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ABSTRACT

Li2CoPO4F cathode materials have been synthesized by a two-step method 

combining a sol-gel route and solid state reaction. X-ray diffraction (XRD) analysis 

confirmed that the LiCoPO4F was well-crystallized in orthorhombic crystal structure

with Pnma space group. From the high resolution transmission electron microscopy

(HRTEM) image, the lattice fringes of {001} and {100} are well-resolved. HRTEM 

image and selected area electron diffraction (SAED) pattern reveal the highly crystalline 

nature of Li2CoPO4F having an ordered orthorhombic crystal structure. The Co atoms 

chains of Li2CoPO4F have been observed using high angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM). The Raman and FTIR spectra 

indicate the symmetry and stability of the Li2CoPO4F structure. The Li2CoPO4F cathode 

materials delivered an initial discharge capacity of 91 mAhg-1 at C/10 rate with good
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cyclic performance. The discharge profile of LiCoPO4 shows a plateau at 5.0 V,

revealing its importance as high potential voltage cathode.

KEYWORDS: Lithium-ion batteries, Li2CoPO4F, structural analysis, electrochemistry.

1. Introduction

Rechargeable lithium-ion batteries are considered to be most promising storage 

system for novel energy storage systems and future application in hybrid electric 

vehicles (HEV) or electric vehicles (EV). To realize the application of lithium-ion 

batteries suitable for a large scale, cathode materials with high energy densities and high 

power densities, are desirable.1,2 New research field has been directed to improve the 

energy densities and power densities of the high-voltage cathode materials. Recently,

fluoro-oxyanions frameworks have been proposed as high-energy-density materials due 

to their high ionicity of M-F bond and resulting higher operating potential [3-5].

Furthermore, the potential extraction of two lithium ions can be realized which makes

them to be promising high-capacity cathode materials for high-energy density batteries

(290 mAhg-1). To date, several fluorophosphates have been investigated as frameworks 

for reversible extraction/insertion of lithium ions [6-11]. Particularly, lithium 

fluorophosphates of formula Li2MPO4F (M = Fe, Mn, Co, Ni) are of importance [10-12], 

in which lithium cobalt fluorophosphates Li2CoPO4F has attracted attention since it 

offers very high redox potential at approximately 5.1 V versus Li/Li+ and high

theoretical capacity (287 mAhg-1) with possible extraction of two lithium ions per 

formula unit [13-20]. Recently, research has been focused on Li2CoPO4F in different 

aspects such as synthesis, electrochemical performance and crystal structure change 
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during the charge/discharge cycle. Understanding of crystal structures of cathode 

materials, especially multi-element compounds such as Li2CoPO4F is of particular 

importance to improve the electrochemical performance. This is due to the fact that the 

crystal structure, surface chemistry and chemical composition of the cathode materials

are crucial factor affecting the insertion and extraction of Li ions from the frameworks.

In this paper, we report the synthesis, characterization and investigation on the 

Li2CoPO4F particles using the high-resolution transmission electron microscopy 

(HRTEM), selected area electron diffraction (SAED), energy dispersive X-ray 

spectrometry (EDS), and elemental compositional mapping using high-angle angular 

dark field scanning transmission electron microscopy (HAADF-STEM) and local 

structure and chemical bonding using Raman spectroscopy and Fourier transform 

infrared spectroscopy (FTIR). The Li2CoPO4F materials were also tested as cathode 

materials for lithium-ion batteries, and an initial discharge capacity of 91 mAhg-1 at 

C/10 rate was obtained with good cyclic performance.

2. Experimental

Li2CoPO4F was synthesized by two-step process combining sol-gel method with 

solid-state route. Firstly, LiCoPO4 materials were directly synthesized by a facile sol-gel 

method with a simple treatment in air atmospheres according to our previous report [21]. 

Typically, LiNO3, Co(NO3)2, NH4H2PO4, and citric acid (C6H8O7) in a 1:1:1:1 molar 

ratio were dissolved in distilled water. After complete dissolution of starting materials, 

the obtained solution was heated with continuous stirring at 80 °C for 2 h then the hot 

plate temperature was set at 120 °C. After 12 h reaction, a gel-like specimens resin was 
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obtained. For pretreatment of samples, the gel-like matter was subjected to pyrolysis at 

350 °C for 2 h in air atmosphere. The resulting carbonate precursor was calcinated at 

500 °C for 5 h in air and the LiCoPO4 particles were obtained. Then, the obtained 

powder was ground with LiF in ethanol in a agate mortar for 30 minutes for evaporation 

of ethanol. The dry mixed powder is pelletized and calcined at 700 °C for 2 h in Ar 

atmosphere, followed by the natural cooling to room temperature.

The crystalline phase of the samples were characterized using powder X-ray 

diffraction (XRD; Rigaku RINV-2200, 40 kV and 30 mA) with CuKα radiation (λ = 

1.5406 Å). Data were collected in the 2θ-θ scanning mode with a scan speed of 4° min-1

and a step size of 0.02°. HRTEM and HAADF images, elemental mapping, EDS spectra

were collected using JEOL JEM-2100F. The synthesized particles were dry in vacuum 

before the characterization to prevent any chemical reaction which might occurs in air. 

Samples for TEM observation were dispersed in ethanol by sonication for a minute and 

then dropped onto Cu microgrid coated with a holey carbon film, followed by 

evaporation of ethanol in vacuum. Camera length is 6 cm; BF aperture is 3 cm and 

HAADF detector spanned the range of 70 to 180 mrad. Fourier transform infrared 

spectroscopy (FTIR) spectra were recorded with a FT/IR 6200 spectrophotometer 

(JASSO, Japan) within the range of 400–4000 cm−1. Samples in the solid state were 

measured in KBr matrix pellets were obtained with hydraulic press under 40 kN 

pressure. Raman spectra were evaluated in the range of 400–2000 cm−1 using 

NRS-3100, JASSO, Japan.

The electrochemical performance of Li2CoPO4F was investigated using coin-type 

cells (CR2032). The working electrodes is composed of 80 wt.% Li2CoPO4F, 10 wt.% 



Page 5 of 23

Acc
ep

te
d 

M
an

us
cr

ip
t

5

PTFE (poly(tetrafluoroethylene)) as a binder and 10 wt.% acetylene black. These 

materials were ground by conventional agate mortar to make electrode paste. The 

prepared paste was spread uniformly, rolling into sheet then dried in a vacuum oven for 

4 h at 160 °C. The cathode sheet was punched into circular discs and cut into wafers (7 

mm in diameter, 0.025mm in thickness, 5-6 mg). The tested cell was assembled inside 

an argon-filled glove box. For electrochemical measurements, the cell is composed of 

lithium metal counter, reference electrodes and a Li2CoPO4F positive electrode. The 

cathode and reference electrodes were separated by a microporous polypropylene film. 

1 M solution of LiPF6 in a mixed solvent of ethylene carbonate (EC), diethylene 

carbonate (DEC) and dimethyl carbonate (DMC) with 1:1:3 in volume ratio (Tomiyama 

Pure Chemical Co., Ltd.) was used as the electrolyte. The charge-discharge cycling

were performed galvanostatically between 3.0 and 5.1 V or 5.5 V versus Li/Li+ on

multi-channel battery testers (Hokuto Denko, Japan) at various charge/discharge rates 

ranging from 0.1 to 1 C (1 C = 144 mAhg-1, assuming that only one Li can be retracted 

and inserted). Current densities and specific capacities were calculated on the basis of 

the weight of Li2CoPO4F cathode in the electrode.

3. Results and discussion

3.1. Material characterization

The Li2CoPO4F structure is composed of chain of edge-sharing CoO4F2 octahedral, 

and each octahedral is interconnected with a PO4 tetrahedral oxo-anion by corner 

sharing (Fig. 1). The cross-linked structure forms opened three-dimensional frameworks, 

allowing Li ions are inserted and extracted along multi directions which differs from 
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that of olivine structure with one dimensional diffusion path [21].

The TEM image in Fig. 2a shows that the synthesized Li2CoPO4F are of micron 

sized particles. Fig. 2b, c, d show the selected-area electron diffraction pattern and the 

HR-TEM images of a typical particle, respectively. SAED pattern taken from the 

particle can be indexed to the [010] zone axis of single-crystal Li2CoPO4F structure. 

The diffraction maxima are due to the reflections from the lattice planes of {200} and 

{002} of the Li2CoPO4F structure in orthorhombic crystal system (Fig. 2b). It was 

found that Li2CoPO4F was very sensitive to electron beam of HRTEM mode as it was 

decomposed during the observation. Thus, the observation was acquired for a short time. 

The HR-TEM images in Fig. 2c, d are formed by parallelograms of the brightest dots

arranged into layers along the c axis and into staggered configuration along the a axis

similar to observation by Hadermann et al.16 The lattice fringes spacing calculated from 

TEM image and SAED are 0.53 nm along [100] direction and 0.55 nm along [001]

direction which are in good agreement with the calculation from XRD data and 

precession electron diffraction [16,18]. The observed lattice fringe spacing are attributed 

to the (200) and (002) plane spacing, indicating that the particle is viewed from [010] 

direction. That is consistent with the corresponding electron diffraction pattern in Fig. 

2b. Fig. 3 shows TEM images and SAED patterns of the different particles, indexed to 

[100] zone axis of the Li2CoPO4F structure. The ED patterns can be assigned with

orthorhombic unit cell.

Fig. 4 shows HAADF-STEM image of bulk and surface of a Li2CoPO4F particle.

Because the ADF image contrast is roughly correlates with atomic number according to 

a Z1.7 relationship [21], Co (Z=27), the most heavy atom in the structure, can be 
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visualized even at low resolution of HAADF mode. Thus, the bright contrast in Fig. 4 

demonstrates the chain of Co atomic columns. The direct space TEM observation 

exhibits the chain of Co atom in a continuous bright line. The distance between these

bright lines is 0.52 nm, indicating that the particle is viewed from [010] direction. The 

attempt to observe the structure at higher magnification was unsuccessful due to the fact 

that Li2CoPO4F is very sensitive to electron beam. Thus, STEM image with atomic 

resolution was not observed in this study.

Furthermore, to verify that the chemical composition of the synthesized particles, 

the EDS analysis and elemental mapping of the Li2CoPO4F sample by STEM were 

conducted. EDS elemental mappings by STEM (Fig. 5b-d) showed a uniform

distribution of Co, P, O, F and the EDS spectrum of the sample exhibits the 

characteristic peaks of Co, P, O, F, indicating the Li2CoPO4F phase purity in the 

synthesized particles. No other element was detected in EDS analysis by STEM. The 

micro-scale analysis of the sample by SEM-EDS further supports above conclusion and 

provide the elemental composition of the synthesized Li2CoPO4F powder (Table S1, Fig. 

S1). These characterizations confirm the purity, homogeneity and uniform elemental 

distribution in the obtained particles. More importantly, the presence of F was 

confirmed, indicating the successful formation of Li2CoPO4F.

The XRD pattern of the synthesized Li2CoPO4F particles is shown in Fig. 6. All 

diffraction peaks were indexed to orthorhombic unit cell with Pnma space group and a

= 10.4520 Å, b = 6.3911 Å, c = 10.8740 Å, in agreement with reported values

[13,16,18]. It is evident from the XRD pattern that single phase of Li2CoPO4F has been 

prepared.
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Raman spectrum of the synthesized Li2CoPO4F particles shows a strong signal at 

973 cm−1 which can be assigned to intramolecular symmetric vibrations of the P–O in 

phosphate oxo-anion (singlet A1 at frequency v1 = 973 cm−1) (Fig. 7a). The other band 

at 1057 cm−1 is due to the asymmetric stretching modes of the P–O bonds (triplet F2

mode, v3). The bands observed between 400 and 700 cm−1 are ascribed to the symmetric 

and asymmetric bending modes of O–P–O (doublet E mode, v2 and triplet v4). The 

Raman spectrum of the LiCoPO4 is also records for comparison as shown in Fig. 7a.

Notably, the symmetric stretching vibration band in PO4
3− of Li2CoPO4F are blue-shift. 

The origin of blue-shift is unknown and needs further investigation. FTIR spectra of the 

synthesized Li2CoPO4F particles were also investigated to clarify the local structure and 

chemical bonding. Fig. 7b shows the FTIR spectra of Li2CoPO4F in comparison with 

that of LiCoPO4 (Table 1). Similarly, the FTIR peaks of PO4
3− can be found such as an 

symmetric stretching vibration mode at 983 cm−1 (v1), a doublet at around 471 cm−1 (v2) 

and two triplets (v3 and v4) in the region 1029–1130 cm−1 and at 625 cm−1. Comparing 

to that of LiCoPO4, the symmetric stretching vibration mode v1 is almost disappeared, 

revealing the rise of symmetry of PO4 tetrahedral in the Li2CoPO4F structure due to the 

introduction of F ions [17].

3.2. Electrochemical performance

The electrochemical performance of the synthesized Li2CoPO4F has been measured 

by galvanostatic charge-discharge in LiPF6/EC+DEC+DMC electrolyte and the result is 

shown in Fig. 8. The first measurement was performed between 3 V and 5.1 V versus 

Li/Li+ (Fig. 8a). The Li2CoPO4F exhibited a slope voltage plateau at around 4.8 V 
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versus Li/Li+ with a initial discharge capacity of 52 mAhg−1 at C/10 rate. In order to 

deintercalate more amount of Li ions, the electrochemical test was carried out between 3 

V and 5.5 V versus Li/Li+. The cyclic voltammogram curve up to 5.5 V of the sample is 

shown in Fig. 8b. The curve exhibits two oxidative peaks at 4.85 V and 5.18 V and one 

broaden reductive peak centered at 4.73 V. The discharge curve shows a discharge 

voltage at around 5.0 V versus Li/Li+ with initial discharge capacity of 91 mAhg−1

which is comparable to the result in the previous reports [14,16,19]. It should be noted 

that the charge capacity exceeds the theoretical capacity owing to the decomposition of 

the electrolyte at high voltage (Fig. S2) [19]. The slope plateau indicates that 

deintercalation mechanism differs from that of LiCoPO4 [14–16,19,20]. Fig. 8c exhibits 

the cyclic performance of the cell. The discharge capacity of Li2CoPO4F is 68 mAhg−1

at 20 cycle with a current rate of 0.1 C and the capacity retention is about 75%. The 

Li2CoPO4F cathodes showed much better cyclic performance compared to that of 

LiCoPO4 [21]. That may due to the intrinsic structural features of the former with 

opened frameworks and multi diffusion pathway. Fig. 8d presents the rate capacity of 

the cells containing Li2CoPO4F at various discharge rates ranging from 0.1 C to 2 C. 

The cell exhibited initial discharge capacity of 91, 75, 69, 53 mAhg−1 at 0.1, 0.5, 1, 2 C, 

respectively. At high discharge rate of 2 C, the cell exhibited a reduced discharge 

voltage at 4.5 V and decreased discharge capacity of 53 mAhg−1. This may be due to the 

fact that the selective electrochemical reaction on the particle surface occurs at high 

current rate [19].

4. Conclusions
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Li2CoPO4F has been successfully prepared by a modified sol-gel method combining 

with solid sate reaction. The XRD pattern of Li2CoPO4F particles could be identified as 

single phase, indexed by orthorhombic Pnma crystal system. The calculated lattice 

parameters were well-agreed with the calculated data from other methods reported in 

literature. The well-resolved uniform lattice fringes observed from HRTEM image

reveal that the synthesized Li2CoPO4F particles are highly crystalline and free of defects. 

The SAED pattern recorded with different electron beam directions indicate that the 

compound crystallized in orthorhombic crystal system. The Li2CoPO4F structure was 

also visualized using HAADF-STEM with observation of Co atomic chains. The 

elemental mapping by HAADF-STEM confirms the purity, homogeneity and uniform 

elemental distribution in the obtained particles. The Li2CoPO4F particles were used as 

cathode materials for lithium batteries, and the cells exhibited initial discharge 

capacities of 91, 75, 69, 53 mAhg-1 at 0.1, 0.5, 0.1, 2 C, respectively. Due to its stability

at high voltage, the Li2CoPO4F material may have good potential for practical 

application as a high-energy density cathode materials.
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Figure captions

Fig. 1. (a, b) Crystal structure of Li2CoPO4F view along [010] and [011] different 

directions, respectively. (c) Illustration of CoO4F2 octahedral and PO4 tetrahedral.

Fig. 2. (a) TEM image, (b) SAED pattern, (c, d) HRTEM images of the synthesized 

Li2CoPO4F particle.

Fig. 3. (a, c) TEM images of the Li2CoPO4F particle and (b, d) the corresponding SAED 

patterns of the particles.

Fig. 4. HAADF-STEM image of Li2CoPO4F particle.

Fig. 5. (a) STEM image, (b, c, d, e) Elemental mapping of O, F, P, Co respectively and 

(e) EDS spectrum of the synthesized Li2CoPO4F particles by STEM analysis.

Fig. 6. (a) XRD pattern of the synthesized Li2CoPO4F.

Fig. 7. (a) Raman spectra and (b) FTIR spectra pattern of (i) the synthesized Li2CoPO4F, 

(ii) the synthesized LiCoPO4.

Fig. 8. Electrochemical performances of the synthesized Li2CoPO4F in Li-ion batteries: 

(a) typical first charge/discharge profiles tested in the potential range of 3.0–5.1 V (i) 

and 3.0–5.5 V (ii); (b) cyclic voltammograms of the cells in the potential range of 

3.0–5.1 V (i) and 3.0–5.5 V (ii); (c) cyclic performance of Li2CoPO4F at 0.1 C rate and 
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(c) the initial discharge curves of Li2CoPO4F at different current rates.
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Figure and Captions

Li
Co
P
O
F

CoO4F2 PO4

(a) (b)

(c)

Fig. 1. (a, b) Crystal structure of Li2CoPO4F view along [010] and [011] different 

directions, respectively. (c) Illustration of CoO4F2 octahedral and PO4 tetrahedral.
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Fig. 2. (a) TEM image, (b) SAED pattern, (c, d) HRTEM images of the synthesized 

Li2CoPO4F particle.
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Fig. 3. (a, c) TEM images of the Li2CoPO4F particles and (b, d) the corresponding 

SAED patterns of the particles.
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Fig. 4. HAADF-STEM image of Li2CoPO4F particle.
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(a) (b) (c)

(d) (e)

(f)

Fig. 5. (a) STEM image, (b, c, d, e) Elemental mapping of O, F, P, Co respectively and 

(e) EDS spectrum of the synthesized Li2CoPO4F particles by STEM analysis.
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Fig. 6. (a) XRD pattern of the synthesized Li2CoPO4F.
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Fig. 7. (a) Raman spectra, (b) FTIR spectra pattern of (i) the synthesized Li2CoPO4F 

and (ii) the synthesized LiCoPO4.
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Fig. 8. Electrochemical performances of the synthesized Li2CoPO4F in Li-ion batteries: 

(a) typical first charge/discharge profiles tested in the potential range of 3.0–5.1 V (i)

and 3.0–5.5 V (ii); (b) cyclic voltammograms of the cells in the potential range of 

3.0–5.1 V (i) and 3.0–5.5 V (ii); (c) cyclic performance of Li2CoPO4F at 0.1 C rate and 

(c) the initial discharge curves of Li2CoPO4F at different current rates.


