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ABSTRACT Currently, the Earth’s limited resources, the escalating oil crisis, rapid industrial development, and considerable
population growth have increased the demand for sustainable energy production and storage systems. A crucial factor in addressing these
problems is the development of optimal electrode materials with desirable electrochemical properties. Lithium-ion batteries (LIBs) are
the most promising and fastest growing electrical energy storage system. Over the past decade, LIBs have seen substantial growth in
industries such as electric vehicles and industrial power generation systems due to their high operating voltage, high specific energy, fast
charging and discharging capabilities, wide operating temperature range, long service life, and high environmental safety. LIBs primarily
comprise cathode materials, anode materials, electrolytes, and diaphragms. Since their commercialization, cathode materials have been a
key research focus due to their influence on energy and power density as well as cost. Recent investigations have been exploring lithium
battery electrode materials with abundant resources, low cost, and high energy density. Olivine-type lithium iron phosphate (LiFePO,,
LFP) is emerging as a potential “green” cathode material for LIBs in the 21st century, focusing on high energy density, long cycle life,
low cost, and environmentally friendly. Compared to traditional polyanionic cathode materials, LFP has gained increasing attention due
to its high theoretical specific capacity (170 mA-h-g "), stable voltage platform (3.5 V (vs Li/Li")), excellent safety performance, and the
abundance and low cost of its raw materials. At present, lithium iron phosphate is primarily used in the new energy automotive industry
and the energy storage market. Owing to these advantages, LFP has received widespread attention as a promising cathode material for

LIBs. However, its lower electronic conductivity and lithium-ion diffusion rate, along with its reduced vibrational density, hinder the
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electrochemical and low-temperature performance of LFP. These factors lead to lower volumetric energy densities, limiting their further
applications to some extent. Consequently, these issues considerably inhibit the development of LFP. At present, improving the
conductivity and lithium-ion diffusion rate of LFP has become a key focus of researchers. After years of efforts, researchers have
optimized the synthesis process by exploring the charging and discharging principles of LFP. They have also explored various new
techniques, processes, equipment, and materials, as well as employing methods such as carbon coating, doping modifications, and
nanosizing to enhance LFP performance. This paper outlines the preparation of LFP using six methods: high-temperature solid-phase
method, carbothermal reduction method, sol-gel method, hydrothermal synthesis method, coprecipitation, and microwave methods. The
paper also discusses the advantages and disadvantages of each preparation method. Various modification strategies for LFP, including
carbon capping, ion doping, nanosizing and the use of quantum dots, are also comprehensively reviewed. Additionally, five recycling

methods are described: hydrometallurgy, pyrometallurgy, high-temperature solid-phase remediation, bioleaching, and direct

regeneration. Finally, the paper offers an outlook on the future development trends of LFP.

KEY WORDS LiFePO,; morphology; modification; doping; recovery
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Fig.1

Crystal structure of LFP and electrochemical properties of different synthetic materials: (a) schematic structure of olivine-type LFP crystals!'®};

(b) rate performance of LFP/C and LFP/C@G; (c) cycling performance of LFP/C and LFP/C@G®"’; (d) cycling performance of 60% malonate synthesized
LFP™, (e) cycling performance of synthesized CTR-LFP/C materials at different temperatures®"; () cycling performance of different materials®>”!
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Table 1 Commonly used raw materials for LFP synthesis by sol-gel method

Raw material type

Common substances

Iron source

Lithium source

Source of phosphorus

Iron powder

(Fez*): Ferrous acetate, Ferrous oxalate, Ferrous sulfate

(Fe*): Ferric nitrate, Ferric oxide

Lithium hydroxide, Lithium acetate, Lithium nitrate

Phosphoric acid, Ammonium dihydrogen phosphate, Diammonium hydrogen phosphate
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Fig.2 Cycling properties of ZnAl,O,@LFP, particle size distribution of two samples and SEM images of LFP with different morphologies: (a) cycling
performance of ZnAl,O,@LFP""; (b) particle size distribution of ‘htLFP> and ‘mvLFP’ samples™; (c) SEM image of hydrothermally synthesised
spherical LFP-a; (d) SEM image of spindle-shaped LFP-b; (¢) SEM image of flower-shaped LFP-c sample®™); (f) SEM image of solvothermally
synthesised cubic LFP (pH 8.2); (g) SEM image of dumbbell-shaped LFP (pH 8.7); (h) SEM image of the rod-like microstructure LFP (pH 9.0);
(i) SEM image of rugby ball-like nanostructure LFP (pH 9.8) !
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Table 2 Advantages and disadvantages of various preparation methods!?**”)

Preparation method Advantage Disadvantage
. 1) Time-consuming, high energy consumption, requires inert
High- . . g
1) Lower cost and simple operation; and reduced atmosphere protection;
temperature . 3+
solid-state 2) Good cycling and low-temperature performance; 2) Product prone to Fe™';
method 3) Easily industrialized 3) Larger product particles, serious agglomeration, uneven

size distribution, and low purity

1) Complicated operation, long production cycle, high energy
Solid state ~ Carbothermal 1) Cheap raw materials and good chemical stability; consumption, and exhaust gas production;
method reduction 2) Simple preparation process and low energy consumption 2) High requirements for raw materials and the homogeneity
of the mix has a remarkably high impact

1) High energy efficiency;
Microwave  2) Good cycle performance and regular morphology;
method 3) Lower synthesis temperature and shorter reaction time;
4) No inert gas protection required

1) Rapid response;
2) Easily reunited;
3) Difficult to industrialize

1) Diversified product structure, low bulk density, and
compaction density;
2) Under high temperature and pressure, high equipment
requirements;
3) Products prone to substitution mismatch;
4) Requires high-temperature sintered carbon coating;
Liquid-phase 5) High cost

method

1) Synthetic simplicity;
Hydrothermal 2) Easily controlled morphology and uniformity of particle
synthesis size;
3) Technological maturity

1) High purity, small particle size, and good uniformity;

i:::liﬂ 2) Simple operation and easy control, g {“;::;i:gntil;zz;:g ‘1:11:; q
3) Possibility of simultaneous carbon cladding Y
N 1) Low cost and simple operation; 1) Various factors affect the preparation process; pH not easy
Coprecipitation . . .
method 2) Short synthesis cycle and low energy consumption; to control and prone to segregation;
3) Small particle size and uniform distribution 2) Unstable performance of synthetic materials

L10]1
1-

( Neutralization ‘1
reactlon

Graphite FeCly/Graphite

Solvothermal

C;N,
LiOH/H,PO, o

~.Core/shell LiFePOs@

C@CNT SEMiEM

LFP/Graphite LFP precursor/Graphite

LiFePO,@C@CNT microclews i

CNTs@Fe;C
® cabonatom @ FeCl;, @ Lion @ HpPO, @ LiFcPO,(LFP)

~© 6
+ ‘OD
* p . 5 210501C
: (PRN—TN Sl 4.2
X é >C | fr— 3.9
8 =120 T 2136
s = g &
® ° £33
1 % 80 ﬂ—uhro@zc@,k\. e ; 30
/I ~
J = 2.7
- 8 4 LiFePOx @C 'CB-5 N N N 2.4 " . L L -
LFP/Graphite cathode Commerical LFP cathode & =~ 0 40 80 120 160 0 30 60 90 120 150
. . o
ﬁ Graphite ‘ LFP nanoparticle @) Carbon black Electrolyte Cyele mumber Specific capacity/tmA e )

B3 REBRE &R TR S AL PERE IR, (2) LFP/ 82 S APRL A R B, (b) LFP/f1 S8R IEARAIET I LFP IEARJSBRE P (o) = R4
B C3N, F7R I (d) LFP@QC@CNT ZAMEHEIA R B, (o) ARIBEEZ AT RIEREIR, (f) LFP@QC@CNT-5 7EA Al L % T /Y
Eov iR L

Fig.3 Schematic synthesis and electrochemical properties of different materials: (a) schematic of LFP/graphite composite synthesis; (b) schematic of
LFP/graphite-based positive electrode and commercial LFP positive electrode™; (c) schematic of melamine condensation to C;Ny; (d) schematic of

synthesis of LFP@C@CNT composites; (e) rate performance of different carbon-coated composites; (f) charge—discharge curves of LFP@C@CNT-5 at
different current densities!*”!
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Fig.4 Schematic of Mg*'-doped LFP prepared using the solid-phase
method"*?
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Fig.5  Structures of LFP and Cl-doped LFP and HR-TEM of LFP
prepared with different solvents and co-solvents: (a) TEM image of LFP
with olivine-type crystal structure; (b) TEM image of Cl-doped LFP
(magenta, blue, light magenta, red, and green spheres represent Li, P, Fe,
0, and Cl atoms)*; (c) TEM image of rectangular nano-platelet LFP
prepared when the solvent is ethylene glycol (EG); (d) short nano-rods
obtained when the solvent is EG and hexane LFP; (¢) TEM image of LFP
when the co-solvent is hexane; (f) TEM image of LFP after 10 min of
reaction in co-solvent oleic acid; (g) TEM image of LFP after 15 min of
reaction in co-solvent oleic acid; (h) the figure shows the ED pattern of

the selected region of the nanorod shown in (g)"**!

34 EFR

H AR 7 b 2 20 09 38 3 sork o b, 0F 5T
N RABAESR R B 7 s, Bl an anfef 5 A &t 58, &
F 5. (QDs) ( H #£<10 nm) J& — AP A1, 75 /D & J7 7
P 2 Gl 9 K 25 4 3. 5 Ot AR L, QDs 11 3%
T 0 b, TR MR T 2, RlE T HA
TS AR A T RE R IR, QDs K R 3 E £ 4R
FE R A= 8 [= 82 N AN 3 @ [T & = M S 2
W E GRS ) = A R T R 0 BRAR
JoT, 3 e A A T A 2 AU A T
IVARERI i L

Wang 55 PO 35 35 — Fb 5 AU B ) B AR ORI, A

D16 BT eh P e T AE R CIE & Bl A A8 0 ) 3
U 4 LFP 2 i CFY RS 2020 6.5 nm), 11
WA REELAG 5 R Y b 3% T ARUR 3= 5 A 3 0 L, 3R
PP S B A 2R R BE (200 C ) 1R ik HL HE 2 R
78 mA-h-g™") Al 5 (9 1 26 A2 1 (20 C B o
1000 XAE S SRR 2R 99%).

25 B RTIR, BT S TE LIBs N RS B
KB WFFENAE, A0 nT DL 32 i3 AR A 4% R M BE
ARG BE R i) A7 LB 250 T A T IR AT

4 K |F RS ok 5 A0 @ U

Wit S H M R B, AR S AR
o 8 22 1 I TH BB - R, 3 BB IR 1Y YR 2% AR
Biigge. I, MK IHE) LEP A [BISCA 4 42 ) wt
FRIC N E L. LFP s 2R A5y 3 2 I R R A A B
SRR, — R ISR BT O AT O, TE AL
BLHELAE AN HA 28 B FePO, AHPY. Bbad 72 i, 25
AT T AR G DR AN, X R R AL
23 30 LFP 45 by i aof — 2 [m] i 55 W 2 728 SRy o 1) H
WA RE. H R, B IH LFP Ay I 3 84 LR
5 Fifr.
41 BERE

JRTH BB 7 it IR A bR 20 4 B A e,
AL R L BRR MR K A AN TR ) 4R
ok B R 4 B AT IZ 0 LEP [ s
Liu &P 4301 TR AR 500 09 18 506 4 ik T2
(I 6(a)) AR A A EMAT R T A 2R (K 6(b)),
A T LEP VRN 1 VA R A 58 e A i 1 725
16 4 [l Ui o . H: [l ek AR ] 6(e) L 6(d) BT
7N, J75 1B 6(c) ) R R ik rh B 457 25
HK (1) FePO, 5 [FIA ) Li,CO; #% Li,CO5:FeP0O,=1.05
B BE 7R HEA Sl R | SRAbBEAE 204 5 LFP. [ 6(d)
LA T B 6(c) TRy E BB TR B R, InA
T Li, Fe. PJUR AN (BE/RE 3 0 12 1), feJa
KK GE B A T LFP(Jy 2 2) . 5 7
MV 10 4 I 200 PR BE A2 0, 48] 6(e) s
7% 1 R EANE R S A S PR N TR
2. TEAN R 132 b, A 3 mol Lt 1Y i it B2
BF, 758 1 RS I B/, AR 1.57 mgkg

SRR BT A H R R PR IR L ik
B Ty TS B A A AT B B S
BEORE RO T 2z Ad A O L R, AR g i ik
[ TR REL NV N OB SS9 A/ S L
B Al 5 2k ) IR R AL BRS AR, 25 E TAEA
BB . R, R R FRATT A 20 £ 5CE LEP [mIi



PN T4 - R P L 8 L b v ) O 5 0

- 1063 -

(b)

NMC
41%

34%

g
g

g
&
3
Z
3
g
&
B

g

£

Heat trcatment
Resynthesized LFP

! Sulfuric acid +Hydrogen p Wil
(I

02 4 6 8110
Environmental impact/(mg-kg™)

Bl6 M0 G o E B 0 L 1747 5 KPR LEP SR M G FRBEREN. (a) TE BT HERN TG B 1 b) R E
B ERDRHI T 570 17K, (0) J7% 191 LEP (WIS (d) 7% 2 th LEP BOICR BE; (o) KRR S T 209 Lo

Fig.6 Flow chart and market share of cathode active material recovery in hydrometallurgical recovery and environmental impact of two LFP recovery

strategies: (a) flowchart of the recovery process of cathode active materials; (b) market share of different cathode active materials; (c) recovery process of

LFP in Option 1; (d) recovery process of LFP in Option 2; (¢) comparison of different hydrometallurgical recovery processes'>
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Fig.7 Schematic diagram of pyrometallurgical process for recycling waste LFP and electrochemical properties of LFP recovered by direct recycling and
high temperature solid phase repair technology: (a) schematic of pyrometallurgical process for recycling waste LFP batteries”™". (b) cycling performance
of R-LFP-OP at 1 C; (c) rate performance of R-LFP-OP and S-LFPP"; (d) rate performance of LFP at 0.2 C (2.5-4.2 V) and 1-5 C (2.0-4.2 V)]
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