HIL). It has a high work function and helps effectively inject holes
from the anode (such as ITO) into the hole transport layer (HTL). It is
used to improve OLED characteristics, such as low operating voltage
and high efficiency.

— TAPC stands for 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane, a
widely used hole-transport material (HTL) in OLEDs. It ensures
efficient hole transport from the injection layer (such as HAT-CN) to
the emissive layer (EML). TAPC has high thermal stability and is
well-suited for use in multilayer OLED structures.

— TPBi (1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene) is an organic
material used as an electron transport layer (ETL) or blocking layer
(EBL) in OLEDs. TPBi has a high vacant orbital energy (LUMO),
which makes it effective in transporting electrons to the emissive
layer. It is also used to prevent hole leakage from the emissive layer,
improving recombination efficiency. These materials play a key role
in ensuring high efficiency in OLED devices and optimizing their
performance.

— Finally, LiF and Mg:Ag are critical materials used in OLED structures

to enhance charge injection and transport, as well as to form elec-

trodes. As mentioned earlier, LiF is typically applied as a thin layer
on the electron transport layer (ETL) before the cathode. It reduces
the injection barrier for electrons from the cathode into the transport
layer, thereby improving device efficiency. Mg:Ag is an alloy of
metals used to form the cathode in OLEDs. It serves as the source of
electrons that are injected into the ETL through the LiF layer. Silver

(Ag) enhances the stability and conductivity of the cathode, while

magnesium (Mg) reduces the work function of the cathode, facili-

tating easier injection. The alloy typically contains about 10 % silver,
which ensures high stability and reduces cathode degradation during

OLED operation.

LiF modifies the vacuum energy level of the metal cathode,
improving electron injection into the emissive layer. With a high work
function (~14 eV), it is effective for electron injection. LiF is used in
small concentrations to optimize OLED performance. As a result, LiF
enhances electron injection from the metal cathode (e.g., Mg:Ag), re-
duces the operating voltage of the OLED, and leads to higher overall
efficiency. The combination of LiF and Mg:Ag significantly increases the
efficiency and stability of OLED devices.

The optimization of LiF use in the charge generation and transport
mechanism is a key factor in achieving these results. This represents a
significant advancement in the tandem OLED technology utilizing LiF,
compared to previous studies.

In the work referenced by [130], a charge generation layer (CGL)
with an intermediate layer of ytterbium (Yb) for tandem OLEDs
(Fig. 21c) has been developed and studied. Such devices are used to
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improve the efficiency, stability, and lifespan of OLEDs. Yb outperforms
traditional materials, such as aluminum (Al) and silver (Ag), due to its
lower optical absorption and better conductivity. The insertion of Yb
results in n-type doping, reducing the energy barrier between layers and
facilitating electron transport. Since LiF has high dielectric permeability
and electrical resistance, double application of LiF on both sides of the
CGL prevents charge leakage and reduces the likelihood of electron-hole
interactions in adjacent layers (Fig. 21c).

Thus, when comparing different OLED structures (Fig. 21a, b, c), in
the first case (Fig. 21a, conventional single-layer OLED), the device has a
simpler structure but suffers from high operating voltages and a shorter
lifespan. In the second scheme (Fig. 21b, tandem OLED), the LiF layer is
used only on one side of the CGL, improving charge transport and
reducing operating voltage compared to the first scheme, though the
isolation effect of the layers is less pronounced. In the third scheme
(Fig. 21c, tandem OLED with double-layer LiF), the double LiF layer
combined with the Yb-containing CGL achieves better efficiency and
lifespan due to optimized charge distribution, reduced leakage, and
improved n-type doping. The advantage of this structure is that, with the
double LiF layer and Yb, current efficiency increases as the double LiF
layer further stabilizes the charge transport processes due to better
electron transport through the CGL and a low injection barrier using Yb.
This double-layer LiF scheme demonstrates the highest lifespan (LT50),
surpassing the previous schemes.

Thus, the use of a double LiF layer and the introduction of Yb into the
CGL structure represents a significant advancement in OLED technology.
This solution allows the creation of more stable, durable, and efficient
devices that outperform traditional OLEDs in several key parameters,
including charge injection efficiency, operating voltages, and emission
color characteristics. This design improves the separation of charge
carriers and optimizes the device’s operation. This technology offers a
promising solution for creating highly efficient and long-lasting OLED
devices.

Work is also underway on the highly anticipated Micro-LED tech-
nology [130], which surpasses OLED devices in terms of color repro-
duction, contrast, pixel density, energy efficiency, and flexibility due to
the individual assembly of tiny LEDs onto a substrate. The Micro-LED
technology, a further development of LEDs, is considered the most
promising next-generation display technology due to its outstanding
brightness, high efficiency, and extremely high performance.

The future of OLED technology in the coming years promises to be
exciting thanks to a number of innovations and improvements [125].
One of the key directions will be the enhancement of image quality,
including increased brightness, contrast, and expanded color range.
Reducing the cost of OLED display production, due to scaling up
manufacturing capabilities and improving efficiency, will make the
technology more accessible to the mass market. Flexible and foldable
OLED displays will become increasingly durable and long-lasting,
opening up new opportunities for use in smartphones, tablets, and lap-
tops. Transparent and mirror OLED displays will find applications in the
automotive industry, architecture, and retail, providing new solutions
for integrating screens into various surfaces. Extending the lifespan of
OLED panels and reducing energy consumption will continue to be
priorities, allowing for expanded use in desktop monitors and wearable
electronics. Advanced technologies such as QD-OLED and Micro-LED
will offer improved characteristics, including even greater brightness
and longevity, though they remain in the high-price segment for now.
Environmental aspects of OLED display production and recycling will
also be addressed, reducing their impact on the environment. In the
coming years, we can expect new models of OLED displays with
enhanced characteristics and new features, making them even more
popular and accessible to a wide range of users.

Thus, in OLED structures, LiF is used due to its unique electrical and
chemical properties. Its primary application is to improve the efficiency
of electron injection into the active layer of the OLED. Lithium fluoride is
used as a layer applied to the cathode of the OLED structure. It serves to
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enhance the contact between the cathode (usually metals such as
aluminum) and the organic layers of the device. LiF has good electron
emission properties, which helps reduce the electron injection barrier
and improves the device’s efficiency. This layer also helps enhance the
stability and longevity of OLED elements. Additionally, LiF possesses
high chemical stability and can serve as protection against environ-
mental factors, contributing to the durability of OLED devices.

5. Conclusion and future prospective

The review provides a detailed description of a number of unique
characteristics of LiF crystals, which are formed due to the physico-
chemical properties of the crystal, and their influence on technological
progress in various fields up to the present day. Fig. 22 illustrates the
evolution and expansion of the applications of LiF-based materials from
the 1950s to the anticipated future. Fig. 22 shows how the areas of
application of LiF have significantly expanded over time, from optical
lenses to high-tech fields such as quantum computing and others.

LiF is a unique compound among all known materials due to its
largest band gap, which results in high optical transparency and
chemical stability. These aspects comprehensively influence the use of
this material across a wide range of science and technology Since the
1950s, lithium fluoride has been used in various applications. In
Table 10, some of the main areas of application and future prospects for
lithium fluoride are collected.

Thus, studying the physical and chemical properties of the subsur-
face region of LiF is a promising research direction that can lead to the
creation of new materials and devices, as well as solving current societal
challenges. A sharp increase in the number of publications (threefold by
2025) related to experimental and theoretical studies on the surface of
LiF is expected, driven by its growing potential in LIBs, especially as a
key component of solid electrolytes. Its high ionic conductivity, chem-
ical stability, and compatibility with other materials make it an ideal
candidate for this role. Research in this area is ongoing, and undoubt-
edly, LiF will be increasingly used in advanced lithium-ion technologies
and future generations of batteries.

Based on current trends and conclusions, several promising research
directions in the field of LiF can be predicted:

— In-depth studies of the mechanism of ionic conductivity in LiF on
solid electrolytes will lead to improved and optimized ionic con-
ductivity and reduced resistance. This will also enhance the stability
and compatibility of LiF in contact with other materials, preventing
degradation and increasing lifespan. LiF could become a key
component in the development of new solid electrolytes for solid-
state batteries. Solid electrolytes with LiF additives can provide
high ionic conductivity and stability at high temperatures. Lithium
fluoride has significant potential for improving lithium-ion battery
performance, especially in the context of high-voltage and fast-
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charging systems. Its use as a coating and electrolyte component
can significantly enhance the stability, efficiency, and durability of
batteries, making LiF an important material for future energy storage
developments.

Analyzing various types of defects (vacancies, interstitial atoms,
dislocations) on the LiF surface will change mechanical and elec-
trochemical properties, which can be manipulated and used in
developing new processing methods, nanostructuring, and surface
modification of LiF to improve its characteristics, including creating
protective layers. In the future, structural defects could become a
trigger and key factor in solid-state batteries’ failure. Proper man-
agement of defects in LiF will lead to the stabilization of high-voltage
cathodes, such as LCO, by reducing oxidative reactions at high
voltages. This will allow for higher operating voltages and increased
energy density of batteries.

The study of the possibilities of implanting rare earth elements, such
as europium or terbium, into the LiF crystal will enable its use in 3D
holography of images due to their fluorescent properties.
Researching the possibilities of using LiF in composite materials,
such as polymers, ceramics, and metals, to enhance their strength,
stability, and conductivity, will lead to the creation of new materials
with unique properties.

Using advanced molecular dynamics methods and theoretical
modeling to predict defect behaviors, such as ion diffusion and
interaction with other substances, and their impact on LiF properties.
Studying LiF’s behavior under high temperatures and radiation
exposure, its resistance to various types of stresses and deformations,
which is important for applications in space technology and nuclear
energy.

Developing methods for recycling and reprocessing LiF after use in
devices to minimize environmental impact and reduce production
costs, improving LiF’s availability for widespread use.

In the future, the results of these studies are mainly important for
new types of commercial tomographs using fast electrons [131], for
biological, space, and nuclear research. These research directions can
lead to significant improvements in lithium-ion battery technology and
the creation of new materials with unique properties, which will have a
wide range of applications in various industries and technologies. In
addition to traditional methods, the use of 3D printers, integration with
composite materials, the assistance of artificial intelligence, various
simulation programs, and advanced interdisciplinary sciences and
technologies will lead to more widespread use of LiF in science and
technology.
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Table 10

Main scientific directions, applications, and prospects for lithium fluoride.

Next Materials 8 (2025) 100548

Direction

Application

Future Prospects

Energy

Optics and Photonics

Radiation Physics

Materials Science

Space Technologies

Quantum
Technologies
Medicine

Fusion Energy
OLED Displays

Use of LiF in fluoride melts for cooling in nuclear fusion reactors.
Addition to electrolytes for LIBs.

Coating of electrodes to reduce side reactions.

Production of lenses, windows, and prisms for UV and vacuum UV
spectra.

Active medium for lasers based on color centers (e.g., F, F3).
Thermoluminescent dosimeters for radiation measurement.

Study of radiation defects in LiF.

Study of color centers (F, Fa, F4, F3) to understand crystal defects.
Development of thin-film coatings with high corrosion and radiation
resistance.

Production of radiation-resistant optical components for satellites and
telescopes.

Materials for protective coatings resistant to extreme conditions.
Color centers (e.g., F2, F§) as potential qubits for quantum computers.

Luminescent sensors for diagnostics and monitoring.

Radiation dose control in radiotherapy due to thermoluminescent
properties.

Use of LiF in blankets for fusion reactors and tritium generation.
Use of LiF as a buffer layer in OLED.

Use in high-quality energy-efficient displays.

Increase in the efficiency of blanket systems and tritium generation.
Improvement in battery stability and longevity.

Extension of battery life.

Application in laser technologies for generating ultrashort pulses.

Use in nonlinear optics and development of compact optical devices.
Improvement of radiation dosimetry in medicine and nuclear facilities.
Development of radiation-resistant materials for extreme conditions.
Creation of new quantum materials for computing and sensors.
Application in nanotechnology and microelectronics.

Use in deep space missions.

Development of innovative materials for spacecraft.
Advancement of quantum computing and sensors.

Enhancement of diagnostic technologies.
Creation of precise dosimetric devices for medical applications.

Development of safe and efficient systems for fusion energy.

Increase in the efficiency and stability of OLEDs for smartphones, TVs, and
flexible displays.

Development of bright, durable OLED panels with reduced energy consumption.
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