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Abstract:



Among the compounds of the olivine family, LiMPO4 with M = Fe, Mn, Ni, or Co, only LiFePO4 is currently used as the active element of positive electrodes in lithium-ion batteries. However, intensive research devoted to other elements of the family has recently been successful in significantly improving their electrochemical performance, so that some of them are now promising for application in the battery industry and outperform LiFePO4 in terms of energy density, a key parameter for use in electric vehicles in particular. The purpose of this review is to acknowledge the current state of the art and the progress that has been made recently on all the elements of the family and their solid solutions. We also discuss the results from the perspective of their potential application in the industry of Li-ion batteries.






Keywords:


olivines; cathodes; lithium-ion batteries












1. Introduction


The olivine-based positive electrode (cathode) materials have been extensively studied (see [1] for a review). LiFePO4 (LFP) is now a worldwide commercial product as an active element of cathodes for lithium batteries. Cheaper, safer, and less toxic than LiCoO2 and other lamellar compounds with cobalt in their chemical formula, LFP-based lithium batteries are currently the best choice for large-scale applications [2]. LFP has become a reference cathode, associated with different anodes in full electrochemical cells [3]. We have discussed elsewhere the superiority of LFP among lithium-ion batteries in terms of thermal stability and safety, an issue which is critical for HEV and EV applications, and a fortiori in planes. This has been confirmed experimentally by battery fires experienced in electric cars and planes equipped with batteries containing cathode materials with two-dimensional structure [4]. To summarize in a few lines the 200 pages (pp. 119–319) of Ref. [2] we have devoted to a comparative study of the different cathodes for Li-ion batteries (LIBs), let us recall that olivines also avoid the problem of aging of batteries equipped with manganese spinels due to the dissolution of Mn3+ in the electrolyte, which still limits their calendar life. The problem was partly solved by surface modifications, but they increase the price of the powder, and they did not permit the stabilizing of the cycle life over thousands of cycles, while a battery without significant fade after more than 1100 cycles (three years, if charged once per day) is a basic requirement. Non-spinel manganese dioxides have a tendency to transform irreversibly to a spinel-like structure upon cycling, and none of the fluoro-polyionic compounds are competitive. Many efforts are currently being devoted to investigating other technologies. They have been put into perspective with olivines in previous reviews [5,6]. We have reported elsewhere a prospect of these technologies including Li-S [7], Na-, Mg-, Al-, and K-ion batteries [8]. We have discussed the place of lithium batteries among other technologies for energy storage in Ref. [9]. From these considerations, we concluded that the future of lithium batteries is bright for the next years to come, thus confirming the interest in the olivine compounds.



The main disadvantage of olivines with respect to other cathode chemistries for lithium batteries is the lower energy density. This is evidenced in Table 1 where we have reported the gravimetric and volumetric energy densities of LFP and two other cathode materials which have also found a market place in commercial batteries for electric vehicles: the manganese spinel LiMn2O4, and “LiNiCoAl” (NCA). In terms of energy density, the winner is clearly NCA, the cathode material used by Panasonic to manufacture the batteries of Tesla cars. However, the low energy density of LFP was not an obstacle for its success for EV applications. The top-selling EV manufacturer in the world today is BYD, which makes its own batteries. Its success comes from its choice of the LFP cathode chemistry. As an example, BYD’s LFP battery used by e6 taxis in Shenzen has a driving range of 200 km and can be charged to 80% in just 20 min, or 100% in only 40 min using a BYD DC fast charger. The town has 12,000 taxis which will be electric by the end of this year, and all of the 7,000,000 buses are already electric buses, 80% being BYD buses.


Table 1. Characteristics of active cathode materials currently used in batteries that equip electric vehicles. The specific capacities and energy densities are the theoretical values.





	Cathode
	Density (g cm−3)
	Specific Capacity (mAh g−1)
	Specific Energy (Wh g−1)
	Energy Density (kWh L−1)





	LiFePO4
	3.60
	169
	0.59
	2.10



	LiFePO4 + 5%C
	3.48
	159
	0.56
	1.95



	LiMn2O4
	4.3
	148
	0.56
	2.40



	LiNi0.8Co0.15Al0.05O2
	4.85
	274
	0.98
	4.75









Although efforts have still been made to optimize LFP in recent years, many efforts have been focused on the electrochemical properties of the other isomorphous elements of the olivine family—LiMPO4, with M = Mn, Co, Ni, and their combination—aiming to increase the energy density with respect to LiFePO4, since their increasing redox potential M3+/M2+ vs Li+/Li increases along this series. It was demonstrated that the redox energies of transition metal ions depend on the inductive effect induced by the counter cations [10]. The shifts in the redox potentials can be understood in terms of covalency changes of the M–O bonds and M–O–M interactions [11]. The different positions of the M2+/3+ redox energy are shown in Figure 1, which displays the specific capacity/discharge potential profiles of olivine frameworks in lithium cells. The progress that has been made in recent years was the motivation for the present review. The results are discussed and put in perspective in terms of the competition for the next generation of lithium batteries.


Figure 1. Discharge profiles of LiMPO4 (M = Fe, Mn, Ni, Co) olivines and LiFe0.5Mn0.5PO4 solid solution as cathodes of Li-ion batteries. Voltages were measured in half cells versus lithium metal.
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2. LiFePO4


LiFePO4 (LFP) has a flat charge-discharge profile at 3.45 V versus Li+/Li. This flatness makes determining the state of charge (SOC) more difficult, but increasingly accurate algorithms are available to determine this parameter in commercial use [12,13]. The experimental capacity that can be reached since some years ago is close to the theoretical one (170 mAh g−1), owing to the coating of the particles by a thin (typically 2 nm thick) layer of conductive carbon. Owing to the Fe–C affinity, many carbonaceous materials can be used as the carbon precursor, provided that it is an organic compound since the presence of hydrogen is needed to reduce iron and avoid the formation of impurities containing iron in the Fe3+ valence state. A monosaccharide such as glucose or fructose is often chosen because it generates a porous carbon coating, which facilitates the penetration of the electrolyte, but a disaccharide such as lactose that contains a glucose molecule bound to a galactose molecule works as well [14]. On another hand, calcination from a macromolecular compound containing a benzene ring, such as phenol-formaldehyde (P-F) resin, forms a denser carbon coating, which improves the electrical conductivity but makes the penetration of the electrolyte more difficult. Therefore, an optimum choice is a mixture of both types of precursors. A mixed carbon source of 30% P-F and 70% sucrose was proposed as the optimum composition [15]. Recently, beta-cyclodextrin, an oligosaccharide encompassing seven glucoses in a ring structure, was also successful [16].



Since LFP has poor electronic conductivity, this carbon coating is essential to obtaining good electrochemical properties. Usually, the mass of the carbon coating is included in the given specific capacity, for the simple reason that the synthesis of the material and the carbon coating is a one-step process, so that the weight of the powder measured after the synthesis includes the weight of the carbon coating. The mass of the carbon coating depends on the size of the particles. For a 2 nm thick carbon layer, the carbon coating represents only 1 wt % for a monodisperse powder with particle size of 1 μm, but 14 wt % if the particle size is 50 nm. That is why we have reported in Table 1 the characteristics of the LFP powder with an intermediate value of 5 wt % carbon. Recent works have still been devoted to its optimization through different processes, such as in situ carbon coating by a hydrothermal process [17] and use of graphene as the building block and sucrose as a linker [18]. Advanced carbon materials in LFP composites are highly graphitized carbon and have been reviewed in Ref. [19]. The role of surfactants, which affect the particle size and the amount of graphite-like carbons of LiFePO4/C composites, has been studied by different authors [20,21]. In particular, Bazzi et al. [20] showed that increasing the length of the alkyl chain of surfactants decreases the particle size, which is beneficial to the electrochemical properties, but also decreases the amount of graphitic-like carbon, which is damageable. Therefore, an optimization was found with a composite surfactant mixing long and short lengths of alkyl chains, leading to capacities of 167 mAh g−1 at 0.1 C rate and 129 mAh g−1 at 5 C rate, which are a few mAh g−1 larger than for LFP coated with polyaniline-poly(ethylene glycol) (PANI-PEG) prepared by an in situ copolymerization method [22]. Nevertheless, the use of only one of these surfactants (Tween-80) was sufficient to synthesize via a hydrothermal process LFP/C particles 100 nm in thickness, which delivered a capacity of 166 mAh g−1 at 0.1 C and 119 mAh g−1 at 20 C [23]. The conductivity of the carbon coating is limited by the sintering temperature used during the synthesis, which cannot exceed 700 °C in order to avoid the formation of impurities. However, the electrical conductivity of the carbon, and, thus, of the powder, can be increased by doping the carbon by nitrogen. Recently, N-doped carbon-coated LFP nanospheres synthesized by a hydrothermal plus chemical polymerization method used as an electrode delivered 158 mAh g−1 after 200 cycles at 1 C and good rate capability (107 mAh g−1 at 30 C) [24], as can be seen in Figure 2.


Figure 2. Electrochemical performance of LiFePO4 (LFP) coated with N-doped carbon (N-C@LFP) and noncoated LFP nanospheres tested at 25 °C. (a) Cycling performance at 1 C. (b) Rate performance from 1 C to 30 C. Reproduced from [24].
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2.1. Morphology


The performance of LFP also depends on the morphology, which can appear under different forms depending on the synthesis conditions when, in particular, the material is prepared by solvothermal or hydrothermal processes [25]. Very good results were obtained with spherical morphology by using 3D coralloid nitrogen-containing carbon as an interpenetrating conductive framework [26], microspheres consisting of nanofibers [27], dumbbell-shaped mesocrystals consisting of self-assembly LiFePO4 nanorods each with 2–3 μm in length and 30–50 nm in diameter [28], bow-tie-like nanocrystals [29], hollow nanoparticles [30], nanoplates, and nanorods [31]. In this last case, the discharge capacity was 155 mAh g−1 at 0.5 C and 124 mAh g−1 at 5 C. In a different work, LiFePO4/C nanorods including 9 wt % carbon delivered a discharge capacity of 120 mAh g−1 at 10 C rate with 83% capacity retention after 2000 cycles [32]. In this later case, the LFP/C material was prepared by a solvothermal route. Owing to the beneficial effect of surfactant in increasing the graphitization degree of the carbon and the nanorod morphology, LFP/C nanorods hydrothermally synthesized using tetraglycol as surfactant, with 10 wt % conductive additive, delivered a capacity of 160 mAh g−1 at 0.1 C, and, most of all, a capacity of 55 mAh g−1 at 200 C was obtained, which amounts to a power density of 95 kW g−1 [33]. The capacity retention was also very good (92% discharge capacity retention after 200 cycles at 100 C). An LFP nanonetwork consisting of interconnected ∼10 nm sized carbon-coated particles obtained by a sol-gel-based synthesis procedure, which utilizes a block copolymer (BCP) as a templating agent and a homopolymer as an additional carbon source, displayed a high rate of performance (120 mAh g−1 at 20 C) and an excellent cycle life [34].



Electrospinning was proposed to grow LFP/C nanofibers [35,36,37,38,39,40]. In Ref. [37], the nanofibers were obtained by using polyacrylonitrile (PAN) as an electrospinning media and a carbon source. They delivered a capacity of 162 mAh g−1 at 0.1 C rate and 139 mAh g−1 at 1 C, owing to the large surface-to-volume ratio offered by such a morphology. This result is significantly better than the results reported for the other electrospun LFP/C nanofibers. Note that the amount of carbon in the carbon coating is usually larger than 10 wt % for such nanofibers, and the electrospinning technique is not yet competitive with other more traditional techniques used for the synthesis of LFP/C. Better results were actually obtained with LFP (001) nanorods obtained by a conventional hydrothermal process, followed by carbon coating with sucrose as the precursor. Such LFP/C nanorods delivered a capacity of 173 mAh g−1 at 0.1 C, 117 mAh g−1 at 10 C, and the capacity after 500 cycles at 10 C was still 113 mAh g−1, which corresponds to 96.5% capacity retention [41]. This remarkable result is due to the reduction of the lithium path along the (010) direction, known to be the preference for Li transport. Solvothermally synthesized LFP/C nanopillows with ethylene glycol as reaction medium solvent showed even better rate capability, with a capacity of 112 mAh g−1 at 30 C [42], presumably because of the reduced size of the particles (100 nm), which is an important parameter in obtaining good rate capability [43]. This result is a major improvement with respect to prior results on LFP nanoplates also obtained by a solvothermal process (46 mAh g−1 at 30 C) [44,45,46]. However, as noticed by the authors in [43], with a view to the economic cost, there are much greater prospects for realizing practical application of the LFP/C nanorods, at least when the nanorods can be synthesized at a growth rate fast enough to facilitate industrial production.



Actually, the results reported above mainly concern lab-scale syntheses and electrochemical performance. Since, however, LFP is commercial product, we found it desirable to report on the synthesis routes used for LFP available on the market (typical characteristics of commercial LFP powders will be reported in Section 2.7). Advances and challenges in LIB materials for automotive applications, in particular with respect to cost and industrial synthesis processes, have been published recently [47]. In the particular case of LFP, the industrial processes that are currently used are the hydrothermal and solid-state routes. Typical hydrothermal syntheses are performed at high pressures and are energy intensive compared with solid-state reactions, making them more expensive. However, Benedek et al. recently found a low-temperature hydrothermal process which reduces the energy required for the synthesis by 30%, making the energy consumption comparable to that of solid-state reaction [48]. The discharge capacity of the LFP product was maintained at 150 mAh g−1, so this synthesis process is promising for industrial processing, with the advantage that the hydrothermal synthesis enables particle size and shape control not available with the solid-state approach.




2.2. LFP/Graphene Composites


Since coating the particles with a highly graphitic type of carbon is difficult, it might seem simpler to just prepare an LFP/graphene composite, and many works have been published on such a composite [49,50,51,52,53,54,55,56,57,58]. The difficulty in that case is to disperse the graphene; otherwise, the improvement of the rate capability is limited [59]. LFP/G prepared by solvothermal processes [60] and hydrothermal processes [61] delivered capacities of 90 and 98 mAh g−1, respectively, at a 10 C rate. This capacity raised to 109 mAh g−1 with LFP/G prepared by chemical vapor deposition [62]. The best results, however, were obtained with composites prepared by solid-state reaction, which delivered 116 mAh g−1 at a 10 C rate [63] but the capacity retention has not been tested. On another hand, 119 mAh g−1 at 10 C rate with capacity decay rate of 2.3% after 120 cycles was achieved for LFP/graphene/carbon composite synthesized from FePO4·2H2O/graphene oxide [64]. Note, however, that better rate capabilities have been obtained without graphene, since the hollow LiFePO4 nanoparticles synthesized by solvothermal processing using ammonium tartrate as an additive delivered a capacity of 121 mAh g−1 at 10 C along with good cycling performance [30]. In this case, the electrode was prepared from a mixture of LFP, graphite, and polyvinylidene fluoride (PVdF) binder in the weight ratio 8:1:1. Also, LFP/C nanopillows prepared by a solvothermal method in ethylene glycol delivered a discharge capacity of 112 mAh g−1 at 30 C [42]. In this case, the electrode was obtained by mixing these LFP particles with acetylene black and PVDF in the weight ratio 75:15:10. Therefore, even though mass production of graphene for industrial applications is progressing fast, its use in LFP-based lithium batteries is not guaranteed. However, in this competition to obtain the best electrochemical performance, LFP/graphene has recovered an advantage with recent results. LiFePO4 nanoplatelets with highly oriented (010) facets in situ grown on graphene sheets cross-linked to form a three-dimensional (3D) porous network displayed the same initial capacity of 121 mAh g−1 at 10 C, with an improved 98% capacity retention over 1000 cycles at this high charge rate [65] (see Figure 3). In this case, the weight fraction of graphene was 8.63 wt %. Recently, graphene-decorated carbon-coated LiFePO4 nanospheres, with approximately 3 wt % graphene, delivered capacities of 164 and 147 mAh g−1 at 0.1 C and 1 C, respectively, and the capacity was retained at 81 mAh g−1 at 20 C. The composites revealed 8% capacity decay at 10 C after 500 cycles [66]. At 0.1 C, 1 C, and 10 C, well-dispersed LFP nanoparticles anchored on a 3D graphene aerogel displayed specific discharge capacities of 167, 153, and 120 mAh g−1, respectively [67], higher than 3D porous LFP/graphite composite (134 and 48 mAh g−1) [68], graphene nanoribbon-wrapped LFP (152 and 103 mAh g−1) [69], and 3D amorphous carbon and graphene co-modified LFP (163 and 90 mAh g−1) [70].


Figure 3. (Left) Rate capabilities from 0.2 C to 60 C. (Right) Long-term cycling stabilities at a 10 C rate of LiFePO4 (LFP), LiFePO4 ex situ modified with graphene LFP/GNs, and LiFePO4 nanoplatelets grown in situ on graphene sheets with highly oriented (010) facets of LiFePO4 (LFP@GNs). Reproduced from [65].
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Note that we have considered in the present work only results obtained with composites in which the amount of graphene in the electrode was limited to the few wt % requested by the battery industry. Of course, a larger amount of graphene will still increase the rate capability, but then the electrochemical properties are those of supercapacitors, as the increase of the power density is at the expense of the energy density. For instance, an LFP electrode with 30 wt % graphene displayed a capacity retention higher than 80% after 1000 cycles at 30 C [71]. From a practical perspective, such LFP/C composites can be considered as supercapacitors with a specific capacitance of 200 F g−1 [72].



It is also possible to mix graphene with other conductive forms of carbon. LFP coated with three carbon sources (viz., graphene oxide, thermoplastic phenolic resin, and water-soluble starch) playing different roles in constructing the hierarchical conductive architecture delivered a capacity of 120 mAh g−1 at 10 C, but the capacity retention was not good [73]. The performance of LFP-based electrodes can be improved by combining the positive effects of graphene and carbon nanotubes. In particular, a nanocrystalline LiFePO4/grapheme-carbon nanotubes (LFP-G-CNT) composite exhibited a high initial discharge capacity of 168 mAh g−1 at 0.1 C and 104 mAh g−1 at 40 C and an excellent cycling stability, superior to the performance of LFP-G and LFP-CNT [74].



Other forms of carbon entering the composite have also been successful. LFP nanocrystals grown in situ on interconnected carbon nanotubes/mesoporous carbon nanosheets (designated as LFP@CNTs/CNSs) delivered a capacity of 122 mAh g−1 at 10 C with an outstanding capacity retention of 90% over 1000 cycles [75].




2.3. Tap Density


Another parameter that plays an important role in the performance of LFP is the tap density. Decreasing the size of the particles increases the effective surface area between LFP and the electrolyte, which is beneficial to the mass energy density, but also results in a decrease of the tap density and, thus, the volumetric energy density. A compromise can be found in the synthesis of LFP/C powder made of secondary micro- or sub-micro-sized particles consisting of nanosized primary particles. This configuration can be obtained by the dissolution-precipitation process that governs crystal growth [76,77]. In addition to this morphology allowing a tap density of 1.2 g cm−3, the porosity of the particles increases the effective surface area. As a result, the capacity reached ~140 mAh g−1 at 1 C, with 100% capacity retention over the 50 cycles tested [78]. LFP/C with the same hierarchical structure (micro-sized spherical primary particles made of secondary particles (10–50 nm in thickness)) delivered a capacity of 161 mAhg−1 at 0.1 C and 106 mAhg−1 at 20 C with very good capacity retention over the 80 cycles tested [79]. A tap density of 1.3 g cm−3 was recorded recently for LiFePO4/C microspheres with diameters of 5–10 μm aggregated by enormous nanoplates [16], but the capacity retention and rate capability were smaller than the results reported in this review, presumably because the size of the particles was too big.




2.4. Doping


Due to the one-dimensional motion of Li+ ions in LFP, the electrochemical properties are very sensitive to any defect that can block the lithium channels (see Section 2.5). A recent example is Al, which also blocks Li channels [80]. There have been many attempts to substitute Fe with an aliovalent ion, but this is a difficult task because such a doping is not energetically favorable and the unbreakable PO43− bonding prevents charge balance by oxygen-vacancy formation [81,82,83]. The case of vanadium, however, is an exception. The insertion of V has been debated for some time, but it is now recognized that V substitutes for Fe with V in the V3+ valence state, with a charge compensation due to Fe vacancies, to form LiFe1−3y/2VyPO4, or, equivalently LiFe1−3y/2Vy□y/2PO4, where □ means an Fe vacancy, up to a limit of solubility of 10 mol % vanadium [84,85]. This formula is that of the V-doped LFP at open-circuit voltage and has been simplified as it omits the lithium vacancies also introduced by the V-doping. However, more recent experiments discussed in the following sections on V-doped LiMn0.8Fe0.2PO4 [86] show that the lithium vacancies can be filled with lithium in a half-cell where the Li anode is a reservoir of Li+ ions, converting V3+ into V2+ during the discharge below the redox potential V3+/V2+ of 2.6 V versus Li+/Li. This result should also apply to V-LFP, so that V-LiFePO4, like V-Li(Fe,Mn)PO4, can be obtained with V in the V2+ valence state after discharge, in which case V is not an aliovalent ion. Aliovalent or not, the insertion of V in LFP improves the electrical conductivity and, thus, the electrochemical performance of LFP [87]. Various hypotheses have been invoked which have been reviewed, for instance, in Ref. [86], but contrary to prior claims, this increase of conductivity is intrinsic in nature due to the increase of the lithium diffusion coefficient associated with the insertion of vanadium [86].




2.5. Impurities and Defects


The electrochemical properties of LFP are very sensitive to the conditions of preparation. In particular, a deficiency of lithium in the precursors results in the formation of an antisite defect with Fe occupying a Li site in the lattice. These defects block the lithium channels and thus importantly damage the electrochemical properties [88]. We have also shown that heating LFP above 700 °C results in the formation of Fe2P nanoparticles at the surface of the particles. Since Fe2P is a metal, it plays a role similar to that of the carbon coating, and it is thus beneficial to the electrochemical performance in the short term. However, the effect in the long term is quite different. The carbon coating does not affect the calendar life of the cells. To the contrary, iron in Fe2P dissolves into the electrolyte, which importantly reduces the life of the cells. Although we have repeatedly mentioned it in many publications [89,90,91,92,93], there are still some works that claim a beneficial effect of the formation of Fe2P with the argument that it increases the capacity rate capability [94]. Again, we warn the reader that this is actually a bad idea. Surface modification of LFP with Sn nanoparticles [95] will have the same beneficial effect on the capacity and rate capability, without reducing the calendar life.




2.6. Structural Changes during Cycling


LFP is the only olivine compound that operates at a very high C-rate over thousands of cycles [96]. Elucidating the high rate mechanism is of high technological interest. At thermodynamic equilibrium, the material is a two-phase system with phase separation between heterosite Li0.04FePO4 and olivine Li0.96FePO4 [97]. This phase separation has been observed experimentally even in particles as small as 50 nm [98]. However, under very high C-rate conditions, thermodynamic equilibrium cannot be reached, and different studies have been devoted to the investigation of the structural changes resulting from the deviation from equilibrium. A theoretical model predicted the formation of a full solid solution at high overpotential [99]. By analysis of in situ X-ray diffraction experiments, Liu et al. found that metastable lithium concentrations in LixFePO4 can be achieved when charging at a 10 C rate [100]. The experiments, however, did not permit knowledge of whether these concentrations were located near the interface between the Li-rich and the Li-poor phases, or if they were attributable to a homogeneous solid solution. The answer has been given recently owing to the high-rate delithiation reaction of LiFePO4 with the gaseous oxidant NO2, whose reaction free energy corresponds to a charge at about 4.1 V versus Li/Li+ [101]. Kuss et al. observed the structural changes through in situ synchrotron X-ray diffraction and electronic changes through in situ UV/vis reflectance spectroscopy during the delithiation of LiFePO4 by this process at high rates, reaching a 100% state of charge in 10 s [102]. The results showed unambiguously that the olivine and heterosite phases still existed, and the phase separation between them macroscopically persists, with a widened solid solution only located along the interface.




2.7. Characteristic Properties of Commercial LFP


The particle size of commercial LFP used in batteries ranges from tens of nanometers to a few microns. For instance, TMAX Battery Equipments sells different LFP powders with particle sizes 0.55, 1.5, and 6 microns, with tap density 1.13 g cm−3. On another hand, the LFP powder of A123 18650 LFP cells has an average particle size 62.5 nm ± 20 nm (tap density not reported). The cycle life of this commercial cell (number of cycles before the cell reaches 80% of its initial capacity, which is the usual definition for EV applications) is 2500 cycles under normal conditions (100% SOC and 100% DOD) at 1 C rate [103]. Note that the limitation came from the graphite anode, not the cathode. This cell weighs 39 g and its capacity is 1.1 Ah, so its energy density is 88 Wh kg−1. This is smaller than the performance of the 18650-type cell commercialized by K2 Energy, which has almost the same weight, 39.5 g, but a capacity raised to 1.5 Ah and an energy density of 121 Wh kg−1, also featuring more than 2000 cycles according to the specifications of the manufacturer. The difference between the two cells might be explained by the bigger size of the C-LFP powder used by K2 Energy, so that the weight of the carbon coating would be reduced and the tap density would be increased, as we have recalled above. This, however, remains a hypothesis, since the characteristics of the powder used by K2 Energy are unknown. For comparison, the Panasonic NCA-cell (NCR18650A) used by Tesla has a twice-larger capacity of 3.1 Ah and weighs 45.5 g. The drawback is a reduced cycle life: According to the data sheet [104], 80% of the initial capacity is obtained after nearly 250 cycles at charge at 0.3 C, discharge at 1 C, and charge/discharge rest: 20 mn. A cycle life of >1000 cycles for this cell can be recovered only for slow discharge rates C/3 [105].





3. LiMnPO4


With respect to LiFePO4, LiMnPO4 (LMP) has the same theoretical capacity as LiFePO4, but it has the advantage of a higher redox potential of 4.1 V for Mn2+/Mn3+ versus Li+/Li, so that its theoretical energy density is 697 Wh kg−1 (see Figure 1 and Table 1 for comparison). However, LMP also presents disadvantages. First, its electrical conductivity is even smaller than that of LFP by 5 orders of magnitude [106], which results in a lower rate capability. Second, Mn3+ is a Jahn-Teller (JT) ion, and the JT distortion is responsible for important strains and an energy barrier at the LiMnPO4/MnPO4 interface [107]. In the case of LFP, carbon coating of the nanoparticles solved the problem of the low conductivity. This coating, however, is more difficult in the case of LiMnPO4 mainly because the strong Fe–C interaction that made the carbon coating of LFP very easy is lost when Fe is replaced by Mn. In addition, the diffusion coefficient of the lithium is small, unless the temperature rises to 70 °C [108]. However, at such a high temperature, the usual electrolytes degrade not only because of the carbonates, but also due to the poor stability of the LiPF6 salt; finally, the dissolution of the Mn2+ in the electrolyte accelerates at this temperature, thus reducing the life of the battery. Therefore, it is difficult to use LMP-based Li-ion batteries at such temperatures, and its use in Li-metal polymer batteries is not possible at the present time because one would have to find a polymer that is both compatible with lithium and resists at operating potential larger than 4.0 V.



Due to the very poor electronic conductivity of LMP, reasonable capacities have been obtained only for particles of size smaller than 50 nm to minimize the travel of the electrons inside the particles during cycling, and only when the particles are carbon-coated. The simple mixing of the particles with additive carbon, as obtained after ball-milling, is not sufficient [44]. Once the electrons reach the carbon layer at the surface, they are driven to the current collector by the carbon, provided that the carbon percolates through the structure. Such particles of different morphologies were synthesized by the different processes used for all the olivine compounds, reviewed in Ref. [1]. The different processes include solid-state reaction [109], spray pyrolysis plus ball milling [110], hydrothermal processing [111], synthesis in a chloride/ethylene glycol-based deep eutectic solvent [112], and microwave heating in a deep eutectic solvent [113]. In principle, all these processes can be used. However, in the case when ball milling is used, the milling induces amorphization of the surface layer, so that annealing to recrystallize this layer is needed [114]. Meanwhile, ball milling is used to increase the loading in the electrode. With this process, the volumetric density of 263 mAh cm−3 was obtained, which is ca. 3.5 times higher than the one obtained by hand-mixing [115]. The materials thus prepared were able to deliver a capacity larger than 100 mAh g−1. For instance, we note that 110 mAh g−1 at a 1 C rate was reached with 30 nm thick C-coated LMP prepared by the polyol route [116,117]. More recently, LMP particles with a flaky morphology synthesized by the microwave-assisted polyol route delivered a capacity of 126 mAh g−1 with a capacity retention ratio of ∼99.9% after 50 cycles at 1 C [118]. A capacity of 120 mAh g−1 at 1 C rate was reported for carbon-coated nanorods [119]. Discharge capacities in the range 130–140 mAh g−1 were reported when the particles are immersed in a huge quantity of conductive carbon (30 wt % [111,120] or 20 wt % [121]). However, the amount of carbon in commercial cathodes is limited to few wt %, and such large amounts of carbon importantly reduce the volume energy density of the electrode. A high initial capacity of 160 mAh g−1 was achieved with C-LMP nanoplates with a thickness of 50 nm prepared via a sol-gel route [109]. At a 1 C charge/discharge rate, a specific capacity of 54 mAh g−1 was delivered, but 117 mAh g−1 was attained at the 1 C discharge rate after charging at C/25. However, 20 wt % carbon was still used in the cathode. The main efforts should then be focused on the possibility of achieving high capacities and a good rate capability with LMP particles using a smaller amount of carbon.



3.1. Carbon Coating


The conductivity of the carbon coating increases with the temperature of the deposit [122]. However, increasing this temperature too much will lead to the formation of impurities, so a compromise has to be found. In the case of LFP, this is 650–700 °C [14]. This is also the case for LiMnPO4. The main difference between LMP and LFP is in the choice of the carbon precursor. In practice, any type of carbon precursor can be chosen with little impact on the electrochemical performance in the case of C-LFP, owing to the affinity of iron for carbon. The only restriction is that the carbon source must also contain hydrogen which plays the role of reducing agent [123]. In practice, lactose, sugar, or glucose are chosen. In the case of LMP, however, the electrochemical properties are sensitive to the choice of the precursor [124,125]. In Ref. [124], this effect was attributed to the graphitization degree of the carbon layer depending on the precursor. On the other hand, Li et al. [125] showed that this dependence was attributable to whether or not carbon was uniformly coated on the surface, based on high-resolution transmission electron microscope (HRTEM) images and electrochemical impedance spectroscopy (EIS) measurements. Indeed, the graphitization degree, measured from the analysis of the Raman spectra, did not significantly depend on the choice of the precursor. The different precursors they have tested are beta-cyclodextrin, ascorbic acid, citric acid, glucose, and sucrose to coat LMP nanorods prepared by the solvothermal route. The carbon coating was obtained by calcination at 700 °C for 5 h under a N2 + 7% H2 atmosphere. The electrode was a mixture of C-LMP nanorods, acetylene black, and PVdF in N-methylpyrrolidinone at a weight ratio of 75:15:1. Good results were obtained with beta-cyclodextrin, in which case capacities of 153, 143, 90, and 57 mAh g−1 were reached at 0.1 C, 0.2 C, 2 C and 5 C, respectively, stable over the 50 cycles tested. Using oleylamine in the synthesis process as both solvent and carbon source, C-LMP was obtained with particle size smaller than 40 nm and with uniform carbon coating of 2–3 nm. Used as a cathode, the product delivered a capacity of 168 mAh g−1 at 0.1 C and 105 mAh g−1 at 5 C. At 1 C, the initial capacity was 135 mAh g−1 with, however, a capacity retention of 81% at the 50th cycle [126]. These results were actually an improvement with respect to prior reports on C-LMP prepared by high-energy milling [127], solid-state reaction [128], microwave heating [129] (capacity of 140 mAh g−1 at 0.05 C), or even spray pyrolysis [130] or chemical vapor deposition [131] (147 mAh g−1 at 0.05 C in both cases). Since then, better rate capabilities have been obtained with almost spherical C-LMP particles of very small size (8–12 nm) by a solvothermal method using sucrose as the carbon precursor [132]. The electrode was prepared with PVdF as the binder and Timcal Super P carbon black in the gravimetric ratio 7:1:2. The capacity at low C-rates was comparable to the result reported in Ref. [125], but the capacity at larger C-rates was improved, remaining at 130 mAh g−1 at the 35th cycle at 0.5 C, owing to the very small size of the particles. Note that the electrolyte included propylene carbonate (PC), which is a very good conductor and is thus quite appropriate to the test with a lithium metal counter-electrode. However, PC cannot be used with graphite (see, for instance, a review on salts and solvents [8]); in such a case, the usual carbonates such as ethylene carbonate (EC) and diethyl carbonate (DEC) that are less conducting should be used, which will reduce the rate capability. Nevertheless, the result is remarkable.




3.2. Particle Size


This result also illustrates the interest in preparing LMP particles with very small size. Several methods can be used to reach this goal: using phosphate-formate precursor [133], ultrasonic spray pyrolysis [110], antisolvent precipitation [134], and hydrothermal processes [135]. LMP/C nanorods (thickness less than 50 nm) successfully prepared via a solvothermal approach in a mixed solvent of ethylene glycol and water delivered a capacity of 168 mAh g−1 and 110 mAh g−1 at 0.05 C and 10 C, respectively, and a capacity retention of 94.5% after 100 cycles at 0.5 C [136].



However, some obstacles hinder the commercialization of nanoparticles for reasons already mentioned in the section devoted to LFP. First, such nano-sized particles are difficult to handle [137]. Second, they limit the tap density to low values (0.3–0.8 g cm−3), which reduces the volumetric energy density of the product [138]. Like in the case of LFP, the solution was to use hierarchical structures. The combination of nano-sized crystallites (20–50 nm) forming micron-sized secondary particles was obtained by a mechano-chemical liquid-phase activation technique and gave good results [139]. Comparable capacities with improved rate capability were obtained with such a combination of nano primary particles and micron-sized secondary particles in Li(Mn,Fe)PO4 as we shall see, which confirms the efficiency of this combination that optimizes the tap density.




3.3. Cycle Life


Although the energy density, the rate capability, and capacity delivered by LMP have increased significantly in recent years, the cycle life remains a problem. We can invoke the stress-strains due to the volume change and the JT distortion due to Mn3+ during cycling. The solid-state diffusion of lithium is also a cause of mechanical degradation [140], although this last cause is not specific to LMP. Usually, the results on LMP-based cells in the literature are reported for over 100 cycles at best. The degradation mechanism has been investigated by several authors [141,142] and results from several phenomena. First, the Jahn-Teller distortion due to Mn3+ creates a stress-strain field which damages the structure of the material. A post-mortem analysis has shown the amorphization of LMP upon cycling, which corroborates this cause of ageing [142]. Another problem met with any manganese compound used as the active element of a cathode is the dissolution of Mn2+ in the electrolyte. In the particular case of LMP, such a dissolution has been evidenced by the formation of Li4P2O7 at the surface of LMP [141]. In addition, electrolyte oxidation processes on carbon black have been observed at high voltages [143]. This effect, which is not observed with LFP working at lower potential, reduces the electrical conductivity of the carbon and may create ionic and electrical barriers at the interface between the carbon and the LMP particles. This difficulty, however, can seemingly be overcome owing to a cross-linking of Li2TiO3 with carbon, making possible the co-coating of LMP primary particles (30–50 nm) by Li2TiO3 and carbon distributed uniformly in the thicknesses of 2.2 and 1.2 nm, respectively [144] (see Figure 4). The electrode composed of 3 wt % C/Li2TiO3-coated LMP particles with carbon black and PVdF in the ratio 70:20:10 delivered capacities of 132 and 118 mAh g−1 at 0.5 C and 2 C, respectively, with a capacity retention of 93% after 240 cycles at 2C with the standard electrolyte (1 mol L−1 LiPF6 in a 1:1 mixture of EC/DMC). This capacity retention is an improvement, but still not sufficient to open the route of commercial use. Also, the protection of Li2TiO3 coating against Mn dissolution is not complete: after 3 weeks, the concentration of Mn dissolved in the electrolyte was 70 ppm (against 220 ppm without the Li2TiO3 coating), which will still limit the calendar life.


Figure 4. (a) Two-step approach for co-coating of Li2TiO3 (LTO) and carbon on the surface of nano LiMnPO4. (b) Rate performance of LMP/LTO/C with various amounts x (0, 1%, 3%, 5 wt % Li2TiO3 to LiMnPO4). (c) Cycle performance of bare and 3 wt % Li2TiO3-coated LiMnPO4 samples at 2.0 C. Reproduced from [144].
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In a different geometry, nest-like LiMnPO4 microstructures with a diameter of ca. 6–9 μm and a thickness of ca. 4–7 μm constructed by many loose nanosheets with a thickness of ca. 30 nm displayed capacities of 158 and 137 mAh g−1 at 0.5 and 5 C rates, respectively, and good capacity retention of 93% over 100 cycles [145] (see Figure 5). Note the Raman spectra show that the carbon coating is graphitic and, thus, very conductive, which may explain the very good capability. The carbon coating was obtained by the chemical vapor deposition technique using toluene as the carbon source. Another reason that can be invoked is the porosity, which enhances the effective surface in contact with the electrolyte and is thus beneficial to the electrochemical properties, provided that the side-reactions at the solid electrolyte interphase (SEI) are controlled [146]. Alternate nanosheet/nanoparticle sandwich carbon-coated LMP particles of size as small as 20 nm—important to avoid the agglomeration of the nanosheets—delivered 165 mAh g−1 at 0.05 C and 142.5 mAh g−1 at 0.2 C with, however, limited capacity retention upon cycling [147]. Nevertheless, this capacity is better than the prior results obtained with LMP nanosheets.


Figure 5. (a) Schematic illustration of the formation process of the porous, nest-like LiMnPO4 microstructures self-assembled with nanosheets in thickness of ca. 30 nm synthesized by a solvothermal approach. (b,c) show the cycling performances of EC-LMP/C at 25 and 50 °C, respectively. The inset shows the charge/discharge curve at a 2 C rate. Reproduced from [145].
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3.4. Substitution and Doping


LiMn1−xFexPO4 (LMFP) exists in all proportions 0 ≤ x ≤ 1 and should be considered as a solid solution. Its extensive study is the subject of a subsequent separate section. In the present case, we consider only the substitution of Mn in LMP for other alien ions in the concentration of few atom %, which is the typical order of magnitude used for doping semiconductors and insulators in solid-state science.



Many attempts have been made to increase the performance of LMP by a partial substitution of Mn2+ with other metal ions to improve the conductivity. This is difficult in olivine materials because these materials are ionic in nature and such a substitution costs a high Coulomb energy. Therefore, the limit of solubility of such alien cations will be very small, or will substitute on the Li-site, in which case they will block the Li-channels and degrade the electrochemical properties instead of improving them. Different divalent cations have been explored in the previous decade: Mg2+, Co2+, Ni2+, Zn2+, Cu2+, and Ca2+. The results reviewed elsewhere [1] showed an improvement, but only moderate. The best result is obtained with Zn [148] provided that the amount of Zn remains as small as 2 atom %, in which case a discharge capacity of 139 mAh g−1 was observed at 0.1 C, and 105 mAh g−1 at 2 C for a particle size of 200 nm. Unfortunately, the cycling behavior has been tested on 30 cycles only. Raising the Zn concentration to 5 atom % still improves the electrochemical properties with respect to pure LMP [149], but increasing the concentration to 10 atom % leads to very poor results, because part of Zn substitutes for Li and blocks the lithium channels. A similar effect is observed with Mg substitution with an optimum Mg concentration of 5 at %, and a larger concentration leading to a sharp degradation of the electrochemical properties [150]. In the case of Cu, the optimum Cu concentration is even smaller, namely 2% [151].



Ce-doping has been proposed [152]. However, the cerium atom is very big and difficult to put in substitution for Mn in the lattice. On the other hand, it combines easily with PO43− to form cerium orthophosphate CePO4. The presence of this impurity is thus likely, and indeed the X-ray photoelectron spectroscopy (XPS) results suggest that the cerium is trivalent in the Ce-LMP sample investigated. CePO4 is a semiconductor with direct bandgap of 1.07 V [153], much smaller than that of LiMnPO4 (4 eV). In addition, part of the cerium can also precipitate, and it is metallic.



The case of doping with a trivalent ion is more promising for improving the conductivity. Cr3+-doping of LMP has been reported [154], following the results reported for Cr-doped LFP. The optimum Cr concentration in Cr-LMP is 6 atom %. Good electrochemical properties have been reported, but with a cathode containing as much as 20% Super P Carbon black. To our knowledge, no electrochemical property with Cr-doped LMP has been reported with half the amount of carbon; twice smaller would allow a useful comparison with other LMP-based cathodes and a discussion on the commercial use.



The case of vanadium is interesting. The study of the magnetization properties shows that V-doping leads to the onset of magnetic irreversibility and increased magnetic susceptibility at low magnetic field, with reduction of the irreversibility at high field [155,156]. The authors attributed these effects to the movement of domain walls, which, however, is very unlikely. Actually, these properties are characteristics of a spin-glass behavior due to the freezing of diluted spins in a semiconductor (or insulator) matrix and should be analyzed in this context [157]. The consequence is that the magnetic moment of the vanadium ion cannot be deduced from the hysteresis, contrary to the claim in Ref. [156]. Extended X-ray Absorption Fine Structure (EXAFS)/X-ray Absorption Near Edge Structure (XANES) measurements reveal the presence of V5+ [158], but this could be due to the presence of V2O5 impurities, especially as the concentration of vanadium was high (10–20%) while the solubility limit of vanadium in the host has not been investigated. Actually, the assumption that the vanadium is in substitution on the phosphorous site might have been influenced by a former hypothesis suggesting this substitution in V-doped LiFePO4 [159], which was ruled out later on. It is now established that the vanadium in V-LiFePO4 is in the trivalent state and in substitution for iron, and these results holds true also in the case of the olivine with manganese, as we shall see in the section on LiMn1−xFexPO4. The highest discharge capacity in V-LMP has been obtained with C-LiMn0.075V0.025PO4/C particles, namely, 108 mAh g−1 at 0.2 C for the first cycle [160]. However, owing to an overpotential already large at this C-rate, the plateau at 4.1 V was short, so that the discharge capacity in the high-voltage part above 4 V did not exceed 40 mAh g−1. The consequence is a smaller energy density. The best way to overcome this problem is to form a composite of LMP with graphene.




3.5. Graphene-LMP Composites


The addition of graphene or reduced graphene oxide has two beneficial effects. First, it is a good electrical conductor, which increases the rate capability. Second, its very good mechanical properties help in accommodating the volume changes of the active particles during cycling, thus improving the cycle life. This is true for any cathode of Li-ion batteries [161], and this has been testified to in the particular case of LMP in different works [162,163]. Superior results were observed with 300–500 nm thick LMP particles wrapped in 3 wt % reduced graphene oxide (RGO) [164]. Used as a cathode, this composite delivered a capacity of 160 mAh g−1 at 0.05 C. The discharge capacity in the area above 4.0 V was 115 mAh g−1 owing to the well-known plateau at the redox potential 4.1 V of the Mn3+/Mn2+ versus Li+/Li, so that the cell can take benefit of this high voltage to increase the energy density. Moreover, the capacity at 1 C was still 100 mAh g−1 and after 1000 cycles, the capacity retention was 83%. This remarkable cycle life might be due to the fact that the Mn2+ ions can be adsorbed on the surface of the RGO owing to the oxygen functional groups, preventing Mn2+ from dissolution.





4. LiMn1−xFexPO4


Since the higher resistivity of LiMnPO4 prevented the commercialization of this material while LiFePO4 has met major success, the solid solution LiMn1−xFexPO4 (LMFP) has been investigated to take advantage of both the increase of conductivity brought by Fe, and the higher energy density brought by Mn. This attempt was successful, in particular when the concentration of Mn does not exceed 0.8 [165]. Indeed, nano-sized carbon-coated LiMn1−xFexPO4 particles have shown improved properties [166,167,168,169,170,171,172,173,174,175,176,177].



However, as already mentioned in the previous section devoted to LMP, using nanoparticles has disadvantages in terms of handing, manufacturing, and volumetric density. To avoid them, hierarchical structures have been synthesized, such as LiMn0.5Fe0.5PO4 spheres [178]. Microspheres made of carbon-coated nanocrystalline LiFe0.6Mn0.4PO4 (~100 nm) [179] were synthesized by sintering spherical precursor powders prepared by a modified spray drying method with a double carbon coating process. This product delivered a capacity of 160 mAh g−1 at 0.1 C, and a volumetric energy density of 800 Wh L−1—nearly 1.4 times that of their nano-sized counterparts, owing to the high tap density of 1.4 g cm−3. In addition, the rate capability was very good since the capacity retained at 5 C was 128 mAh g−1 and the energy density was 420 Wh L−1. Even at 20 C, the capacity was still 106 mAh g−1, very stable over 300 cycles. This superior electrochemical performance validates the strategy aiming to obtain a product made of particles with two length scales: micron-size for secondary particles to obtain a high tap density and, thus, large volumetric energy density, and nano-size for the primary particles to obtain a high rate capability. Note that the precursor used for the carbon coating was sucrose, and the cathode slurry was 80 wt % active material, 10 wt % PVdF, and only 10 wt % carbon black. These results are also improvements with respect to other attempts to increase the tap density through the synthesis of micro-sized materials [128,180,181,182] because the intrinsic conductivity of the olivine is so small that the inner part of micro-sized particles cannot participate in the electrochemical process. The combination of nano-sized crystallites forming micron-sized secondary particles is the best configuration when the electrolyte can penetrate the secondary particles.



4.1. Carbon Coating


Recently, nano-sized LiFe0.6Mn0.4PO4/C has been prepared by a high-energy ball-milling-assisted sol-gel method, with a much more conductive carbon coating than in prior works [183]. The Raman spectroscopy revealed a larger intensity of the graphitic “G band” with respect to the “D band” characteristic of the disordered carbon. Specific capacities of 128 and 116 mAh g−1 and capacity retentions of 93.5% and 90.3% after 100 cycles at 1 C and 2 C, respectively, were reported. The authors attributed this result to the improved conductivity of the carbon coating. However, a ferromagnetic component of the magnetization curve implies the presence of Fe2P impurities. Since Fe2P is metallic, it also improves the rate capability. The authors also prepared LMP/C using the same process (high-energy ball-milling-assisted sol-gel) to make a comparison and found that the electrochemical properties of the LiFe0.6Mn0.4PO4/C were superior to those of LMP/C, as expected. However, LMP/C is free of Fe2P impurities, so part of this difference might actually be attributed to this impurity brought by iron. Nevertheless, part of this difference is also attributable to the beneficial effect of the increase of the Li+ diffusion brought by Fe, and also the better electrical conductivity of the carbon coating owing to the Fe–C interaction. On another hand, this result also shows that even the best carbon coating cannot replace the wrapping of the particles by graphene, since the performance of LMP wrapped in RGO is still better [164].



A remarkable result was obtained owing to a chemical vapor deposition (CVD) approach to coat LiMn0.8Fe0.2PO4 agglomerated primary particles (40–50 nm in diameter) with a higher degree of graphitization [184]. The capacity reached 151 mAh g−1 at 0.1 C with a capacity retention of 96% after 450 cycles. The capacity at 5 C was still 133 mAh g−1. LiMn0.5Fe0.5PO4/C synthesized by a surfactant-assisted solid-state method exhibited specific capacities of 155, 141, and 121 mAh g−1 at 0.1 C, 1 C, and 5 C, respectively, with capacity retention of 94.8% and 90.8% after 500 cycles at 1 C and 5 C, respectively [185]. In terms of capacities, the results obtained in these two references are comparable. However, the larger concentration of Mn in Ref. [184] gives an advantage to the CVD approach in terms of energy density, owing to the higher redox potential of manganese.



As an alternative to graphene, multiwalled carbon nanotube (MWCNT)-loaded mesoporous LiFe0.6Mn0.4PO4/C microspheres were synthesized. The composite with 2 wt % MWCNT loading delivered 163, 154, 149, 137, 131, 120, and 114 mAh g−1 at 0.1 C, 0.5 C, 1 C, 3 C, 5 C, 10 C, and 20 C, respectively, with no apparent capacity fading over 500 cycles [186]. This is a remarkable result that can be attributed to the synergetic effect of (i) the hierarchical structure: spherical secondary particles (5–20 μm) made of primary particles (100 nm); (ii) open mesopores; and (iii) highly conductive MWCNTs. However, the growth of carbon nanotubes is slow and expensive, so it is difficult to use them in an industrial process.




4.2. Doping


Partial substitution of the transition metal ions in LiMn1−xFexPO4 was also explored and is usually referred to in the literature as co-doping of LMP or LFP. The term “doping” is in principal being misused in the battery community, as in almost all cases substitution is being carried out. The results are usually an improvement with respect to single doping. Such is the case, in particular, for co-doping Fe2+ and Mg2+ of LMP [187,188,189,190,191,192,193,194,195,196,197,198], co-doping Fe and Co [199], and co-doping Fe and Ti [200]. In the latter case, Li(Mn0.85Fe0.15)0.92Ti0.08PO4/C delivered a capacity of 144 mAh g−1 with a capacity retention close to 100% over 50 cycles at 1 C. Note, however, that a systematic approach for a multi-element doping design in electrode materials for rechargeable batteries by an elitism-improved nondominated sorting genetic algorithm (NSGA-II) optimization led to the conclusion that the best electrochemical performance is expected for multi-doping LMP with optimum compositions LiMn0.938Mg0.024Co0.016Ni0.022PO4/C and LiMn0.962Co0.012Ni0.026PO4/C [201]. In both cases, the capacity delivered was 150 mAh g−1 at low C-rate and 110 mAh g−1 at 2 C rates with 91% capacity retention during 30 cycles. In terms of capacity and rate capability, these two samples do not outperform co-doped LMP in which Fe is one of the dopants.



The investigation of V-doping has been made recently in LiMn0.8Fe0.2O4 [86] with 3% V-insertion, a small concentration to make sure that it is below the threshold of solubility; otherwise, Li3V2(PO4)3 impurities are formed [202]. V substitutes for Fe, and this substitution is accompanied by the formation of Fe vacancies like in V-LFP, leading to a composition of LiMn0.8Fe0.2−0.045V0.03□0.015PO4, where □ is a Fe vacancy. Before cycling, the cell is at open circuit voltage (2.6 V), in which case the vanadium is in the trivalent V3+ state, while Mn remains in the Mn2+ valence state. On another hand, during cycling, a reversible V3+/V2+ is observed when the potential of the half-cell is lowered below the redox potential of 1.8 V versus Li+/Li, owing to the insertion of Li on the Li vacancies that are present before cycling. Therefore, when cycling in the full potential range 0–4.5 V, all the transition metal ions Fe, Mn, and V are active and change their valence between 2+ and 3+, in which case the theoretical capacity remains unchanged. On another hand, the insertion of V increases the diffusion coefficient of the Li+ ions (see Figure 6) and thus facilitates the extraction of lithium, resulting in an increase of the experimental capacity, in particular at high C-rate. The diffusion coefficient of lithium has long been investigated in LiFePO4 and LiMnPO4 and more recently in the solid solution LiMn1−xFexPO4 [203]. The results, however, were difficult to interpret because of the large differences found between the determination of this coefficient by different techniques: galvanostatic acceleration (PCGA), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and the galvanostatic intermittent titration technique (GITT). However, in Ref. [86], GITT and EIS analyses gave the same value of the diffusion coefficient (see Figure 6) and demonstrated that the insertion of vanadium increases the electrical conductivity and the ionic conductivity at any state of charge of the cathode material. This is the reason why the insertion of vanadium is beneficial to the rate capability and reduces the polarization of the cell.


Figure 6. (a) Apparent diffusion coefficient of Li+ ion determined from galvanostatic intermittent titration technique (GITT) measurements for LiMn0.8Fe0.2PO4 (LMFP, circles) and LiMn0.8Fe0.2−0.045V0.03□0.015PO4 (V-LMFP, squares). Triangles are data obtained from electrochemical impedance spectroscopy (EIS) experiments for V-LMFP. (b) Rate capability. (c) Cyclability of the Li//V-LMFP cell charged and discharged at 0.2 C rate. Reproduced from [86].
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4.3. Core-Shell Composites


Since the carbon coating of LMP is more difficult than that of LFP, an LMP-LFP composite has been synthesized in which the carbon-coated LFP encapsulates the LMP core region. The particles thus obtained were well-crystallized grains several tens to 100 nm in size [204]. Elemental analysis indicated the LMP-LFP (66:33) composition and a comparison of the electrochemical properties has been made with those of the solid solution LiMn0.66Fe0.33PO4 which has the same Mn/Fe ratio and same grain size. As a result, the properties of the core-shell structure are better, with an initial capacity of 144 mAh g−1—nearly twice the capacity delivered by the solid solution. At 1 C rate, the blend retained 65 mAh g−1 against 23 mAh g−1 for the solid solution. The authors attributed this result to the synergetic effect of the improved carbon coating owing to the LFP shell, and a protection of the LMP part by the LFP shell against side reactions with the electrolyte. The same experiments on LMP-LFP (80:20) and LiMn0.80Fe0.20PO4 have confirmed the superior behavior of the core-shell structure over the solid solution [205] (see Figure 7). In this case, the performance of the core-shell structure was remarkable, because the different synthesis process, a dimethyl sulfoxide (DMSO)-assisted aqueous method, allowed the formation of much smaller particles, which were coral-shape particles with the longest dimension approximately 100 nm. The core-shell samples exhibited capacities of 156, 144, and 128 mAh g−1 at 0.1 C, 1 C, and 5 C, respectively, retaining ~95% of the initial capacities after 1000 cycles under 1 C discharging rate. The authors deduced from these results that the main reason for the poor electrochemical activity of LiMnPO4 is related to the surface polarization. Surface effects were confirmed by density functional calculations, showing a decrease of the barrier for Li to diffuse in LMP in the vicinity of the LMP-LFP interface, which increases the diffusion coefficient by orders of magnitude with respect to the diffusion of pure LMP [206].


Figure 7. Cycling performances at a discharge rate of 1 C for the core-shell structure 0.8LMP-0.2LFP/C, the solid solution with the same Mn/Fe molar ratio LiMn0.8Fe0.2PO4 (LMFP/C), and the simple mixture LMP/C + LFP/C. Reproduced from [205].
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Core-shell structures with good ionic conductors such as LiMnPO4@Li2TiO3/C [144] or LiMnPO4@V2O5/C have also been synthesized and have good electrochemical properties [207]. LiMnPO4@Li3V2(PO4)3 has also been synthesized [208], but the electrochemical properties do not reach those of the LMP-LFP (80:20) material in Ref. [205].





5. LiCoPO4


The advantage of LiCoPO4 (LCP) lies in its high working potential of 4.8 V versus Li+/Li, which is higher than that of Li(Fe,Mn)PO4 but still in the electrochemical window. Therefore, even though its theoretical capacity of 167 mAh g−1 is nearly the same as that of LiFePO4, its theoretical gravimetric energy density is higher at 800 Wh kg−1; note, however, that the volumetric energy density is smaller at 510 Ah L−1 (see Table 1 and Figure 1 for comparison). The voltage capacity curve is different from that of the LiFePO4 and LiMnPO4 since it does not reduce to a single plateau. The reason for this is the existence of Li2/3CoPO4 stable with respect to the disproportionation, leading to the formation of LiCoPO4 and CoPO4 [209]. On another hand, cobalt is expensive, toxic, and the conditions of extraction are repeatedly criticized by Amnesty International. For both ethics considerations and protection of the environment, efforts should then be made to avoid the use of cobalt. From a strictly scientific perspective, however, the material is promising, and we have recently pointed to the constant progress in its electrochemical performance [210]. The common feature to the olivine family is low intrinsic conductivity, a problem that should be solved as usual by surface modification. With respect to LiFePO4, however, two additional problems are met with LiCoPO4: structural deterioration upon cycling, and electrolyte decomposition [211].



Like in the case of the other olivine compounds, the problem of low conductivity can be solved by decreasing the size of the particles [212,213,214,215] and optimizing the carbon coating [216,217,218,219]. The presence of carbon in the grinding media is not sufficient [220]. LiCoPO4 free of any impurity can be obtained even if the sintering temperature used for the carbon coating is raised to 750 °C [221], a temperature high enough to make the carbon layer conductive. A capacity of 130 mAh g−1 stable over 50 cycles was obtained with a carbon coating that was thick (8 nm) but inhomogeneous. Actually, the homogeneity of the carbon coating is not important, provided that the covering of the particles is large so that the carbon structure percolates through the powder to conduct the electrons to the current collector. According to recent investigations, this condition is fulfilled when the amount of carbon involved in the carbon coating reaches 0.8 wt % [222].



As an alternative to carbon coating, uniform 4 mol % AlF3-modified LiCoPO4 was synthesized. The material delivered a capacity of 159 mAh g−1 at 0.1 C with 91% capacity retention after 50 cycles, and a discharge capacity of 90 mAh g−1 was obtained at 1 C [223]. Li3PO4-modified LiCoPO4 delivered 164 mAh g−1 (787 Wh kg−1) at 0.1 C and 117 mAh g−1 (561 Wh kg−1) at a 5 C rate [224]. A LiFePO4 shell was also used to improve the storage properties and cyclability [225,226]. Attention should be paid, however, to the fact that the thermal stability of LCP at 5 V is similar to that of lamellar compounds (while it is much better at the operational voltage 3.5 V of LFP).



The first doping approach has been the partial substitution of Co by Fe [227,228,229,230,231] and Mn [232], which amounts to mixing LiCoPO4 with the other members of the olivine family to obtain solid solutions. We can expect from Fe and Mn substitution an increase of the stability of the lattice and less side effects with the electrolyte, and, therefore, an increase in the cycle life. However, in addition, the operational voltages of LiFePO4 and LiMnPO4 at 3.45 V and 4.1 V, respectively, imply that Fe and Mn are in the trivalent state in the voltage range where cobalt is active. Therefore, in the potential range 3.5–4.8 V, Fe3+ substitutes for Co2+, the charge compensation being ensured by Li vacancies, so that iron plays the role of an aliovalent ion and we can expect an increase of conductivity. The same is true for Mn substitution, but only above 4.1 V. Mn substitution improved the electrochemical properties, but not much. Fe substitution was more successful, in particular after annealing at 700 °C under argon atmosphere. The combination of Fe-doping and annealing reduces the concentration of antisite defects, and also leads to an expansion of the diffusion channels along the (010) direction in the vicinity of iron ions [227,231]. The first effect enhances the capacity and the second effect results in an increase of the lithium diffusion, also observed in Ref. [233], which contributes to enhancing the rate capability. These effects specific to Fe-doping presumably explain the success of Fe-doping with respect to Mn-doping.



Substitution of Co for isovalent ions such as Mg [234,235] and Ca [234,236] was not as successful as the substitution of Co for Fe. The only sizeable effect was a decrease in the charge transfer resistance, which may be due to the stabilization of the delithiated phase during cycling.



A more significant improvement with respect to Mg- and Ca-doping is expected from doping with an aliovalent ion, since in that case one can expect not only a stabilization of the lattice by the substitution for Co, but also an increase in the electrical and ionic conductivity owing to the different charge on the cation site that should favor Li vacancies and the polaronic conductivity of the holes. In this context, V-doping was investigated and had the same positive effect on the electrochemical properties as in LFP and LMP, since the vanadium substitutes for the transition metal in the trivalent state in the voltage range of interest [237]. Then the synergetic effects of V-doping and coating with LiFePO4 were investigated by Kreder and Manthiram [225] on LiCo1−3x/2Vx□x/2PO4 (x = 0, 0.02 and 0.04) with 5 wt % LFP. As a result, the specific capacity at 0.1 C was raised to 145 mAh g−1 at 0.1 C rate, but the capacity fade was still important, as the capacity fell to circa 80 mAh g−1 after 20 cycles. Y3+-doping effects were investigated in Ref. [238]. The initial discharge capacity was raised to 154 mAh g−1. However, the capacity retention was not improved (21% after 30 cycles). Cr3+-doping increases the electrical conductivity from 10−9 to 10−4 S cm−1 [239]. In addition, Cr substitution, like Fe substitution [233], reduces the concentration of antisite defects. As a result, LiCo1−1.5xCrxPO4/C (x = 0.04) delivered a capacity of 144 mAh g−1 at 0.1 C with a capacity retention of 71% after 100 cycles [240]. This cyclability is much better than the results obtained with the other dopants we have mentioned. Silicon is also a dopant, as it can substitute to the transition metal ion in the Si4+ valence state, with Li vacancies ensuring charge compensation [241]. An outstanding result was then obtained by the synergetic effect of Cr plus Fe-doping plus Si-doping by Allen et al. [228] who synthesized Cr, Si-LiCo0.9Fe0.1PO4. The actual composition reported in this work was LiCo0.82Fe0.0976Cr0.0488Si0.00976PO4, but the structural model deduced from the refinement of neutron and synchrotron diffraction data gave the result (Li0.930Cr0.005Fe0.001)M1(Co0.822Fe0.107Cr0.056Si0.012Li0.015)M2PO4, which is not exactly the same, and probably more realistic since this last formula gives evidence of Li vacancies on the M1 site, and the existence of a residual concentration of antisite defects. Note, however, that the occupancy of the M2 site according to this formula is larger than 1 (it is 1.012) which is unphysical and implies that experimental error relates not only to the fourth, but also to the third decimal place. The electrochemical properties were measured in the voltage range 3.0 V to 4.8 V, so both Co and Fe are active. Since the Co+Fe concentration was 0.93, the theoretical capacity is 0.93 times that of LiCoPO4, i.e., 148 mAh g−1. The experimental discharge capacity measured with Li metal as counterelectrode was ∼140 mAh g−1 at the C/3 rate, close to the theoretical value, with 100% capacity retention over 250 cycles. The discharge capacity remains approximately the same from C/10 to 1 C with only a slight reduction of about 5% (see Figure 8). The half-cell energy density at the initial cycle and 250th cycle changes only from 665 to 647 Wh kg−1, indicating that in addition to capacity stability the voltage remains stable in the half cell. The full cell (graphite anode) shows some fade due to the loss of cyclable Li owing to the Li-consuming growth of the graphite solid electrolyte interphase (SEI). Still, after 250 cycles the energy supplied is 510 Wh kg−1, so there is an approximately 0.16 Wh kg−1 loss in energy stored per cycle. Note that this performance in both half and full cells was obtained owing to the addition of 2 wt % conductive carbon nanotubes to 8 wt % super-P carbon as the carbon additive to prepare the cathode electrode. The same cathode was recently used in a standard CR2032 coin half-cell but was cycled only in the range 3.6–5.0 V so that the iron was not active. The capacity was thus reduced to the contribution of the cobalt only in concentration 0.82 (125 mAh g−1 at C/3 instead of 140 mAh g−1) [242].


Figure 8. Charge and discharge capacity of Cr, Si-doped LiCo0.9Fe0.1PO4 (a) half cells and (b) full cells as a function of cycle number. Reproduced from [228].
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6. LiNiPO4


In a recent review on LiNiPO4 (LNP) [211], we argued why we are pessimistic on its potential applications for different reasons. One argument was that the discharge voltage at 5.1 V is outside the window of organic liquid electrolytes [243]. Recently, however, Cherkashinin et al. reported that LiNiPO4 films are chemically compatible with LiPF6/DMC/FEC/0.2%-TMB electrolyte [244]. The LiNiPO4 films grown at high temperatures (∼740 °C) form more stable SEI, where no decomposition of the LiNiPO4 surface occurs up to 5.2 V [244]. The authors concluded that it is a first step towards the design and preparation of stable and redox active olivine-LiNiPO4 thin-film cathode material.



Another argument against LiNiPO4 in Ref. [211] was the difficulty to prepare this material free of defects or impurity. A particular microwave-assisted method was proposed this year by Örnek [245], which led to an antisite disorder of 1% but still a Ni3P impurity reflection in the XRD spectra, and the capacity of 58 mAh g−1 at 0.1 C almost vanished after 45 cycles.



The partial substitution of Co for Ni increases the capacity but even in most recent works, the capacity retention remains very small [246]. Better results were obtained with LiNi1−xMnxPO4 (x = 0.05–0.2) cathode materials prepared by a facile polyol method [247]. In particular, for x = 0.1, the initial discharge capacity was 94 mAh g−1 at C/4 rate, and 62% capacity retention after 100 cycles between 2.8 and 5.6 V.




7. Concluding Remarks


The results of the intensive research on the olivine family in recent years have been reviewed. Due to the outstanding performance of LiFePO4 for which the experimental discharge capacity is close to the theoretical one, the progress concerns mainly the increase of the electrical conductivity of the carbon coating and the increasing use of graphene and carbon nanotubes. This technology resulted in a remarkable rate capability so that the LFP material can now even be used as an active element in supercapacitors. It should be noted, however, that the growth of carbon nanotubes is slow, which is an obstacle to their commercial use, and some progress is still needed before mass production of graphene can be envisioned.



The progress on LiMnPO4 is remarkable, mainly due to the use of surfactants to obtain uniform and more graphitic carbon coating. Without graphene, with an appropriate surface modification, specific capacities of 132 and 118 mAh g−1 at 0.5 C and 2 C, respectively, with a capacity retention of 93% after 240 cycles at 2 C can now be obtained. With the LMP-LFP core-shell composite, capacities of 156 and 128 mAh g−1 were delivered at 0.1 C, and 5 C, respectively, and ~95% of the initial capacity was retained after 1000 cycles under a 1 C discharging rate, outperforming LiFePO4 in term of energy density. On another hand, the cost of this composite cathode will be higher than that of LiFePO4 because the synthesis process requires the coating of the LiMnPO4 core by a LiFePO4 layer in addition to the carbon coating, i.e., an additional step in the process. The success of the LMP-LFP composite at the industrial scale will then depend on the price of the cathode per kWh.



Concerning the 5-V class, the last results confirm our optimism on the increasing performance of LiCoPO4 as a cathode, while we are pessimistic on the future of LiNiPO4. Remarkable results with Cr and Si co-doping of LiCoPO4 were obtained provided that the counter-electrode was a Li-metal anode to avoid capacity fading due to the graphite anode in the full cell. The main problem with this material, however, will be the cost. Cobalt is very expensive, $80 per kg on the market, while iron is very cheap. Iron ore fines are approximately $0.07 per kg. As a consequence, LiFePO4 can be found at the price of $45 per kg, against $6900 per kg for LiCoPO4. It is then difficult to imagine that LiCoPO4 can be developed beyond a niche market like satellites since only the energy density matters for such a use, not the price. Finally, we recall that Amnesty International and other organizations denounce the conditions of extraction of cobalt by children in the mines. Obviously, these conditions are also an obstacle to the use of cobalt, but this problem cannot be solved by scientists.
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