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Abstract 

 

POLYMORPHS OF LITHIUM TRANSITION-METAL 

PHOSPHATES: SYNTHESIS AND CHARACTERIZATION 

 

Gaurav Assat, M.S.E. 

The University of Texas at Austin, 2015 

 

Supervisor: Arumugam Manthiram 

 

Lithium transition-metal phosphates, LiMPO4 (M = Mn, Fe, Co, and Ni) have 

gained significant research interest over the past two decades as an important class of 

lithium-ion battery cathode materials. However, almost all of the investigations thus far 

have focused on the olivine polymorph which exists in orthorhombic Pnma space group. 

In this report, a distinct orthorhombic but non-olivine polymorph of LiMPO4, described 

by a Cmcm space group symmetry, has been synthesized with M = Mn, Fe, Co, and Ni. 

Of these, LiMnPO4 in the Cmcm space group had never been reported before.  

A rapid microwave-assisted solvothermal (MW-ST) heating process with 

tetraethylene glycol (TEG) as the solvent and transition-metal oxalates as precursors 

facilitate the synthesis of these materials. The peak reaction temperatures and pressures, 

respectively, were below 300 °C and 30 bar, which is several orders of magnitude lower 

than the previously reported high pressure (GPa) method.  

The physiochemical and electrochemical properties of the synthesized materials 

are characterized with several techniques. X-ray diffraction (XRD) confirms the crystal 



 vi 

structure with Cmcm space group and scanning electron micrographs (SEM) indicate a 

sub-micron thin platelet like morphology. The synthesis process conditions have been 

optimized to obtain impurity-free samples with correct stoichiometry, as characterized 

with XRD and inductively coupled plasma - optical emissions spectroscopy (ICP-OES). 

Upon heat treatment to higher temperatures, the transformation of the Cmcm polymorphs 

into olivine is observed with XRD and Fourier transform infrared spectroscopy (FTIR). 

Although the electrochemical activity of these polymorphs as lithium-ion cathodes turns 

out to be poor, the facile synthesis under mild conditions has enabled easy access to these 

materials, some of which were not even possible before. 
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Chapter 1: Introduction 

1.1 BACKGROUND 

For the advancement of lithium ion batteries, polyanion cathode materials
1
 have 

attracted a significant amount of research attention starting with the early investigations 

of Fe2(SO4)3 and Fe2(MO4)3 (M = Mo and W) in the 1980’s.
2-3

 Most notably, the 

discovery of LiFePO4 in the 1990’s as a viable lithium ion cathode material
4
 brought the 

entire class of LiMPO4 (M = Mn, Fe, Co, and Ni) compounds into the spotlight and 

several papers have been published on these over the past two decades.
5-8

 These lithium 

transition-metal phosphates are more commonly referred to as phospho-olivine cathode 

materials owing to their orthorhombic crystal structure with Pnma space group 

symmetry. Numerous strategies have been examined in order to optimize the 

performance of these cathodes, including but not limited to nano-sizing
9
, conductive 

carbon coating
10

, conductive polymer coating
11

, making solid solutions
12, 13

, and cation 

doping
14

. However, almost all the investigations have been performed with the olivine 

structured base materials, leaving only a handful of reports on LiMPO4 polymorphs 

having a different kind of crystal structure. 

 

1.2 LITERATURE SURVEY 

For the first time, in 2001, polymorphs of LiFePO4 and LiNiPO4, represented by 

the orthorhombic Cmcm space group, were reported but they exhibited no 

electrochemical activity.
15

 These were obtained as a result of phase transition of the 

corresponding olivine materials upon the application of significantly high pressure (65 

kbar) and high temperature (1173 K).  Later, in 2009, the same high pressure method was 
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extended to obtain the Cmcm polymorph of LiCoPO4 but the electrochemistry was not 

studied.
16

 The high pressure method could not be successfully applied  for the synthesis 

of Cmcm structured LiMnPO4. Some papers call this structure ‘β’ phase, or ‘Na2CrO4 

like’, or ‘CrVO4 like’ phase while the olivine structure has been called the ‘α’ phase. To 

avoid confusion, this report will use the space group symbols, Cmcm or Pnma 

respectively, for the non-olivine and olivine polymorphs.   

In a 2010 report, the Cmcm polymorph of LiNiPO4 was partially obtained with a 

phosphate-formate precursor heated at 500 °C with only a 44 % phase purity, the 

remaining 56 % being olivine.
17

 In 2012, a low-temperature (150 °C), water-free liquid-

phase method was developed for the precipitation of Cmcm LiFePO4 as a pure phase.
18

 

Even though these two methods circumvented the application of high pressure, they 

could not be applied for the other LiMPO4 analogues. 

Microwave-assisted heating of liquid-phase reaction media is being employed 

increasingly as a synthesis method for inorganic nanostructures.
19-21

 The distinctive 

characteristics of microwave-assisted syntheses are fast heating rate, low reaction 

temperature, low pressure, very short reaction duration and superior repeatability. As a 

result, this kinetically driven reaction opens up the possibility to obtain low-temperature 

metastable phases and polymorphs, that could not be synthesized with conventional 

techniques.
14,22,23

 A microwave-assisted synthesis of Cmcm LiFePO4 was reported in 

2013 with absolutely dry precursors (prepared in an Argon-filled glove box) in a 1 : 1 

solvent mixture of benzyl alcohol and 2-pyrrolidinone as the reaction medium.
24

 It was 

also shown that the solvent ratio played an important role in deciding which polymorph 

formed primarily. In 2014, a different microwave-assisted synthesis reported the 

appearance of a small amount of Cmcm LiFePO4 alongside a majority olivine phase with 

the use of FeC2O4.2H2O as the iron precursor in ethylene glycol solvent.
25

 In both cases, 
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there were no follow up studies extending the syntheses to the other three transition 

metals, M = Mn, Co, and Ni. Recently, our group reported a microwave-assisted 

solvothermal (MW-ST) synthesis for three distinct polymorphs of LiCoPO4, one of which 

is the non-olivine Cmcm phase.
26

 This was achieved with dry tetraethylene glycol (TEG) 

as the solvent.  

 

1.3 WORK ACCOMPLISHED 

In this report, a facile MW-ST synthesis is described to easily obtain the Cmcm 

polymorph of all four members of the LiMPO4 family, i.e., with M = Mn, Fe, Co, and Ni. 

Unlike many previous studies, our synthesis is carried out at low temperatures (< 300 °C) 

and low pressures (< 30 bar). The protocol does not require the use of special solvents or 

preparation of the reaction mixture inside a controlled environment, for example, a glove 

box. Readily available metal oxalate precursors and dry TEG solvent play a crucial role 

in the synthesis. The reducing nature of TEG helped prevent the oxidation of transition-

metal ions in oxalate precursors from +2 to +3 state.
27

 Optimization of the reaction 

conditions leads to high purity products with correct stoichiometry, with a sub-micron 

thin platelet like morphology. Cmcm LiMnPO4 is reported for the first time. The 

metastable nature of the Cmcm structure is confirmed, as shown by its conversion to the 

olivine structure upon heat treatment to higher temperatures.  

This study presents several novel items including the (i) first ever report on Cmcm 

LiMnPO4 polymorph and its refined crystal structure, (ii) first low-temperature and low-

pressure synthesis of Cmcm LiNiPO4 as a single phase, (iii) first low-temperature and 

low-pressure synthesis of Cmcm LiFePO4 without requiring the use of glove box or 

special solvents, (iv) synthesis of thin nano-plate like particles with high surface area, (v) 
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experimental confirmation of the metastable nature of the Cmcm polymorphs, and (vi)  

FTIR spectra and electrochemical properties of all four Cmcm LiMPO4 polymorphs.  
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Chapter 2: Experimental Procedures 

2.1 SYNTHESIS 

The non-olivine (space group: Cmcm) polymorph of all four members of the 

LiMPO4 series (M = Mn, Fe, Co, and Ni) was carried out with the MW-ST process. The 

reactions took place in 12 mL of tetraethylene glycol (Sigma-Aldrich, 99%), which acted 

as the reaction medium. To remove any water absorbed by the TEG, it was first dried 

with 3 Å molecular sieves for 8 hours just before starting the syntheses. In all cases, the 

precursors for lithium and phosphorous, respectively, were lithium hydroxide 

monohydrate (Alfa Aesar, 98%) and hydrated liquid phosphoric acid (Fisher Scientific, 

85%). The transition-metal ion precursors for M = Mn, Fe, and Co were metal (II) oxalate 

dihydrate (MC2O4.2H2O, Alfa Aesar, 99%) powders. The only exception was LiNiPO4, 

which was obtained when nickel acetate tetrahydrate (Arcos Organics, 99+%) was used 

as the nickel source. Before using, it was very important to crush all the solid precursors 

into fine powders in an agate mortar with a pestle. 

Each reaction took place in a 30 mL borosilicate glass reaction vessel (Anton 

Paar), which was first filled with 6 mL of TEG. Then, the finely crushed lithium and 

metal-ion precursors were added and immediately followed with the drop-wise addition 

of phosphoric acid, before any stirring. The simultaneous mixing of all precursors was 

vital for avoiding the formation of the olivine phase as an impurity. Several reactions 

were attempted with varying ratios and concentrations of the precursors. The best results, 

i.e., correct stoichiometry with minimal impurities, were obtained with the following 

precise amounts: for LiMnPO4, 100 mg (2.38 mmol) of LiOH.H2O, 426.6 mg (2.38 

mmol) of MnC2O4.2H2O, and 163.1 µL (2.38 mmol) of H3PO4; for LiFePO4, 75 mg (1.79 

mmol) of LiOH.H2O, 321.5 mg (1.79 mmol) of FeC2O4.2H2O, and 122.3 µL (1.79 mmol) 

of H3PO4; for LiCoPO4, 100 mg (2.38 mmol) of LiOH.H2O, 436.1 mg (2.38 mmol) of 
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CoC2O4.2H2O, and 163.1 µL (2.38 mmol) of H3PO4; and for LiNiPO4, 50 mg (1.19 

mmol) of LiOH.H2O, 296.5 mg (1.19 mmol) of Ni(CH3CO2)2.4H2O, and 163.1 µL (2.38 

mmol) of H3PO4. After the addition of all reactants, the mixture was stirred with a 

magnetic stir bar for about 1 hour and then the remaining 6 mL of TEG was added. A 

homogeneously dispersed suspension was thus obtained as a result of continued stirring 

of the reaction mixture for another hour. Then, the reaction vessels were tightly sealed 

with polytetrafluoroethylene (PTFE) lined silicone septa (Anton Paar) and placed in a 

microwave reactor (Anton Paar Monowave 300) for heating.  

The heating procedure consisted of a 5 min preliminary mixing step at 70°C 

followed by a rapid heating step at the maximum instrument power of 850 W. This led to 

a temperature rise at a rate of approximately 100 °C min
-1

 until a desired reaction 

temperature, as measured by an infrared temperature sensor, was achieved. The reaction 

was maintained at this temperature for a few minutes before rapidly cooling it down to 

room temperature. The best results were obtained with a hold time of 40 min at 275 °C 

for LiMnPO4, 10 min at 280 °C for LiFePO4, and 30 min at 300 °C for both LiCoPO4 and 

LiNiPO4. Throughout the heating procedure in the microwave reactor, the reactants were 

stirred at 600 rpm with a magnetic stir bar. The peak pressure inside the reaction vessel 

was always significantly below 30 bar, which is the instrument’s limit for safe operation. 

The precipitated products were separated from the liquid by centrifugation. The products 

were rinsed three times with acetone to get rid of the remaining solvent. This was 

accompanied with intermediate ultra-sonication treatments lasting 10 min to break up any 

agglomerates. The rinsed precipitates were dried in an air oven for 2 hours at 100 °C to 

evaporate the acetone while leaving behind a fine powder. The colors of the as-

synthesized powders of Cmcm LiMPO4 (M = Mn, Fe, Co, and Ni) were, respectively, 

pinkish white, gray-green, light pink, and light yellow. Heat treatments were performed 



 7 

in a carbon-free alumina tube furnace (MTI Corp.) under ultra-high purity argon 

environment. A heating rate between 5 and 10 
o
C min

-1 
was used and the desired 

temperature was maintained for 8 h before cooling. 

 

2.2 CHARACTERIZATION  

Powder X-ray diffraction (XRD) patterns were recorded on a tabletop 

diffractometer (Rigaku Miniflex 600) having a Bragg-Brentano geometry. Copper Kα1 

radiation (λ = 1.5406 Å) was used and continuous scans were recorded at rates ranging 

from 1.5 to 4 ° min
-1

. Preliminary analysis of the powder diffraction patterns was 

performed with PDXL2 (Rigaku) and Rietveld refinements were done with GSAS 

software. Scanning electron micrograph (SEM) images were obtained with a FEI Quanta 

650 SEM operating at a voltage ranging from 10 to 20 keV. For enhanced contrast, the 

samples were sputter coated with gold before imaging at a magnification of 50,000X. 

Transmission electron microscopy (TEM) and electron diffraction experiments were 

performed with a JEOL 2010F field emission TEM at 200 kV. To determine the 

elemental composition of the samples, inductively coupled plasma - optical emission 

spectroscopy (ICP-OES) was performed with a Varian 715-ES spectrometer.  The ICP-

OES solutions were prepared by first dissolving approximately 4 mg of sample powder in 

2 to 4 mL of aqua regia before diluting with 250 mL of deionized water. Standard 

solutions (Ricca Chemical Company) for lithium, phosphorous, manganese, iron, cobalt, 

and nickel were used to calibrate the ICP-OES instrument. Fourier transform infrared 

(FTIR) spectroscopy patterns were collected in transmission mode with a Nicolet iS5 

instrument. The sample powders were mixed with ultra-pure potassium bromide and 

pressed into transparent thin pallets before carrying out the measurements. Differential 
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scanning calorimetry (DSC) was performed with a Netzsch Jupiter STA 449 F3 in argon 

environment at a heating / cooling rate of 3.5 °C min
-1

. 

CR 2032 type half cells were assembled with lithium metal anodes. The cathodes 

were comprised of 70 wt. % active material, 20 wt. % graphitic carbon, and 10 wt. % 

PTFE binder. This cathode mixture was pressed onto a stainless steel mesh and dried in a 

vacuum oven for 24 hours at 150 °C. A commercial electrolyte was used (Novolyte 

Technologies Purolyte A5 series), which had a 1 : 1 mixture of ethylene carbonate and 

dimethyl carbonate with 1 M LiPF6. Cells were assembled in an argon filled glove box 

and tested with a battery cycler (Arbin Instruments). 
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Chapter 3: Results and Discussion 

3.1 MORPHOLOGY 

As shown in Figure 3.1 and Figure 3.2, SEM micrographs and low-magnification 

TEM images of the as-synthesized powders reveal a sub-micron thin-platelet like 

morphology.  

 

Figure 3.1: SEM and TEM images, respectively, showing the sub-micron size thin 

platelet like morphology for Cmcm LiMPO4 materials: (a) and (b) M = Mn, 

(c) and (d) M = Fe. 
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Figure 3.2: SEM and TEM images, respectively, showing the sub-micron size thin 

platelet like morphology for Cmcm LiMPO4 materials: (e) and (f) M = Co, 

(g) and (h) M = Ni. 

The thin platelets appear to be stacked on top of each other, most evidently for 

LiMnPO4. It is also interesting to note that the platelets are especially thin for LiNiPO4. 

Such a morphology can be highly favorable for high power battery applications when the 

lithium diffusion pathways are parallel to the thin edges, leading to short diffusion 

distances. It has previously been shown for thin LiFePO4 (olivine) platelets that if the 
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pathways are favorably aligned, lithium can diffuse in and out along the small diffusion 

distance at a high C rate.
28 

In order to identify the orientation of the thin platelets of Cmcm LiFePO4, 

precession electron diffraction was performed with a TEM over a relatively large area 

spanning several particles. Subsequently, an orientation map was generated with an 

automated crystallographic indexing tool, ASTAR (NanoMEGAS). Figure 3.3 shows 

several flat particles having orientations (zone axis) that are indicated primarily by green 

and blue colors that indicate, respectively, the [100] and [010] directions. The 

nonappearance of red color implies that the corresponding [001] direction lies primarily 

in the plane of the particles, perpendicular to the zone axis. 

 

Figure 3.3: Orientation map and the corresponding TEM image of Cmcm LiFePO4 

particles. The color map indicates the crystallographic directions represented 

by different colors.   
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3.2 CRYSTAL STRUCTURE 

To ascertain the novel crystal structure of the LiMPO4 polymorphs, powder XRD 

patterns were collected. Most studies that have been conducted on LiMPO4 focus on the 

olivine polymorph, which is represented by the orthorhombic Pnma space group. 

However, for our samples, all XRD peaks could be indexed to the Cmcm space group, 

revealing a different kind of orthorhombic crystal structure. Figure 3.4 and Figure 3.5 

show the collected XRD patterns as well as the simulated XRD patterns. 

 

Figure 3.4: XRD patterns of the as-synthesized Cmcm LiMnPO4 and LiFePO4 

polymorphs. A magnified pattern in (a) highlights the impurity peaks in 

LiMnPO4. As a reference, the dashed line marks the (242) reflection of 

LiMnPO4. 
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Figure 3.5: XRD patterns of the as-synthesized Cmcm LiCoPO4 and LiNiPO4 

polymorphs. As a reference, the dashed line marks the (242) reflection of 

LiMnPO4. 

The XRD pattern fitting from 10° to 120° 2θ was performed according to the 

Rietveld method with β-LiFePO4 (ICSD No. 01-072-7847) as the starting prototype 

structure.
29

 The collected data matches very well with the simulated patterns as indicated 

by the relatively low values of Rwp and χ
2
, which have been tabulated in Table 3.1. The 

unit cell parameters for LiMPO4 (M = Mn, Fe, Co and Ni) that were extracted after the 

refinement are also presented in Table 3.1 and additionally, the atomic positions have 

been listed in Table 3.2, Table 3.3, Table 3.4 and Table 3.5. From Table 3.1, a very 

elegant decreasing trend can be observed in the unit cell volume on moving from left to 
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right in the periodic table (Mn to Ni) because of the decreasing ionic radius of the M
2+

 

ions. This can also be seen in the form of a shift of the XRD peaks toward higher angles 

when going from M = Mn to M = Ni. In order to highlight this in Figure 3.4 and Figure 

3.5, as an example, the (242) peak of LiMnPO4 has been marked with a dashed line. 

Table 3.1: Crystallographic data of LiMPO4 polymorphs with the orthorhombic space 

group Cmcm (#63) 

 LiMnPO4 LiFePO4 LiCoPO4 LiNiPO4 

a (Å) 5.5312(3) 5.5212(7) 5.4236(4) 5.3700(13) 

b (Å) 8.3988(3) 8.2708(11) 8.1662(3) 8.1311(17) 

c (Å) 6.3160(4) 6.1898(8) 6.2214(3) 6.1397(13) 

V (Å
3
) 293.41(2) 282.65(10) 275.54(2) 268.08(17) 

Rwp 14.3 % 14.0 % 13.1 % 7.47 % 

χ
2
 1.62 1.47 1.40 1.67 

LiFePO4 and LiCoPO4 are obtained as single-phase crystalline products. For 

LiNiPO4, the XRD peaks are relatively broad, as seen in Figure 3.5 (d), indicating a 

smaller crystallite size which can be confirmed from its SEM and TEM images showing 

ultra-thin nano-plates in Figure 3.2 (g and h) and the low intensity amorphous hump 

around 30
o
 in the XRD can be attributed to the poorly crystalized thin particles. 



 15 

Table 3.2: Atomic positions of LiMnPO4 (Cmcm) polymorph 

 

Table 3.3: Atomic positions of LiFePO4 (Cmcm) polymorph 

Atom Wyck. x/a y/b z/c Occ. Uiso 

Li 4c 0.00000 0.66427 0.25000 1.000 0.01470 

Mn 4a 0.00000 0.00000 0.00000 1.000 0.01204 

P 4c 0.00000 0.35275 0.25000 1.000 0.01372 

O1 8f 0.00000 0.25461 0.05434 1.000 0.00477 

O2 8g 0.22085 0.46207 0.25000 1.000 0.00482 

Atom Wyck. x/a y/b z/c Occ. Uiso 

Li 4c 0.00000 0.66659 0.25000 1.000 0.03862 

Fe 4a 0.00000 0.00000 0.00000 1.000 0.00681 

P 4c 0.00000 0.35137 0.25000 1.000 0.00571 

O1 8f 0.00000 0.24769 0.04403 1.000 0.00640 

O2 8g 0.22336 0.46164 0.25000 1.000 0.00055 
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Table 3.4: Atomic positions of LiCoPO4 (Cmcm) polymorph 

 

Table 3.5: Atomic positions of LiNiPO4 (Cmcm) polymorph 

Atom Wyck. x/a y/b z/c Occ. Uiso 

Li 4c 0.00000 0.69274 0.25000 1.000 0.03993 

Co 4a 0.00000 0.00000 0.00000 1.000 0.00883 

P 4c 0.00000 0.35274 0.25000 0.988 0.00544 

O1 8f 0.00000 0.24889 0.05268 1.000 0.00856 

O2 8g 0.22643 0.47060 0.25000 1.000 0.00965 

Atom Wyck. x/a y/b z/c Occ. Uiso 

Li 4c 0.00000 0.713 0.25000 1.000 0.07846 

Ni 4a 0.00000 0.00000 0.00000 1.000 0.01935 

P 4c 0.00000 0.34941 0.25000 1.000 0.01525 

O1 8f 0.00000 0.24733 0.04268 1.000 0.01177 

O2 8g 0.21926 0.47076 0.25000 1.000 0.01618 
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Among the four title compounds, LiMnPO4 was the most difficult to obtain as a 

pure-phase product, even after several attempts with varying synthesis conditions, such as 

the reaction temperature, duration, precursor concentrations, and pH. Figure 3.4 (a) 

shows the impurity peaks that were present even in the most pure sample. A multiphase 

Rietveld refinement was performed in this case for correct fitting of the XRD pattern. 

The estimated weight percentage of LiMnPO4 (Cmcm) came out to be 71% whereas the 

impurities Li3PO4, Mn2P2O7, and LiMnPO4 (Pnma) were, respectively, 19 %, 7 % and 3 

%. 

Both Cmcm and Pnma space groups belong to the orthorhombic crystal system 

and have similar symmetry elements. However, for LiMPO4 there are subtle differences 

between them, particularly in the atomic arrangement. The Cmcm structure has one-

dimensional chains of edge shared MO6 octahedra running along the [001] direction, as 

illustrated in Figure 3.6. In contrast, the olivine structure is known to have corner shared 

MO6 octahedra and one-dimensional chains of edge shared LiO6 octahedra in the [010] 

direction. It is along this [010] direction that the lithium ions diffuse in olivine LiFePO4 

in a curved pathway.
30

 Contrariwise, the Cmcm structure does not seem to possess such 

markedly visible lithium diffusion pathways in Figure 3.6. In fact, the coordination 

number of lithium in the Cmcm arrangement is reduced to four from six in olivine, and 

this can possibly impede lithium diffusion. Also, the cell volume of the Cmcm 

polymorphs is slightly lower than their olivine counterparts, indicating a more snug 

arrangement of atoms. Additional details about the peculiarities of the two structural 

arrangements can be found in literature.
15 
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Figure 3.6: Projections of the Cmcm LiMPO4 structure along the three crystallographic 

axes. 
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3.3 MICROWAVE-SYNTHESIS CONDITIONS 

Like other glycols, TEG is hygroscopic and absorbs water readily from the 

atmosphere. It has previously been demonstrated that the use of fresh, dried TEG is 

crucial for the formation of LiCoPO4 Cmcm polymorph.
26

 Even the presence of 2 % v/v 

of water in the TEG can drastically affect the product’s crystal structure. Interestingly, in 

the other two low-temperature papers that reported pure Cmcm LiFePO4 phase, the 

reactants were either dried on a rotavap or mixed together in a water-free, argon-filled 

glove box.
18, 24

 Therefore, it was justified for this study to use fresh TEG that was dried 

with molecular sieves.
31

 Another important synthesis condition was the use of metal 

oxalate dihydrate precursors as the transition-metal sources. Unlike metal acetates, the 

oxalates do not dissolve much in TEG, which could possibly be promoting the formation 

of the Cmcm polymorph. It is interesting to observe that Ashton et al. obtained Cmcm 

LiFePO4 as a minor phase when using iron oxalate dihydrate with another glycol 

(ethylene glycol).
25

 They asserted that the pressure generated on evaporation of the water 

of crystallization from the iron oxalate dihydrate led to this because olivine was being 

obtained even with dry iron acetate. However, a better explanation could be that their 

ethylene glycol had some moisture but still the use of iron oxalate actually promoted the 

partial formation of the Cmcm phase. 

The stoichiometry of the samples was measured with ICP-OES and the reaction 

conditions were tweaked in order to match the LiMPO4 formula within experimental 

error. With samples deficient in lithium, a particular association is seen between the unit 

cell parameters and the lithium stoichiometry. For LiMnPO4, it is observed that the (200) 

and (112) XRD peaks move significantly towards each other when synthesized at a lower 

reaction temperature (200 °C), as shown in Figure 3.7 (a). Based on the ICP-OES results, 

it is hypothesized that the low-temperature product is lithium deficient. In Figure 3.7 (b), 
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the (200) and (112) peak shifting can also be observed in single-phase Cmcm LiCoPO4, 

which was intentionally synthesized with only 67 % lithium precursor and confirmed by 

ICP-OES. This trend is quite evident for Cmcm LiFePO4 as shown in Figure 3.7 (c).  

 

Figure 3.7: Shifting of (200) and (112) XRD peaks for lithium deficient Cmcm samples 

indicating a change in the unit cell. 

Before optimization, LiFePO4 had the peaks shifted as well as a lower lithium 

content, even though the XRD patterns show a single Cmcm phase. Interestingly, the 

measured ICP-OES lithium content gradually increases as the lithium hydroxide 

precursor was crushed more and more before the reaction, until a near perfect 

stoichiometry was obtained. The lithium content could simultaneously be correlated with 

the extent of (200) and (112) peak shifting, as seen in Figure 3.7 (c). Based on these peak 

shifts, it is concluded that a less than perfect lithium content in the as-synthesized 
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samples is linked with a marked increase in the unit cell parameter c, along with a 

reduction in a. Overall, the reaction temperature, reactant concentrations and precursor 

crushing are critical to obtain products with correct stoichiometry. 

 

3.4 PHASE TRANSFORMATION 

When the four materials are subjected to a heat treatment in a neutral argon 

environment, a slow conversion into olivine takes place over a range of temperature, 

indicating a second order phase transformation. The materials were heated with 50 °C 

temperature increments and maintained at the desired temperature for 8 h. The XRD 

patterns showing the vanishing of Cmcm peaks (marked as β) with the simultaneous 

appearance of the Pnma peaks (marked as α) are presented in Figure 3.8 and Figure 3.9. 

For LiMnPO4, the transformation begins as early as 350 °C and ends before 450 

°C. It is also interesting to note that upon heating LiMnPO4, that was prepared at a lower 

temperature (200 °C) and hence having lithium deficiency, the lattice relaxes to a correct 

stoichiometry structure, marked by the movement of (200) and (112) peaks away from 

each other, with a simultaneous expulsion of excess Mn and P in the form of a substantial 

amount of Mn2P2O7. Hence, the previously mentioned assertion about the correlation 

between lithium content and the cell parameters is further strengthened.  

The Cmcm LiFePO4 transforms into olivine between 450 °C and 550 °C. Fe
2+

 is 

highly susceptible to oxidation and even after sufficiently long purging of the tube 

furnace with argon before heating, a trace amount of oxidized thin red top layer could be 

seen after the heat treatment. As shown in Figure 3.9 (c), the Cmcm LiCoPO4 transforms 

at even higher temperatures, between 450 °C and 600 °C. Among all the LiMPO4 
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members, LiNiPO4 shows the highest temperature till which the Cmcm phase is stable. 

The olivine phase appears at 500 °C and Cmcm phase fully disappears only at 650 °C.  

 

 

 

Figure 3.8: XRD patterns showing the phase transition of the Cmcm (β) polymorphs of 

LiMnPO4 and LiFePO4 into the Pnma (α) structure upon heating in Argon 

environment.  
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Figure 3.9: XRD patterns showing the phase transition of the Cmcm (β) polymorphs of 

LiCoPO4 and LiNiPO4 into the Pnma (α) structure upon heating in Argon 

environment.   

To quantify the Cmcm to olivine phase ratio, multiphase Rietveld refinements 

were performed. The growth of the olivine phase with increasing temperature is shown in 
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Figure 3.10. Based on the data presented in Figure 3.8, Figure 3.9, and Figure 3.10, it can 

be concluded that LiMnPO4 undergoes a phase transition from Cmcm to olivine at the 

lowest temperature followed by LiFePO4, LiCoPO4, and LiNiPO4. This trend is possibly 

due the most compact structure of LiNiPO4 , as indicated by the lowest cell volume 

among all four, which hinders  the rearrangement of atoms. The highest thermal stability 

of Cmcm LiNiPO4 could possibly explain its partial appearance in a previous study that 

involved heating a phosphate-formate precursor at 500 °C.
17

 On the other hand, the 

lowest stability of Cmcm LiMnPO4 could also be the reason why it has never been 

reported in the literature before and why impurity free synthesis conditions could not be 

arrived at in this study.  

 

Figure 3.10: Growth of the olivine phase with increasing temperature during heat 

treatment of Cmcm LiMPO4 (M = Mn. Fe. Co, and Ni). 
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When DSC was performed on LiMnPO4, a broad exothermic peak could be 

observed during the heating step in the range of 350 t0 500 °C, as seen in Figure 3.11. 

This exothermic peak can be attributed to the phase transformation. The absence of any 

peak in the cooling curve indicates the irreversible nature of the phase transformation. 

XRD confirmed the conversion to the olivine phase after the DSC experiment.  

 

Figure 3.11: DSC heating and cooling curves of the as- synthesized LiMnPO4 Cmcm 

polymorph. 

DSC further confirms the fact that the Cmcm polymorphs are higher energy 

metastable phases and a kinetically driven synthesis process like MW-ST is the only way 

to obtain them. The thin platelet like morphology is a unique feature of the MW-ST 

synthesized Cmcm LiMPO4 polymorphs. This is indicated by a conversion to nano-

sphere/rod type particles for the olivine materials obtained after heat treatment, as seen in 

the SEM micrographs in Figure 3.12. 
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Figure 3.12: SEM micrographs of the LiMPO4 samples after heat treatment leading to the 

conversion to olivine. 

In Figure 3.13, the FTIR spectra are shown for the Cmcm materials as well as 

their olivine analogues obtained after heat treatment. The PO4
3-

 anion group has bond 

stretching modes as indicated by the absorption peaks from 900 to 1200 cm
-1

 whereas the 

bending modes are from 400 to 700 cm
-1

.
32

 The FTIR spectra for the two polymorphs are 

noticeably different from each other because of the different site symmetry. This 

indicates that these two polymorphs have different properties even though the space 

groups are very similar in terms of symmetry. 
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Figure 3.13: FTIR spectra of the Cmcm LiMPO4 materials along with their respective 

olivines obtained after heat treatment. 

 

3.5 ELECTROCHEMISTRY 

In Figure 3.14 and Figure 3.15, the cyclic voltammetry (CV) results for the Cmcm 

LiMPO4 materials tested in half cells as cathodes for lithium ion batteries are presented. 

The tests were performed at a scan rate of 5 mV s
-1

. Similar to the CV reports in the 

literature
18, 24

 for Cmcm LiFePO4, a reversible electrochemical activity at ~ 3.0 V was 
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observed for our samples but the capacity associated with it is very less for practical 

application as lithium ion battery cathode material. 

 

 

Figure 3.14: Cyclic voltammetry results for the Cmcm LiMnPO4 and Cmcm LiFePO4 



 29 

LiMnPO4, LiCoPO4, and LiNiPO4 show, respectively, only a charging peak at 

4.2, 4.2, and 4.3 V, but without any discharge peak. A small discharge peak observed for 

LiMnPO4 is probably due to the small amount of olivine impurity in the sample.  

  

Figure 3.15: Cyclic voltammetry results for the Cmcm LiCoPO4 and Cmcm LiNiPO4 
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For M = Co and Ni, the charged coin cells were carefully opened inside an Argon 

filled glove box and XRD was performed on the harvested electrodes. No evidence was 

found for peak shifting or structural changes and the XRD pattern matched well with that 

of the as-synthesized powders. The exact cause of the charging peaks is unknown but 

could be an electrolytic side reaction. Overall, the Cmcm materials perform poorly as 

lithium-ion battery cathodes. 
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Chapter 4: Conclusions 

In this report, a facile, low-pressure, and low-temperature microwave-assisted 

solvothermal synthesis with tetraethylene glycol as the solvent has been utilized to obtain 

the orthorhombic Cmcm polymorph of all four members of LiMPO4 (M = Mn, Fe, Co, 

and Ni). Of these, LiMnPO4 had never been reported before. The Cmcm polymorphs have 

a different crystal structure compared to the olivine polymorphs that have been highly 

studies as viable lithium ion battery cathode materials. Correct selection of the reaction 

temperature, reaction duration, precursors, and solvent result in near stoichiometric 

products with minimal impurities, as characterized with XRD and ICP-OES. The 

metastable nature of the structure is revealed when the Cmcm phase transforms into the 

more stable olivine phase upon heating with a sluggish and irreversible phase transition. 

Even though the electrochemistry of the Cmcm polymorphs is not favorable as lithium-

ion cathodes, the comprehensive facile synthesis has opened up the possibility of 

studying these polymorphs for fundamental understanding.  
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