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a b s t r a c t   

Continuous evolution of electrode materials still has not correspond today’s energy storage system ne-
cessity and limits their application range. Numerous approaches are proposed to improve lithium ion 
batteries (LIBs) energy density including advancement of positive electrode materials. Olivine structured 
cathodes as LiCoPO4 and LiNiPO4 are excellent candidates due to their working potentials of exceeding 5.0 V 
vs. Li+/Li. Despite the efforts, these materials still have several intrinsic problems which demand various 
strategies to overcome. The paper systematically reviews the recent progress of these cathode materials. 
The approaches based on particle size manipulation via synthesis route variation and carbon addition, 
surface modification by coating with electron conducting carbon layer, and doping the structure with other 
metal ions were discussed and analyzed as the most impactful towards achieving competitive performance. 
Furthermore, the computational technique was discussed due to its importance in understanding and 
designing the materials from atomic to microscale levels. The potential applications of these cathodes in a 
new generation of all-solid-state Li-ion and aqueous batteries were described. 
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1. Introduction 

Owing to their highest energy density, lithium-ion batteries 
(LIBs) are the most widely applied energy storage systems among 

commercially available rechargeable batteries. Further improvement 
of their performance is demanded by emerging technologies, which 
require higher operating voltage/energy density, stability and pro-
longed operation. These developments depend on advancement of 
every component of battery systems such as anode, cathode, elec-
trolyte, separator and, etc [1,2]. Particularly, a high energy density is 
gained by either high specific capacity or operating potential of a 
positive electrode [3,4]. In the market, there are several types of 
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commercialized cathode materials, namely lithium metal oxides 
(LiMO2) [5–10] and their doping derivatives (LiNixCoyAl1−x-yO2, NCA  
[11,12] and LiNixMnyCozO2, NMC) [13,14] and lithium iron phosphate 
(LiFePO4, LFP) [15,16], shown in Table 1 and Fig. 1. 

The oxide-based materials with a layered structure, especially 
LiCoO2 are widely consumed cathodes in lithium-ion cells. Having 
one of the highest theoretical capacity of 274 mAh g−1, the material 
suffers with providing only a half of it, because of impossibility to 
extract all lithium ions during the charging process. In addition to 
this, among other members of this family lithium manganese-oxide 
has low electronic conductivity, while LiNiO2 is difficult to synthe-
size in pure phase [18]. Doped derivatives of LiNiO2 known as nickel- 
rich oxide cathodes such as NCA and NCM have gained a significant 
amount of attention due to the high-energy density [11,12]. Again, 
obtaining practical capacity close to the theoretical one is difficult 
because of insufficient electrochemical durability [13,14] (Fig. 2a). 
Another available cathode material is spinel structured LiMn2O4, 
that has a theoretical capacity of 148 mAh g−1, however, in the 
practice only 120 mAh g−1 can be reached. The lower practical ca-
pacity of spinel cathodes restricts the energy density of Li-ion bat-
teries. There is another disadvantage of the manganese consumption 
in the cathode materials due to the reduction nature of the metal. A 
currently known cathode with high charging and discharging effi-
ciency is olivine structured LFP [19] that has the theoretical capacity 
of 170 mAh g−1 with 97–98% of retention over 1000 cycles. 

Addition to the practical capacity (Fig. 2b) of almost as the the-
oretical one the materials also have long cycle life due to the olivine 
structure, which enables full extraction and insertion of lithium ions 
during lithiation and delithiation processes. 

One of the main disadvantages of LFP implementation into 
electric and hybrid vehicles (EV, HV) is a limited nominal potential of 
3.2 V [20,21]. Gaining more power with a smaller battery package for 
high-voltage battery system could be possible only with high po-
tential cathodes. Beneficially, having the same theoretical capacity as 
LFP, other cathodes from olivine family recently have gained a sig-
nificant amount of attention due to their higher working potential of 
4.8 and 5.2 V vs Li/Li+ for LiCoPO4 (LCP) [22–26] and LiNiPO4 (LNP)  
[25–38], respectively. Typical cyclic voltammetry (CV) profiles of LCP 
and LNP are shown in Fig. 3. The high applicable candidacy of these 
olivine materials is also due to low cost, availability in a large 
amount, reduced volume expansion, relatively high specific capacity. 

In the olivine structure, a MO6 octahedron joins with edges of 
two LiO6 octahedra and one PO4 tetrahedron [40]. The ion diffusion 
within crystal occurs in 1D pathway (010) (Fig. 4b) [41], a direction 
which hinders the fast ion insertion and extraction because of se-
paration of MO6 octahedra and LiO6 tetrahedra polyanions [42,43]. 
The ordered olivine structure of LiMPO4 is obtained with transition 
D-metals such as iron (Fe), manganese (Mn), cobalt (Co), and nickel 
(Ni) [41,44] (Fig. 2b). 

Generally, the olivine structure has a formula of M2XO4, where M 
atoms are partially in the octahedral sites while X atoms in 1/8 of a 
tetrahedral occupancies of a hexagonal close-packed oxygen matrix 
(Fig. 4a, [45]). Octahedral sites in olivine structure crystal-
lographically differ from each other in size, thus the formula is 
M’MPO4 [46,47]. Metal ions in such systems could be different in size 
and charge. Further, this system was adapted for energy application 
systems. The first olivine structured cathode material was prepared 
and reported by J. Goodenough in 1997 [45]. 

Despite having superior safety, great reversibility, high operating 
potentials, wide energy density and capacity for high power appli-
cations, the consumption of olivine structured cathodes have a few 
unsolved technical objections such as poor cycle stability and rate 
performance [40,42,48]. Some of the drawbacks of these materials 
can be improved by decreasing particle size [39,40,42,44,51], doping 
by other D-elements [40,41] and coating with carbon [48–55]. Be-
sides these, the surface modification prevents degradation of cath-
odes by avoiding direct contact with organic electrolyte, as they can 
react with HF – a product of electrolyte decomposition [56,57]. All 
these undesired side reactions may lead to capacity decay and poor 

Table 1 
The summary of commercial cathode materials with major electrochemical char-
acteristics.      

Cathode materials Structure type Potential vs  
Li/Li+, V 

Theoretical 
capacity,  
mAh g−1  

LiMO2 Layered   
LiCoO2  3.7  274 
LiMnO2    285 
LiNiO2    

LiNi1−x-yCoxMyO2 Layered   
LiNi1−x-yCoxAlyO2, NCA  ~ 4.4  195 
LiNi1−x-yCoxMnyO2, NCM  ~ 4.5  200 
LiMn2O4 Spinel 4.0  148 
LiMPO4 Olivine   
LiFePO4  3.5  170 
LiMnPO4  4.1  170 
LiCoPO4  4.8  167 
LiNiPO4  5.2  170    

Fig. 1. The crystal structure of three different types of cathode materials [17].  
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cyclability of the electrodes. Regardless of the above-mentioned 
complications the progress of high voltage olivine cathodes is one of 
the main targets for current storage systems, because they can store 
substantially more energy than conventional cathode materials and 
provide opportunities for a mass production of EV. Therefore, Li-
CoPO4 and LiNiPO4 are promising cathodes for LIBs. Recently, many 

efforts on improving these two components have taken the research 
to another level with favorable outcomes as expectations have been 
greater. In 2018 Hector et al. summarized development of olivine 
LiCoPO4 cathode material, comparing its preparation methods, 
structure and performance [58]. Review work on LiNiPO4 cathode is 
also necessary since there is a large amount of research work on its 

Fig. 2. Specific capacity vs. potential of some commercial (a) and olivine structured (b) cathodes. Saturated colors represent practical capacity of cathodes, and pattern filled 
columns are theoretical capacity. 

Fig. 3. CV profiles of olivine cathodes: LCP (a) and LNP (b).  

Fig. 4. Crystal structure of olivine; brown colored polyhedral are MO6; purples are PO4; red ones are oxygen atom while greens are lithium ions [40] (a). Li-ion diffusion in 1- 
dimensional pathway of olivine structure (b) [41]. 
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preparation and applications. Thus, a summary work for these 
cathodes is crucial and required to cover the most recent advance-
ments. 

In this review paper, the concentration will be on high voltage 
operating olivine structured LiMPO4 cathode materials based on 
transition metals like cobalt (Co) and nickel (Ni). The paper includes 
the latest advances regarding a particle manipulation through syn-
thesizing methods, surface modification via carbon coating, and a 
partial substitution of Co and Ni by other transition D-elements. The 
quantum mechanical calculations are also presented to discuss the 
insight investigations and suggestions for enhancing the perfor-
mance of the materials. The future perspectives of these cathodes in 
the field of all-solid-state (ASSB) and aqueous batteries are dis-
cussed. 

2. Particle size manipulation 

The particle size is a key factor on the electrochemical reactivity 
of olivine-structured materials. Findings indicated that reducing 
particles size of LiCoPO4/LiNiPO4 to nanometers can influence on 
electrochemical characteristics of the cathode by shortening the 
diffusion distance for Li ions during the charge–discharge process  
[58]. Furthermore, nanoscale sizing should enhance the rate cap-
ability and obtain high discharge capacity, as well as decrease 
structural degradation and deformation of cathodes during cycling  
[59]. Therefore, this section describes the effect of particle size 
manipulation. 

The size of LCP/LNP cathodes are mainly controlled via fabrica-
tion methods. Various synthesizing routes such as solvothermal  
[60,61], hydrothermal [62,63], sol-gel [64,65], solid-state [66,67], co- 
precipitation [68], spray pyrolysis [69], supercritical fluid [70,71] 
process and other combined preparation methods [72,73] can be 
used to obtain smaller particles. Solvothermal synthesis method 

allowed to produce a well-controlled morphology and particle size 
of LCP. Recently, an investigation found that a solvent played a 
crucial role in adjusting the size of crystals [74,75]. Particularly, 
solvent such as ethylene glycol (EG) that had a high viscosity was 
able to control the growth of LCP crystals [76]. EG was similar to 
those of water, such as small molecules and the ability to form 
networks of hydrogen bonds [73]. In addition, the high dielectric 
constant of EG enabled dissolving highly polar reaction compounds, 
while the strong chelating ability allowed it to easily form complexes 
with transition metal ions in solution. Thus, EG content in the mixed 
solvent significantly affected the solubility, reactivity and diffusion 
behavior of the reagents and effectively controlled the morphology 
and size of the final product [76]. Wu et al. stated that adjusting the 
water/ethylene glycol ratio can effectively control the particle size of 
LCP in solvothermal synthesis [60]. The powders from the method 
had a particle size of 500 nm which demonstrated an initial dis-
charge capacity of 124 mAh g−1 at 0.1 C, and capacity retention re-
mained at 83% after 100 cycles. Another study observed that 
diethylene glycol played an essential role in changing the particle 
size [62]. Using water/diethylene glycol with the ratio of 1: 6 (v/v) 
enabled obtaining powder with a uniform particle size of ∼ 150 nm 
as shown in Fig. 5. The cathode after heating in argon (Ar) exhibited 
high initial discharge capacity of 147 mAh g−1 at 0.1 C with a ca-
pacity retention of 70% after 40 cycles. Neef et al. synthesized plate- 
like shaped LCP with thickness of about 200 nm that had arranged 
flower-like structure. Outcome of the research demonstrated that 
adding organic compounds during the hydrothermal method to 
produce desired form positively influenced on electrochemical per-
formance (107 mAh g−1) [62]. 

A favorable fabrication method that enabled precise control of 
the morphology and particle size was a sol-gel. Kim et al. were able 
to fabricate a single phase porous sponge-like LiCoPO4 without any 
secondary phase or impurities through a sol-gel route [64]. 

Fig. 5. Transmission electron microscopy (TEM) images of obtained LiCoPO4, using 1: 6 (v/v) H2O/DEG co-solvent, followed by firing at 600 °C in (a) Ar, (b) air, (c) 5% H2/N2 and (d) 
NH3. (Inset) magnified TEM images of single LiCoPO4 particle [62]. 
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Consequently, the method was one of the most suitable direction to 
prepare olivine structured materials with crystals smaller than 
200 nm. The porosity of the particles had an essential effect on the 
electrochemical performance, since the voids are filled with elec-
trolyte that improved the diffusion of lithium ion and affected on 
kinetics [77,78]. The charge-discharge profile demonstrated 
134.6 mAh g−1 at 0.5 C-rate at room temperature [64]. Some au-
thors like Rabanal et al. employed a conventional solid-state reaction 
where particles with less than 100 nm were obtained [66]. Me-
chanical grinding without carbon additives tended to have large 
aggregates, while addition of 8% of carbon altered and disaggregated 
crystals into smaller crystallites leading to have a uniform dis-
tribution of particles. Fig. 6 compares the electrochemical perfor-
mances of pure LCP and carbon coated LCP/C. The relationship graph 
of specific capacity and cycle number proved that the smaller par-
ticles with grinding and carbon coating performed superior compare 
to larger grain sized bare LCP at different C rates. 

Furthermore, the synthesis of LCP by a co-precipitation methоd 
using a micro reactоr could effectively produce nanosphere-like 
particles with an average size of about 200 nm without agglomera-
tion [68]. Thus, the electrochemical characteristics of the resulting 
LCP sample were significantly improved by enhancing the con-
ductivity of the electrode, which represents an initial discharge ca-
pacity of up to 164 mAh g−1 at 0.1 C and high rate performance 
(117 mAh g−1 at 5 C). Another way to synthesize LCP/C composites 
with spherical nanoporous structure was obtained by a simple spray 
pyrolysis method. Conry et al. observed that reduced particle size 
(~ 70 nm) and carbon-coated (2.4 wt%) microstructured LCP cathode 
provided a sufficient electronic and ionic conductivity [69]. Conse-
quently, these parameters were the explanation for the exhibition of 
high reversible capacity of 123 mAh g−1 at 0.1 C. Devaraju et al. 
described the promising fast supercritical method to obtain LCP high 
voltage cathode material, where characteristics such as particle size, 
shape and dispersion can be manipulated [70]. In their work syn-
thesized plate-like shaped particles of LCP demonstrated great 
electrochemical performance (130 mAh g−1 for the first cycle and 
98 mAh g−1 for the 10th cycle at 0.1 C). Explanation of the improved 
electrochemical activity was because of material’s lowest side 
thickness. Optimal conditions to influence the morphology to pro-
duce plate-like LCP cathode was introduction of oleylamine and 
heating at 400 °C for 4 min. The molar ratio of oleylamine and metal 
ions was set to 10: 1. Li et al. synthesized core-shell structured 

LiCoPO4/C composite material by using a simple and rapid micro-
wave heating process [25]. The surface of LCP particles was coated 
with carbon layer, while the carbon net was used as a connection 
part. Nanostructured morphology of cathode materials with an 
average particle size of approximately 150 nm in diameter positively 
influenced on electrochemical characteristics of lithium-ion bat-
teries. Thus, cells with the nanosized LCP/C cathode exhibited ex-
cellent electrochemical performances (the initial discharge capacity 
144 and 72.6 mAh g−1 for the 30th cycle at 0.1 C) and considered as 
an attractive approach. The particle size reduction of the LCP 
cathode obtained by various synthesizing methods with the elec-
trochemical characteristics demonstrated in Table 2. 

Regarding LiNiPO4, similar techniques were utilized to synthesize 
nanostructured material. Identification of the relationship between 
reduced particle size of the cathode and electrochemical perfor-
mance was observed. Zhang et al. explored a decisive factor of benzyl 
alcohol and glucose, which leads to the reduced particle size via 
combined solvothermal-solid-state reaction method [61]. The re-
sults proved that the water/benzyl alcohol mixture played a sig-
nificant role in reducing the particle size and regulation the particle 
growth of LNP. Favorable effect of adding glucose as a carbon pre-
cursor during hydrothermal process is disaggregation of particles. 
So, LNP/C represented a high initial specific capacity of 143 mAh g−1 

at 0.1 C. Interesting work was presented by Örnek et al. where a 
newly developed hard-template and solvothermal processes were 
used to obtain a core-shell structured nanoscale Co3O4 and CoO 
coated LNP [63]. It has been observed that surface-modified LNP/ 
Co3O4 and LNP/CoO materials had smaller particle sizes than the 
bare LNP and it assisted in exhibiting high initial discharge capacity 
of 139 and 149 mAh g−1, respectively. Moreover, these samples 
showed a stable voltage plateau at 5 V. In addition, they provided 
outstanding cycle life characteristics up to 80 charge-discharge cy-
cles and a slight reduction in capacity at 0.1 C rate. Tao et al. ob-
served the impact of citrate addition (as chelating agent) and 
annealing temperature on the electrochemical and physical prop-
erties of LiNiPO4 using a sol-gel process [65]. The investigation es-
tablished that particle size firstly grows by the annealing 
temperature rise, but it can be reduced by increasing the ratio of 
citrate/Li. Optimal conditions (700 °C and citrate/Li 2:1 by molar 
ratio) for obtaining spherical nanostructure of LiNiPO4 with 
100–200 nm particle sizes were explored to improve the reversible 
capacity of pure high-voltage LiNiPO4 materials. As reported by 
Kumar et al., bare and carbon-coated LiNiPO4 nanoparticles with an 
average size of 100 nm were produced via the polyvinylpyrrolidone 
(PVP) assisted polyol process that exhibited a voltage plateau at 5 V, 
corresponding to Ni2+/3+ redox couple [79]. Bare and carbon-coated 
LNP nanoparticles show initial discharge capacities of 72 and 
97 mAh g−1, respectively. The high discharge capacity and cycling 
ability of carbon-coated LNP explained by nanosizing of particles, as 
well as the coating of carbon on the surface of particles, which 
contributes to improving the kinetic properties in lithium-ion bat-
teries. Recently, Devaraju et al. published several research papers on 
regulating the size and morphology during synthesis of multiple 
cathodes, like phosphates, fluorophosphates, and silicates, using a 
supercritical fluid process and improving electrochemical char-
acteristics related to size and shape [61,80–87]. The particles size 
reduction of the LNP cathode obtained by various synthesizing 
methods with the electrochemical characteristics depicted in  
Table 3. 

Production of highly pure olivine cathodes can be done via many 
synthesis methods. One of the key parameters to enhance electro-
chemical performance is the preparation of smaller particles less 
than 100 nm with evenly distributed size, which can be achieved by 
proper design of fabrication route. From further observation it was 
clear that the crystal size could be reduced by surface coating of 
particles as well. It is striking to note that in accordance with the 

Fig. 6. Capacity of half cells vs. cycle number for bare LCP and LCP/8% C at cycling 
rates of C/5 and C/10 [66]. 
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considered methods, the sol-gel process gives the most promising 
results in terms of electrochemical behavior due to the nanoscale 
particle size of material and phase purity. Although organics assisted 
procedures enable to obtain nano particles, the electrochemical 
performance did not show desirable results. At the same time the 
solid-state method benefits from easy preparation of ordered crystal 
structure, but it usually demands a higher synthesis temperature 
and a longer processing time, and results in an increase in particle 
size. Generally, agglomerated crystals negatively influence on elec-
trochemical activity. In contrast, solution-based methods provide 
high purity, uniform size distribution, and small particle size; 
however, results suggested that performance was not close as in sol- 
gel method. The major disadvantages of these methods are com-
plicated chemistry and multiple step routes. Although recent reports 
demonstrated that combined synthesis such as mechanical assisted 
particle synthesis could be the solution for large-scale production 
with controlled particle morphology, including the size and 
shape [88]. 

3. Surface modification 

Generally, surface modification is applied to improve the elec-
tronic conductivity of various electrode materials. Particle surface is 
coated with contrasting electron-conductive matters such as metals  
[89] polymers [49,90], carbon (C) [55,91], and also composites  
[92,93]. Metal coating onto electrode surface is not widely applied 
technique and related reports are limited. Additionally, due to un-
even distribution onto particle surfaces, and high level of reactivity 
with oxygen that form electron insulating layers, consumption of 
metals is not desirable. Another drawback of metal coating is that 
they are expensive for large scale applications, and difficult to con-
trol deposition process in manufacturing level. Worth to mention 
that more recent works also tried using electron conductive poly-
mers to improve the electronic conductivity of cathode materials. 
Conductive polymers such as cyclized polyacrylonitrile (PAN), 
polypyrrole, and poly(3,4-ehtylenedioxythiophene) (known as 
PEDOT) also attracted attention because of their high electron con-
ducting ability [90,94]. However, these polymers have diminished 
mechanical stability [95]. Thus, the simplicity of the carbon and 
obtaining process of the electron conductive layer without complex 
reaction mechanisms enables carbon to be an excellent choice for 
improvement of electrode’s electronic conductivity. Another dom-
inance of carbon as coating material was explained by a formation of 
Me3P electron conductive phase during the heating in inert atmo-
sphere [96,97]. As mentioned above the carbon coating also aids in 

reduction of a particle size, and elimination of particle agglomera-
tion and growth [60,98,99]. While enhancing an ability to conduct 
electrons, the lithium ion conductivity also should be considered, as 
very thick layer of carbon may reduce the lithium ions transfer  
[100,101]. Thus, coating layer of carbon should be designed to be 
thin, uniform, and unbroken. The amount of carbon in cathode 
material varies from 0.5 and 2 wt% [102]. 

Generally, carbon coating on cathodes undergoes by several 
steps. First, LMP is synthesized, and then carbon sources such as 
citric acid, glucose, sucrose and, etc. are added with further heat 
treatment process. Moreover, there is also in-situ carbonization of 
olivine structures via several methods reported [25,69,103,104]. 
Choice of organics for carbon sources is crucial, as hydrogen may 
reduce transition metals and form additional D-element compound 
impurities [56,69,98,105,106]. Worth to note that carbon sources 
should interact with cathodes at lower temperatures. So the inter-
action and adhesion between active material and carbon should be 
higher by temperature incline [107–111]. 

3.1. LiCoPO4/C 

Reports by Wolfenstine et al. [112] and Gangulibabu et al. [113] 
suggested that carbon coating not only improved the electrical 
conductivity of LCP, but additionally assisted in forming the sec-
ondary phase like Co2P that improves and enhances the electron 
conductivity further, and the formation of the phase occurs during 
heat treatment of carbon and LCP particles under inert environment. 
Wu et al. analyzed the effect of different carbon coating strategies on 
LCP and observed electrochemical performances of bare LCP, ex-situ 
and in-situ carbon coated LCPs [37]. Majority of reported works 
consume citric acid as the carbon source. The research reported that 
in-situ method of carbon coating outperformed other samples, as 
carbon layer was continuously uniform and complete on the surface 
of particles, as illustrated below in Fig. 7a. Ex-situ carbon layer had a 
thickness of around ∼ 20 nm, while in-situ had ∼ 2 nm. The initial 
discharge capacities of carbon-free LCP, ex-situ and in-situ LCP/C 
were 83.3, 104.2 and 120.3 mAh g−1 [37], respectively demon-
strating that a very thin layer of carbon with uniform and complete 
coverage ensured higher conductivity of ions and electrons resulting 
in the better performance. Hou et al. investigated highly [010]-or-
iented self-assembled LCP/C nanoflakes as high-performance 
cathode for LIB [114]. Obtained in-situ LCP/C had a uniform carbon 
layer with a thickness of around 2 nm. The thin layer and ∼ 1.5 wt% 
of carbon coated nanoflakes enhance the conductivity of the mate-
rial. Results demonstrated that the initial discharge capacity of LCP/C 

Table 2 
The electrochemical performance of LiCoPO4 with reduced particle sizes synthesized via various methods.        

Methods Particle size Electrochemical behavior Ref.   

Initial discharge 
capacity, mAh g−1 

Current 
rate, C 

Comments   

Solvothermal 500 nm 124 0.1 With a retention of 83% after 100 cycles [60] 
Hydrothermal 5–10 µm 107 0.5 The higher capacity after 20 cycles (47  

mAh g−1) can be achieved for 0.5 C. 
[62] 

Sol-gel 200 nm 134.6 0.5 The capacity retention was 59% for LCP. [64] 
Solid state ≤ 100 nm 40 Ah kg−1 0.2 The specific capacity increased within cycling. [66] 
Co-precipitation 200 nm 164 0.1 Sample shows only 70% Columbic efficiency in 

the initial cycles. 
[68] 

117 5 
Combination of spray pyrolysis and 

wet ball-milling 
~ 87 nm 142 and 109 0.05 40 cycles corresponded to 87% of initial one at 

0.1 C rate. 
[72] 

0.05 
Spray pyrolysis 70 nm 123 0.1 Material exhibited a capacity retention of 95% 

over 20 cycles. 
[69] 

Supercritical fluid process 50–200 × 100–300 × 5–15 nm 130 0.1 98 mAh g−1 for the 10th cycle. [70] 
Microwave heating ~ 150 nm 93.3 (LCP) 0.1 LCP/C – 72.6 mAh g−1, LCP–9.4 mAh g−1 after 

30 cycles 
[25] 

144 (LCP/C) 
Sol-gel assisted carbothermal 

synthesis 
40 nm Not given Not given Oxidation and reduction peaks were at 4.89 

and 4.51 V 
[73]    
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as a half-cell was 142.2 mAh g−1 at 0.1 C. A full cell was also as-
sembled with Li4Ti5O12 (LTO) as an anode, and the discharge capa-
city of 154.6 mAh g−1 at 0.1 C was obtained. The stable performance 
was observed up to 100 cycles with 93.1% capacity retention. 

Li and Taniguchi investigated electrochemical behavior of LCP 
with different types of carbon sources such as sucrose, ascorbic, 
tartaric, citric acids, and polyvinyl pyrrolidone (PVP) that were 
prepared as ex-situ [115]. The output of the research showed that 
PVP was the optimal choice as a carbon source. The cathode powder 
from spray pyrolysis was wet ball milled with PVP and heat treated 
to obtain carbon coated LCP. The discharge capacity of bare LCP was 
73 mAh g−1 and it was improved up to 110 mAh g−1 with PVP be-
cause of conductive carbon layer formation onto particles, which 
reduced particle size as well. The authors also stated that the an-
nealing temperature of LCP and amount of PVP were crucial. The 
sample that had 0.3 wt% of carbon and annealed at 700 °C out-
performed, and the crystal sizes were the smallest with a value of 
77 nm [115]. Another work that compared carbon sources for LCP 
was by Maeyoshi et al. [98]. In this research, as organic additives 
carboxymethylcellulose (CMC), glucose and ascorbic acid were used 
and compared with carbon-free LCP [98]. The carbon content was 
varied in a range of 0.9–3.1%. The results demonstrated that organic 
carbon source as CMC was uniformly coated on the surface of par-
ticles. The thickness of layer was confirmed via TEM and it was 
approximately 6 nm. (Fig. 7b). The illustration via authors depicted 
that carbon from ascorbic acid covered the particles with large gaps, 
while from glucose source particles had isolated carbon. A suffi-
ciently uniform and complete coating was obtained with CMC. The 
initial discharge capacities of carbon-free LCP, LCP/ascorbic acid, 
LCP/glucose and LCP/ CMC were 108.5, 112.9, 107.9, and 
135.0 mAh g−1, respectively. Excellence in performance of the last 
one was explained with high electronic conductivity of CMC and 
ability to reduce particles (Fig. 8c). 

The unusual work on double carbon coated LCP nanocomposite 
was presented by Yu et al. [116]. The authors investigated bare, 
single and double layer coated LCP samples. The single carbon 
layered samples were as following: LCP with 3 wt% AB (LCP/AB), 5 wt 
% phenol-formaldehyde resins (LCP/PAS) and 10 wt% glucose (LCP/C). 
The double layer coating procedure was as follows: a) the first 
carbon layer was obtained with 10 wt% glucose beforehand; b) the 
second layer was produced by LCP with 1 wt% AB (LCP/C_AB) and 
3 wt% PAS (LCP/C_PAS). The electrochemical performance of single 
carbon layered samples depicted the discharge capacities of 120.92, 
121.07, and 138.06 mAh g−1 for LCP/C, LCP/PAS, and LCP/AB, re-
spectively. The LCP/AB presented the highest capacity, however, it 
progressively decreased and after 30th cycle, it declined to 
21.9 mAh g−1. LCP/C and LCP/PAS kept their capacity up to 30 cycles. 
These values were described by the uniformity of carbon coating. 
Carbon layer from glucose and PAS was more homogenous and 
evenly distributed. In the case of the double layered samples, two 
layers of carbon reduced the particles down to 150 nm (particles of 
single layered carbon coating was 200 nm in size). The thickness of 
the inner and outer layers was different (Fig. 7c). TEM results ex-
hibited that thickness of LCP/C_PAS sample’s initial layer was 
1.59 nm, and the outer had a value of 1 nm. LCP/C_AB showed 2 nm 
of a thick inner layer, and 2.41 nm of outer layer. The capacity de-
livery of LCP/C_PAS and LCP/C_AB 143.51 and 147.12 mAh g−1 at 
0.1 C rate, respectively. The capacity retention of LCP/C_PAS and LCP/ 
C_AB was 21.6% and 11.9% after 50 cycles (Fig. 8a, b). 

3.2. LiNiPO4/C 

Depending on a choice of the fabrication method and organic 
additives as a carbon source, LNP with different shapes can be fab-
ricated, such as nanorods and nanoplates [28]. Due to simplicity, ex- 
situ carbon coating technique was applied in the most of Ta
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experimental works. Several authors consumed oxalic and acrylic 
acids as carbon sources for LNP and the discharge capacity of around 
98 mAh g−1 was achieved [106]. Dimesso et al. investigated the 
influence of graphitic carbon foams on LNP [118]. The graphitic foam 
was coated on the surface of particles via in-situ technique. The 
specific capacity of LNP/C was 86 mAh g−1. LNP was further mod-
ified by manipulating Ni content (LiNiyPO4 (y = 0.8–1.0)). As a result, 
uniformity of the coating depends on a value of y, as y = 1.0 had a 
uniform layer, while y  <  1.0 had small cracks and voids. Electro-
chemical outputs depicted the discharge capacities of 76 and 
122 mAh g−1 for LiNi0.9PO4/C and LiNi0.8PO4/C at 0.1 C, respectively. 
However, LNP/C and LN0.9P were stable up to 10 cycles with 10% of 
capacity fading, however, LN0.8P had the capacity fade of 86% after 10 
cycles. These poor electrochemical behaviors were explained by a 
formation of instable delithiated crystalline phase of Li2Ni3(P2O7)2 

due to a not uniform carbon coating on particle surface. 
However, some authors achieved higher capacity and longer 

cycle life by manipulating the organic solvents to assist in formation 
of cathode materials. Ornek et al. demonstrated a novel and effective 
low-level and longtime microwave and solvothermal (LLLTMSS) 
synthesis method for producing core-shell LNP/C [117]. As a carbon 
source alginic acid was used, which formed the most stable and 
uniform layer of carbon with a thickness of 4–5 nm (Fig. 7d). The 
synthesized LNP had an excellent discharge capacity of 
150.2 mAh g−1, while carbon-free LNP showed around 80 mAh g−1 

at 0.1 C. LNP/C performed up to 100 cycles, by losing only 8% of ca-
pacity after 100 cycles. The later work of the same group demon-
strated the importance of the reaction assisting solvents for carbon 
coating mechanism of LNP particles [119]. The work noted that 

organic precursors must intensively interact with LNP at lower 
temperatures in order to gain a high rate of adhesion at the starting 
point of the fabrication method. At a temperature of around 
200–250 °C particles shatter and adheres onto the surface of active 
material, and by increasing the temperature particles uniformly 
distribute over the surface by forming a layer of carbon (Figs. 7d and  
8d-f). The research included influence of different reaction media 
such as EG, isopropanol (IPA), isobutanol, and water on the proper-
ties of LNP/C material that previously reported. Among all solvents, 
LNP/C with IPA solvent medium depicted the highest discharge ca-
pacity of 157 mAh g−1 at 0.1 C rate. The material lost 19% of capacity 
after 80 cycles. Carbon coating on the surface of LNP was in a range 
of 5–6 nm. Similar research was conducted by Zhang et al. [61]. 
Glucose was used as a carbon source, and solvents such as benzyl 
alcohol and DI water were consumed as reaction assisting reagents. 
As a consequence, particles were 200 nm in size with initial capa-
cities of 143, 91 and 45 mAh g−1 for 0.1 and 1 C. 

Overall, carbon coating has a significant impact on the perfor-
mance of high voltage olivine cathodes. The positive effects such as 
increased electronic conductivity and decreased particle size were 
achieved by a thin layer carbon coating. Particularly, coating by in- 
situ techniques demonstrated outstanding electrochemical perfor-
mance where the discharge capacity close to the theoretical value 
could be achieved. In addition, carbon coating demonstrated com-
pelling results as it helped to decline particle size. Careful observa-
tions demonstrated that the thickness of the carbon layer should be 
less than 6 nm, which enabled high electronic conductivity and 
sufficient lithium ion conduction, while thick layers inhibited the 
lithium ion motion. 

Fig. 7. HAADF-STEM of LCP/C ex-situ nanoparticles (1) with corresponding EDX (2), and LCP/C in-situ nanoparticle (3) with corresponding EDX map (4). White arrows point to the 
carbon coating (a) [37]; Carbon coated LCP particles by organics such as CMC, glucose, and ascorbic acid via TEM, and illustration of layer distribution onto LCP particles (b) [98]; 
TEM images of LCP/C_AB (1,2,3) and LCP/C_PAS (4,5,6) (c) [116]; TEM images of carbon (alginic acid) coated LiNiPO4 (d) [117]. 
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4. Doping 

The doping is a widely applied technique in crystallography to 
improve the performance of material by creating defects. The elec-
tronic conductivity, stability of materials, and electrochemical per-
formance could be advanced via dopants. Another aspect of 
substitution is to reduce or increase a lattice size. The crystal 
structure of LCP and LNP were successfully doped with various ca-
tions such as Mg2+, Sr2+, V5+, Y3+, Cr3+, Si4+ and Cu+ [111,117–138]. 

Work introduced by Kosova et al. on vanadium doped LCP con-
centrated on approaches to address the cyclability issue of (1-y) 
LiCoPO4*yLi3V2(PO4)3, (0 ≤ y ≤ 1) [125]. A negligible amount of va-
nadium ions was incorporated into the LCP structure, while the rest 
of vanadium formed Li3V2(PO4)3. Result of the research indicated 
that low amount of vanadium (0.95 LCP – 0.05 Li3V2(PO4)3) en-
hanced electrochemical performance of the material compared to 
bare LCP due to the formation of sufficient amount of defects within 
the structure, which led to higher ionic and electronic conductivity 
of the material. In addition, the presence of Li3V2(PO4)3 monoclinic 
phase promoted lithium ion conduction. The final composition was 
0.95 LCP/0.05 LVP, and it had an initial capacity of 101 mAh g−1, and 
after 15 cycles it dropped to 95.5 mAh g−1. F. Wang et al. highly 
promoted electrochemical performance of LCP cathode material by 

adding vanadium into the structure (Li1+0.5xCo1−xVx(PO4)1+0.5x/C, 
(x = 0, 0.05, 0.10)) [136]. The electrochemical measurements showed 
that the addition of V5+ into LCP significantly improves the material’s 
performance. Among all samples, cathode with formula of 
Li1.025Co0.95V0.05(PO4)1.025 with carbon coating had the highest initial 
discharge capacity of 134.8 mAh g−1 at 0.1 C, while it was compared 
with LCP/C pristine structure which had a capacity of 112.2 mAh g−1 

at 0.1 C. V5+ dopant also improved the cyclability of the material, and 
sample had 85% capacity retention after 25 cycles, while non-doped 
had 62%. The recent publication on vanadium-substituted LCP core 
for high voltage Li-ion batteries was also presented by K. Kreder et al.  
[135]. The work demonstrated the composition of LiCo1−3x/2 Vx/2PO4 

(LCVP), (0.0 ≤ x ≤ 0.04) that coated with various amounts of LFP. The 
initial discharge capacity of a sample with x = 0.02 (LiCo0.97V0.01PO4) 
and 5% LFP coating was the highest among other samples, with a 
value of around 145 mAh g−1. Only 51% capacity remained after 20 
cycles. Moreover, the authors claimed that instability and decom-
position of electrolyte at higher potential could also affect the fur-
ther cyclability of electrodes. A work presented by A. Rajalashmi 
et al. also concentrated on properties of V5+ cation in LCP, Li-
Co1−xVxPO4 and it was compared with undoped LCP [122]. The ex-
periment basically based on electrochemical impedance 
spectroscopy (EIS) studies of modified materials. Results concluded 

Fig. 8. Improvement of LCP and LNP by carbon coating. Charge and discharge curves (a) and cycle performances (b) of double carbon coated LCP composite; at 0.1 C [116]. CV 
profile of LCP with different carbon coatings (c) [98]. Charge and discharge curves (d), CV profile (e) and Cycling stability profiles of LNP by different solvents (f) [119]. 
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that V5+ cation did not make any remarkable improvement in the 
electrochemical behavior of LCP material. 

Another element that was widely utilized and investigated as a 
dopant in high voltage olivine cathodes was iron. Improved cycle life 
of Fe-substituted LCP was presented by J. Allen et al., where 100% of 
discharge capacity (∼ 105 mAh g−1) was retained during 10 cycles, 
and 80% for 500 cycles [121]. The reason behind enhanced cyclability 
was explained via Fe3+ dopant. Doped cations occupied Li and Co 
sites simultaneously, which was proved by Rietveld refinement of 
XRD diffraction data, infrared spectroscopy, X-ray photoelectron 
spectroscopy and Mossbauer spectroscopy. A large occupation 
number of iron cations occurred in Co sites. The composition of this 
substitution was Li0.92Co0.8Fe2+

0.12Fe3+
0.08PO4. The most recent research 

of the same author based on improvement of LiCo0.9Fe0.1PO4 cathode 
with Cr and Si substitutions to examine full and half Li-ion cell 
performances [130]. J. Allen stated that initial Fe substituted LCP 
greatly improved the cycle life as well as it increased the energy 
density of the material. Moreover, modifications of LiCo0.9Fe0.1PO4 

with Cr (LiCo0.829Fe0.0976Cr0.0488PO4) and dopant led to owing further 
rise in the energy density, cycle life and rate capability, and reduc-
tion of reactivity of electrolyte with cathode by Si dopant (Li-
Co0.820Fe0.0976Cr0.0488Si0.00976PO4) [130]. As a result, assembled half- 
cell with Cr, Si doped LiCo0.9Fe0.1PO4 had the discharge capacity of 
140 mAh g−1 at C/3 rate and no capacity fading over 250 cycles. A 
full cell with graphite was also assembled, and the initial capacity 
was at 135 mAh g−1 for 250 cycles and after it declined to 
100 mAh g−1. D. Lecce and et al. also put many efforts on develop-
ment of high voltage cathodes by adding iron cation [138]. Earlier 
work of the authors demonstrated the optimization of Fe doped LCP, 
and it had a reversible capacity of 120 mAh g−1 at 0.1 C, and capacity 
retention of 78% remained during 20 cycles. The next investigation of 
the same author was the combination of two olivine cathodes such 
as LiMnPO4 (LMP) and LiCoPO4 [128]. By doing so they tried to solve 
problems of both cathodes like insulating nature of LMP and capa-
city fading of LCP. Furthermore, a modification of the combination 
occurred by adding metal cation as iron (Fe). The addition of the iron 
cation into the lattice was to enhance the electronic and ionic con-
ductivity of LMP and reduce Jahn-Teller deformation. As a result, a 
final cathode material was LiFe0.25Mn0.5Co0.25PO4 and it had re-
versible capacities of around 105, 85 and 75 mAh g−1 at C/5, C/3 and 
1 C rates with over 50 cycles with carbon coating. The latest study of 
D. Lecce et al. intensively tried to improve the performance of LCP 
with Mn and Fe [131]. Observation from the work showed that by 
increasing iron amount in LCP embellish electrodes reactivity, while 
the materials containing Mn (LiCo1−xMnxPO4) had poor behavior 
with diminished activity around 4.1 V vs. Li+/Li [131]. Advanced re-
search for these phenomena explanation was conducted and a de-
tailed electrochemical impedance technique was applied. As a 
consequence, the examination revealed that substitution with 
manganese had a negative effect on LCP. The destitute function of 
the material was due to a charge transfer resistance growth. How-
ever, Fe doped LCP with a formula of LiCo0.6Fe0.4PO4 and carbon 
coating depicted an operating plateau around 4.8 V with a capacity 
of 120 mAh g−1 and 80% of capacity remained after 20 cycles. S. 
Brutti et al. studied an interplay between local structure and trans-
port properties in iron doped LCP olivine [120]. The author con-
sidered a partial substitution of Co ions in the olivine crystal with 
Fe2+ and Fe3+ to alter the concentration of anti-site defects, the 
natural concentration of lithium vacancies and lithium ion mobili-
zation channel. Consequently, dopants modulated the lithium 
transport properties in the lattice. The output of the research found 
the most optimal material, Li0.94−w(Fe0.1Co0.9)1.03PO4 (LCfP/Ar) with a 
reversible capacity of 110 mAh g−1. 

The concept of a high-performance olivine-based cathode of 
LiFexNiyCozPO4 was studied by G. Pagot et al. [137]. From all variance, a 
material with a larger Co content, Li1.009Fe0.383Ni0.081Co0.694(PO4)1.000 

(LFNCP061) had charge and discharge profile over 150 cycles with a 
stable and constant capacity of 125 mAh g−1 at 0.5 C. However, after 
150 cycles there was capacity fading due to decomposition of electro-
lyte over 4.5 V. The results also showed that higher Co content could 
prevent the fading as well. Although, both materials are high voltage 
cathodes, compare to LCP the doping of LNP has not been under a 
progressive research. There were only several reports on the ad-
vancement of LNP via substituting with other metal ions. 

In the most of works the performance of LNP was attempted to 
improve with cobalt (Co) and the approach was chosen to enhance 
the electrical conductivity of the cathode where Co cations go to Ni 
occupancy [142]. The final cathode with the formula of Li-
Ni0.5Co0.5PO4/C delivered the discharge capacities varying from 145 
to 159 mAh g−1. V. Babu et al. compared structural and dielectric 
properties of LNP and LiNi0.5Co0.5PO4 cathode materials [140]. The 
main focus of the research was impedance spectroscopy to examine 
electric conductivity of materials, as well as activation energy. As a 
result, dopant such as Co enlarges the lattice size and provides space 
for lithium ion migration. Activation energy calculations of these 
samples were determined and values 0.6075 eV and 0.7334 eV were 
obtained. The electric conductivity of LiNi0.5Co0.5PO4 was higher 
than LNP. S. Devi et al. investigated structural and electrochemical 
characterizations of nanostructured LiNi1−xCoxPO4 (x = 0 and 0.5), 
and reported the specific capacities of 172.4 mAh g−1 for LNP and 
173.2 mAh g−1 for LiNi0.5Co0.5PO4 at 0.1 C [123]. The capacity re-
tention was 80% for 15 cycles. 

S. Kartchikprabhu et al. reported carbon-free LiNiPO4 (LNP) 
cathode material with manganese (Mn) dopant [139]. Li-
Ni1−xMnxPO4, where dopant amount (x) varied from 0.05 to 0.20 
were prepared via polyol method. The research concluded that the 
best performing doped material was LiNi0.9Mn0.1PO4 and it exhibited 
an initial discharge capacity of 94.2 mAh g−1 while LNP had 
75.6 mAh g−1 at 0.25 C. The materials performed over 100 cycles 
with potential range of 2.8 and 5.6 V and with 62% capacity reten-
tion. Another work presented by the same author designed neody-
mium (Nd) doped LNP cathode [141]. The variation of Nd3+ cation 
amount (x) in LiNi1−xNdxPO4 material were between 0.01 and 0.09. 
Among all these samples, the better performance was seen from 
LiNi0.93Nd0.07PO4 with a maximum specific capacity of 95.2 mAh g−1 

at 0.1 C rate. 95% of capacity remained after 50 cycles. Q. Tan et al. 
examined electrical and structural characteristics of LiNi1−x 

(Co0.5Mn0.5)xPO4 (0 ≤ x ≤ 1), and reported that in order to increase 
conductivity of cathode materials nickel content should be 0.2 [133]. 
The work presented by P. Tadesse et al. concentrated on an effect of 
aluminum dopant on the structure, electrical and dielectric proper-
ties of LiNi0.5Co0.5PO4 cathode material [126]. LiNi0.5Co0.5−xAlxPO4 

(x = 0.0, 0.05, 0.1 and 0.15) materials were prepared and tested, 
however, LiNi0.5Co0.4Al0.1PO4 displayed higher capacity among all 
other samples with value of 46.1 mAh g−1 for 10 cycles. The initial 
capacity of the material decreased to 17.1% after 10 cycles, and re-
maining discharge capacity was at 38.2 mAh g−1 with working po-
tential of 2.25 and 4.8 V. The overall electrochemical result summary 
of these doped samples is demonstrated in Table 4. 

Comprehensive review showed that the electronic conductivity 
of doped LCP and LNP have no significant difference from carbon 
coated LCP and LNP. It should be noted that after doping LCP and LNP 
with different types of transition metals were coated by carbon as 
well, and it is not clear which of these approaches has more effect on 
the materials performance. In order to maintain high operating po-
tentials of these cathodes, the amount of dopant should be strictly 
controlled. Summarizing all recent works, it is obvious that con-
siderable number of researchers tried to improve LCP and LNP 
through iron doping, as LFP commercial cathode demonstrates ex-
cellent performance in terms of cycle ability and rate capability. 
Unfortunately, it can be concluded that there is still broad research 
needed. 
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5. Quantum mechanical calculations 

Progress in material science for energy storage systems faces 
significant challenges that require a fundamental understanding that 
only can be resolved by computational simulations. Addition to this, 
computational hardware and simulation techniques have been 
widely exploited and expanded the scope and capability of compu-
tational applications. In the case of energy storage systems, the 
computer simulations allow to study materials at electronic and 
atomic levels. For instance, it enables to explain thermodynamic 
stabilities of crystals during lithiation and delithiation processes and 
ionic migration direction, interface issue of cathodes that cannot be 
properly evaluated by experimental works and etc. [142–151]. 

Calculation of energy and structure of positive electrodes can be 
done via density functional theory (DFT) - the most widely used 
technique in the field of solid state inorganic materials. The DFT 
methods take into consideration several levels of approximation  
[147]. In most cases, properties are the total energy, structure, the 
band structure of a material. Although many properties can be cal-
culated, only two properties such as structure and energy are widely 
applied for cathode materials, in particular, the voltage, capacity, and 
cycling stability [147]. Meng et al. reviewed many types of cathodes 
using the first principal method to calculate the structural compo-
nents [145]. Olivine phosphates were among the simulated cathodes 
and measurements like the redox potentials, the ion mobility, the 
phase transformation mechanisms, stability of structure change 
were simulated [145]. Hoang et al. investigated a crystal defects of 
LFP olivine and characterized them by their formation energy, and 
reported about the native charged point defects, and these defects 
were stable at one charge state only [144]. The electron and ionic 
conductivity of olivine phosphates (LMP) depend on the growth of 
hole polaron and lithium vacancy numbers through actions that can 
shift Fermi level and synthesis processes [144]. Another author (Xu 
et al.) that investigated olivine structure suggested that manipula-
tion of band-structure related to electronic structure depends on 
doping or substitution of transition metal [151]. Some dopants oc-
cupy lithium and oxygen sites which further developed the elec-
tronic conductivity of materials. The first principal investigation of 
Mn-doped LCP was carried out by Zhi-Ping et al. [152]. The output of 
results demonstrated that manganese dopant changes the lattice 
parameters by shrinking the cell and tolerating the excellent re-
peated cycle ability of the battery. The research by H. Gwon et al. on 
combined first-principle calculations and experimental study on 
multi-component olivine cathodes [143]. Results have demonstrated 
very important conclusion reporting that Fe3+/Fe2+, Mn3+/Mn2+, 
Co3+/Co2+ redox couples electrochemically active below the 4.9 V. It 
indicated that LiMn1/3Fe1/3Co1/3PO4 had one phase reaction for all 
lithium compositions by the effect of the presence of multi-com-
ponents [143]. By other words, a several-phase reaction was 

converted into a one-phase reaction for the well-ordered, non-na-
nocrystalline olivine phase at RT with several elements doping [143]. 
M. Alfaruqi et al. examined DFT on mixed transition metals in olivine 
materials for energy storage applications [142]. A material with a 
formula of LiNi0.5Mn0.5PO4 was compared with LiMnPO4. The cal-
culation estimated that presence of nickel in olivine structure po-
sitively influenced the structure favoring lithium intercalation and 
enhancing electronic conductivity [142]. The lithiation potential of 
the materials increased up to 4.27 V enabling high energy density. 
Furthermore, the activation energy of lithium ions mobility was 
decreased by such modifications further improving performance of 
the cathode [142]. Many simulation works might be difficult to im-
plement in real time experiments because of uncontrollability of 
some parameters such as occupancy of particular elements at certain 
sites and creation of sufficient amount of vacancies. Thus, idealized 
calculated parameters should put into practical experimental works 
until simulated theoretical values are reached. Depending on im-
provement methods there is still considerable amount of work 
should be conducted preferably by combining all development ap-
proaches to prepare high performance materials for future applica-
tions. 

6. Applications and future perspectives 

Lithium transition metal (Co, Ni) phosphates have been widely 
studied as potential candidates for cathode materials in high-voltage 
lithium-ion batteries because of their structure that provides full 
lithiation and delithiation during charge and discharge processes. 
Numerous attempts have been considered in order to advance the 
performance of perspective high voltage cathode materials such as 
LCP and LNP. Up-to-date, the specific capacity of materials reached 
only approximately 80% and below. Unfortunately, the discharge 
capacity of these two cathodes remains only up to 10 – 20 cycles at 
lower rates. Despite these issues, a great progress could lead to 
implementation of these cathodes into all-solid-state battery system 
for large scale applications (Fig. 9). High working potentials of 4.8 
and 5.2 V and advantages of the olivine structure favor them as ex-
cellent candidates for operation in EV and HV (Fig. 9). For instance, 
Okumura et al. applied olivine structured LCP in all-solid-state LIBs 
by forming LiCoPO4-LATP composite cathode via spark plasma sin-
tering (SPS) technique and analyzed its electrochemical activity by 
CV [153]. A reversible charge-discharge capacity of LCP was derived 
by CV at a scan rate of 0.5 mV s−1 at 150 °C. Taking into consideration 
the success of this work, further steps can be taken towards using 
other solid electrolytes based on lithium ion conducting solid and gel 
polymers and inorganic ceramics. Further progress in high voltage 
olivine structured cathodes in combination with suitable solid 
polymers will be a breakthrough in energy storage systems enabling 
them to accommodate high energy in smaller cell packages. 

Table 4 
The overall data of doped cathode materials of LCP/LNP.        

Molecular formula Outperformed samples Potential, V Capacity mAh g−1 C rate Ref.  

(1-y)LiCoPO4*yLi3V2(PO4)3 0.95 LCP – 0.05 Li3V2(PO4)3   101  0.1 [125] 
Li1+0.5xCo1−xVx(PO4)1+0.5x/C (x = 0, 0.05, 0.10) Li1.025Co0.95V0.05(PO4)1.025/C 4.1  134.8  0.1 [136] 
LiCo1−3x/2 Vx/2PO4 (LCVP) (0.0 ≤ x ≤ 0.04) + 5% LFP LiCo0.97V0.01PO4 + 5% LFP 4.93  145  0.1 [135] 
Fe-substituted LiCoPO4 LiCo0.8Fe0.2PO4 4.8  105  0.1 [121] 
Fe doped LCP/C LiCo0.6Fe0.4PO4/C 4.8  120  0.1 [131] 
Cr, Si doped LiCo0.9Fe0.1PO4 LiCo0.820Fe0.0976Cr0.0488Si0.00976PO4   140  0.3 [130] 
Iron doped LCP LCfP Li0.94−w(Fe0.1Co0.9)1.03PO4 4.8 V  110  [120] 
Fe doped LiMnCoPO4 LiFe0.25Mn0.5Co0.25PO4 4.1  105  0.2 [128] 
LiFexNiyCozPO4 Li1.009Fe0.383Ni0.081Co0.694(PO4)1.000 4.5  125  0.5 [137] 
LiNi1−xCoxPO4/C LiNi0.5Co0.5PO4/C   159  0.1 [142] 
LiNi1−xCoxPO4 LiNi0.5Co0.5PO4/C   173.2  0.1 [123] 
LiNi1−xMnxPO4 LiNi0.9Mn0.1PO4   94.2  0.25 [139] 
LiNi1−xNdxPO4 LiNi0.93Nd0.07PO4   95.2  0.1 [141] 
LiNi0.5Co0.5−xAlxPO4 LiNi0.5Co0.4Al0.1PO4 4.8  46.1  0.1 [126] 
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Although progress in designing solid electrolytes has been admir-
able, liquid electrolytes are still widely consumed. Unfortunately, 
working potentials of these cathodes limit utilizing the commercial 
electrolyte that starts decomposing at 4.4 V. However, this process 
can be prevented by progressing additives for liquid electrolytes. 
Expanding this kind of work could contribute to utilization of high 
potential phosphate olivines. 

Recently, the development of new types of energy storing that 
meets current demand has been gaining a significant attention. One 
of the latest interests is aqueous batteries that operates on lithium 
ion conduction mechanism [154]. Moreover, an experimental study 
where high potential electrode LCP utilized as a cathode in aqueous 
batteries was reported [155]. In the work tin (Sn) was used as an 
anode with aqueous electrolyte. A novel 1 V cell composed of Sn – 
LCP and lithium hydroxide aqueous solution had the reversible in-
sertion and extraction of lithium ions and provided structural and 
cycling stability for over 25 cycles. Based on galvanostatic and cyclic 
voltammetric data after the fifth cycle, it was found that the Cou-
lombic efficiency of the aqueous battery is close to 100%, providing a 
reversible discharge capacity of 80 mAh g−1 [155]. The same author 
reported olivine LNP for aqueous rechargeable battery [67]. During 
the oxidation process where Li-ions de-intercalated a side product as 
nickel (II) hydroxide (β-NiOOH) formed. As a result, lithium ions 
were not fully intercalated demonstrating a reversible performance 
for only couple of cycles. The highest discharge capacity of 
55 mAh g−1 was obtained, and after 5 cycles it declined to 
50 mAh g−1. Evaluating the idea and progress of phosphate olivines 
in aqueous batteries open many opportunities for many research 
communities. Endeavors in this direction need to be continued to 
advance these cathodes for aqueous system that provides high safety 
with environmental friendliness. 

The development of solid electrolytes such as polymer [156–159] 
and inorganic ceramic [160,161] enables assembling new generation 
high power cells with the high voltage cathodes towards lithium 
metal anode that could cycle with great stability. However, decade 
time dedicated research on the high voltage olivine structured 
cathode still struggles to maintain the current demand for 

implementation of the cathodes of LiCoPO4 and LiNiPO4 into the 
energy storage systems. In order to fully understand these cathodes 
weaknesses, detailed research from the computational side should 
be designed. Having the most required characteristics for the de-
velopment of the next generation energy storage systems, these two 
cathodes ought to implement the theoretical calculations into real 
experimental works. By combining the output from several as-
sumption and results, it can be properly concluded and found the 
future perspectives of these materials. Generally, the progress in the 
performance of these two high potential olivine cathodes not only 
advances all-solid-state battery field, but may also influence on en-
vironmentally friendly, non-hazardous aqueous energy storage sys-
tems. Overall, there were still improvements reported that can 
contribute to the progress in the field of all-solid-state and aqueous 
energy storage systems. 
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