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PREFACE

Energy storage technologies are advancing rapidly, playing a crucial
role in the shift toward sustainable energy solutions. Batteries, as a key
component of this transition, are continuously evolving to meet the increasing
demands of electric vehicles, renewable energy storage, and consumer
electronics. Among these innovations, phosphorus-based batteries have
gained significant attention due to their safety, environmental advantages,
and cost-effectiveness. This short report explores the fundamentals and
latest advancements in phosphorus-based batteries, offering a look at their
development, applications, and potential for commercialization. It covers
the core scientific principles, technological breakthroughs, and challenges
associated with these materials, with a focus on their role in providing reliable,
sustainable, and cost-effective energy storage solutions. Designed as a
resource for researchers, industry experts, and policymakers, this report aims
to highlight the opportunities and benefits of phosphorus-based batteries. By
advancing knowledge and encouraging innovation in this field, it contributes

to the broader goal of creating a cleaner and more sustainable energy future.
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EXECUTIVE SUMMARY

This short report examines the potential of phosphorus-based batteries in advancing
sustainable energy storage. It outlines battery fundamentals, the significance of phosphorus
and its allotropes, and the role of orthophosphates, pyrophosphates, fluorophosphates,
and phosphides as cathodes, anodes, and electrolytes in lithium-ion and sodium-ion
batteries. These materials offer advantages such as stability, thermal resistance, and
enhanced ionic conductivity. A comparative analysis with conventional batteries highlights
key challenges and optimization strategies. The report also explores production processes
and market trends, focusing on the growing adoption of lithium iron phosphate (LFP)
and lithium manganese phosphate (LMFP) in electric vehicles (EVs) and grid storage. LFP
remains dominant due to its affordability and safety, while LMFP provides higher energy
density. Additionally, a statistical model assesses material reserves, production, and pricing

to evaluate their impact on the phosphorus-based battery industry.
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1 SHORT REPORT PHOSPHORUS BASED BATTERIES : CURRENT STATUS, OPPORTUNITIES, CHALLENGES, AND FUTURE PERSPECTIVES

|. INTRODUCTION

Recent advancements in portable technology have substantially increased the demand for high-
performance energy storage systems capable of sustaining both current and next-generation
electronic devices. Addressing this demand has become a strategic imperative, fostering continuous
innovation in battery technologies that are reshaping modern electronics. Despite the development
of alternative energy storage methods, batteries remain the primary choice due to their versatility,
scalability, and ability to meet diverse application needs.

Over the past century, batteries have demonstrated remarkable reliability as portable energy sources,
solidifying their role in technological progress. Substantial investments in research and development
have been dedicated to enhancing battery performance, with efforts focused on making them
lighter, more compact, cost-effective, and capable of delivering higher energy densities. In parallel,
advancements in intelligent charging systems aim to accelerate charging times, reduce device
weight, and integrate protective mechanisms against overcharging, collectively contributing to
improved efficiency, safety, and longevity.

II. BATTERY BASICS
AND ELECTROCHEMICAL ENERGY STORAGE

II.1. WHAT IS A BATTERY ?

A battery is an electrochemical device that stores energy in chemical form and converts
it into electrical energy through redox reactions. Batteries can be categorized as primary
(non-rechargeable) or secondary (rechargeable) [1]. The essential components of a battery
include (Figure 1):

Anode : The negative electrode where oxidation occurs, releasing electrons.

Cathode : The positive electrode where reduction takes place, accepting electrons.

Electrolyte : A medium that facilitates ion movement while preventing electron flow.

Separator : A membrane that prevents short-circuiting while allowing ion migration.

Current Collectors : Components that facilitate electron flow to and from external
circuits.
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Figure 1: A typical cell configuration is illustrated, with charging processes highlighted in green and discharging

processes in red (adapted from [1]).

Batteries operate through oxidation-reduction (redox) reactions. The anode undergoes oxidation,
releasing electrons that travel through an external circuit to the cathode, where reduction occurs
(Figure 2). The voltage is determined by the difference in standard electrode potentials.

Oxidation

Reductant =———=> Product + Electrons

( Loss of Electrons/Oxidation Number Increases )

Reduction
Oxidant + Electrons —— Product

( Gain of Electrons/ Oxidation Number Decreases )

Figure 2 : Redox reaction equations.

II.2. BATTERY OPERATION: RECHARGE AND DISCHARGE

The operation of a battery is governed by the interaction of its electrode materials, electrolyte, and the
movement of ions during charge and discharge processes. These interactions determine the battery’s
efficiency, capacity, and overall performance. To provide a clear understanding of these mechanisms, the
Li-ion battery will be used as an example, illustrating how lithium ions migrate between the electrodes to
store and release energy.
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3 SHORT REPORT PHOSPHORUS BASED BATTERIES : CURRENT STATUS, OPPORTUNITIES, CHALLENGES, AND FUTURE PERSPECTIVES

ALi-ionbattery consists of ananode, cathode, porous separator, electrolyte, and current collectors. The cathode
material defines the battery type, while the anode is typically graphite or a metal oxide. The electrolyte enables
lithium-ion transport, while the separator not only prevents short circuits but also facilitates ion movement
between the electrodes. During discharge, lithium ions migrate from the anode to the cathode, generating an
electric current. Charging reverses this process, moving ions back to the anode for energy storage.

Atypicallithium-ionbattery usedincommercial applications consists of multipleinterconnected electrochemical
cells. Each cell generally includes a graphite anode, such as mesocarbon microbeads, a cathode made of a
lithium metal oxide like LiCoO,, and an electrolyte, such as LiPF, dissolved in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DC), supported by a separator material. During the discharge process, lithium
ions (Li+) are released from the layered graphite anode, pass through the electrolyte, and intercalate into
the layers of the LiCoO, cathode (LCO) (Figure 3). The electrochemical processes can be represented by the
following equations [2]:

Discharge
° ° . i+ = _ q
Anodic reaction: C,+nLi*+ne Li C,
Charge
Discharge
Cathodic reaction: LiCoO, =>: Li, CoO, + nLi* + ne-
Charge

é; ;<='>

&= Electrolyte —

IHNEEER]
ITT171J

.
s .
.

.
.
.
LA
*

(A EN

|\

Anode Cathode

(Graphite) (LiCoO,)
Separator

Figure 3 : lllustration depicting the working mechanism of a typical lithium-ion battery (Cathode: LCO). (Adapted from [2])

II.3. TYPES OF BATTERIES

While most batteries function based on the same fundamental principle, many have been developed by
different individuals who adapted this principle to meet specific needs or project requirements. As a result,
there is a wide variety of battery types (Figure 4). These differences influence factors such as materials,
performance, lifespan, production methods, and costs. Selecting a particular battery involves considering alll
these aspects, which has driven technological advancements and expanded available options [3].
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Figure 4: Comparison of volumetric and gravimetric energy density for different energy storage technologies.
(Adapted from [4])

Batteries are classified based on chemistry and application. The most common types include:

- Lead-Acid Batteries: Lead-acid batteries were the first rechargeable batteries invented and remain
widely used today, especially in automotive, uninterruptible power supplies (UPS), and backup energy
systems. They operate based on the electrochemical reaction between lead dioxide (PbO,) as the
positive electrode, a sponge lead (Pb) negative electrode, and sulfuric acid (H,SO,) as the electrolyte.
Their advantages include low cost, reliability, and ability to supply high surge currents, making them
ideal for starting internal combustion engines. However, they suffer from low energy density, heavy
weight, and relatively short cycle life compared to modern battery technologies [5].

« Nickel-Based Batteries: Nickel-based rechargeable batteries include Nickel-Cadmium (Ni-Cd),
Nickel-Metal Hydride (Ni-MH), and Nickel-Zinc (Ni-Zn). Ni-Cd batteries are known for their durability
and performance in extreme temperatures but suffer from the memory effect and cadmium toxicity.
Ni-MH offers higher energy density and is more environmentally friendly, making it common in hybrid
vehicles and consumer electronics. Ni-Zn provides higher voltage and energy density but has cycle
life limitations [6].

- Lithium-lon Batteries (LIBs): Lithium-ion batteries dominate portable electronics, electric vehicles
(EVs), and renewable energy storage due to their high energy density, long cycle life, and efficiency.
LIBs operate through the reversible intercalation of lithium ions between the anode (usually graphite)
and the cathode (various lithium metal oxides). The most common LIB types include [7-9]:

» Lithium Cobalt Oxide (LiCoO,, LCO): High energy density, widely used in smartphones and
laptops, but limited by thermal instability and safety concerns.

» Lithium Iron Phosphate (LiFePO,, LFP): Offers excellent safety, long cycle life, and thermal
stability, making it ideal for electric vehicles and stationary storage.

» Lithium Nickel Manganese Cobalt Oxide (NMC): Balances energy density, lifespan, and cost,
commonly used in EVs and grid storage.
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- Sodium-lon Batteries (NIBs): Sodium-ion batteries have emerged as a promising alternative to LIBs,
using sodium (Na*) instead of lithium (Li*), which reduces costs and dependence on scarce lithium
resources. NIBs have similar working principles to LIBs but use sodium-based cathode materials like
Na,V,(PO,),. These batteries are gaining traction for grid storage and low-cost applications, but they
currently suffer from lower energy density compared to LIBs [10].

e Lithium-Sulfur Batteries (Li-S): Lithium-sulfur batteries offer a theoretical energy density five times
higher than that of LIBs, making them a strong candidate for next-generation energy storage devices.
They use a lithium metal anode and a sulfur cathode. However, their commercialization is hindered
by [11]:

» Polysulfide shuttle effect, leading to rapid capacity fading.
» Poor cycle life, due to volume expansion of sulfur during cycling.

- All-Solid-State Batteries (ASSBs): All-solid-state batteries replace liquid electrolytes with solid
electrolytes, improving safety, energy density, and thermal stability. They prevent dendrite formation,
which enhances battery lifespan. ASSBs are a major focus in EV and aerospace applications, but
challenges include manufacturing complexity and high costs [12].

«  Sodium-Sulfur (NaS) Batteries: NaS (sodium-sulfur) batteries are gaining popularity for large-scale
energy storage due to their high energy density, long lifespan, and low maintenance. These cylindrical
cells use molten sodium and sulfur, separated by a solid beta alumina electrolyte. During discharge,
sodium ions migrate to the positive electrode, forming polysulfides, while charging reverses this
process, regenerating elemental sodium [13].

- ZEBRA Batteries: The sodium-nickel chloride (ZEBRA) battery is a molten salt battery similar to the
sodium-sulfur battery but safer, with better protection against overcharging and deep discharging.
It has lower energy and power density than NaS batteries. It uses a solid nickel chloride cathode,
a molten sodium anode, and a liquid sodium chloro-aluminate electrolyte for fast ion movement,
separated by a solid beta alumina electrolyte. During charging, sodium ions migrate from the cathode
through the electrolyte and are deposited at the anode [13].

«  Vanadium Redox Flow Batteries: In a vanadium redox flow battery (VRFB), electrochemical energy
is stored by transferring electrons between different vanadium ions. A proton exchange membrane
(PEM) separates the two electrolytes. During charging, V¥ ions at the anode gain an electron and are
converted to V*. In the discharge process, V** ions are oxidized back to V¥, releasing an electron [13].

lIl. INTRODUCTION TO PHOSPHORUS-BASED MATERIALS

Phosphorus is a widely available and versatile element with unique properties that make it valuable
for energy storage. Its different allotropes —white, red, black, and violet— each have distinct chemical
and physical characteristics, making phosphorus adaptable for various applications. Phosphorus-
based materials, including phosphates and phosphides, are essential in lithium-ion and sodium-ion
batteries, serving as cathodes, anodes, and electrolytes. Their strong structures, thermal stability,
and good conductivity help improve battery performance and sustainability. This section explores
phosphorus, its properties, and its role in energy storage, highlighting its potential for advancing
battery technologies.
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IIl.1. PHOSPHORUS (P) : SOURCE AND ABUNDANCE

Phosphorus (P), element 15 on the periodic table, is vital for life and widely used in agriculture, industry,
and medicine. As the 11" most abundant element in the Earth’s crust [14], phosphorus is primarily
found in phosphate rock, mainly in the mineral apatite (Cas(PO,)s(OH, Cl, F)) [15]. Phosphate rock is
a non-renewable resource, and its distribution is uneven, with Morocco holding the largest reserves
(over 60%), followed by China, Egypt, Tunisia, Russia, Algeria and the USA [16].

USA [ N
g Morocco ;U(

\\i{gi’f’m 67,57% b i
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(@] v

Figure 5 : The distribution estimates of global phosphate rock. (Adapted from [17])

lIl.2. STRUCTURE, PHYSICAL AND CHEMICAL PROPERTIES OF
PHOSPHORUS ALLOTROPES

Phosphorus is a reactive element that exists in different forms, or allotropes, each with unique properties.
White phosphorus is the most reactive, flammable, highly toxic and the least stable allotrope, making
it suitable for applications such as explosives and incendiary devices but posing handling risks [18].
Red phosphorus is more stable and is used in safety matches, flame retardants, and battery research,
especially as an anode material in lithium-ion and sodium-ion batteries, due to its high energy capacity
and cost-effectiveness [19]. Black phosphorus is the most stable allotrope and less flammable than
white or red phosphorus, with a layered structure that gives it excellent electrical properties, making it
promising for advanced battery applications [20].
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Figure 6: Allotropes for Phosphorus: White, Red, Black and Violet. (Adapted from [21])

lIl.3. OVERVIEW OF PHOSPHORUS-BASED MATERIALS

[11.3.1. PHOSPHATE-BASED MATERIALS

Phosphate-based compounds, derived from phosphorus, are widely used in energy storage due to
their excellent thermal stability, long cycle life, and suitable operating voltage [22]. These materials,
including olivine, pyrophosphates, NASICON-type, and fluoride phosphates, benefit from polyanion
structures that enhance their voltage performance.

+ Phosphate (olivine) materials

Olivine phosphate materials are widely used in batteries due to their stability and efficient ion
movement efficiency, making them ideal for lithium-ion and sodium-ion batteries. Iron-based
phosphates like olivine type lithium iron phosphate (LiFePO,, LFP) are known for safety and long
lifespan [23], while sodium iron phosphate (NaFePO,, NFP) offers a cost-effective and environmentally
friendly alternative [24]. Manganese and cobalt-based phosphates like (LiIMNPO,, LMP) [25], (NaMnPO
NMP) [26], (LiCoPO,, LCP) [27] and (NaCoPO,, NCP) [28] provide high energy density but require further
research to enhance performance.

While these phosphate materials hold promise for advancing battery technology, challenges related
to stability and efficiency must still be addressed.
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 NASICON-structured materials

NASICON materials, known for their stability, high ionic conductivity and minimal volume change during
cycling [29], were originally developed for sodium-ion batteries but are now gaining attention for lithium-
ion applications. Their open three-dimensional structure allows efficient ion movement, enhancing
battery performance and safety [30]. Among the different types of NASICON materials, vanadium-
based NASICON materials like lithium vanadium phosphate (Li,V,(PO,),, LVP) [31] and sodium vanadium
phosphate (Na,V,(PO,),, NVP) [32] stand out for their robust structures and ability to support fast ion
movement, while iron-based options such as NASICON type lithium iron phosphate (LisFe,(PO,)s) [33] and
sodium iron phosphate Na,Fe,(PO,), [34] are also highly regarded for their stability, safety, and capacity to
handle lithium ions effectively. Titanium-based NASICON materials, including lithium titanium phosphate
(LiTi,(PO,),, LTP) [35] and sodium titanium phosphate NaTi,(PO,); [36] add versatility, with rigid yet flexible
structures, these materials enable smooth ion movement, which improves both battery performance
and safety. Their blend of stability, safety, and efficiency makes them an ideal choice for building high-
performance batteries that are not only powerful but also reliable and safe for everyday use.

« Pyrophosphate materials

Pyrophosphate materials are gaining attention for their impressive performance in battery technology [371.
While they generally have lower capacities compared to other materials, they offer excellent stability and
support efficiention movement, enhancing battery efficiency and safety [38]. Different types of pyrophosphate
materials bring specific advantages. Iron-based pyrophosphates, such as Li,FeP,0; [39] and Na,FeP,0, [40],
are known for their robust structures that promote efficient ion flow, providing stability and solid performance.
Manganese-based pyrophosphates, such as Li,MnP,0, [41] and Na,MnP,0; [42], enable smooth ion migration
which is crucial for its electrochemical performance, making them ideal for advanced batteries.

"Pyrophosphate materials could redefine energy

storage thanks to their exceptional safety, structural
stability, and efficiency.”

+ Fluoride phosphate (fluoro-phosphate) materials

Fluoro-phosphate materials are attracting interest for their high capacity, stability, and efficiency in battery
technologies [43]. Their unique structure enables smooth ion movement, additionally, the combination of
phosphate groups and fluorine boosts their performance, offering good energy capacity and durability [44].
However, fluorine's influence can lower conductivity, posing a challenge for high-performance applications
[45]. Iron-based fluoro-phosphates, such as lithium iron fluoro-phosphate (LiFePO,F) [46] and sodium iron
fluoro-phosphate (Na,FePO,F) [47], show promising potential due to their structure, which supports fast ion
movement and stability. Similarly, vanadium-based fluoride phosphate materials such as sodium vanadium
fluoride phosphate (N03V2(POA)2F3) [48] and lithium vanadium fluoride phosphate (LIVPO,F) show great promise
for energy storage [49]. Their unique structure allows efficient ion movement, improving battery performance.
The addition of fluorine improves stability and energy output, making these materials ideal for advanced
batteries.
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Fluoro-phosphate materials offer stability, high capacity, and efficiency, with research aiming to
enhance their conductivity for wider use in batteries.

[11.3.2. PHOSPHIDE BASED MATERIALS

Phosphide-based materials, which combine phosphorus with metals or nonmetals, are gaining
attention for energy storage, especially in sodium-ion batteries [50]. These materials offer good
capacity and potential for high-performance anodes but face challenges like structural changes and
reduced efficiency over time [51]. Tin (e.g., Sn,P,) [52], nickel (e.g., Ni,P) [53], iron (e.g., FeP) [54], and
cobalt (e.g., CoP) [55] phosphides show high potential for anode materials due to their high capacity.
However, they all face challenges related to structural changes or volume shifts during battery use,
which can affect stability and long-term durability.

" While phosphide-based materials hold great promise for
advanced battery technologies, ongoing research aims to

overcome these stability and performance challenges to
make them practical for everyday applications "

IV. PHOSPHORUS-BASED VS. CONVENTIONAL BATTERIES :
COMPARATIVE ANALYSIS AND ADDRESSING CHALLENGES

Phosphorus-based batteries are a promising alternative to traditional batteries, offering improved
safety, stability, and environmental benefits. Materials like lithium iron phosphate (LiFePO,) and black
phosphorus enhance stability, unlike some traditional lithium-ion batteries that use cobalt-based
materials, which pose overheating risks. Phosphorus-based batteries are not only more stable but
also more environmentally friendly, avoiding toxic metals like lead and cadmium. Additionally, these
batteries are cost-effective and durable, making them well-suited for electric vehicles and large-
scale energy storage. This section compares phosphorus-based batteries with traditional ones,
focusing on their advantages and exploring ways to overcome limitations, highlighting their role in
supporting cleaner energy and sustainability.

IV.1. CATHODE BASED MATERIALS

Lithium-ion battery cathode materials are generally classified into three main types: layered oxides,
spinels, and olivines. While layered and spinel materials have traditionally led the market, each comes
with its own set of strengths and weaknesses [56].
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Lithium ions
Phosphor:

Layered Lithium transition Spinal Lithium transition The Olivine structure
metal oxide LiMO, metal oxide LiM,O,, composite LiIMPO,
(M =Ni, Co, Mn) (M =Ni, Co, Mn) (M =Ni, Co,Mn & Fe)

Figure 7: Evolution of cathode materials in lithium-ion batteries (LIBs) and their crystal structure. (Reproduced from [56])

Among phosphorus-based cathode materials, lithium iron phosphate emerges as aleading candidate
for commercial and practical applications, thanks to its exceptional blend of safety, stability, long
cycle life, and cost-effectiveness. Unlike many other phosphorus-based materials that often struggle
with issues such as poor electronic conductivity, capacity fading, or high production costs, LFP offers
a reliable and environmentally friendly option [57].

Compared to traditional cathode materials, LFP offers significant advantages. While layered
materials like lithium cobalt oxide (LiCoO, or LCO) and lithium nickel oxide (LiNiO, or LNO) have high
energy density, they suffer from issues like poor thermal stability, voltage decay, cycling instability,
and safety risks, leading to rapid performance degradation [58,59].

Spinel materials like lithium manganese oxide (LiMn,O, or LMO) offer high energy and power density
but suffer from capacity fading and manganese dissolution, limiting their use in high-performance
batteries [60]. Similarly, mixed transition metal oxides like (LiNiXCoyMnZOz or NMC) have gained
attention for combining the strengths of multiple materials, offering improved capacity and safety
over LCO but face challenges like voltage decay and capacity loss due to structural instability and
surface degradation over time [61].

In contrast, LFP offers a strong balance of performance and sustainability. Its olivine structure and
phosphorus-oxygen bonds enhance safety by preventing thermal runaway, making it resistant to
overheating. Additionally, the use of abundant, non-toxic elements reduces its environmental impact,
supporting sustainability goals [62].
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Figure 8: Comparison between different cathode materials for LIBs (Adapted from [63-67])

IV.2. ANODE BASED MATERIALS

Anode materials in lithium-ion batteries work in three different ways. The first method, called intercalation,
involves storing lithium ions between layers of materials like graphite. The second method, alloying,
creates alloys by combining lithium with metals like silicon, tin, or antimony. The third method, known
as the conversion reaction, uses materials like oxides, sulfides, and phosphides to achieve even greater
energy capacity through chemical reactions.
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Figure 9: (a) Anode active materials comparison in terms of capacity, cost, cycle life, safety, and power. (b)
Schemattic illustration comparing potential vs. capacity of certain anode materials. (Adapted from [68])
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Traditional materials like graphite are widely used due to their reliability, affordability, and established
manufacturing processes [69]. While they provide good stability and long battery life, they don't offer the
highest energy density. New materials like silicon and tin offer higher energy storage than graphite but
face stability issues, and are not yet widely used in commercial batteries [70,71]. Silicon anodes expand
and contract during cycling, causing breakdown over time, while tin-based anodes also offer good energy
potential but face similar stability issues and manufacturing challenges. Lithium metal anodes, which were
originally used in early lithium-ion batteries, offer the highest energy capacity but pose safety risks, such
as short circuits and overheating. To enhance safety, modern batteries typically use carbon-based anodes
like graphite, prioritizing stability over maximum energy capacity [72].

Phosphorus-based anodes are gaining attention for their high energy capacity and excellent performance
in both lithium-ion and sodium-ion batteries [73]. They could provide more energy storage than traditional
graphite anodes and are more stable than silicon and tin options. Although some technical and cost
challenges still limit their commercial use, ongoing research could make phosphorus-based materials a key
player in future battery technology [74]. These advancements could lead to better, longer lasting, and more
affordable batteries, ideal for electric vehicles and renewable energy storage.

Graphite provides safety and stability, but phosphorus,

silicon, and tin could unlock higher energy storage once
their challenges are resolved.”

IV.3. OVERCOMING LIMITATIONS OF PHOSPHORUS-BASED BATTERIES:
CHALLENGES AND ENHANCEMENTS

Phosphorus-based batteries show great promise for safer, more stable, and eco-friendly energy storage.
However, they face challenges that have limited their adoption compared to traditional batteries. To
improve their performance and durability, researchers are exploring innovative strategies. These include
materials nanostructuring to boost efficiency [75], doping with other elements to enhance conductivity
[76], and combining phosphorus materials with carbon-based components like graphene [77]. These
approaches help the batteries last longer and perform better, especially by reducing the material
expansion and volume change during cycling. While these advanced methods may increase production
costs, their benefits, such aslonger battery life and higher performance, make them a valuable investment.
Continued development could make them a strong, sustainable alternative for electric vehicles and
renewable energy storage.

With a particular focus on lithium iron phosphate (LiFePO,), which is known for its safety and longevity but
offers lower energy compared to high-performance batteries like those with NMC cathodes. To improve
performance, researchers are using strategies like nano-structuring, doping, and carbon coatings, which
enhance stability, efficiency, and reduce costs [78,79]. Another promising material, lithium manganese
iron phosphate (LMFP), developed by doping manganese into LiFePO,, combines safety with higher
energy output, making it a promising material for next-generation batteries [80].
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Figure 10: Comparison of comprehensive performance among LCO, LFP, NCM, and LMFP. (Adapted from [80])

V. MANUFACTURING PROCESSES AND
RAW MATERIALS OF PHOSPHORUS-BASED BATTERIES

Phosphorus-based batteries, particularly LiFePO, are becoming popular for their stability, safety,
and affordability. They use readily available materials like phosphorus, lithium, manganese, and iron,
contributing to a more reliable and sustainable supply chain. Beyond performance, phosphorus-based
batteries also shine in terms of environmental impact. From the responsible sourcing of raw materials
to efficient manufacturing and safe disposal, they present a greener alternative in the push for cleaner
energy technologies. This section explores phosphorus-based batteries, focusing on their raw materials,
manufacturing processes, steps of battery manufacturing, and environmental impact.

V.1. RAW MATERIALS FOR P-BASED BATTERIES: ABUNDANCE,
SOURCE AND MINING

Phosphorus-based batteries typically use phosphorus, lithium, iron, and manganese as key raw materials.
Phosphorus is a relatively abundant element found commonly in the Earth's crust. Iron is even more
plentiful, making up about 5% of the crust, while manganese is less common at around 0.1%. Lithium,
though not as abundant, is still widespread [81]. While these materials are generally available, the growing
demand for lithium in batteries could create supply challenges in the future.

V.1.1. PHOSPHORUS

Phosphorus is an important element used in agriculture and industry, mainly sourced from phosphate
rock, which contains minerals like apatite Cas(PO,):(F,Cl,OH). This non-renewable resource is crucial for
producing fertilizers and other phosphorus-based products.
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Phosphate rock is a limited resource facing high demand, with 74 billion metric tons of reserves and
240 million tons produced in 2024 [82]. Morocco dominates the global phosphate market, holding over
60% of the world's reserves. As demand increases, production is also rising, and estimates suggest that
phosphorus reserves could expand significantly with higher prices, making it economically feasible to
mine lower-grade ores and access deeper deposits [83].
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Figure 11: Global reserves, production and price of phosphate rock according to the U.S. Geological Survey USGS (2025)
(Adapted from [82])

Phosphate rock is primarily mined through open-pit methods, which are efficient for large sedimentary deposits near
the surface but can cause significant environmental damage, including land disruption, dust emissions, and waste
production [84]. Underground mining is also used for deeper deposits, but it's more expensive and less common [85].

Phosphorus is extracted from phosphate rock through chemical processes to produce phosphoric acid,
which is widely used in agriculture and industry. The most common method (wet process) involves reacting
phosphate rock with sulfuric acid to produce phosphoric acid and gypsum as a byproduct [86].
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Another method (thermal process), heats phosphate rock in an electric furnace to produce elemental
phosphorus (P,) and calcium silicate slag. Though less common, it is used for industrial applications
requiring pure phosphorus [87].

V.1.2. LITHIUM

Lithium is found in 48 countries and is mainly extracted from brine deposits and hard rock minerals. In brine
extraction, special resins collect lithium from saltwater. The lithium is then recovered using freshwater or
an acidic solution, producing a purified lithium chloride (LiCl) solution for further processing. Open-air
evaporation ponds are used in this process to concentrate the brine before lithium recovery [88].

Requires evaporation ponds

SSRSSS

ﬂ' f Fresh Water Resin

Solvent

Fresh Water
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Spent brine
Lithium

Spent brine Lithium chloride

Figure 12: Direct lithium extraction from brine (Adapted from [88])

V.1.3. MANGANESE

Manganese is mainly found in minerals like pyrolusite, rhodochrosite, and braunite. As reported by the
United States Geological Survey (USGS), the world's manganese reserves are estimated at 1,300 million
tons, with South Africa holding the largest share, followed by Brazil, Australia, and Ukraine [90].

Most manganese is found in iron-manganese ores, and its production involves mining, crushing, magnetic
separation, leaching, and refining. This process requires a lot of energy and generates waste. One key
method, sulfation roasting, helps extract manganese sulfate (MnSQO,), in this process, Fe-Mn ores are
roasted with sulfur to form sulfate compounds, then leached to efficiently extract manganese sulfate
(MnSO,) and sulfuric acid (H,SO,), allowing manganese and iron to be separated [91].
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Figure 13: Industrial sulfation roasting process for Fe-Mn ores (Adapted from [91])

V.1.4.1RON

Iron ore is found worldwide, with Australia holding the largest reserves, followed by Brazil, China, Indig,
and South Africa [88]. The main iron-rich minerals include magnetite, hematite, and goethite. Most iron
is extracted through open-pit mining and processed using techniques like crushing, grinding, magnetic
separation, and flotation. Newer techniques, such as bio-leaching, aim to improve efficiency and
reduce environmental impact. However, traditional methods face challenges like high energy use, waste
management, and increasing costs, driving the search for more sustainable solutions [92].

V.2. MANUFACTURING PROGESSES OF LITHIUM IRON PHOSPHATE
BATTERY

V.2.1. SYNTHESIS METHOD OF LITHIUM IRON PHOSPHATE MATERIAL

Lithium Iron Phosphate batteries are widely used in electric vehicles and energy storage due to their
affordability, safety, and environmental benefits. They are made from abundant, non-toxic materials,
avoiding the need for rare metals like cobalt and nickel. There are two main ways to produce LFP battery
materials: Solid-state method, the most common and cost-effective approach in industrial-scale
production, where lithium, phosphate, and iron compounds are mixed and heated at high temperatures
to form the crystalline LFP phase. While simple and suitable for large-scale production, this method can
be energy-intensive [93].
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Solution-based methods, which offer better control over material quality and battery performance but
are more complex and expensive. Techniques like hydrothermal, sol-gel, and co-precipitation allow for
smaller, more uniform particles, improving battery efficiency. However, they require more resources and
advanced processing [94].

New technologies, such as microwave-assisted synthesis, are being explored to improve production
efficiency and reduce environmental impact. Optimizing these manufacturing methods will help make
LFP batteries even more competitive and widely adopted in the transition to clean energy.

V.2.2. BATTERY MANUFACTURING STEPS

Lithium-ion battery production involves several key steps to ensure performance and safety. First, the
active materials, conductive agents, and binders are mixed into a slurry, which is then coated onto metal
foils to form electrodes. These electrodes are dried, compressed for optimal density, and cut into precise
shapes. Next, the battery is assembled by layering or rolling the electrodes with separators, filling it with
electrolyte, and sealing it to prevent leaks. Finally, rigorous testing ensures the battery meets quality and
safety standards. Continuous improvements in manufacturing help make these batteries more efficient
and reliable for electric vehicles and energy storage [95,96,971.
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Figure 14: Li-ion battery manufacturing steps (Adapted from [98])

V.3. ENVIRONMENTAL AND SUSTAINABILITY ASPECTS

Phosphorus-based batteries, like lithium iron phosphate batteries, are considered more environmentally
friendly than other lithium-ion batteries. They use abundant, non-toxic materials, reducing their overall
impact.

While phosphate extraction can harm ecosystems, LFP batteries do not rely on toxic metals like cobalt
and nickel, leading to lower emissions. Compared to other lithium-ion batteries, LFP batteries have the
lowest carbon footprint, making them a cleaner option for energy storage and electric vehicles. Recycling
and proper disposal remain key to minimizing long-term environmental effects [99].
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Figure 15: Carbon emissions and energy density for LFP and NCM based batteries. (Adapted from [100])

VI. CURRENT STATUS OF PHOSPHORUS-BASED BATTERIES :
A MARKET ANALYSIS

As the demand for advanced and sustainable energy storage solutions grows, researchers are
exploring new battery technologies that can offer better performance and lower environmental impact.
Phosphorus-based batteries have emerged as a promising alternative due to their high energy density,
safety features, and environmental benefits. With increasing interest in renewable energy sources and
the need for efficient storage systems, phosphorus-based batteries are gaining attention as a viable
option for the future of energy storage. This section examines the current status of phosphorus-based
batteries, focusing on their market trends and commercialization efforts. It provides an overview of the
technological advances driving the progress of these batteries, highlights key industry players.

VI.1.CURRENT STATUS OF LFP BATTERIES

VI.1.1. MARKET ANALYSIS

The increasing focus on sustainability and lowering greenhouse gas emissions and the growing use of
electric vehicles (EVs) is a major factor driving the demand for LFP batteries. These batteries play a vital
role in renewable energy projects globally, as they offer reliable energy storage with excellent stability
and a long lifespan, prompting significant government investments in such initiatives. The global market
for LFP batteries was valued at USD 14.63 billion in 2023 and is expected to grow from USD 16.87 billion
in 2024 to USD 72.76 billion by 2034 (Figure 16). The market is forecast to expand at a compound annual
growth rate (CAGR) of 15.7% from 2024 to 2034 [101].
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Figure 16: LFP battery market size, 2022 to 2032 (USD Billion) (Adapted from [101]).

Figure 17 illustrates the regional market share distribution for LFP batteries, highlighting Asia Pacific as
the dominant region with a 34% share. Europe follows with 29%, reflecting its significant investments
in clean energy technologies and electric vehicles. North America accounts for 23%, driven by rising
demand for renewable energy storage and EV adoption. Latin America and the Middle East & Africa
(MEA) hold smaller shares of 10% and 4%, respectively, suggesting potential for future growth in these
emerging markets as global energy transitions accelerate [101].
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Figure 17: Regional Market Share Distribution for Lithium Iron Phosphate (LFP) Batteries (Adapted [101]).
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In China, LFP batteries accounted for 30% of the global EV battery market in 2022. This once again
increased demand for highly cost-effective batteries, with LFP batteries regaining significant market
share. In fact, they made up 62.4% of all batteries installed in EVs in China in 2022 (see Figure 18).
Approximately 30% of the batteries used in Tesla's electric vehicles are based on LFP technology, and
Ford has announced plans to begin production of these batteries in the United States by 2026. This
trend highlights the increasing global adoption of LFP batteries. While their market presence continues to
expand, particularly in Ching, efforts to improve their energy density (a known limitation) are approaching
the limits imposed by the material's chemical properties [102].
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kWh

== LFP Battery share == NMC Battery share
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Figure 18: Trends in the installation volumes of LFP and NMC batteries in electric vehicles (EVs) in China from 2016 to 2022 [102] .

By application, the 2023 market is categorized into automotive, industrial, energy storage systems,
consumer electronics, and other sectors (Figure 19). The chart highlights that the largest share (33.96%)
is attributed to a specific category, «Automotive,» given LFP's widespread use in these areas due to
its safety, cost-effectiveness, and thermal stability. Other sectors such as «Consumer Electronics,»
«Industrial,» and «Others» contribute smaller shares, reflecting diverse applications of LFP batteries
in different industries. This market distribution underscores the growing demand for LFP batteries in
renewable energy integration and electric vehicles, aligning with global trends toward sustainability and
energy transition [103].
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Figure 19: Global LFP market share by application, 2023 (%) (Adapted from [103]).

V1.1.2. LFP BATTERY MARKET COMPANIES

Several major carmakers, including Ford, Rivian, Volkswagen, and General Motors, are adopting LFP batteries
to reduce costs and lessen dependence on Chinese materials. A significant shift occurred in October 2021
when Tesla announced its switch to LFP batteries for all standard-range models worldwide. Currently, China
dominates LFP production, but efforts are underway to develop alternative supply chains [104].

BYD is a key player in the LFP battery sector, known for its innovative Blade Battery, introduced in March
2020. This battery offers a compact design, high energy density, and enhanced safety, making it a major
component of BYD's EVs. The company is expanding its production, with its FAW-FinDreams joint project
aiming to supply Blade Batteries for 600,000 vehicles [105-106].

CATL, another major Chinese battery manufacturer, has recently introduced significant advancements,
including the Shenxing Plus battery (April 2024), which enables a driving range of over 1,000 km per charge,
and the Freevoy battery (October 2024), designed for extended-range hybrid vehicles with a pure electric
range of 400 km and 4C fast charging capabilities [107-108].

Shenzhen Dynanonic specializes in nano-LFP materials for EVs and energy storage, playing a key role
in advancing nanotechnology for battery applications [109]. Anda Energy Technology is expanding LFP
production, with a new project in Guiyang City targeting 150,000 metric tons of annual production. In 2022,
China's LFP cathode material output surged by 151%, reaching 114 million metric tons [110].

The LFP market remains highly competitive, with major Chinese producers like BTR New Energy Materials
and Pulead Technology Industry dominating production. Internationally, companies like Nano One (Canadal)
and ICL (North America) are investing in LFP manufacturing, reflecting the growing demand for advanced EV
and energy storage batteries. The market is evolving with a focus on nano- and micro-nanostructured LFP
materials tailored for improved performance [111].
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VI.2. GURRENT STATUS OF LMFP BATTERIES

VI.2.1. MARKET ANALYSIS

The rising adoption of electric vehicles (EVs) is a significant factor propelling the growth of the global
LMFP battery market. With governments around the world enforcing stricter emission standards and
consumers increasingly prioritizing eco-friendly choices, the demand for EVs is surging. LMFP batteries
are particularly advantageous for EV applications due to their superior energy density, extended cycle life,
and cost-effectiveness compared to other battery technologies. Consequently, the growing popularity
of EVs is fueling the demand for LMFP batteries, thereby accelerating the expansion of the global LMFP
battery market.

The global market for LMFP batteries is anticipated to expand significantly, rising from $312.65 million
in 2024 to $11,224.17 million by 2030 (Figure 20), with an impressive CAGR of 82 % during the forecast
period. In the US and Canada, the LMFP market is expected to grow from $2.76 million in 2024 to $1,026.97
million by 2030, registering a remarkable CAGR of 168 % between 2024 and 2030. In China, where LMFP
technology is rapidly gaining traction, the market is projected to increase from $301.78 million in 2024 to
$7,682.71 million by 2030, achieving a CAGR of 72 % over the same period. The European LMFP market
is forecasted to experience substantial growth, expanding from $4.16 million in 2024 to $941.25 million by
2030, with an extraordinary CAGR of 147 % during the forecast timeframe [112].

$11224.17M
2030

LMFP Market Size

- "/

$31.65M
2024

Figure 20: Global LMFP Battery Market Size for 2024 and 2030 (in USD Million).

VI1.2.2. LMFP BATTERY MARKET COMPANIES

China leads in the production of LMFP batteries, which offer higher energy density while maintaining
the cost-effectiveness and safety of LFP batteries. These features make LMFP attractive for electric
vehicles (EVs) and energy storage applications. Several Chinese manufacturers have developed LMFP
battery prototypes in recent years [102].

In August 2022, CALB introduced an LMFP battery with an energy density of 180 Wh/kg, followed
by other manufacturers developing versions capable of supporting EV ranges between 500 km

Universit e
MNBE e s
Polytechnic =

=1

— °
N GLOBAL
/..J G Pl I’H(YSPHU:{H\
INSTITUTE




23 SHORT REPORT PHOSPHORUS BASED BATTERIES : CURRENT STATUS, OPPORTUNITIES, CHALLENGES, AND FUTURE PERSPECTIVES

and 1,000 km. In May 2023, Gotion High-Tech announced an LMFP battery designed for a 1,000 km
range, with mass production expected in 2024. However, most LMFP prototypes are still undergoing
development and testing, with large-scale production timelines yet to be confirmed. Key Chinese
manufacturers, including CALB, Frasis Energy, SVOLT, REPT BATTERO, JEVE, and Gotion High-Tech,
are actively working on LMFP batteries with energy densities ranging from 200 to 240 Wh/kg. These
batteries come in various formats, such as rectangular, pouch, and square shapes, with some models
supporting rapid charging and interchangeable battery technology [102].

On the global stage, major LMFP battery manufacturers include CATL, which has production facilities
in China, Europe, and North America, and BYD, which has heavily invested in LMFP technology. BYD's
vertically integrated approach and cost control strategies enhance its competitive edge in the
market [112].

IV.3. BATTERY GIGAFACTORIES IN MOROCCO

Morocco is becoming an important center for electric vehicle (EV) battery production. Several major
companies are investing in the country to build battery material factories, strengthening Morocco's
role in the global EV supply chain. LG Chem and Huayou Group [113] are constructing a LFP cathode
plant and a lithium conversion facility. The cathode plant will produce 50,000 tons per year by 2026,
enough for 500,000 EVs. The lithium conversion plant, starting in 2025, will produce 52,000 tons of
lithium annually. This project helps LG Chem secure raw materials and benefits from Morocco's trade
agreements with the U.S. Gotion High-Tech [114] is building Morocco's first EV battery gigafactory
in Kenitra, with a $1.3 billion investment. Production will begin in 2026 at 20 GWh and expand to 120
GWh. The project will create 17,000 jobs and run on renewable energy from a 500 MW wind farm
and a 2,000 MWh storage system. Around 85% of the batteries will be exported. Al Mada and CNGR
Advanced Material Co. [115] are developing a battery materials factory in Jorf Lasfar with a $2 billion
investment. Once operational, it will produce materials for over one million EVs per year, benefiting
from Morocco's industrial infrastructure and port access. These projects position Morocco as a key
player in sustainable energy and EV battery production, contributing to the global transition to clean
transportation.

VII. LFP AND LMFP BATTERY PRODUCTION AND
PHOSPHORUS DEMAND ANALYSIS (2022-2030)
VIi.1. INTRODUCTION

The global energy transition increasingly relies on lithium-based battery technologies to achieve
decarbonization objectives. Among these, LFP and Lithium Manganese Iron Phosphate (LMFP)

chemistries have emerged as strategic alternatives to traditional NMC batteries due to their superior
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thermal stability, extended cycle life, and cost advantages [116-117]. The absence of cobalt and nickel
in these chemistries significantly reduces supply chain vulnerabilities, positioning LFP and LMFP as
critical enablers for the future of battery technologies.

This report analyzes projected production trends for LFP and LMFP batteries between 2022 and 2030
and evaluates the corresponding phosphorus demand, drawing on insights from the Fraunhofer ISI
LIB Roadmap [116], IRENA's Critical Materials Report [117], and [118]

Vil.2. GLOBAL PRODUCTION TRENDS OF LFP AND LMFP BATTERIES
(2022-2030)

VIl.2.1. LFP AND LMFP PRODUCTION DYNAMICS
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Figure 21: Global Battery Production and LFP and LMFP Production Forecast (2022-2030). [116-118]
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Based on the data presented in Figure 21, LFP production volumes are forecasted to experience
continuous growth across major regions. In the USA, LFP production is set to rise from 87.5 GWh in
2022 to 612.5 GWh by 2030. Similarly, Europe is expected to increase from 80 GWh in 2022 to 560 GWh
in 2030. China, already leading in LFP battery deployment, is projected to expand production from
225 GWh in 2022 to an impressive 1,575 GWh by 2030.

The regional breakdown (Figure 21) illustrates that China will maintain its dominant position,
accounting for approximately 50% of global LFP production capacity in 2030, with CATL and BYD
as key players. Europe and the USA will represent around 20% and 25% of total LFP production
capacity respectively. Within each region, LFP is expected to account for 40% of Europe's and 35%
of the USA's total battery output by 2030.

Parallelly, LMFP is gaining strategic traction, with production capacity anticipated to significantly
increase after 2027, led by initiatives from major manufacturers like LG Energy Solution.

LMFP batteries are gaining strategic interest for their ability to offer higher energy density than
traditional LFP cells while maintaining cost and safety advantages. Leading manufacturers such as
LG Energy Solution are planning large-scale LMFP deployments by 2027, particularly in Europe and
South Korea [BZF, 2024].

Vil.2..2. SUMMARY OF LFP PRODUCTION FORECAST (2030)

Total Production (TWh) LFP Production (TWh)

China 3.5 1.575
Europe 1.4 0.56
USA 175 0.6125

Table 1: Regional LFP Production Forecast for 2030. [116-118]
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Figure 22: Regional Comparison of LFP Production in 2030.

China dominates with 3.5 TWh of annual production, representing 70% of the world's output, including
1,575 TWh of LFP batteries (45%). This high proportion is due to the massive adoption of electric
vehicles and stationary storage Europe follows with a total of 1.4 TWh, including 0.56 TWh of LFP
(40%), mainly thanks to the Tesla plant in Berlin and ongoing projects by Northvolt The US has 1.75
TWh of production, including 0.6125 TWh of LFP (35%), supported by IRA incentives and strategies
from Tesla and Ford oegether, these three regions account for 90% of global manufacturing. China
maintains its technological lead over the LFP, while Europe and the US are gradually developing their
capabalities.
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VIl.3. MATHEMATICAL MODELING OF PHOSPHORUS DEMAND

Phosphorus is an essential component of LFP cathodes. Its demand is estimated using the following
formula:

Phosphorus Demand (tonnes) = Battery Production (GWh) x 425
where:

1 GWh =1,000,000 kWh

1tonne = 1,000 kg

A typical 60 kWh LFP battery requires approximately 25.5 kg of phosphorus [117].

Example: For China's LFP production in 2030:

1575 = 425 = 668,750 tonnes of phosphorus

Vil.4. PHOSPHORUS DEMAND EVOLUTION (2022-2030)

The evolution of phosphorus demand mirrors the projected growth in LFP battery production. The
Compound Annual Growth Rate (CAGR) estimates are approximately 24% for China, 25% for Europe,
and 26% for the USA over the period 2022-2030.

Phosphorus Demand (tonnes)

China 668 750
Europe 238 000
USA 260 312.5

Table 2 : Phosphorus Demand Forecast by Region for 2030.
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Figure 23: Regional Comparison of Phosphorus Demand in 2030.

Year Phosphorus Demand Phosphorus Demand Phosphorus Demand
USA (tonnes) Europe (tonnes) China (tonnes)

2022 37188 34 000 95 625

2023 55 760 51000 143 438
2024 74 375 68 000 191250
2025 104125 95 200 267750
2026 133 875 122 400 344 250
2027 167 323 153 000 430 313
2028 193 375 176 800 497 250
2029 223125 204 000 573 750
2030 260 313 238 000 669 375

Table 3 : Phosphorus Demand Forecast by Region for 2022 to 2030.
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PHOSPHORUS DEMAND (TONNES) FOR LFP BATTERIES BY REGION (2022-2030)
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Figure 24: Evolution of Phosphorus Demand for LFP Batteries (2022-2030).

VIl.5. STRATEGIC IMPLICATIONS AND RECOMMENDATIONS

Phosphorus, historically used primarily for agricultural fertilizers, is now emerging as a critical
material for the clean energy transition [117]. Rapidly growing demand, if unmanaged, could create
significant supply tensions as both the agricultural and battery sectors vie for resources.

Recommendations based on [116] and [117]

+ Scaling phosphorus recycling initiatives: For example, Tesla's Gigafactory Nevada reportedly
achieves recovery rates exceeding 90%.

- Diversifying sourcing strategies: Morocco, holding approximately 70% of global phosphorus reserves,
will play a strategic role.

» Investing in phosphorus-efficient battery chemistries: Reducing material intensity is essential to
sustain long-term supply security.
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Vill. GONCLUSION

Phosphorus-based batteries offer a promising pathway for advancing energy storage, particularly
in meeting the growing demands of electric vehicles, renewable energy systems, and portable
electronics. LFP and LMFP are especially noteworthy for their safety, affordability, thermal
stability, and environmental benefits, providing viable alternatives to conventional materials that
rely on scarce and expensive elements like cobalt and nickel. As LFP and LMFP technologies gain
market traction, global phosphorus demand is expected to rise significantly, with wide-reaching
implications for raw material supply chains. Addressing challenges related to raw material
availability, scalable production, and performance optimization is therefore critical. Proactive
investment in sustainable mining practices, material synthesis, recycling infrastructure, and
advanced battery chemistries will be essential to ensuring a resilient and secure clean energy
transition. This underscores the need for coordinated efforts among policymakers, researchers,
and industry stakeholders to manage material flows strategically, establish sustainable supply
chains, and enable the long-term viability of phosphorus-based batteries. With continued
innovation and collaboration, these technologies can play a vital role in supporting cleaner

energy systems and a more sustainable, electrified future.
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