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Abstract
Olivine LiCoPO4 is a promising candidate as the cathode material for high-voltage lithium-ion batteries due to its high redox potential of 4.8 V vs Li/Li+ and a theoretical capacity of 167 mA h g-1. However, use of LiCoPO4 as a cathode in practical applications has been hindered by its unsatisfactory cycle stability, Coulombic efficiency and rate capability, which can be attributed to its low electronic conductivity, poor Li+ ion conductivity, and limited stability of electrolytes at high potentials. It is thus important to develop a simple, time and energy saving, easy to control and industrially scalable synthesis method to prepare LiCoPO4 with high specific capacity, good cycle stability and rate capability. Various synthetic routes such as solid-state reactions, hydrothermal/solvothermal synthesis and sol-gel process have been proposed and various strategies have been applied to improve the electrochemical performance. Carbon coating or the use of carbon network supports enhances the overall electronic conductivity of the composite electrode. Decreasing the particle size of LiCoPO4 or tailoring its crystal growth orientation along the a-c plane reduces the length of Li-ion migration paths, and facilitates easier Li-ion transfer. However, carbon addition and size reduction for LiCoPO4 cathodes can reduce the volumetric energy density of lithium-ion batteries. Ion doping aims to enhance the intrinsic electronic/ionic conductivity of LiCoPO4 although the mechanism is still in controversy. Strategies to mitigate the problem of the electrolyte decomposition at high voltages have also been explored, such as optimization of the electrolyte formation and use of protective coatings, thus improving the cycle stability of LiCoPO4 cathodes in lithium-ion batteries. Understanding of olivine LiCoPO4 cathode materials development for lithium-ion batteries is crucial for further improvement.
1 Introduction
Development of environmentally friendly, sustainable and renewable energy supplies is vital to meet the increasing energy demand of modern society and emerging ecological concerns.1-3 As reversible energy storage devices, lithium-ion batteries (LIBs) exhibit high energy density, high power density, and light weight compared to conventional batteries.4-6 LIBs are not only widely used in portable electronic devices such as laptops, cameras and smart phones, but also to power emerging large-scale applications such electric vehicles and hybrid electric vehicles.5-8 The cathode material plays an important role in the energy density, safety, life cycle and cost in LIBs.4, 9, 10 Cost and safety concerns associated with the conventional cathode material, LiCoO2, have motivated the search for new high-performance materials that can be safely scaled up at reasonable cost.2, 11, 12
Olivine-structured lithium transition-metal orthophosphates LiMPO4 (M = Fe, Mn, Co, Ni) have attracted considerable attention as cathode materials for LIBs due to their high theoretical specific capacities, good thermal stability and high redox potentials vs Li/Li+.4, 6, 13 Although LiFePO4, with a redox potential of 3.45 V vs Li/Li+ and capacity of 170 mA h g-1, has so far exhibited the best electrochemical performance and has been successfully commercialised,14-19 other members of the olivine family are also being researched intensively.4, 20-22 LiCoPO4 was firstly reported by Amine et al in 2000,23 and has received particular attention due to the high redox potential of 4.8 V vs Li/Li+ and a theoretical capacity of 167 mA h g-1 comparable to LiFePO4 of 170 mA h g-1.24-26 Even though Co is more expensive than the other transition metals (e.g. Fe), the cost of LiCoPO4 can be lower than other commercialized LIBs in some cases, when the higher energy density delivered by its high redox potential and specific capacity are taken into account.27, 28 Applying LiCoPO4 in 18650 batteries, Howard et al estimated the cost of LiCoPO4 to be 142 $ kW-1 h-1, while LiCoO2 and LiFePO4 were 198 and 158 $ kW-1 h-1, respectively.29, 30
Although attractive for high energy and high power applications, use of LiCoPO4 as a cathode has been hindered by the unsatisfactory cycle stability and rate performance, which is due, in part, to its low electronic conductivity and Li+ ion conductivity relating to the one-dimensional ion transport channel.25, 31-42 Also, the decomposition of electrolytes under high potentials results in poor cycle stability and coulombic efficiency.43-50 A variety of synthesis methods have been used to produce LiCoPO4, including solid-state reaction,51, 52 hydrothermal/solvothermal methods,31, 53 sol-gel synthesis,54, 55 etc. Alternate approaches like surface modification,31, 56 ion doping,25, 57 size reduction and morphology control53, 58 have also been investigated to modify the electrochemical performance of LiCoPO4. Typically, the electrochemical performance is characterised by galvanostatic testing at various C rates of charge/discharge, where the C rate is the current normalised by capacity (e.g. 0.1 C for a capacity of 167 mA h g-1 corresponds to a current of 16.7 mA g-1). In practical applications like portable electronic devices, the charge/discharge rates of LIBs are 0.2-1 C in general. The structure and properties of three different polymorphs of LiCoPO4 (space groups: Pnma, Cmcm, and Pna21) have been summarised recently.59 The olivine-type Pnma-LiCoPO4 exhibits promising electrochemical properties as a high-voltage cathode in LIBs. Herein, we review the strategies for performance improvement with various synthesis methods for olivine LiCoPO4 cathode materials in LIBs.
2 Structure and properties
The olivine structured LiCoPO4 belongs to space group Pnma with lattice parameters of a = 10.20 Å, b = 5.92 Å, and c = 4.70 Å.23, 40, 49, 60-66 The crystal structure consists of a polyoxyanionic framework including LiO6 octahedra, CoO6 octahedra and PO4 tetrahedra,43 as illustrated in Figure 1. Strong P-O covalent bonds in the (PO4)3- polyanion network stabilize the oxygen when fully charged and hinder O2 release at high states of charge.11, 42, 67-70 Moreover, as the fully charged state CoPO4 phase has the same olivine structure as LiCoPO4, when Li+ ions are removed from the structure during charging, Co2+ ions are oxidised to Co3+ and the lattice volume shrinks by only ~7%.43, 49, 66, 68, 71-7328, 42 Thus major volume changes during charge-discharge are avoided, resulting in a stable olivine structured LiCoPO4 cathode.

The skeleton of PO4 polyanions in LiCoPO4 is thermally stable, but the corner-shared CoO6 octahedra of LiCoPO4 are separated by the oxygen atoms of the PO43- tetrahedra and cannot form a continuous CoO6 network.43, 53, 70, 74, 75 This makes electron delocalization difficult and thus results in the poor electronic conductivity of LiCoPO4.11, 32-37 Each PO4 tetrahedron and CoO6 octahedron shares edges with its neighbours, forming one dimensional tunnels parallel to the [010] direction down which Li-ion migration occurs preferentially (Figure 1).42, 74 The 1D channels are easily blocked by defects and impurities, which may hinder the Li+ ion diffusion.76, 77 The conductivity of sintered pellets of LiCoPO4 depends on the synthesis method, but for samples with composition close to stoichiometric LiCoPO4, values of conductivity lower than 10-9 S cm-1 have been reported,37-42 which are much lower than those of LiCoO2 (~10-3 S cm-1)78  and LiMn2O4 (~10-4 S cm-1).79
Upon charge and discharge in LIBs, LiCoPO4 undergoes two distinct two-phase reactions, both involving an intermediate Li2/3CoPO4 phase, coexisting with the fully lithiated phase at higher Li contents and with the delithiated phase at low Li contents.64-66, 71-73, 80-82 This process produces two oxidation peaks (close to 4.8 and 4.9 V vs Li/Li+) and two reduction peaks (close to 4.7 and 4.8 V vs Li/Li+) in cyclic voltammetry, with corresponding plateau (~4.8 and 4.9 V vs Li/Li+ for charge, ~4.7 and 4.8 V vs Li/Li+ for discharge) in charge-discharge curves.43, 83
A number of studies on LiCoPO4 examined the microstructure,84 structural stability,85 Li-ion intercalation86 and phase changes during charge-discharge43, 66 using first-principles methods based on density functional theory (DFT). Grey and coworkers identified the structure of the intermediate Li2/3CoPO4 formed during cycling of LiCoPO4 using first-principles solid-state DFT calculations in combination with experimental NMR and XRD data.66 It was found that both the Co3+ ions and Li vacancies are found to order along the b-axis in the lowest energy configuration. Two other low energy Li+/vacancy ordering schemes are found only 5 meV per formula unit higher in energy. All three configurations lie below the LiCoPO4-CoPO4 convex hull and they may be readily interconverted by Li+ hops along the b-direction.
[image: ]
[bookmark: _Ref507015271]Figure 1 Unit cell of olivine-type LiCoPO4 (space group: Pnma) showing Li (green) in 1D channels along [010] between CoO6 octahedra (blue) corner-linked to PO4 tetrahedra (purple), and the olivine structure remains stable during Li-ion insertion and extraction.
3 Synthesis methods
To prepare LiCoPO4 cathodes for LIBs with good cycle stability and rate capability and low cost, various synthetic routes such as solid-state reactions, hydrothermal/solvothermal synthesis and sol-gel processes have been proposed.
3.1 Solid-state reaction
Solid-state reaction is an economic, efficient, and scalable strategy to prepare LiCoPO4 for LIBs.87, 88 In this process, the precursors were firstly mixed and ground or milled thoroughly, then heated to 300-400 ℃ to decompose the precursors and expel the gases.39, 89-91 After that, the mixture was ground again, then calcined at elevated temperatures of 600-800 ℃ for 10-36 h.52, 66, 92, 93 As shown in Table 1, the influence of the synthesis precursors and calcination conditions on the structure, particle size (particle growth) and electrochemical performance of LiCoPO4 has been studied in detail.
The raw materials generally consist of a stoichiometric amount of lithium source (Li2CO3, LiOH·H2O or CH3COOLi),65, 94-96 cobalt source (Co(CH3COO)2·4H2O, Co3O4 or CoO)62, 97-99 and phosphorus source (NH4H2PO4 or (NH4)2HPO4).34, 100-102 The long and complex procedures, requiring repeated grinding and calcination, lead to undesirable particle growth and agglomeration.103-105 This can be prevented by adding growth inhibitors such as carbon or carbonate anions to obtain nanoparticles.106-109 After optimising the solid-state reaction conditions, a carbon coated LiCoPO4 (LiCoPO4/C) nanocomposite with growth controlled by carbonate anions CO32- was reported by Nallathamby et al.51 This electrode exhibited a capacity of 123 mA h g-1 at 0.1 C, and capacity retention of 89% after 30 cycles, as well as reasonable rate capability up to 5 C.
[bookmark: _Ref507334927]Table 1 Solid-state methods: the influence of the synthesis precursors and calcination conditions on the particle size and electrochemical performance of LiCoPO4.
	Precursors
	Sintering conditions (temperature, time, gas)
	Particle size
	Rate performance, mA h g-1 (rate, C)
	Cycle stability
	Ref.

	Li2CO3, Co3O4, NH4H2PO4
	300 ℃, 6 h, air
780 ℃, 36 h, air
	3-10 μm
	125 (0.1 C)
	30 mA h g-1 at 0.1 C after 25 cycles
	90

	LiOH·H2O, CoO, (NH4)2HPO4
	750 ℃, 8 h, air
350 ℃, 6 h, air
750 ℃,36 h, air
	90-100 nm
	110 (0.05 mA cm-2)
89 (0.1 mA cm-2)
83 (0.2 mA cm-2)
62 (0.4 mA cm-2)
56 (0.8 mA cm-2)
	40 mA h g-1 at 0.05 mA cm‑2 after 30 cycles
	105

	LiOH·H2O, Co3O4, (NH4)2HPO4
	400 ℃, 10 h, air
800 ℃, 10 h, air
	100-150 nm
	132 (0.1 C)
	92 mA h g-1 at 0.1 C after 17 cycles
	93

	LiOH·H2O, Co3O4, (NH4)2PO4
	400 ℃, 10 h, air
800 ℃, 10 h, Ar
	-
	128 (0.1 mA cm-2)
	70% capacity retention at 0.1 mA cm-2 after 20 cycles
	52

	Li2CO3, Co(CH3COO)2·4H2O, NH4H2PO4
	350 ◦C, 6 h, air
750 ℃, 12 h, Ar
	1 μm
	109 (0.1 C)
46 (5 C)
	55 mA h g-1 at 0.1 C after 50 cycles
	101

	LiOH·H2O, Co3O4, (NH4)2PO4
	400 ℃, 10 h, air
800-900 ℃, 10 h, Ar
	-
	130 (0.1 C)
	117 mA h g-1 at 0.1 C after 15 cycles
	99

	LiOH·H2O, CoO, NH4H2PO4
	400℃, 10 h, air
800℃, 10 h, air
	500-700 nm
	112 (0.05 C)
	83 mA h g-1 at 0.05 C after 25 cycles
	102

	Li2CO3, CoCO3, NH4H2PO4
	300 ℃, 8 h, air/Ar
700 ℃, 8 h, air/Ar
	-
	123 (0.1 C)
114 (0.2 C)
102 (1 C)
93 (2 C)
81 (5 C)
	89% capacity retention at 0.1 C after 30 cycles
	51

	Li2CO3, (NH4)Co(PO4)·H2O 
	600 ℃, 16 h, air
600 ℃, 8 h, air
	350-700 nm
	93 (0.05 C)
	64 mA h g-1 at 0.05 C after 20 cycles
	65

	Li2CO3, Co(NO3)2·6H2O, NH4H2PO4
	350 ℃, 2 h, Ar
500 ℃, 8 h, Ar/5% H2
	100-300 nm
	146 (0.1 C)
93 (2 C)
	92 mA h g-1 at 0.1 C after 40 cycles
	108

	Li2CO3, CoC2O4·2H2O, NH4H2PO4
	375 ℃, 8 h, air
750 ℃, 12 h, Ar
	50-400 nm
	128 (0.05C)
	115 mA h g-1 at 0.05 C after 5 cycles
	109



3.2 Hydrothermal/solvothermal synthesis
Hydrothermal/solvothermal synthesis is a simple and easily scalable method to synthesize LiCoPO4 at relatively low temperature with small crystallites (nanoscale to microns)58, 110, 111 and well controlled morphology (e.g., cubic, spherical, and plate-like).112-116 In this process, the precursors are dissolved and mixed in solvents, then sealed in an autoclave to react at temperature above the boiling point of the solvent.117-120 As shown in Table 2, the particle size and morphology of LiCoPO4 can be tuned by changing the stoichiometric ratio and concentrations of reactants,121-123 solvents,53, 58, 124, 125 pH values of solution,110, 126, 127 additives,31, 121, 128-130 reaction conditions65, 131-133 and sintering conditions.101, 117
Hydrothermal/solvothermal reactions can be heated in a conventional or microwave oven.134, 135 Whereas conventional heating transfers heat by conduction through the autoclave, microwave heating can transfer energy selectively to the microwave absorbing materials, thus the reactant mixture can be heated evenly.20, 132, 136 This microwave assisted strategy promotes uniform nucleation conditions in hydrothermal/solvothermal reactions, thus the method results in highly crystalline LiCoPO4 with narrow particle size distribution and homogeneous morphology.111, 123 Also, the reaction time can be decreased to less than 30 min due to the increased reaction rate, thus offers considerable energy and cost savings.121, 123, 127 For example, Nilges et al prepared LiCoPO4 nano-platelets via a facile and rapid (30 min) one-step microwave-assisted solvothermal synthesis route using a 1 : 1 (v/v) water/ethylene glycol (EG) binary solvent mixture and a temperature of 250 ℃, without additional post-annealing or carbon coating steps.137 The solvents generally play an important role in tailoring the particle size, morphology, and crystal orientation of the LiCoPO4 material.53 The as-prepared LiCoPO4 delivered an initial discharge capacity of 137 mA h g-1 at 0.1 C, and capacity retention of 68% after 100 cycles at 0.5 C.137
Since Li-ion transport in LiCoPO4 occurs through one-dimensional channels that are easily blocked by defects or impurities, it is important to ensure complete ordering of lithium and cobalt ions, to eliminate stacking faults and avoid undesirable impurities.58, 138, 139 It was found that increasing the reaction temperature can minimize the unfavorable effects of Co-Li anti-site defects,18, 65, 111 and well crystallized LiCoPO4 can be obtained if high-pressure reactors are used.65, 114, 123
In hydrothermal/solvothermal synthesis, it is possible to obtain LiCoPO4 directly from the heated solution without post heat treatment.115, 116, 136, 140 However if a carbon coating is desired, it is necessary to carry out the heat treatment step at higher temperatures, which could also help to eliminate the Co-Li anti-site defects.58, 123, 124 Carbon sources used include glucose,112, 127, 141 sucrose131, 142 and ascorbic acid,125, 140 and these can also act as reducing agents to prevent the oxidation of Co2+ in hydrothermal process.31, 121
[bookmark: _Ref507362651]Table 2 Hydrothermal/solvothermal synthesis: the influence of stoichiometric ratio and concentrations of reactants, solvents, pH values of solution, additives, reaction conditions and sintering conditions on the morphology, particle size and electrochemical performance of LiCoPO4.
	Precursors
	Li:Co:P
molar
	Concentration of Co (M)
	Solvents (v/v)
	Additive
	Reaction conditions (temperature, time, pressure)
	Sintering conditions (temperature, time, gas)
	Morphology, particle size
	Rate performance, mA h g-1 (rate, C)
	Cycle stability
	Ref.

	LiOH, CoSO4, H3PO4
	3:1:1
	-
	H2O
	Glucose as reducing agent and carbon source, NH4OH to adjust pH=9.9
	230 ℃, 15 min, 80 bar, microwave assisted: 600 W, 2.45 GHz
	700 ℃, 1 h, Ar
	Cubes, 1.2-1.5 μm x 250 nm
	52 (0.1 C)
	15 mA h g-1 at 0.1 C after 25 cycles
	112

	LiOH⋅H2O, Co(CH3COO)2⋅4H2O, H3PO4 or (NH4)2HPO4
	2:1:1
	0.05
	H2O
	PVPa as dispersant, NH4OH to adjust pH=8.5
	220 or 300 ℃, 5 h, 2 or 6.5 MPa
	-
	Rod, 300-700 nm in diameter, 5 μm in length
	65 (0.1 C)
	50 mA h g-1 at 0.1 C after 10 cycles
	110

	LiOH, CoSO4·7H2O, (NH4)3PO4·3H2O
	3:1:1
	0.1
	H2O:BAa =1:1
	Glucose as carbon source
	200 ℃, 8 h
	750 ℃, 2 h, Ar
	Hedgehog-like, 5-8 μm (compose of nanorods, 40 nm x 1 μm)
	136 (0.1 C)
85 (5 C)
	91% capacity retention at 0.1 C after 50 cycles
	101

	LiCl, Co(NO3)2·6H2O, H3PO4
	2:2:1
	0.325
	EGa
	Glucose as carbon source, NH3·H2O as buffer, Mn doping
	200 ℃, 10 h
	-
	Nanoparticle agglomeration, 2-3 μm
	105 (0.2 C)
	90% capacity retention at 0.2 C after 30 cycles
	141

	LiOH·H2O, CoSO4·7H2O, LiH2PO4, 
	2.75:1:1
	0.1
	H2O:EGa =1:2
	Sucrose as reducing agent
	220 ℃, 15 h
	-
	Hexagonal/octagonal platelet,
thickness of 50-100 nm
	95 (0.1 C)
76 (0.5 C)
	75 mA h g-1 at 0.1 C after 10 cycles
	115, 116

	CH3COOLi·2H2O, Co(CH3COO)2·4H2O, (NH4)2HPO4
	6:1:1
	0.04, 0.125
	H2O
	L-ascorbic, citric or polyacrylic acid as organic additive, NH4OH to adjust pH=8.6-9
	220 ℃, 30 s, microwave assisted
	650 ℃, 30 min, Ar
	Flower-like, 5-10 μm (compose of plate-like, 1-2 μm x 200 nm)
	107 (0.05 C)
60 (2 C)
	30 mA h g-1 at 0.05 C after 20 cycles
	121

	LiOH, Co(NO3)2, CoSO4, Co(CH3COO)2 or CoCO3, LiH2PO4
	1.75~2.25:1:1
	0.1
	H2O:EGa =1:2
	Sucrose as reducing agent
	200-240 ℃, 4-10 h
	-
	Hexagonal platelets, thickness ＜ 200 nm
	120 (0.1 C)
85 (0.5 C)
75 (1 C)
	90 mA h g-1 at 0.1 C after 10 cycles
	131

	LiOH·H2O, CoSO4·7H2O, H3PO4
	3:1:1
	0.25
	H2O:EGa =1:1
	Ascorbic acid as reducing agent  and buffer to adjust pH=5.5
	250 ℃, 30 min, microwave assisted: 600 W
	-
	Hexagonal platelets, 400-600 x 700-800 x 100-220 nm
	137 (0.1 C)
114 (0.5 C)
97 (2 C)
	68% capacity retention at 0.5 C after 100 cycles
	137

	Li3PO4, CoSO4·7H2O
	3:1:1
	-
	EGa:H2O =0, 0.5, 1, 2, 4, 5, 10, 20
	Sucrose as carbon source
	180 ℃, 24 h
	650 ℃, 5 h, Ar
	Particles, 500 nm-10 μm
	124 (0.1 C)
111 (0.5 C)
100 (1 C)
85 (2 C)
51 (5 C)
	83% capacity retention at 0.1 C after 100 cycles
	58

	LiOH·H2O, Co(CH3COO)2·4H2O, H3PO4
	1:1:1
	0.238
	TTEGa
	NH4OH as additive, V3+ doping
	240 ℃, 30 min, 5 bar, microwave assisted: 850 W
	525 ℃, 12 h, 10%H2/Ar
	Particles, 100-500 nm
	97 (0.1 C)
	82 mA h g-1 at 0.1 C after 20 cycles
	117

	LiNO3, Co(NO3)2·6H2O, (NH₄)₂HPO₄
	1:1:1
	-
	Isopropanol
	Tannic acid as carbon source
	140-220 ℃, 30 min, 20 bar, microwave assisted: 2.45 GHz, 600 rpm
	650 ℃, 6 h, Ar
	Irregular particles, 200 nm-1 μm
	155 (0.1 C)
129 (1 C)
98 (5 C)
70 (10 C)
51 (20 C)
	91% capacity retention at 0.1 C after 80 cycles
	132

	Li3PO4, CoSO4·7H2O 
	3:1:1
	3
	H2O
	CMCa, glucose or ascorbic acid as organic additives and carbon source
	200 ℃, 24 h, 800 rpm
	700 ℃, 1 h, Ar/3% H2
	Irregular particles, 0.39-2.8 µm
	135 (0.1 C)
132 (0.5 C)
125 (1 C)
117 (2 C)
101 (5 C)
	52% capacity retention 0.1 C after 30 cycles
	31

	LiOH·H2O, Co(CH3COO)2·4H2O, H3PO4
	1:1:1
	0.2
	TTEGa
	V doping, LiFePO4 coating
	240 ℃, 30 min, microwave assisted: 850 W
	525 ℃, 4 h, Ar
	Spherical or oblong spheroid, 50 - 250 nm
	145 (0.1 C)
	51% capacity retention at 0.1 C after 20 cycles
	113

	LiOH·H2O, CoSO4·7H2O, H3PO4
	3:1:1
	-
	H2O:(EG, DEG, TEG, TTEG, PEG, BA)a =1:1
	Ascorbic acid as reducing agent, pH=5.0-5.5
	250 ℃, 30 min, microwave assisted: 600 W
	-
	Square, rhombic and hexagonal platelets, 600-800 x 400-600 x 100-150 nm to 9 x 7 x 3 μm
	141 (0.1 C)
135 (0.2 C)
130 (0.5 C)
123 (1 C)
112 (2 C)
	96% capacity retention at 0.5 C after 15 cycles
	53

	LiOH·H2O, CoSO4·7H2O, H3PO4
	3:1:1
	0.25
	EGa:(H2O+EGa) =0-1
	Ascorbic acid as reducing agent, pH = 5.0
	250 ℃, 30 min, microwave assisted: 600 W
	-
	Hexagonal platelets, 200 x 100 x 50 nm to 1.2 x 1.2 x 0.5 µm
	136 (0.1 C)
125 (0.2 C)
115 (0.5 C)
105 (1 C)
95 (2 C)
	94% capacity retention at 0.5 C after 15 cycles
	125

	LiNO3, Co(NO3)2·6H2O, (NH4)2HPO4
	-
	-
	H2O
	Alginic acid as carbon source
	180 ℃, 30 min, 20 bar, microwave assisted: 15-20 W, 2.45 GHz, 600 rpm
	700 ℃, 6 h, Ar
	-
	160 (0.1 C)
138 (1 C)
120 (2 C)
88 (5 C)
	86% capacity retention at 0.1 C after 100 cycles
	134

	LiNO3, Co(NO3)2, (NH4)2HPO4
	-
	-
	EGa
	-
	200 °C, 60 min, 20 Bar, microwave assisted: 40-50 W, 2.45 GHz, 600 rpm
	650 ℃, 6 h, Ar/5%H2
	-
	78 (0.1 C)
68 (0.5 C)
57 (1 C)
44 (2 C)
32 (5 C)
	53%  capacity retention at 0.1 C after 50 cycles
	135

	a PVP: poly(vinylpyrrolidone); CMC: carboxymethylcellulose sodium salt; EG: ethylene glycol; DEG: diethylene glycol; TEG: tri-ethylene glycol; TTEG: tetra-ethylene glycol; PEG: polyethylene glycol 400; BA: benzyl alcohol.



3.3 Sol-gel process
The sol-gel process is a low temperature, wet-chemical technique, which can provide high purity, good homogeneity and small particle size due to the homogeneous mixing of the reactants in solution at atomic or molecular level.143-147 In this process, the reactants are firstly dissolved in solvents, and the resulting sol evolves gradually into a gel-like network,20, 148-152 then the gel is calcined at 500-800 ℃ to obtain LiCoPO4.153-156 As shown in Table 3, reaction parameters such as precursors,55, 157, 158 carbon sources,134, 138, 159 sintering temperature and time54, 160, 161 had significant effect on the electrochemical performance of LiCoPO4.
Various precursors and solvents are used in sol-gel synthesis to produce LiCoPO4 (Table 3).162-165 The raw materials generally consist of a stoichiometric amount of lithium acetate or lithium nitrate as a lithium source, cobalt(II) acetate or cobalt(II) nitrate as a cobalt source, as well as  a phosphorus source such as phosphoric acid, ammonium dihydrogen phosphate or diammonium phosphate.157, 158, 166, 167 Water is the most commonly used solvent to control the structure of LiCoPO4,134, 138, 159, 162 but organic solvents including ethanol,160 ethylene glycol,163 diethylene glycol165 and water/isopropanol co-solvent can also be used in sol-gel synthesis.155 Citric acid is widely used as a chelating agent.168-170 During gelation, it provides strong bonding with metal ions through its carboxylic groups leading to a homogeneous precursor gel with finer particle size and homogenous distribution.168 In the sol-gel process, carbon precursors like citric acid can also decompose to produce a uniform carbon coating layer in situ during the post-annealing step.153, 168 Also, carbon deposition on the surface of LiCoPO4 can effectively suppress the particle growth during calcination.138, 153, 168 Therefore, the sol-gel synthesis of LiCoPO4 provides control and fine particle size to shorten Li-ion diffusion path lengths, as well as uniform carbon coating to improve its electrical conductivity.
[bookmark: _Ref507790852]Table 3 Sol-gel synthesis: the influence of precursors, carbon sources, reaction and sintering conditions on the electrochemical performance of LiCoPO4.
	Precursors
	Additives
	Reaction conditions
	Sintering conditions (temperature, time, gas)
	Particle size
	Rate performance, mA h g-1 (rate, C)
	Cycle stability
	Ref.

	LiNO3, Co(NO3)2·6H2O, (NH4)2HPO4
	Citric acid as chelating
agent and carbon source
	Stirring for 3.5 h, evaporation at 85 ℃, dry at 100 ℃, pyrolysis at 350 ℃ for 2 h in Ar
	500 ℃, 4 h, air
	240-350 nm
	137 (0.1 C)
	68% capacity retention at 0.1 C after 30 cycles
	153

	LiNO3, Co(NO3)2, NH4H2PO4
	Citric acid as chelating agent and carbon source
	Stirring at 80 ℃ for 2 h, evaporation at 120 ℃ for 12 h, pyrolysis at 350 ℃ for 2 h in air
	500 ℃,  5 h, air
	100-300 nm
	117 (0.1 C)
93 (0.2 C)
80 (0.5 C)
67 (1 C)
	57 mA h g-1 at  0.1 C after 20 cycles
	138

	CH3COOLi·2H2O, Co(CH3COO)2⋅4H2O, H3PO4
	Citric acid as chelating agent
	Evaporative at 80 °C for 3 h in air
	300 ℃, 5 min, air,
730 ℃, 12 h, N2
	-
	68 (0.1 C)
	15 mA h g-1 at  0.1 C after 21 cycles
	54

	LiNO3, Co(NO3)2·6H2O, (NH4)2HPO4
	Citric acid as chelating agent, Y doping
	Evaporation at 85 °C, dry at 100 ℃ for one day
	600 ℃, 8 h, air
	500 nm
	154 (0.1 C)
	32 mA h g-1 at 0.1 C after 30 cycles
	162

	LiH2PO4, CH3COOLi·2H2O, Co(CH3COO)2·4H2O, NH4H2PO4
	Citric acid as chelating agent, Fe doping
	Evaporation at 70 ℃ for 1 h, decompose at 300 ℃ for 5 h in air
	550 ℃, 10 h, air
	200-400 nm
	128 (0.1 C)
120 (1 C)
95 (10 C)
	95% capacity retention at 0.1 C after 50 cycles
	157

	CH3COOLi·2H2O, Co(C5H7O2)2, H3PO4
	Ethylene glycol as solvent and carbon source
	Aging for 2 days
	700 ℃, 12 h, Ar
	300 nm
	114 (2 C)
	57 mA h g-1 at 2 C after 15 cycles
	163

	CH3COOLi·2H2O, Co(CH3COO)2⋅4H2O, H3PO4
	Citric acid as chelating agent, graphitic carbon foam modification
	Evaporation at 80 °C for 2 h
	300 ℃, 0.1 h, air,
730 ℃, 12 h, N2
	-
	100 (0.1 C)
	33 mA h g-1 at 0.1 C after 11 cycles
	158

	LiNO3, Co3(PO4)2, (NH4)2HPO4
	Citric acid as chelating agent, Mn doping, gallic acid as reducing agent and carbon source
	Evaporation at 70 ℃ for 24 h, decompose at 350 ℃ for 3 h in air
	650 ℃, 6 h, Ar/15%H2
	40-80 nm
	140 (0.1 C)
108 (0.5 C)
96 (2 C)
77 (5 C)
	92% capacity retention at 0.1 C after 60 cycles
	168

	Li2CO3, Co(CH3CO2)2·4H2O, NH4H2PO4
	Citric acid as carbon source
	Evaporation at 80 ℃ for 12h, dry at 80 ℃ for 12h in vacuum
	300 ℃, 3 h, N2,
700 ℃, 10 h, N2
	-
	83 (0.5 C)
	59% capacity retention at 0.5 C after 30 cycles
	169

	LiNO3, Co(NO3)2·6H2O, (NH4)2HPO4
	Citric acid as chelating agent, alginic acid as carbon source
	Dry at 80 ℃
	700 ℃, 6 h, Ar
	-
	150 (0.1 C)
130 (1 C)
101 (2 C)
63 (5 C)
	112 mA h g-1 at 0.1 C after 100 cycles
	134



3.4 Summary of synthesis methods
The comparison of solid-state reaction, hydrothermal/solvothermal synthesis and sol-gel process for preparation of LiCoPO4 are summarised in Table 4. As the conventional method for mass production of most cathode materials for LIBs, the solid-state method is widely used for preparation of LiCoPO4, in spite of the drawback of poor particle size control. In contrast, wet-chemical methods like hydrothermal/solvothermal synthesis and the sol-gel process provide better control of the morphology and particle size of LiCoPO4, but suffer from process complexity and higher cost. Apart from these most commonly used preparation methods for obtaining LiCoPO4, some other synthesis methods also appear in the literature,171-173 such as spray pyrolysis,56, 174-178 co-precipitation,41, 107, 134, 179-181 polyol process,124, 182-186 supercritical fluid processes,139, 187-190 microwave heating84, 134, 191-194 and carbo-thermal reduction.168, 195, 196 Further improvements are still required to develop a simple, time and energy saving, easy to control and industrially compatible synthesis method to prepare LiCoPO4 with high purity, small particle size and good cycle stability and rate capability.
[bookmark: _Ref507878780]Table 4 Comparison of solid-state reaction, hydrothermal/solvothermal synthesis and the sol-gel process for preparation of LiCoPO4.
	Synthesis methods
	Advantages
	Disadvantages
	Size
	C addition

	Solid-state reaction
	Low cost, process simplicity
	Difficult to control particle growth
	Sub-micro or micro-size
	In situ coating or post-addition

	Hydrothermal/solvothermal synthesis
	Nanosize, morphology control
	Strict reaction conditions (temperature, pH, time, etc.), waste liquid
	Nano-size
	In situ coating or post-addition

	Sol-gel process
	High purity and homogeneity, nanosize
	Long process
	Nano-size
	In situ coating



4 Strategies for performance improvement
Olivine LiCoPO4 cathodes exhibit some unsatisfactory features in LIBs including low specific capacity, poor cycle stability and poor rate performance. Tremendous efforts have been made to improve the electronic and ionic conductivity of LiCoPO4, using approaches such as surface modification (e.g. carbon coating), carbon network support structures, ion doping, size reduction and morphology control.32-42 The poor capacity and cycle stability of LiCoPO4 electrodes in conventional LiPF6-containing electrolyte solutions has been attributed to degradation of the olivine structure.44-48 Bramnik et al investigated the thermal stability of LiCoPO4 cathodes charged to low lithium contents using synchrotron diffraction and differential thermal analysis. It was found that CoPO4 appearing during the delithiation of LiCoPO4 is unstable upon heating and decomposes readily at temperatures of 100-200 °C.68 Similar observations were reported by Wohlfahrt-Mehrens et al who found that the fully charged cathode decomposes at 160-260 °C.69 Unlike other phosphates with Co3+ in octahedral coordination, Bramnik et al found that Co3+ is present in a high-spin configuration in delithiated (charged) CoPO4, which could explain the fact that CoPO4 is unstable in contact with air or moisture and undergoes amorphisation.64 Using in situ synchrotron diffraction, Bramnik et al also demonstrated the electrochemical extraction of lithium is accompanied by significant electrolyte decomposition, contributing to the capacity loss upon cycling.49 This is in agreement with a first-principles investigation on LiCoPO4 by Major et al, who found that fully delithiated CoPO4 is energetically unstable.197 Markevich et al found this delithiated CoPO4 phase to be prone to nucleophilic attack by F- anions (produced by electrolyte decomposition at high voltages) on the P atoms to beak the P-O bonds of the phosphate anions.46 This process leads to the surface degradation of LiCoPO4 (interfaced with the electrolyte solution),50 accompanied by the cobalt dissolution,198 olivine structure degradation,44 formation of cracks in crystals after charging,199, 200 and Li depletion due to the reformation of the solid-electrolyte interface (SEI),47 thus resulting in a fast capacity fading upon cycling. Brutti et al suggested that the self-discharge in LiCoPO4 electrodes is a self-feeding process that occurs with the spontaneous transfer of electrons from the electrolyte to the Co3+ ions in the delithiated electrode, mediated by a porous and partially reactive SEI film that is unable to fully passivate the electrode surface.199 Recently, Ikuhara et al investigated atomic level changes during capacity fade in highly oriented thin films of LiCoPO4.43 It was found that many cation exchange (antisite) defects were formed in the surface after only three cycles. The concentration of these defects increases upon further cycling, with significant capacity fading. The formation of cation exchange defects is associated with oxygen loss and deformation of PO4 tetrahedra, leading to structural degradation detrimental to the cycle stability of LiCoPO4 electrodes.
Surface modification is an important strategy to improve the cycle stability of LiCoPO4 electrodes by protecting LiCoPO4 from direct contact with electrolyte thus avoiding surface degradation caused by HF attack produced from electrolyte decomposition.56, 185, 198 Other strategies like ion doping to stabilise the olivine structure, and electrolyte optimisation to form a protective surface film with improved LiCoPO4 surface stability will be discussed in the following sections.201
4.1 Surface modification
Surface modification of LiCoPO4 with a conductive agent is an effective way of improving the overall electronic conductivity of the composite electrodes and providing some protection against reaction with the electrolyte, water traces, etc.35, 52, 56, 185, 198, 202 The classical conductive agent introduced to modify electrode materials is carbon, which possesses high conductivity, low cost and good stability in batteries.14, 120 Relevant examples of the electrochemical performance of LiCoPO4 after surface modification are shown in Table 5.
4.1.1 Carbon coating. In general, the main role of carbon coating is to enhance the electronic conductivity of LiCoPO4.56, 109, 153, 171, 177, 183, 198 For example, Wei et al synthesized a core-shell LiCoPO4/C nanocomposite via microwave heating. LiCoPO4 with an average particle size of ~150 nm was coated with a uniform amorphous carbon film of ~10 nm thickness.191 Carbon with high conductivity distributed on the surface of LiCoPO4 helps the transportation of electrons among particles. Also, the added carbon can reduce the LiCoPO4 surface layers to the conductive Co2P during heating under inert atmosphere.34, 35, 51, 65 Wolfenstine et al investigated the effect of added carbon on the electronic conductivity and discharge capacity LiCoPO4. It was found that the added carbon was partly consumed to reduce the LiCoPO4 surface layers to Co2P during heating under Ar atmosphere. As the amount of the Co2P phase increased to 4 wt.%, the electronic conductivity increased to ~10-4 S cm−1 with a maximum discharge capacity of ∼120 mA h g−1 obtained.34, 35 Nallathamby et al confirmed that the presence of Co2P as a second phase improved the conductivity and electrochemical properties of the parent LiCoPO4. The formation of Co2P is found to be achievable only in an inert atmosphere.51
Meanwhile, carbon coating reduces the particle size and alleviates the aggregation of LiCoPO4 particles by inhibiting undesirable particle growth.31, 58, 198 Thermal treatment is generally used in the preparation of LiCoPO4 to achieve better crystallinity. LiCoPO4 nanoparticles are easy to agglomerate, especially at high temperature. A perfect carbon coating limits agglomeration and restricts the further growth of the LiCoPO4 crystals in the calcination process.14, 203
In addition, carbon coating can protect LiCoPO4 from direct contact with electrolyte thus avoiding surface degradation caused by HF attack produced from electrolyte decomposition.56, 185, 198 For batteries using LiPF6 based electrolyte, LiCoPO4 may suffer from partial dissolution due to the presence of HF, which is produced by LiPF6 hydrolysis with trace water impurities.14, 204, 205 This will lead to capacity decay upon long term cycling.
Due to the coating, Li-ions have to migrate through the surface layer before diffusing in and out of the LiCoPO4 lattice.14, 89 Therefore, the coating on the surface of LiCoPO4 should be thin, uniform and intact.154, 155, 194 Also, the addition of carbon reduces the tap density of LiCoPO4 cathodes and thus decreases the volumetric energy density of LIBs. Taking these into consideration, the optimum carbon contents depends on various coating strategies.14, 47, 132, 198, 206
[bookmark: _Ref508578114]Table 5 The effects of carbon and other surface coatings on the performance of LiCoPO4 composites.
	
	Carbon
	
	

	Synthesis methods
	Precursors
	Coating techniques
	Content (wt.%)
	Thickness (nm)
	Rate performance, mA h g-1 (rate, C)
	Cycle stability
	Ref.

	Microwave heating
	Acetylene black
	In situ
	3.3
	10 nm
	144 (0.1 C), 137 (1 C), 116 (5 C), 90 (10 C), 71 (20 C)
	73 mA h g-1 at 0.1 C after 30 cycles
	191

	Spray pyrolysis
	Citric acid
	In situ
	2.4
	3-5 nm
	123 (0.1 C), 82 (5 C)
	95% capacity retention at 0.1 C after 20 cycles
	174

	Solvothermal synthesis
	Glucose
	In situ
	3.4, 5.1
	8 nm
	136 (0.1 C), 85 (5 C)
	91% capacity retention at 0.1 C after 50 cycles
	101

	Spray pyrolysis
	Acetylene black
	Wet ball mill
	-
	-
	142 (0.05 C), 141 (0.1 C), 137 (1 C), 128 (5 C), 109 (20 C)
	87% capacity retention at 0.1 C after 40 cycles
	175

	Sol-gel process
	Citric acid
	In situ
	0.52
	-
	137 (0.1 C)
	68% capacity retention at 0.1 C after 30 cycles
	153

	Planetary ball mill
	Acetylene black
	In situ

	3, 5, 10
	-
	145 (0.1 C), 72 (5 C)
	70% capacity retention at 0.1 C after 50 cycles
	198

	Spray pyrolysis
	Acetylene black
	Wet ball mill
	10, 11.3, 11.7, 11.9
	-
	134 (0.05 C), 133 (0.1 C), 131 (0.5 C), 128 (1 C), 88 (10 C), 52 (20 C)
	89%, 77%, 63% capacity retentions at 0.1 C, 0.5 C, 1 C after 30 cycles
	177

	Solvothermal synthesis
	Glucose, Mn doping
	In situ
	12
	-
	105 (0.2 C)
	90% capacity retention at 0.2 C after 30 cycles
	141

	Sol-gel process
	Citric acid, acetylene black
	In situ, ex situ
	4.6, 5.8
	15-20 nm
	131 (0.1 C), 107 (0.5 C), 95 (1 C)
	78% capacity retention at  0.1 C after 40 cycles
	206

	Aqueous precipitation
	Sucrose, acetylene black, propane
	Pyrolysis, spray, vapour deposition
	5
	4 nm
	130 (0.06 C), 109 (0.3 C), 89 (0.9 C), 76 (1.8 C)
	80% capacity retention at 0.06 C after 30 cycles
	179

	Sol-gel process
	Citric acid
	In situ
	＜ 1
	-
	92 (0.05 C), 67 (0.2 C), 52 (0.5 C), 22 (1 C)
	85% capacity retention at 0.05 C after 35 cycles
	207

	Solid-state fusion method
	Super P® carbon
	Ball mill
	10
	-
	123 (0.1 C), 114 (0.2 C), 102 (1 C), 93 (2 C), 81 (5 C)
	89% capacity retention at 0.1 C after 30 cycles
	51

	Emulsion drip combustion, ball mill
	Kerosene, heptane
	In situ
	3, 8, 35, 37, 66,
	10 nm
	128 (0.1 C)
	87% capacity retention at 0.1 C after 25 cycles
	171

	Microwave-assisted ball mill
	Acetylene black
	In situ
	3.1
	-
	161 (1 C)
	83% capacity retention at 1 C after 1700 cycles
	194

	Solvothermal synthesis
	Sucrose
	In situ
	0.13-0.23
	-
	120 (0.1C)
	78% capacity retention at 0.1 C after 20 cycles
	208

	Flame spray pyrolysis
	Sucrose, polyacrylic acid, Tween 80®
	Planetary ball mill
	1.8, 2, 2.6, 3.2
	3 nm
	120 (0.1 C), 80 (1 C)
	58% capacity retention at 0.1 C after 112 cycles
	56

	Solvothermal synthesis
	Sucrose
	Ground
	4
	3 nm
	124 (0.1 C), 111 (0.5 C), 100 (1 C), 85 (2C), 51 (5 C)
	83% capacity retention at 0.1 C after 100 cycles
	58

	Solid-state ball mill
	Sucrose, graphene oxide
	Ball mill, suspension mixing
	2, 2.8
	3 nm
	146 (0.1 C), 93 (2 C)
	63% capacity retention at 0.1 C after 40 cycles
	108

	Sol-gel assisted carbothermal reduction
	Citric acid
	In situ
	2.87, 2.97
	5-10 nm
	140 (0.1 C), 108 (0.5 C), 96 (2 C), 77 (5 C)
	92% capacity retentions at 0.1 C after 60 cycles
	168

	PVPa assisted polyol process
	Acrylic acid, ethylene glycol
	Resin coating process
	2
	-
	180 (0.1 C)
	90% capacity retention at 0.1 C after 20 cycles
	185

	Microwave-solvothermal synthesis
	Tannic acid
	In situ
	2.61-2.81
	5-7 nm
	155 (0.1 C), 129 (1 C), 98 (5 C), 70 (10 C), 51 (20 C)
	91% capacity retention at 0.1 C  after 80 cycles
	132

	One-pot hydrothermal synthesis
	CMCa, glucose, ascorbic acid
	In situ
	3.1, 1.5, 0.9
	6 nm
	135 (0.1 C), 132 (0.5 C), 125 (1 C), 117 (2 C), 101 (5 C)
	52% capacity retention at 0.1 C  after 30 cycles
	31

	Microwave-hydrothermal synthesis
	Alginic acid
	Ex situ
	2.5-2.67
	3-4 nm
	160 (0.1 C), 138 (1 C), 120 (2 C), 88 (5 C)
	86% capacity retention at 0.1 C after 100 cycles
	134

	Sol-gel process
	Citric acid
	In situ
	1.45-1.52
	8 nm
	144 (0.1 C), 122 (0.2 C), 107 (0.5 C), 91 (1 C)
	71% capacity retention at 0.1 C after 100 cycles
	209

	Solid-state reaction
	LiFePO4 coating
	Sol-gel route
	10
	2-3 nm
	132 (0.1 C)
	92 mA h g-1 at 0.1 C after 17 cycles
	93

	Solid-state reaction
	LiFePO4 coating, Fe doping
	Dry coating procedure
	1.5
	20 nm
	128 (0.1 mA cm-2)
	70% capacity retention at 0.1 mA cm-2 after 20 cycles
	52

	Microwave-assisted solvothermal synthesis
	LiFePO4 coating, V doping
	Ex situ
	5, 10
	3-5 nm
	145 (0.1 C)
	51% capacity retention at 0.1 C  after 20 cycles
	113

	Microwave-assisted hydrothermal synthesis
	NiO coating
	Stöber, hydrothermal synthesis
	2.5, 5
	7-8 nm
	159 (0.1), 98 (2 C), 70 (5 C)
	85% capacity retention at 0.1 C after 80 cycles
	26

	Sol-gel process
	AlF3 coating
	Ex situ
	2, 4, 6 mol%
	4, 8, 12 nm
	159 (0.1 C), 135 (0.2 C), 110 (0.5 C), 90 (1 C)
	91% capacity retention at 0.1 C after 50 cycles
	202

	a: PVP: polyvinylpyrrolidone; CMC: carboxymethylcellulose sodium salt.



4.1.2 Carbon source. Choice of carbon source strongly affects the quality of the carbon coating for LiCoPO4. Various carbon sources have been used, including organic sources (e.g. sucrose, glucose, ascorbic acid and tannic acid)31, 56, 132, 168, 174, 185 and inorganic sources (e.g. carbon nanofibres, carbon nanotubes, graphene and acetylene black).109, 160, 166, 194, 198, 210
Organic carbon sources have advantages in forming a homogeneous carbon layer on LiCoPO4 and in controlling the structure of carbon coating (homogeneity, thickness, coverage) during the high temperature pyrolysis process, but it is hard to control the quality of carbon (conductivity, graphitized degree).15, 134, 141 Passerini et al reported that the choice of carbon source, such as sucrose, polyacrylic acid and Tween 80® has a major impact on the purity, particle size, morphology and electrochemical performance of LiCoPO4. With 20wt. % sucrose as carbon source, TEM image showed a homogeneous coating layer with a well-defined thickness of about 3 nm (Figure 2 a). When reducing the sucrose amount to 10 wt.%, it showed a carbon layer on the entire surface but not homogeneous in thickness (Figure 2 b). The LiCoPO4/C composites showed partially uncoated areas with polyacrylic acid or Tween 80® as carbon sources (Figure 2 c and d). Although carbon coating improves the conductivity of LiCoPO4 and protects the LiCoPO4 particles from direct contact with the electrolyte, a decrease of capacity with cycling is still observed, probably associated with electrolyte decomposition at high operating voltages.56 As shown in Figure 2 e-h, Kanamura et al synthesized LiCoPO4/C particles by one-pot hydrothermal process using three different organic additives as carbon sources i.e. carboxymethylcellulose sodium salt (CMC), glucose and ascorbic acid. CMC played an important role to decrease the LiCoPO4 particle size to 390 nm and form a continuous carbon coating on the surface. LiCoPO4/C prepared with CMC delivered higher initial discharge capacity of 135 mA h g-1 at 0.1 C, and showed better rate capability and cycle performance than the other samples.31
Inorganic carbons offer an alternative approach to increase the conductivity of LiCoPO4 electrodes.211 Using inorganic carbons such as carbon nanotubes or nanofibres,114, 210 graphene and acetylene black,106, 175, 177, 179, 191, 194, 198, 206 a 3D conductive network can be obtained in the LiCoPO4 electrode. As shown in Figure 2 i-k, Jin et al fabricated LiCoPO4-multiwall carbon nanotube nanocomposites by dispersing carbon nanotubes during the gelation step of LiCoPO4 synthesis. The uniform distributions of carbon nanotubes within LiCoPO4 particles could enhance the electrical conductance between LiCoPO4 particles, thus improving its specific capacity.210
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[bookmark: _Ref508621961]Figure 2 TEM images of LiCoPO4/C particles prepared using (a) 20 wt.% sucrose, (b) 10 wt.% sucrose, (c) 20 wt.% polyacrylic acid and (d) 40 wt.% Tween 80® as carbon sources; Reproduced from Ref. 56 with permission from the Royal Society of Chemistry 2016. SEM images of (e) bare LiCoPO4 and LiCoPO4/C prepared using (f) CMC, (g) glucose and (h) ascorbic acid as carbon sources; Reproduced from Ref. 31 with permission from Elsevier 2017. (i) SEM and (j) TEM images of LiCoPO4-multiwall carbon nanotube (LiCoPO4-MWCNT) nanocomposite, (k) MWCNT amounts vs conductance or discharge capacity of bare LiCoPO4 and LiCoPO4-MWCNT cathodes for LIBs. Reproduced from Ref. 210 with permission from Springer Nature 2016.
4.1.3 Carbon coating process. The carbon coating process includes mixing carbon sources with battery materials followed by heat treatment. Currently, it is still challenging in the formation of a uniform carbon nanolayer with full coverage on LiCoPO4. Too thin carbon coating cannot cover the LiCoPO4 particle uniformly, but too thick carbon layer will limit Li-ion diffusion and decrease the volumetric energy density of the battery materials.15 In order to obtain battery materials with good performance, ex situ and in situ carbon coating technologies have been reported.
For ex situ carbon coating, the carbon is introduced onto previously prepared LiCoPO4.45 Thus pure LiCoPO4 can be obtained before carbon coating to improve the purity of the composite.11, 69, 107 Also, various kinds of carbon materials especially graphitic carbon can be chosen to improve the quality of coating layer.158, 167, 212, 213 However, it is often a challenge to obtain a uniform carbon coating.211 Gao et al compared three techniques, pyrolysis of sucrose, spray of acetylene black, and propane vapour deposition, to ex situ coat carbon onto the surface of LiCoPO4 particles. Figure 3 a and b shows the vapour deposition technique helps developing a more homogeneous carbon coating layer on LiCoPO4, thus enabling the active composite to deliver a specific capacity of 130 mA h g-1 at 0.06 C and maintain 80% of that after 30 cycles (Figure 3 c).179
Some in situ carbon coating methods, such as the sol-gel168, 206, 207, 209 or solvothermal synthesis101, 128, 132, 208, 214 can generate uniform, compact, and intact carbon layers with appropriate thickness on LiCoPO4.32, 174, 215 Gao et al reported that a LiCoPO4/C core-shell structure was readily prepared by a sol-gel approach, where the carbon shell was formed in situ. The homogeneous carbon shell increases the kinetics of LiCoPO4 electrode and retards side reactions between electrode and electrolyte. It can deliver a specific capacity of 131 mA h g-1 and exhibit a retention of 78% after 40 cycles at 0.1 C. When discharged at rates of 0.5 and 1 C, the material can deliver capacities of 107 and 95 mA h g-1, respectively.206 Also, Örnek et al synthesized nanostructured LiCoPO4/C by a sol-gel method. HR-TEM analysis revealed that a carbon layer of 5 to 10 nm thickness was uniformly distributed on the surface of LiCoPO4.168 Meanwhile, a microwave assisted solvothermal method at temperatures from 140-220 ℃ was applied to synthesized LiCoPO4 cathode with a thin (5-7 nm) and uniform carbon layer distributed on the surface (Figure 3 d).132 This nanostructured LiCoPO4/C cathode exhibited a capacity of 155 mA h g-1 at 0.1 C with a capacity retention of 91% after 80 cycles, and rate capability of 98 mA h g-1 at 5 C (Figure 3 e and f).
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[bookmark: _Ref508625010]Figure 3 (a) and (b) TEM images of LiCoPO4 showing the carbon coating via vapour deposition technique. The carbon layer is indicated by arrows in (a). (c) Discharge capacity of the bare and LiCoPO4/C electrodes at 0.06 C as a function of cycle number. Reproduced from Ref. 179 with permission from Elsevier 2013. (d) High-resolution TEM image of LiCoPO4/C. (e) and (f) Cycle stability and rate performance of bare and LiCoPO4/C samples prepared by microwave assisted solvothermal synthesis at 180-220 ℃. Reproduced from Ref. 132 with permission from Elsevier 2016.
4.1.4 Surface modification with other materials. Surface modifications of LiCoPO4 with non-carbon materials, such as LiFePO4,52, 93, 113 NiO,26 AlF3,202 VOx,56 Li3V2(PO4)3,196, 216 Al2O3,217 have been reported to improve the cycle stability of LiCoPO4 electrodes by producing a protective film on the LiCoPO4 surface. Lee et al prepared LiFePO4 coated LiCoPO4 with a coating layer of about 20 nm in thickness. It was found that the surface modification with LiFePO4 on LiCoPO4 particle mitigated electrolyte degradation, which led to improved cycle stability of high voltage materials.52 As shown in Figure 4, Örnek reported nanoscale NiO-coated LiCoPO4 cathode materials prepared by a newly designed three-step synthesis route, which is a combined technique including advantages of the Stöber, hydrothermal and microwave synthesis methods. LiCoPO4 particles are coated with a continuous NiO layer of 8-10 nm, which can reduce the volumetric stresses and strains that occur during the Li+ insertion and extraction. The 2.5 wt.% NiO-coated cathode had a discharge capacity of 159 mA h g-1 at 0.1 C current rate and showed 85% capacity retention after 80 charge-discharge cycles.26 Qiu et al synthesized LiCoPO4 cathode material with a nano-sized uniform AlF3 layer distributed on the surface. 4 mol% AlF3 coated LiCoPO4 material exhibits an initial discharge capacity of 159 mA h g-1 at 0.1 C with 91% capacity retention after 50 cycles, and a discharge capacity of 90 mA h g-1 can be obtained at 1 C rate. The enhanced cycle stability and rate capability are attributed to the fact that the AlF3 layer can suppress the electrolyte decomposition at high voltages.202
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[bookmark: _Ref508627181]Figure 4 (a) Schematic illustration of NiO-coated LiCoPO4 nanoparticles using stepwise synthesis methodology; (b) high-resolution TEM image of 2.5 wt.% NiO-coated LiCoPO4 sample; (c) cycle stability of bare and NiO-coated LiCoPO4 samples at 0.1 C; (d) rate capability of 2.5 wt.% NiO-coated LiCoPO4 sample at various rates from 0.1 C to 5 C. Reproduced from Ref. 26 with permission from Elsevier 2017.
4.2 Carbon network support structures
The use of carbon and other materials to coat LiCoPO4 particles has been discussed in section 4.1. In this section, the use of carbon materials to support and disperse LiCoPO4 particles will be described. Carbon nanofibres,160, 166 carbon nanotubes,218 graphene sheets108, 219 and carbon foams146, 158, 167, 212, 213, 220 have been applied to form carbon network support 3D architectures on to which LiCoPO4 particles have been deposited. Relevant examples of the electrochemical performance of LiCoPO4 supported on these carbon network structures are shown in Table 6. The structural, morphological and electrochemical properties of composites are found to depend on the annealing atmosphere and time.146, 158, 167, 212, 213, 220, 224-226
Carbon nanofibres and carbon nanotubes with high electronic conductivity are considered to be promising materials to enhance the LiCoPO4 performance, because these materials can easily connect the LiCoPO4 particles to fabricate a continuous conductive network. Also, the good mechanical properties of the 3D carbon structures can effectively eliminate the residual stresses caused by volume changes in LiCoPO4 during charge-discharge processes.1, 221, 222 In spite of these unique features, these carbon networks face some challenges in practical application that significantly decrease their advantages, such as easy aggregation, poor dispersion in common solvents, and complex and time-consuming synthesis processes. Dimesso et al introduced a novel and cheap Pechini-assisted sol-gel process to prepare LiCoPO4-3D carbon nanofibre composites using electrospun and carbonized nanofibres dipped into a solution containing Li, Co and phosphate ions. The LiCoPO4 crystalline deposits were uniformly distributed on the carbon nanofibre surface. With a discharge capacity of 46 mA h g-1 at 0.1 C, the composites required further optimization.166 Sarapulova et al also prepared disordered carbon nanofibre/LiCoPO4 composites (Figure 5 a and b) by a sol-gel method with a discharge capacity of 105 mA h g-1.160
The high thermal conductivity of individual multi-walled carbon nanotubes (MWCNTs) (3000 W m-1 K-1) reduces the risk of thermal runaway caused by local over-charge or high current charge/discharge.223 As shown in Figure 5 c and d, hybrid architectures composed of 3D aligned arrays of MWCNTs and LiCoPO4 nanoparticles have been synthesized by Schneider et al via tethering lithium phosphoolevins on MWCNTs.218
Some other carbon structures like carbon foams have also been employed in LiCoPO4 composites. Dimesso et al prepared LiCoPO4-carbon foams via a Pechini-assisted sol-gel process and heated under N2 and air. Morphological investigation of the composites (Figure 5 e) showed the formation of crystalline “island-like” structures (typically 5-50 μm) supported on carbon.
In recent years, graphene has become an intensively studied material in many fields.227-234 Graphene could be a suitable candidate as an electron conducting additive in the cathodes of LIBs228, 235 due to its extraordinary electronic conductivity higher than 102 S cm-1.236-240 It can build a 3D conductive network for LiCoPO4, which can increase the inter-particle electrical contact and improve the cycle stability and rate capability.219 As shown in Figure 5  g and h, Wang et al presented a novel method towards synthesis of two-layer sandwiched graphene/LiCoPO4 nanoparticles. In this approach, the (NH4)2Co8(CO3)6(OH)6·4H2O nanosheets, as the template, and glucose molecules, as the carbon source, are the key factors involved in forming the specific morphology in which both top and bottom graphene sheets tightly envelop the LiCoPO4 nanoparticles, just like a sandwich. This 3D graphene/LiCoPO4 composite displayed promising rate performance (discharge capacity of 85 mA h g-1 at 20 C), stability (capacity retention of 94.6% after 100 cycles) and fast kinetics.219 However, a large amount of graphene can decrease the tap density, thus reducing the volumetric energy density of graphene/LiCoPO4 composites.1
The carbon network support LiCoPO4 3D structures can be combined with methods of carbon coating to further improve the conductivity of LiCoPO4 composites.108 Chen et al developed a facile solid-state process for preparing a novel hierarchical LiCoPO4/carbon/graphene composite, consisting of ~3 nm thickness carbon coated LiCoPO4 nanoparticles crosslinked by wrinkled graphene (Figure 5 f). The LiCoPO4/carbon/graphene material delivers a discharge capacity of 146 mA h g-1 at 0.1 C and 93 mA h g-1 at 2 C. This could be attributed to the high electronic conductivity resulted from the synergistic carbon coating and graphene crosslinking.108
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[bookmark: _Ref507963576]Figure 5 (a) SEM and (b) TEM images of carbon nanofibre/LiCoPO4 composites; Reproduced from Ref. 160 with permission from Springer Nature 2012. (c) SEM and (d) TEM images of ordered 3D carbon nanotube/LiCoPO4 composites; Reproduced from Ref. 218 with permission from John Wiley and Sons 2011. (e) HREM image of carbon foam/LiCoPO4 composites; Reproduced from Ref. 146 with permission from Elsevier 2012. (f) schematic illustration of hierarchical LiCoPO4/carbon/graphene composite; Reproduced from Ref. 108 with permission from Elsevier 2016. (g) SEM and (h) HRSEM images of 3D sandwiched graphene/LiCoPO4 composites. Reproduced from Ref. 219 with permission from the Royal Society of Chemistry 2015.
[bookmark: _Ref505679160]Table 6 The electrochemical performance of carbon network support LiCoPO4 3D structures.
	Synthesis methods
	Carbon network
	Techniques
	Rate performance, mA h g-1 (rate, C)
	Cycle stability
	Ref.

	Sol-gel process
	Multiwall carbon nanotubes
	Ex situ
	-
	35% capacity retention at  0.1 C after 30 cycles
	218

	Pechini-assisted sol-gel process
	3D nonwoven nanofibres
	In situ
	46 (0.1 C)
	26% capacity retention at  0.1 C after 16 cycles
	166

	Pechini-assisted sol-gel process
	Graphitic carbon foam
	In situ
	100 (0.1 C)
	36% capacity retention at 0.1 C after 10 cycles
	213

	Hydrothermal synthesis
	Graphene sheets
	In situ
	150 (0.1 C), 145 (1 C), 129 (5 C), 104 (10 C), 85 (20 C)
	95% capacity retention at 0.1 C after 100 cycles
	219

	Solid-state ball mill reaction
	Wrinkled graphene
	Ex situ
	146 (0.1 C), 93 (2 C)
	63% capacity retention at 0.1 C after 40 cycles
	108


4.3 Size reduction and morphology control
Conductive agents improve the electronic conductivity of LiCoPO4 composites, whereas particle size reduction and morphology control could reduce the time required for Li-ion diffusion within LiCoPO4, thus improving its specific capacity and rate capability. Relevant examples of the electrochemical performance of LiCoPO4 after size reduction or morphology control are shown in Table 7.
4.3.1 Nanosized LiCoPO4 particles. Reducing the LiCoPO4 particle sizes to nanoscale can improve the rate capability in LIBs due to shortened 1D Li-ion diffusion channels.58, 111, 175 Smaller structures mean shorter diffusion paths for lithium ions, thus better utilization of the LiCoPO4 active materials. Therefore, nanosized LiCoPO4 cathodes are more likely to obtain high discharge capacity and rate capability.175, 183 The effect of carbon coating to improve the electronic conductivity of LiCoPO4 has been discussed in section 4.1. Here, we will describe this approach further, as well as other approaches, in relation to the effect of reducing the particle size of LiCoPO4. Taniguchi et al prepared LiCoPO4/C nanocomposites, which were agglomerates of LiCoPO4 primary particles with ~87 nm size, via a combination of spray pyrolysis and wet ball-milling. Carbon coating reduced the particle sizes of LiCoPO4 particles by inhibiting undesirable particle growth during calcination. Due to a much smaller Li-ion diffusion distance in the electrode, and well distributed carbon on the LiCoPO4 agglomerates, it delivered initial discharge capacities of 142 and 109 mA h g-1 at 0.05 and 20 C, respectively.175, 191
Controlled synthesis of LiCoPO4 is an effective strategy for particle size reduction and morphology tailoring to enhance its rate capability. Solvothermal synthesis allows a well-controlled morphology and particle size for LiCoPO4. Recently, it was found that the solvent plays an important role in tailoring the particle size. Some solvents with high viscosity such as ethylene glycol can control the crystal growth of LiCoPO4. As shown in Figure 6, Mu et al found that the particle size of LiCoPO4 could be effectively controlled by changing the water/ethylene glycol ratio in solvothermal synthesis.58 Figure 6 g and h show a LiCoPO4/C sample with 500 nm particle size that provides an initial discharge capacity of 124 mA h g-1 at 0.1C, with a retention of 83% after 100 cycles. A discharge capacity of 85 mA h g-1 is still attainable when the rate is up to 2C. Nilges et al synthesized particle size-controllable LiCoPO4 platelets by a simple one-step microwave-assisted solvothermal process using an array of water/ethylene glycol solvent mixtures. The particle sizes of the olivine materials were significantly reduced with increasing EG content, which could mainly be attributed to the increased viscosities of the solvent blends.111, 125
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[bookmark: _Ref508628907]Figure 6 (a-f) SEM images of LiCoPO4 samples prepared via solvothermal synthesis with different water/ethylene glycol ratio R (R = 0, 0.5, 1, 2, 4, and 5); (g) cycle stability at 0.1 C and (h) rate capability at various rates from 0.1 C to 5 C for LiCoPO4 cathodes in LIBs. Reproduced from Ref. 58 with permission from Elsevier 2016.
Furthermore, the particle size and morphology could be controlled by some other experimental conditions.183, 241, 242 For example, Brutti et al prepared LiCoPO4 through a solvothermal method, and different Co2+ salts have been used to study the effect of the anion on the crystal growth as well as the effect of solution acidity, reaction temperature and time. A solution with moderate acidity or neutral pH is more likely to form phase pure LiCoPO4; longer reaction time slightly enlarges the crystal size; lower reaction temperatures lead to fewer and larger crystallites; and different cobalt counter-anion in the precursor salts greatly enhance or limit the crystal growth.131 Nallathamby et al employed a simple and an easy-to-adopt modified solid state fusion method to achieve morphologically controlled growth of LiCoPO4/C nanorods using H2CO3 + (NH4)2CO3 growth modifiers and heat treatment in an inert (argon) atmosphere. A discharge capacity of 123 mA h g-1 at 0.1 C with capacity retention of 89% after 30 cycles, and rate capability of 81 mA h g-1 at 5 C were achieved due to the synergistic effect of controlled growth, formation of conductive Co2P phase under inert atmosphere and presence of amorphous carbon coating.51
As discussed above, reducing the LiCoPO4 particle sizes to nanoscale can improve the rate capability in LIBs due to the shortened 1D Li-ion diffusion channels in LiCoPO4. However, the size reduction decreases the tap density and volumetric energy density. High surface area of nanosized LiCoPO4 particles also increases the electrode/electrolyte interface area, so undesirable electrode/electrolyte by-reactions become more significant,15 thus resulting in a poor cycle stability. Therefore, it is important to optimize the synthesis conditions to prepare LiCoPO4 with a suitable particle size, high tap density and high stability.
[bookmark: _Ref508343691]Table 7 The electrochemical performance of LiCoPO4 after size reduction or morphology control.
	Morphology, particle size
	Synthesis methods
	Solvents (v/v)
	Additive
	Rate performance, mA h g-1 (rate, C)
	Cycle stability
	Ref.

	Spherical nanoparticles, 150 nm
	Microwave heating
	-
	Carbon coating
	144 (0.1 C), 137 (1 C), 116 (5 C), 90 (10 C), 71 (20 C)
	73 mA h g-1 at 0.1 C after 30 cycles
	191

	Spherical nanoporous microparticles (70 nm primary particles agglomerates) with 68 nm pore size
	Spray pyrolysis
	H2O
	Carbon coating
	123 (0.1 C), 82 (5 C)
	95% capacity retention at 0.1 C after 20 cycles
	174

	Hedgehog-like, 5-8 μm (compose of nanorods, 40 nm x 1 μm)
	Solvothermal synthesis
	H2O:BAa =1:1
	Carbon coating
	136 (0.1 C), 85 (5 C)
	91% capacity retention at 0.1 C after 50 cycles
	101

	Nanoparticles agglomerates, 87 nm
	Spray pyrolysis and wet ball-milling
	H2O
	Carbon coating
	142 (0.05 C), 141 (0.1 C), 137 (1 C), 128 (5 C), 109 (20 C)
	87% capacity retention at 0.1 C after 40 cycles
	175

	Plate like, 50-200 nm x 100-300 nm x 5-15 nm
	Supercritical method
	Ethanol
	Oleylamine as surfactant and reducing agent
	130 (0.05C), 58 (1C)
	86 mA h g-1 at 0.05 C after 20 cycles
	114

	Nanosheets with 4.6 nm thickness
	Liquid-phase exfoliation with solvothermal lithiation process
	Ethanol
	NH4CoPO4·H2O nanosheets as templates, PVPa as surfactant, carbon coating
	153 (0.2 C), 113 (5 C), 91 (10 C), 53 (20 C)
	88% capacity retention at 0.2 C after 50 cycles
	187

	Needle and rod-like nanosized and micronsized particles
	Solid-state fusion method
	-
	Carbonate anion CO32- as growth modifier, carbon coating
	123 (0.1 C), 114 (0.2 C), 102 (1 C), 93 (2 C), 81 (5 C)
	89% capacity retention at 0.1 C after 30 cycles
	51

	Nanoplates, 500 nm x 200 nm x 50 nm; Nanorods, 500-1000 nm length and 50 nm thickness
	Supercritical fluid processing
	Ethanol
	HMDa or HMTa as structure directing agent
	121 (0.1 C), 107 (0.2 C), 92 (0.5 C), 72 (1 C)
	63 mA h g-1 at 0.1 C after 20 cycles
	188

	Nanoplates, 500-800 nm with 50 nm thickness
	Supercritical fluid process
	Ethanol
	Benzylamine as structure directing agent
	123.0 (0.1 C), 109 (0.2 C), 95 (0.5 C), 71 (1 C), 32 (2 C)
	81% capacity retention at 0.1 C after 10 cycles
	189

	Hexagonal/octagonal platelet, sub-micron particles with 50-100 nm thickness
	Solvothermal synthesis
	H2O:EGa =1:2
	Sucrose as reducing agent
	95 (0.1 C), 76 (0.5 C)
	75 mA h g-1 at 0.1 C after 10 cycles
	115, 116

	Flower-like, 5-10 μm (compose of plate-like, 1-2 μm x 200 nm)
	Hydrothermal
synthesis
	H2O
	L-ascorbic, citric or polyacrylic acid as surfactant
	107 (0.05 C), 60 (2 C)
	30 mA h g-1 at 0.05 C after 20 cycles
	121

	Hexagonal platelets, submicron size with thickness ＜ 200 nm
	Solvothermal synthesis
	H2O:EGa =1:2
	Sucrose as reducing agent
	120 (0.1 C), 85 (0.5 C), 75 (1 C)
	90 mA h g-1 at 0.1 C after 10 cycles
	131

	Hexagonal platelets, 400-600 nm x 700-800 nm x 100-220 nm
	Microwave-assisted solvothermal synthesis
	H2O:EGa =1:1
	Ascorbic acid as reducing agent  and buffer
	137 (0.1 C), 114 (0.5 C), 97 (2 C)
	68% capacity retention at 0.5 C after 100 cycle
	137

	Badminton-like (compose of nanorods with 200 nm diameters and 3 μm length)
	Hydrothermal method
	H2O
	PEG 200a as structure directing agent
	132 (0.1 C), 125 (0.2 C), 113 (0.5 C), 91 (1 C), 69 (2 C)
	75% capacity retention at 0.1 C after 50 cycles
	130

	Particles, 500 nm-10 μm
	Solvothermal synthesis
	EGa:H2O =0, 0.5, 1, 2, 4, 5, 10, 20
	Carbon coating
	124 (0.1 C), 111 (0.5 C), 100 (1 C), 85 (2 C), 51 (5 C)
	83% capacity retention at 0.1 C after 100 cycles
	58

	Porous nanoplates with 2-6.6 nm pore size 
	Modified hydrothermal synthesis
	H2O
	NH4CoPO4·H2O nanosheets as templates, Fe doping
	147 (0.1 C), 137 (0.5 C), 131 (1 C), 123 (5 C), 115 (10 C)
	94% capacity retention at 0.1 C after 300 cycles
	25

	Sponge-like, 200 nm-50 μm
	Sol-gel process
	H2O
	Carbon coating
	83 (0.5 C)
	59% capacity retention at 0.5 C after 30 cycles
	169

	Square, rhombic and hexagonal platelets, 600-800 x 400-600 x 100-150 nm to 9 x 7 x 3 μm
	Microwave-assisted solvothermal synthesis
	H2O:(EG, DEG, TEG, TTEG, PEG, BA)a =1:1
	Ascorbic acid as reducing agent
	141 (0.1 C), 135 (0.2 C), 130 (0.5 C), 123 (1 C), 112 (2 C)
	96% capacity retention at 0.5 C after 15 cycles
	53

	Hexagonal platelets, 200 x 100 x 50 nm to 1.2 x 1.2 x 0.5 μm
	Microwave-assisted solvothermal synthesis
	EGa:(H2O+EGa) =0-1
	Ascorbic acid as reducing agent
	136 (0.1 C), 125 (0.2 C), 115 (0.5 C), 105 (1 C), 95 (2 C)
	94% capacity retention at 0.5 C after 15 cycles
	125

	Nanoflakes (compose of nanoplates with 10-20 nm in diameter)
	solution-phase strategy
	H2O:DMSOa =1:1
	Glucose
	155 (0.1 C), 146 (0.2 C), 136 (0.5 C), 130 (1 C), 108 (2 C)
	93% capacity retention at 0.1 C after 100 cycles
	243

	a EG: ethylene glycol; DEG: diethylene glycol; TEG: tri-ethylene glycol; TTEG: tetra-ethylene glycol; PEG: polyethylene glycol 400; BA: benzyl alcohol; HMD: hexamethylenediamine; HMT: hexamethylenetetramine; PVP: poly(vinylpyrrolidone); BA: benzyl alcohol; PEG 200: polyethylene glycol 200; DMSO: dimethyl sulfoxide.



4.3.2 Crystal growth orientation along the a-c plane. Apart from reducing the particle size, the orientation of LiCoPO4 particles tailored by morphology control also plays an important factor in improving the kinetics of the Li-ion extraction/insertion process. [010]-oriented LiCoPO4 nanoplates/nanoflakes and [100]-oriented or [001]-oriented nanorod/nanowire structures minimize the crystallite size along b, which is the direction of Li-ion diffusion through the channels (Figure 1). This can overcome the poor Li+ ionic diffusivity caused by the one-dimensional lithium diffusion pathway along the [010] direction, thus enhance its rate performance.25, 53, 114-116, 125, 131, 188
At the thermodynamic equilibrium state, the surface area of each facet in a crystal usually depends on its free surface energy.244 However, the preference of crystal facets in LiCoPO4 is also affected by the solvent properties. The (010) crystal facets in LiCoPO4 are mostly achieved by controlling the solvothermal conditions, typically with ethylene glycol as the solvent.53, 115, 116, 125, 131 Nilges et al presented a microwave-assisted solvothermal synthesis route using a 1:1 (v/v) water/ethylene glycol binary solvent mixture. The ethylene glycol co-solvent plays an important role in tailoring the particle size, morphology, and crystal orientation of the LiCoPO4 material. The as-prepared powder consists of single crystalline LiCoPO4 and features a hexagonal platelet-like morphology with dimensions of 700-800 nm x 400-600 nm x 100-220 nm and shows the smallest dimension along [010], which is the direction of the lithium diffusion pathways in the LiCoPO4 olivine crystal structure.137 The binding energy of a solvent is considered to be a decisive factor to control the crystal facets of LiCoPO4. The use of diethylene glycol or triethylene glycol as a solvent is more likely to form (010) facet comparing with ethylene glycol, because of the more stable binding geometry.53 Due to the hydrogen bonds between diethylene glycol molecules, the directional alignment of diethylene glycol molecules may take place at the (010) facet and produce a long chain, thus making the formed (010) surfaces more stable.15 For example, Nilges et al synthesized LiCoPO4 by a simple and rapid one-step microwave-assisted solvothermal route, using a variety of water/alcohol 1:1 (v:v) solvent mixtures, including ethylene glycol, diethylene glycol, triethylene glycol, tetraethylene glycol, polyethylene glycol 400 and benzyl alcohol. Figure 7 a-f SEM images reveal a strong influence of these co-solvents on the particle size and morphology of LiCoPO4, resulting in the formation of variations between square, rhombic and hexagonal platelets. Among them, the samples obtained from the water/diethylene glycol and water/triethylene glycol co-solvents showed the smallest dimension along [010], which is along the lithium diffusion pathways of the olivine crystal structure. The anisotropic crystal orientations with enhanced Li-ion diffusion properties result in initial discharge capacities of 141 mA h g-1 at 0.1 C, with rate capability of 112 mA h g-1 at 2 C (Figure 7 g and h).53
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[bookmark: _Ref508631107]Figure 7 SEM images of the LiCoPO4 samples obtained from microwave assisted solvothermal synthesis using various co-solvents in a 1:1 (v:v) mixture with water: (a) ethylene glycol, (b) diethylene glycol, (c) triethylene glycol, (d) tetraethylene glycol, (e) polyethylene glycol 400 and (f) benzyl alcohol, denoted as LCP-EG, LCP-DEG, LCP-TEG, LCP-TTEG, LCP-PEG and LCP-BA, respectively; (g) cycle stability at 0.5 C and (h) rate capability at various rates from 0.1 C to 2 C for LiCoPO4 cathodes. Reproduced from Ref. 53 with permission from Elsevier 2017.
In addition, the orientation of LiCoPO4 crystals could be controlled by some other factors like surfactants, templates, etc.25, 114, 188 Devaraju et al reported a controlled synthesis of plate-like LiCoPO4 nanoparticles via supercritical solvothermal method in presence of oleylamine as a surfactant. The synthesized plate like particles showed 50-200 nm in width, 100-300 nm in length and thickness from 5 to 15 nm.114 Truong et al reported that high-voltage LiCoPO4 cathode materials with different shapes and well-developed facets such as nanoplates and nanorods with exposed (010) facets have been synthesized by a one-pot supercritical fluid processing. It was found that amines with long alkyl chains such as hexamethylenediamine played important roles to manipulate the shape of the nanocrystals by selective adsorption on the specific (010) facets. As shown in Figure 8 a-d, the SEM and TEM images show the LiCoPO4 nanoplates with lengths of 500 nm, widths of 200 nm and a mean thickness of 50 nm. The high-resolution TEM image (Figure 8 d) shows the (200) and (020) atomic planes with a lattice spacing of 2.35 Å and 5.1 Å with an interfacial angle of 90°, and the platelike nanocrystals are exposed (010) facets. The results show that the thinnest part of the nanoplates is along the b-axis, which is a favorable direction for the Li-ion diffusion. Thus the nanoplates exhibited better cycle stability and rate capability than nanoparticles.188 Truong et al also investigated the benzylamine-directed growth of LiCoPO4 nanoplates with exposed (010) facets by a supercritical ethanol process. The unique structure of the olivine LiCoPO4 nanocrystals, with a shortened Li-ion diffusion pathway, allows fast extraction/ insertion of Li-ion in the structures, thus resulting in an initial discharge capacity of 123 mA h g-1 and capacity retention of 81% after 10 cycles.189 Recently, Chang et al prepared highly [010]-oriented self-assembled LiCoPO4/C nanoflakes via solution-phase strategies. The formation of 5-hydroxylmethylfurfural and levoglucosan via the dehydration of glucose during the reaction played a key role in mediating the morphology and structure of the products. The resulting LiCoPO4/C nanoflakes as cathode materials provide a capacity of 155 mA h g-1 at 0.1 C and stable cycling with 93% capacity retention after 100 cycles.243
Yan et al fabricated ultrathin LiCoPO4 nanosheets (thickness: 4.6 nm) with exposed (010) surface facets by using NH4CoPO4·H2O nanosheets as templates. The as-synthesized LiCoPO4 nanosheets have high contact area with the electrolyte and fast lithium transport, thus resulting in an initial discharge capacity of 153 mA h g-1 at 0.2 C with capacity retention of 88% after 50 cycles, and rate capability of 91 mA h g-1 at 10 C.187 Also, with NH4CoPO4·H2O nanosheets as templates, Wang et al fabricated LiCoPO4 nano-plates with porous structure (Figure 8 e and f), which exhibited an initial specific capacity of 147 mA h g-1 at 0.1 C with capacity retention of 94% after 300 cycles, and rate capability of 115 mA h g-1 at 10 C.25, 245
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[bookmark: _Ref505859701]Figure 8 Nanoplate particles synthesized with hexamethylenediamine. (a) SEM image (scale bar = 2 μm); (b) low-magnification TEM image (scale bar = 1 μm); (c) high-magnification TEM image (scale bar = 200 nm); (d) HRTEM image of a portion of the particle shown in (c) (scale bar = 5 nm). Reproduced from Ref. 188 with permission from Nature Publishing Group 2014. (e) SEM and (f) TEM images for LiCoPO4 nano-plates with porous structure prepared with NH4CoPO4·H2O nanosheets as templates. Reproduced from Ref. 25 with permission from Elsevier 2016.
4.3.3 3D porous architectures with hierarchical structures. Hierarchical structures of LiCoPO4 facilitate the fast transport of lithium ions through the LiCoPO4 material, similarly to nanoparticles or planar structures. As shown in Figure 9 a-d, Richardson et al synthesized spherical nanoporous LiCoPO4/C composite microparticles by spray pyrolysis. The porous micron-size particles consisted of an agglomeration of ~70 nm primary particles with 3-5 nm thick conformal carbon coating. The material delivered a reversible capacity of 123 mA h g-1 at 0.1 C, and exhibited a capacity retention of 95% over 20 cycles.174
Hierarchical LiCoPO4 with hedgehog-like (Figure 9 e),101 flower-like,121 dumbbell-like,124 straw-like (Figure 9 f),128 shuttlecock-like (consisting of many thin nanorods which are about 200 nm in diameters and 3 μm in length),130 and spongy54, 156, 169, 212, 220 architectures have also been developed.38, 110 The hedgehog-like LiCoPO4/C hierarchical microstructures were first synthesized by Yang et al via a simple solvothermal process in water-benzyl alcohol mixed solvent at 200 ℃. The hedgehog-like LiCoPO4/C microstructures in the size of 5-8 μm are composed of large numbers of nanorods in diameter of ~40 nm and length of ~1 μm, which are coated with a carbon layer of ~ 8 nm in thickness. It delivers an initial discharge capacity of 136 mA h g-1 at 0.1 C and capacity retention of 91% after 50 cycles.101
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[bookmark: _Ref505862625]Figure 9 SEM images of (a) the nanoporous LiCoPO4/C composite particles synthesized by spray pyrolysis; (b) the surface of a single particle; (c, d) broken particles, showing the 3D interconnected pores; Reproduced from Ref. 174 with permission from the Royal Society of Chemistry 2011. (e) hedgehog-like LiCoPO4/C synthesized via a solvothermal process in water-benzyl alcohol mixed solvent at 200 ℃; Reproduced from Ref. 101 with permission from Elsevier 2011. and (f) straw-like LiCoPO4/C composite prepared by solvothermal process with poly(vinylpyrrolidone) as the carbon source and template. Reproduced from Ref. 128 with permission from Elsevier 2011.
4.4 Ion doping
Apart from carbon modification, size reduction and morphology control, ion doping is regarded as another important strategy to improve the intrinsic electronic and ionic conductivity of LiCoPO4.246 Ion doping is expected to improve the discharge capacity of LiCoPO4 at high rates, since its poor rate capability is mainly due to the poor Li-ion diffusion. Many publications reported the improved cycle stability and rate capability of doped LiCoPO4, but the role of ion doping in LiCoPO4 is still controversial. The metal ions could be doped on both Li sites and Co sites.34, 201, 247 The control of proper doping at preferable sites is important for the overall LiCoPO4 performance improvement. Relevant examples of the electrochemical performance of LiCoPO4 after ion doping are shown in Table 8.
4.4.1 Li site doping. Through a first-principles investigation, Zhao et al found that the Li-site doping by Na+ and Cr3+ in LiCoPO4 can reduce the volume change of the material during Li extraction/reinsertion process, but it could block the path of Li-ion diffusion.247, 248 Wang et al doped Fe into Li-site of LiCoPO4 structure and found that the lattice parameter a slightly increases and b diminishes after Fe doping, resulting in a shorter and wider Li+ diffusion pathway in LiCoPO4 crystals.219 Although the rate performance of LiCoPO4 has been improved by Li site doping in some reports,34, 201, 219, 249 the role of Li site doping in LiCoPO4 is still unclear and under debate.
4.4.2 Co site doping. Compared with Li site doping, Co site substitution (aliovalent and isovalent) is more intensively studied. Although the role of Co site doping, especially aliovalent doping remains controversial, LiCoPO4 indeed has exhibited improved cycle stability and rate capability after aliovalent doping, using V3+,113, 117 V5+,196, 250, 251 Fe3+,36, 57, 157, 201, 208, 249, 252 Y3+,162 Cr3+,209, 253 Si4+253 or Cu+.34 Yang et al improved the initial discharge capacity of LiCoPO4/C cathode material from 112 to 135 mA h g-1 at 0.1 C after doping with V5+. The Li1.025Co0.95V0.05(PO4)1.025/C displays a narrower distribution of smaller particles (300-500 nm) when compared with pristine LiCoPO4/C with particle size ranging from 400 to 800 nm.250 Similar phenomena were observed by Wang162 and Karthikeyan et al251 with Y3+ and V5+ doping at Co site in LiCoPO4, respectively. Manthiram et al reported a low-temperature microwave-assisted solvothermal synthesis of aliovalently substituted LiCo1−3x/2Vxx/2PO4 (x = 0-0.08), and it was found that V3+ substitution produced a systematic decrease in the unit cell dimensions. The specific capacity and cycling stability were greatly improved compared to the unsubstituted LiCoPO4 which was attributed to an improved conductivity of the vanadium doped sample.113, 117 Kosova et al achieved a better cycle stability of LiCoPO4 by vanadium modification via mechanochemically assisted carbothermal reduction. It has been found that only a small amount of V ions incorporated into the LiCoPO4 structure. The other V ions formed monoclinic Li3V2(PO4)3. Incorporated V ions are in a mixed oxidation state (3+, 4+ or 5+) and predominantly substitute for Co2+. The compensation mechanism for supervalent V ion substitution in LiCoPO4 involves lithium vacancy formation. The as-prepared 0.95LiCoPO4·0.05Li3V2(PO4)3 shows enhanced cycle stability compared to pure LiCoPO4, due to a suitable amount of structural defects, which improve ionic and electronic conductivity, and to the presence of the Li-conductive Li3V2(PO4)3 on the surface of the LiCoPO4 particles promoting the transport of the Li-ion from the electrolyte to the (010) facet.196
In comparison to aliovalent doping, isovalent substitution has attracted more attention for LiCoPO4, and many divalent cations, such as Fe2+,25, 36, 52, 57, 81, 84, 99, 165, 178, 192, 195, 201, 208, 214, 249, 252-255 Mn2+,90, 118, 129, 141, 168 Ca2+,54, 158, 213 Mg2+,54, 90, 156, 167, 213 Zn2+,98 Ni2+41, 90, 163 were doped at the Co site, and showed improved cycle stability and rate capability. Among the isovalent cations, iron doping has been studied most intensively. Fe2+ doping at Co sites can enhance the discharge capacity and rate capability for LiCoPO4,25, 253 which could be attributed to the enhanced Li+ diffusivity induced by the enlargement of 1D Li+ diffusion channel in polyanion structure of LiCoPO4.99, 192 Furthermore, Kang et al have shown using ab initio calculations and absorption spectroscopy that preferential Fe2+ occupation of the 4c sites suppresses 4a-4c antisite mixing of Li and Co, thereby stabilizing the olivine structure by compensating for the Co-encapsulating oxygen octahedron shrinkage due to Co2+ oxidation during Li+ extraction (Figure 10).84 This reduces the cell volume change in the material during the Li extraction/insertion process.195 Fe substituted LiCoPO4 materials have also been shown to delithiate via a solid solution mechanism, which reduces the probability of particle cracking that can be produced during the formation of phase boundaries.66, 81, 254, 256 It has been reported that isovalent ion doping in Co site with Mn2+,118, 168 Fe2+,208, 257 Ni2+,163 Ca2+54, 158 or Mg2+54, 156 can affect the size and morphology of products. For example, Örnek et al reduced the LiCoPO4 particles size with homogenous particle distribution and well-defined grain boundaries after doping with Mn2+.168 Mn2+ can occupy the Co2+ site via doping, which induces the lattice distortion of LiCoPO4 crystal. This lattice distortion could reduce the surface energy of LiCoPO4 particles and then impede the growth of LiCoPO4 crystal.258 Similar observation was reported by Ni et al who found that Mn2+ doping can remarkably reduce the particles size of LiCoPO4 from 1 µm to 100 nm as Mn2+ substitution can facilitate the formation of the olivine structure under hydrothermal condition.118
[bookmark: _GoBack]The electrochemical performance of LiCoPO4 could also be improved by a combination of Li site and Co site (aliovalent and isovalent) doping. Allen et al reported that Fe-substituted LiCoPO4 exhibited improved cycling stability, with 80% capacity retention after 500 cycles, while pure LiCoPO4 loses more than half capacity after 10 cycles. This could be attributed to the partial substitution of Li+ by Fe3+ and Co2+ by Fe2+ and Fe3+ which appears to stabilize the structure.201, 249 Further investigation showed that Fe2+/Fe3+ substituted LiCoPO4 exhibits both higher bulk ionic and electronic conductivity.36 This result is inconsistent with the first principles investigation on LiMPO4 (M = Fe, Mn, Co and Ni) by Johannes et al, who found that the energy for a polaron to move from one transition metal site to the next is lowest for LiFePO4, thus Fe2+ substitution into LiCoPO4 will improve the electronic conductivity.259 Brutti et al also confirmed that the partial substitution of Co2+ in the olivine lattice with Fe2+/Fe3+ strongly affects the long range crystal structure as well as the short range atomic coordination. These structural changes alter the concentration of anti-site defects, the natural concentration of lithium vacancies, and the size of the lithium diffusion channels along the [010] direction as well as their local distortion. The balancing between these competitive effects modulate the lithium transport properties in the lattice.57, 208 Besides, Fe, Cr and Si substituted-LiCoPO4 (Cr,Si-LiCo0.9Fe0.1PO4) was investigated by Allen et al as an improved LiCoPO4-based cathode material. Fe substitution greatly improves the cycle life and increases the energy density. Cr substitution further increases the energy density, cycle life and rate capability. Si substitution reduces the reactivity of the cathode with electrolyte thereby increasing cycle life. In combination, the substituents lead to a LiCoPO4-based cathode material in Li/Cr,Si-LiCo0.9Fe0.1PO4 half cells, with a discharge capacity of 140 mA h g-1 at C/3 rate, and no capacity fading over 250 cycles.253 Further investigation reveals that substituting ions to generate Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 can stabilize both the electronic structure and crystal structure and, therefore, substantially improve the ability to fully utilize the redox capacity of the material.27, 260
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[bookmark: _Ref505602702]Figure 10 The [010] projections of the local structures of the pristine and Fe-doped LiCoPO4. Configuration of atoms (a) with antisite-mixing in LiCoPO4 and (b) without antisite-mixing in LiCo0.95Fe0.05PO4. Note that the latter configuration provides larger channels for Li+ transport due to the expanded oxygen octahedron (indicated by arrows). Reproduced from Ref. 84 with permission from the Royal Society of Chemistry 2011.
[bookmark: _Ref508135856]Table 8 The effects of ion doping on the performance of LiCoPO4 composites.
	Doping site
	Doping element
	molecular formula of composites
	Mechanism
	Synthesis methods
	Rate performance, mA h g-1 (rate, C)
	Cycle stability
	Ref.

	Li site doping
	Fe2+
	(Li0.893Fe0.036)CoPO4
	The lattice parameter a slightly increases and b tinily diminishes, resulting in a shorter and wider Li+ diffusion pathway
	Hydrothermal synthesis
	150 (0.1 C), 145 (1 C), 129 (5 C), 104 (10 C), 85 (20 C)
	95% capacity retention at 0.1 C after 100 cycles
	219

	Co site aliovalent doping
	V5+
	Li1+0.5xCo1−xVx(PO4)1+0.5x/C (x = 0, 0.05, 0.10)
	Form vacancies and structural defects, thus increases ionic and electronic conductivity
	Solid-state reaction
	135 (0.1 C)
	85% capacity retention at 0.1 C after 25 cycles
	196, 250, 251

	
	Y3+
	LiCo1-xYxPO4 (x = 0, 0.005, 0.01, 0.02, 0.025)
	Facilitate the Li-ion diffusion
	Sol-gel process
	154 (0.1 C)
	32 mA h g-1 at 0.1 C after 30 cycles
	162

	
	Fe3+
	Li1-xCo1-xFexPO4 (x = 0, 0.05, 0.1)
	Charge compensation by Li+ deficiency, enhance antiferromagnetic ordering
	Sol-gel process
	128 (0.1 C), 120 (1 C), 95 (10 C)
	95% capacity retention at 0.1 C after 50 cycles
	157

	
	V3+
	LiCo1−3x/2Vx□x/2PO4 (x = 0, 0.02, 0.04, 0.06, 0.08)
	Decrease unit cell volume
	Solvothermal synthesis
	97 (0.1 C)
	82 mA h g-1 at 0.1 C after 20 cycles
	113, 117

	
	Cr3+
	LiCo1-1.5xCrxPO4/C (x = 0, 0.02,
0.04, 0.06)
	Decrease antisite defect concentration, decrease unit cell volume
	Sol-gel process
	144 (0.1 C), 122 (0.2 C), 107 (0.5 C), 91 (1 C)
	71% capacity
retention at 0.1 C after 100 cycles
	209

	Co site isovalent doping
	Fe2+
	LiCo0.95Fe0.05PO4
	Preferential Fe occupation of 4c sites suppresses 4a-4c antisite mixing of Li and Co, thereby stabilizing the structure by compensating for the Co-encapsulating oxygen octahedron shrinkage due to Co2+ oxidation during Li+ extraction
	Solid-state reaction
	120 (0.05 C), 108 (0.1 C), 92 (0.2 C)
	90 mA h g-1 at 0.05 C after 10 cycles
	81, 84, 192, 254

	
	
	Li1+x(Co1−yFey)1−xPO4 (0 ≤ x ≤ 0.2, 0 ≤ y ≤ 0.2)
	Improve the kinetics of the lithium insertion/extraction reaction
	Solid-state reaction
	130 (0.1 C)
	117 mA h g-1 at 0.1 C after 15 cycles
	52, 99, 165

	
	
	LiCo1-xFexPO4 (0 ≤ x ≤ 1)
	Enlarge 1D diffusion channels and reduce cell volume change during the Li extraction/insertion process, resulting in the enhanced Li+ diffusion
	Carbothermal reduction
	142 (0.1 C)
	130 mA h g-1 at 0.1 C after 15 cycles
	195

	
	
	LiCo0.8Fe0.2PO4
	Improve interior conductivity and structural stabilization
	Modified hydrothermal synthesis
	147 (0.1 C), 137 (0.5 C), 131 (1 C), 123 (5 C), 115 (10 C)
	94% capacity retention at 0.1 C after 300 cycles
	25

	
	Mg2+
	LiCo1-xMgxPO4 (x = 0, 0.025, 0.05, 0.1)
	Decrease electrical resistance, improve Li-ion conductivity
	Sol-gel process
	88 (0.1 C)
	13 mA h g-1 at 0.1 C after 21 cycles
	54, 156, 167, 213

	
	Ca2+
	LiCo1-xCaxPO4 (x = 0, 0.05, 0.1)
	Decrease electrical resistance, improve Li-ion conductivity
	Sol-gel process
	104 (0.1 C)
	13 mA h g-1 at 0.1 C after 11 cycles
	54, 158, 213

	
	Ni2+
	LiCo1-xNixPO4 (0 = 0, 0.33, 0.66, 0.75, 1)
	Enlarge cell volumes with longer atomic distances, thus weaken P-O and Co/Ni-O bonds
	Sol-gel process
	88 (2 C)
	57 mA h g-1 at 2 C after 15 cycles
	163

	
	Mn2+
	LiCo1−xMnxPO4/C (x = 0, 0.05)
	Increase lattice parameters, increase unit-cell volume of 0.15%
	Sol-gel and carbothermal reduction
	140 (0.1 C), 108 (1 C), 96 (2 C), 77 (5 C)
	92% capacity retentions at 0.1 C after 60 cycles
	141, 168

	Combination doping
	Fe3+ (Li site) and Fe2+/Fe3+ (Co site)
	Li0.92Co0.8Fe2+
0.12Fe3+
0.08PO4
	Extra Li vacancies and more mobile hole polarons after Fe2+/Fe3+ substitution, resulting in increased ionic conductivity and electronic conductivity, Fe3+ substitution stabilize the structure
	Citrate complexation
route
	121 (0.1 C), 86 (2 C)
	80% capacity retention at 0.1 C after 500 cycles
	36, 201, 249

	
	Fe2+/Fe3+ (Co site)
	Li0.973(Fe0.1Co0.9)1.014PO4
	Changes of crystal structure and atomic coordination altering concentration of anti-site defects, natural concentration of Li+ vacancies, size of Li+ diffusion channels and local distortion, thus modulate Li+ transport properties
	Solvothermal synthesis
	120 (0.1 C)
	78% capacity retention at 0.1 C after 20 cycles
	57, 208

	
	Fe2+, Cr3+ and Si4+ (Co site)
	LiCo(0.9-y-z)/(1+0.5y)Fe0.1/(1+0.5y)Cry/(1+0.5y)SizPO4 (y = 0.025, 0.05, 0.1, z = 0, 0.01, 0.02)
	Charge compensation for Cr3+ and Si4+ substitution of Co2+ is achieved through Li+ site vacancies, thus increase the lattice volume
	Solid-state reaction
	140 (C/3)
	100% capacity retention at C/3 after 250 cycles
	27, 253, 260



4.5 Summary of strategies for performance improvement
The benefits of surface modification, carbon network support structures, ion doping, size reduction and morphology control to improve the electrochemical performance of LiCoPO4 are summarised in Table 9. Surface modification (e.g. carbon coating) on LiCoPO4 particles improves the electronic conductivity of composites. Furthermore, carbon coating not only reduces the particle size and alleviates the aggregation of LiCoPO4 particles by inhibiting undesirable particle growth during heat treatment, but also protects LiCoPO4 from direct contact with electrolyte thus avoiding surface degradation caused by HF attack produced from electrolyte decomposition. However, additional resistances with considerable values for Li-ion transfer may be added to the whole electrode processes if the carbon layers are too thick.14 Also, it could reduce the tap density of LiCoPO4 cathodes thus decrease the volumetric energy density of LIBs. Carbon network structures to support LiCoPO4 particles provide good electrical conductivity, but it is hard to achieve uniform distribution. Decreasing the particle size of LiCoPO4 or tailoring its crystal growth orientation along the a-c plane reduces the length of Li-ion migration paths, and thus allows faster Li-ion transfer, and hence better utilization of the active material. The size reduction also adversely affects the tap density and volumetric energy density, as well as the electrode/electrolyte interface stability. Ion doping aims to enhance the intrinsic electronic/ionic conductivity of LiCoPO4 although the mechanism is still in controversy.59, 261-263
The combination of the advantages of various approaches is promising for high performance LiCoPO4 cathodes in LIBs. For example, Örnek et al synthesized a nanostructured LiCo0.95Mn0.05PO4/C composite by sol-gel assisted carbothermal reduction method. The particle size of the LiCo0.95Mn0.05PO4/C nanocomposite was between 40 and 80 nm with a uniform carbon layer of 5-10 nm thickness distributed on the surface. The LiCo0.95Mn0.05PO4/C cathode exhibited a specific capacity of 140 mA h g-1 with a capacity retention of 91.8% after 60 cycles at 0.1 C rate. This was mainly ascribed to the combination of the advantages of size reduction, carbon coating and Mn doping.168
[bookmark: _Ref507972085]Table 9 Comparison of various approaches to improve the electrochemical performance of LiCoPO4.
	Strategies
	Catalogues
	Advantages
	Disadvantages

	Surface modification
	Carbon coating
	High electronic conductivity
	Low tap density and volumetric power density

	
	Non-carbon modification
	High electronic conductivity
	Non-uniform coating, high cost

	Carbon network support structures
	-
	High electronic conductivity
	Non-uniform modification, high cost

	Size reduction and morphology control
	Nanosized LiCoPO4
	High ion conductivity, rapid electrochemical kinetics
	Low tap density and volumetric power density

	
	LiCoPO4 plates
	High ion conductivity
	-

	
	3D hierarchical LiCoPO4
	-
	Complex synthesis

	Ion doping
	Li site doping
	-
	Low Li-ion conductivity

	
	Co site doping
	High ion conductivity
	Controversial doping site and mechanism



5 Optimization of other components in high-voltage LIBs
The cycle stability and rate capability of LiCoPO4 cathode is not only limited by the material itself but is also affected by the battery components, such as electrolytes,199, 264-266 separators44, 47, 267 and conductive additives,69, 105, 159, 268 as illustrated in Table 10.
5.1 Electrolyte optimisation
LiCoPO4 high voltage cathodes with LiPF6-based carbonate electrolytes suffer from severe capacity fading and poor thermostability due to the oxidization of organic carbonate solvents at high potentials and decomposition of LiPF6, especially at elevated temperatures and in water-containing environments.46, 69, 113, 269-273 Various efforts have been made to optimize conventional electrolytes i.e. LiPF6 in ethylene carbonate / dimethyl carbonate / ethyl methyl carbonate (LiPF6-EC/DMC/EMC) for LiCoPO4 high voltage cathodes, such as developing electrolyte additives, investigating alternatives to LiPF6 salt or EC/DMC/EMC co-solvent, and introducing ionic liquids or solid-state electrolytes.
The electrolyte additives to optimise the conventional electrolyte LiPF6-EC/DMC/EMC mainly include thiophene (TPN),153 lithium difluoro(oxalate)borate (LiDFOB),274 tris(trimethylsilyl) borate (TMSB),275 lithium bis(oxalato)borate (LiBOB),102 trimethylboroxine (TMB)45, 276 and tris(hexafluoroisopropyl) phosphate (HFiP).65, 201, 249 Wei et al introduced TPN as an electrolyte additive to LiCoPO4/C high voltage cathode materials. TPN is oxidised at a potential of around ~4.4 V vs Li/Li+, which is much lower than the onset potential of oxidative degradation of the conventional electrolyte (LiPF6-EC/DMC/EMC), of around ~4.9 V vs Li/Li+. Therefore, TPN oxidises first, forming a protective polymer film, and thus suppresses electrolyte decomposition (Figure 11 a and b).153 It was also found that the LiDFOB electrolyte additive decomposed at 4.35 V vs Li/Li+ and assisted in forming a stable interphase film, which passivated the cathode surface and inhibited the catalytic decomposition of the electrolyte.274 In addition, TMSB is used by Qiu et al as electrolyte additive to overcome the severe capacity fading of LiCoPO4 cathode at high voltage. The presence of 1 wt.% TMSB effectively improves the cycle stability of LiCoPO4 cathode in EC-based electrolyte. LiCoPO4 cathode delivers an initial discharge capacity of 144 mA h g-1 at 0.1C and with a capacity retention of 76% after 50 cycles, while only 132 mA h g-1 and 45% is found for that electrolyte without TMSB. The enhancement of specific capacity and cycle stability is attributed to the thin protective SEI film that originates from TMSB, which stabilizes the interface of the cathode and electrolyte, and suppresses the continuous decomposition of conventional electrolyte at 5 V high voltage.275
LiBF4 has been used as an alternative to LiPF6 salt.217, 277-279 Eftekhari investigated the electrochemical performance of LiCoPO4 electrodes protected with a thin layer of Al2O3 in LiBF4-based electrolytes. It was found that both approaches significantly improved the cycle stability of the cathodes which could be attributed to the improved stability of LiBF4 and the effect of the protective Al2O3 layer on the cathode to avoid the side reactions at electrode-electrolyte interface.217 Drozhzhin et al showed that the performance of LiCoPO4 electrodes could be improved by using solvent-in-salt electrolytes, in particular, they investigated the use of LiBF4-propylene carbonate solutions with high salt-to-solvent molar ratio from 1:12 to 1:4.277
Fluorinated ethylene carbonate (FEC) has been used as an alternative to the commonly used co-solvent EC in alkyl carbonates/LiPF6 electrolyte for LiCoPO4 cathodes.280-282 Markevich et al reported that FEC-based electrolyte solutions result in dramatically improved cycling behavior of LiCoPO4 cathodes in LIBs compared to that with standard EC-based electrolyte solutions (Figure 11 c). It was found that FEC participates in the formation of protective surface films on the high-voltage cathodes, which are much more effective than the surface films formed in EC-based electrolyte solutions, thus resulting in an improved cycling stability with 76% capacity retention at 0.2 C after 100 cycles.45, 50, 283
By replacing both the salt and co-solvent in conventional electrolytes,279 Fukutsuka et al examined the compatibility of LiF combined with anion receptors in propylene carbonate (PC) electrolyte solution with high potential positive electrodes. As anion receptors, tripropyl borate (TPB), tris(pentafluorophenyl) borane (TPFPB), and tris(hexafluoroisopropyl) borate (THFIPB) were used. LiCoPO4 thin-film electrodes were prepared by sol-gel method and used as carbon- and binder-free model electrodes. LiCoPO4 showed better cycle stability in 0.1 M LiF + 0.1 M THFIPB/PC electrolyte, which was ascribed to the formation of a surface protecting layer from the reaction of F--THFIPB complex.55
Ionic liquids have also been used as electrolytes for LiCoPO4 cathodes, due to their high electrochemical stability window (4.0-5.7 V) and improved thermal stability.284, 285 For example, Chou et al reported that LiCoPO4 showed better cycling stability and coulombic efficiency in the room temperature ionic liquid electrolyte lithium bis(trifluoromethanesulfonyl)imide in N-methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide (1 M LiTFSI in Pyr13TFSI), compared to the conventional electrolyte (1 M LiPF6 in EC/DEC) indicating that the former is more stable at a high working voltage cell system.207 Hassoun et al reported LIBs formed by the combination of a Fe-substituted, C-coated LiCoPO4 cathode with a nano-structured Sn-C anode in an ionic liquid electrolyte lithium bis(trifluoromethanesulfonyl)imide in N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (0.2 mol kg-1 LiTFSI in Pyr14TFSI).214
Apart from liquid-based electrolytes, some solid-state electrolytes such as Li1.3Al0.3Ti1.7(PO4)3,91, 286 Li1+x+yAlxTi2-xSiyP3-yO12,39 Li3.3PO3.8N0.22,287 Li2O-Al2O3-TiO2-P2O5288 and LiTi2(PO4)3289 have been used to improve the safety of the LIBs. For example, Nanno et al developed all-solid-state LIBs by mixing LiCoPO4 cathode materials with lithium-conducting solid electrolyte Li1.3Al0.3Ti1.7(PO4)3 via heat treatment. It was found that both the solid electrolyte layer and the active material layers could be co-sintered without significant formation of new materials, and the resultant interfaces were electrochemically active.91 Also, Kunshina et al used a peroxide solution of a Li1.3Al0.3Ti1.7(PO4)3 precursor to create a composite consisting of an electrochemically active substance and an electrically conductive additive distributed uniformly between LiCoPO4 particles. After annealing at 700 ℃, the two-phase LiCoPO4/Li1.3Al0.3Ti1.7(PO4)3 composite was obtained, the conductivity of which was two orders of magnitude higher than that of LiCoPO4 at room temperature.286
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[bookmark: _Ref512963847]Figure 11 TEM images of LiCoPO4/C particles in the cells (a) without and (b) with 0.1 wt.% TPN as electrolyte additive after 5 cycles. Reproduced from Ref. 153 with permission from Elsevier 2012. (c) Specific capacity versus cycle number of LiCoPO4/Li half cells with 1M LiPF6 in FEC/DMC or EC/DMC as electrolytes. The cells were tested under galvanostatic cycling between 3.5 and 5.2 V at 0.2 C, and SEM images of cycled electrodes (insets) in the two electrolyte solutions, as indicated. Reproduced from Ref. 50 with permission from American Chemical Society 2014. (d) Discharge capacity versus cycle number of LiCoPO4/Li half cells with three-dimensionally ordered macroporous polyimide (3DOM PI) and polypropylene (PP) as separators. The cells were tested under galvanostatic cycling between 3.0 and 5.1 V at 0.1 C, and SEM images of 3DOM PI and PP separators. Reproduced from Ref. 267 with permission from Elsevier 2017.
[bookmark: _Ref508477129]Table 10 The effects of electrolytes, separators and conductive additives on the performance of the LiCoPO4 cathodes for LIBs.
	Materials
	Synthesis methods
	Electrolytesa (v/v)
	Electrolyte additivesa
	Separators / conductive additives
	Rate performance, mA h g-1 (rate, C)
	Cycle stability
	Ref.

	Li0.92Co0.8Fe0.2PO4
	Citrate complexation route
	1 M LiPF6 in EC/EMC 3:7 (wt.%)
	HFiP, 1 wt.%
	-
	121 (0.1 C), 86 (2 C)
	80% capacity retention at 0.1 C after 500 cycles
	201

	LiCoPO4/C
	Sol-gel Process
	1 M LiPF6 in EC/DMC/EMC 1:1:1
	TPN, 0.05, 0.1, 0.5 wt.%
	-
	137 (0.1 C)
	68% capacity retention at 0.1 C after 30 cycles
	153

	LiCoPO4
	Solid-state reaction
	1 M LiPF6 in EC/DEC 1:1 (wt.%)
	LiBOB, 0, 0.1, 0.5, 1, 3 wt%
	-
	112 (0.05 C)
	74% capacity retention at 0.05 C after 25 cycles
	102

	LiCoPO4
	Sol-gel Process
	1 M LiPF6 in EC/PC/EMC 1:1:3
	LiDFOB, 5 wt.%
	-
	138 (0.1 C), 49 (0.5 C), 11 (1 C)
	69% capacity retention at 0.1 C after 40 cycles
	274

	LiCoPO4/C
	Hydrothermal synthesis
	1 M LiPF6 in FEC/DMC 1:4, 1 M LiPF6 in EC/DMC 1:1 (wt.%)
	TMB, 0.5-1 wt.%
	-
	110 (0.2 C), 89 (0.8 C)
	90% capacity retention at 0.2 C after 100 cycles
	45

	LiCoPO4
	Solid-state reaction
	1 M LiPF6 in EC/DMC 1:1 (wt.%)
	TMB, 0.2, 0.5, 1, 3 wt.%
	-
	115 (0.5 C)
	60 mA h g-1 at 0.5 C after 140 cycles
	276

	LiCoPO4
	Solid-state reaction
	1 M LiPF6 in EC/DMC 1:1 (wt.%)
	HFiP, 1 wt.%
	-
	93 (0.05 C)
	64 mA h g-1 at 0.05 C after 20 cycles
	65

	LiCoPO4
	Sol-gel Process
	1 M LiPF6 in EC/DMC 1:1
	TMSB, 0.5, 1, 2 wt.%
	-
	144 (0.1C), 125 (0.2 C), 95 (0.5 C), 67 (1 C)
	76% capacity retention at 0.1 C after 50 cycles
	275

	LiCoPO4/Al2O3
	Solid-state reaction
	1 M LiBF4 in EC/DMC 1:1
	-
	-
	127 (0.1 C)
	83% capacity retention at 0.1 C after 50 cycles
	217

	LixCoPO4 (x = 0.90, 0.95, 1, 1.05)
	Sol-gel Process
	1 M LiTFSI in Pyr13TFSI ionic liquid, 1 M LiPF6 in EC/DEC 1:2
	-
	-
	92 (0.05 C), 67 (0.2 C), 52 (0.5 C), 22 (1 C)
	85% capacity retention at 0.05 C after 35 cycles
	207

	LiCoPO4/C
	Hydrothermal synthesis
	1 M LiPF6 in EC/DMC 1:1, 1 M LiPF6 in FEC/DMC 1:4 (wt.%)
	-
	-
	105 (0.2 C)
	80 mA h g-1 at 0.2 C after 100 cycles
	50, 283

	LiFe0.1Co0.9PO4/C
	Solvothermal synthesis
	0.2 mol kg-1 LiTFSI in Pyr14TFSI ionic liquid
	-
	-
	90 (0.05 C)
	75 mA h g-1 at 0.05 C after 7 cycles
	214

	LiCoPO4/C
	Solvothermal synthesis
	LiBF4 in PC 1:12, 1:6, 1:4, molar ratio
	-
	-
	137 (0.1 C)
	79% capacity retention at 0.1 C after 10 cycles
	277

	LiCoPO4/C
	Hydrothermal synthesis
	1 M LiPF6 in EC/DMC 1:1
	-
	Separators: polyethylene, glassy paper, quartz
	120 (0.2 C)
	80 mA h g-1 at 0.2 C after 40 cycles
	47

	LiCoPO4/C
	Hydrothermal synthesis
	1 M LiPF6 in EC/DMC 1:1
	-
	Separators: glassy fibre, polyethylene
	120 (0.2 C)
	78 mA h g-1 at 0.2 C after 50 cycles
	44

	LiCoPO4/C
	Hydrothermal synthesis
	1 M LiPF6 in EC/DEC 1:2
	-
	Separators: 3D ordered macroporous polyimide
	125 (0.1 C)
	39% capacity retention at 0.1 C after 100 cycles
	267

	LiCoPO4
	Solid-state reaction with high-energy ball-milling process
	1 M LiPF6 in EC/DEC 1:1
	-
	Conductive additives: acetylene black, carbon black (SP270)
	110 (0.05 mA cm-2), 89 (0.1 mA cm-2), 83 (0.2 mA cm-2), 62 (0.4 mA cm-2), 56 (0.8 mA cm-2)
	40 mA h g-1 at 0.05 mA cm-2 after 30 cycles
	105

	LiCoPO4
	Sol-gel Process
	1 M LiPF6 in EC/DEC 1:1
	-
	Conductive additives: Ketjen black
	145 (0.1 mA cm-2)
	-
	159

	LiCoPO4/C
	Hydrothermal synthesis
	1 M LiPF6 in EC/DEC 1:2
	-
	Conductive additives: acetylene black, Ketjen black
	125 (0.1 C)
	57% capacity retention at 0.1 C after 100 cycles
	268

	a EC: ethylene carbonate; DMC: dimethyl carbonate; EMC: ethyl methyl carbonate; PC: propylene carbonate; DEC: diethyl carbonate; FEC: fluoroethylene carbonate; LiTFSI: lithium bis(trifluoromethanesulfonyl)imide; Pyr13TFSI: N-methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide; Pyr14TFSI: N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide; TPN: thiophene; LiDFOB: lithium difluoro(oxalate)borate; TMSB: tris(trimethylsilyl) borate; LiBOB: lithium bis(oxalato)borate; TMB: trimethylboroxine; HFiP: tris(hexafluoroisopropyl) phosphate.



5.2 Separator optimisation
The development of stable separators is also required to enhance the cycle stability of LiCoPO4. The separators such as polyethylene and polypropylene are inert at 4 V in conventional LIBs, but they can be oxidized at around 5 V, thus affect the cycle stability of high-voltage LIBs.267 Porous membranes are generally used as separators in LIBs to allow fast ion transport while mechanically separating the anode and the cathode and hence preventing electrical short circuits. Therefore, the safety and electrochemical properties of LIBs strongly depend on the porous separator.267 Some advanced porous membranes have been developed for LIBs.290, 291 Kanamura et al reported improved coulombic efficiency and capacity retention of LiCoPO4 by using a three-dimensionally ordered macroporous polyimide separator, compared with a conventional polypropylene separator with heterogeneous pore structure (Figure 11 d). The enhanced cycle stability of the cell using this separator is attributed to its ordered macroporous structure and high anodic stability.267 Markevich et al achieved significantly improved capacity retention of LiCoPO4 cathodes in a 1 M LiPF6 EC/DMC electrolyte with SiO2-containing separators (quartz, glassy paper), compared to that obtained for the cells with ordinary polyethylene separators.47 Markevich et al also showed that using glass fibre separators decreases the extent of structural degradation of LiCoPO4 electrodes.44
5.3 Conductive additive optimisation
Conductive additives in the cathode are also subject to undesirable degradation reactions at high potentials.292-294 Generally, high surface area carbon additives, such as acetylene black and Ketjen black, are added to electrodes to create a continuous conductive network among active materials.295, 296 These carbon additives may be relatively inert in conventional LIBs at 4 V, but they become much more prone to anodic degradation at high voltages.268 High surface area materials are required to produce a conductive network, but high surface area also leads to enhanced degradation. Kanamura et al investigated the effect of conductive carbon additives (acetylene black with various specific surface areas and ketjen black) on the electrochemical performance of LiCoPO4. By using acetylene black with a moderate surface area as a conductive additive for LiCoPO4 electrode, a better cycle performance was achieved.268 Jin et al investigated the effect of different conductive additives including acetylene black and carbon black (SP270) on charge/discharge properties of LiCoPO4 cathodes, showing that acetylene black showed better electrochemical properties with an initial discharge capacity of 110 mA h g-1 at a discharge current density of 0.05 mA cm-2.105 Kim et al investigated the effect of the amount of conductive additive on the electrochemical performance of LiCoPO4. With the increasing amount of conductive carbon (Ketjen black) from 0 to 33 wt.%, the initial discharge capacity of LiCoPO4 improved from  103 mA h g-1 to 145 mA h g-1.159 Wohlfahrt-Mehrens et al investigated the electrochemical and thermal behaviour of LiCoPO4-based cathode. In the charging process of LiCoPO4 cathodes, while the partially delithiated cathode shows a high thermal stability, the fully delithiated cathode decomposes between 160 and 260 ℃. The highest thermal stability was obtained by using carbon black (super-P) and graphite (KS6) as conductive additives without carbon coating.69
5.4 Summary of optimising other components in high-voltage LIBs
The electrolyte additives to optimise LiPF6-EC/DMC/EMC conventional electrolytes for LiCoPO4 high-voltage LIBs are mainly target the formation of a stable interfacial films on the cathodes to decrease the decomposition of the electrolytes at high potentials. Developing alternatives to LiPF6 salt or EC/DMC/EMC co-solvent, and introducing ionic liquid or solid-state electrolytes help to obtain LIBs with improved thermal stability and safety. Apart from electrolytes, the optimisation of separators and conductive additives are essential in the development of high voltage LIBs.
6 Conclusions and outlook
Olivine LiCoPO4 is a promising candidate among the olivine phosphates family as cathode material for high-voltage LIBs due to its high redox potential of 4.8 V vs Li/Li+ and theoretical capacity of 167 mA h g-1. Various synthetic routes such as solid-state reaction, hydrothermal/solvothermal synthesis and sol-gel process have been proposed to prepare LiCoPO4. As the conventional method for mass production of most cathode materials for LIBs, the solid-state method is widely used for preparation of LiCoPO4, in spite of the drawback of poor particle size control. In contrast, wet-chemical methods like hydrothermal/solvothermal synthesis and sol-gel process provide better control of the morphology and particle size of LiCoPO4, although some drawbacks such as strict reaction conditions exist. Further improvements are still required to develop a simple, time and energy saving, easy to control and industrially scalable synthesis method to prepare LiCoPO4 cathodes for LIBs with high specific capacity, good cycle stability and rate capability.
Tremendous efforts have been made to improve the electrochemical performance of LiCoPO4, such as surface modification (e.g. carbon coating), carbon network support structures, ion doping, size reduction and morphology control. Carbon coating on the surface of LiCoPO4 improves the electronic conductivity of composites effectively but reduces the tap density and volumetric power density of LIBs. Carbon network structures to support LiCoPO4 particles provides good electrical conductivity, but it’s hard to achieve uniform distribution. Decreasing the particle size of LiCoPO4 or tailoring its crystal growth orientation along the a-c plane reduces the length of Li-ion migration paths, and facilitates easier Li-ion transfer, thus better utilization of the active materials could be achieved. The size reduction also adversely affects the tap density and volumetric energy density, as well as the electrode/electrolyte interface stability. Ion doping aims to enhance the intrinsic electronic/ionic conductivity of LiCoPO4 although the mechanism is still in controversy. In order to achieve a specific capacity close to 167 mA h g-1, the combination of the advantages of various approaches is promising for high performance LiCoPO4 cathodes in LIBs. For instance, optimization of the electrolyte components coupled to the use of tailored surface coatings and/or ion doping can be an effective approach to improve the chemical stability of LiCoPO4 and mitigate degradation reactions at high potentials, and with this, improve the capacity, coulombic efficiency and cycle life. Considering the availability of Co which could limit the industrial application of LiCoPO4 in the future, further improvement of the electrochemical performance of LiCoPO4 is highly desirable, since despite major advances, the cycle stability and rate performance is still unsatisfactory.
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