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ABSTRACT: Li2CoPO4F, a promising high potential cathode material, has been
synthesized for the first time via a one-pot solvothermal synthesis route. The
characterization with respect to its crystal structure and electrochemical performance
in a lithium half-cell is reported. Scanning electron microscopy, transmission electron
microscopy, and X-ray diffraction studies reveal a strong influence of the solvent on
the purity of the obtained crystalline phases and the particle morphology with
preferred crystal growth orientations. The electrochemical tests of carbon coated
materials demonstrate excellent characteristics in terms of high capacity.

■ INTRODUCTION

Alkali transition metal fluoride phosphate compounds with the
formula A2−xT

2+xPO4F (A = Na, Li; T = Ti, V, Mn, Fe, Co, Ni)
are under investigation as possible electrode materials for next
generation alkali-ion battery systems.1−8 Despite their common
stoichiometric composition, different types of crystal structures
are found for these compounds. For instance Na2TPO4F (T =
Fe, Co) crystallizes in the space group Pbcn, while the lithium-
homologues such as Li2CoPO4F, Li2NiPO4F, and Li2FePO4F
crystallize in the space group Pnma. Furthermore, Li2FePO4F
shows a polymorphic behavior with structures in the space
groups Pbcn or P1̅ depending on the synthesis conditions
employed.1,2,7,9−11

As battery materials, Li2TPO4F type compounds provide
higher voltages and higher capacities compared to the Na-
analogues and therefore lead to higher energy densities in
devices.3,9 With an operating voltage of around 5 V and a
theoretical capacity of 287 mAh g−1 Li2CoPO4F got into the
focus of recent research activities.12 The structure (space group
Pnma) is composed of infinite chains of CoO4F2 octahedra with
the fluorine atoms occupying axial or equatorial trans
configurations depending on the respective crystallographic
position of the Co-atom (Figure 1).1,11 The phosphate
tetrahedra link chains of CoO4F2 octahedra via common
vertices and offer three different Li-positions (Li(1), Li(2),
Li(3)) in the 3D-framework. First DFT-based calculations
suggested three-dimensional (3D) diffusion pathways for the
Li-ions,13 however, more recent investigations only support the

hypothesis of a one-dimensional (1D) pathway for only the Li-
ion (Li(1)).14 This result is in agreement with the finding that a
successful extraction of more than one Li-ion per formula unit
could not be achieved so far.12,15 In addition, a poor cycling
performance was observed probably due to the high operating
voltage.15−17 This could be overcome by protective coating
measures, i.e., using Li3PO4 or ZrO2, to suppress etching of the
cathode material and formation of decomposition products
during electrochemical cycling.12,18 Besides coating of
Li2CoPO4F, the addition of SiO2 nanoparticles to the active
material or the use of fluorinated electrolytes gave similar
results.14,19 Recently, a full cell setup consisting of Li2CoPO4F
as cathode material and Li3PO4-coated TiO2 anatase nanotubes
as anode material showed remarkable discharge capacities (130
mAh g−1) after 240 cycles with an operating voltage of 3 V,
proving that Li2CoPO4F can be considered in high energy
density lithium ion batteries.20

So far only solid state reaction-based synthesis routes with
rather narrow synthesis condition windows, have been reported
for the preparation of Li2CoPO4F.

15,16,21,22 Li2CoPO4F appears
to be metastable at temperatures above 700 °C, where a
decomposition into Li3PO4 and LiCoPO4 occurs.15 But not
only the reaction temperature is a crucial synthesis parameter,
also the reaction time as well as subsequent quenching show a
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significant influence on the purity and electrochemical
performance of the synthesized Li2CoPO4F.

16,21,22 Longer
reaction times or naturally cooling to room temperature lead to
decomposition products, such as LiCoPO4 and Li3PO4.

16,22

Also lower capacities were achieved from Li2CoPO4F materials
synthesized at higher reaction temperatures due to the
occurrence of decomposition byproducts.16 However, in
Na2CoPO4F no such dependence of product composition on
reaction temperature or cooling procedure is observed and
subsequent quenching to room temperature is not necessary.6

The same has been found for Na2FePO4F and Na2MnPO4F.
7,23

Apart from the developed solid state reactions and sol−gel
synthesis routes for the above mentioned compounds, wet
chemistry synthesis routes were used for different Li- and Na-
based transition metal fluoride phosphate cathode materials,
applying hydrothermal, solvothermal as well as ionothermal
conditions, for the synthesis of, e.g., Li2FePO4F, Na2FePO4F, or
Na2MnPO4F.

24−27 So far no wet chemistry synthesis method
for Li2CoPO4F has been reported.
Recently, we developed a simplified synthesis protocol to

obtain Li2CoPO4F by a two step approach.28 A solvothermally
prepared LiCoPO4/LiF powder could be converted into
Li2CoPO4F at 660 °C within an hour reaction time. The
obtained compounds were investigated regarding their electro-
chemical properties. On the basis of our previous results we
herein report a new and simple one-pot solvothermal approach
for the synthesis of phase pure Li2CoPO4F. The crystalline
nature and phase composition of the material is strongly
influenced by the solvent properties as well as the reaction
parameters, e.g., time, which will be discussed in detail. The
obtained materials are carbon coated and the influence of the
coating procedure on the particle morphology is also
investigated. Li2CoPO4F from solvothermal synthesis ap-
proaches shows a remarkable electrochemical behavior with a
capacity reaching the theoretical capacity of 143 mAh g−1

indicating that one lithium ion per formula unit is extracted.

■ EXPERIMENTAL SECTION
Material Synthesis. LiOH, LiCl, and ethylene glycol (99.5%)

were purchased from Sigma-Aldrich. Co(OH)2 and NH4F were
purchased from Alfa Aesar. Phosphoric acid (85 wt % solution),
diethylene glycol (99%), glycerol (99%), tetraethylene glycol (98%),
tetraethylene glycol dimethyl ether (98%), 1,5-pentane diol (97%),
2,3-butane diol (98%) from Merck. PEG-400 (99%) was from Roth,
1,2-propane diol from Alfar Aesar, and LiPF6 (99.8%), fluoroethylene
carbonate (99.5%) and dimethyl carbonate (98%) were purchased

from KISHIDA CHEMICAL Co., Ltd. All chemicals were used
without further purification.

The synthesis was conducted as follows: 130 g of the solvent were
given into the Teflon-inlet of a stainless steel autoclave with a
maximum volume of 200 mL. Upon heating the solvent to 90 °C, the
other reagents were added in the following order under constant
stirring: H3PO4 (2.3 g, 85 wt %, 0.02 mmol), LiOH (0.48 g, 0.02
mmol), Co(OH)2 (1.86 g, 0.02 mmol), LiCl (1.7 g, 0.04 mmol) and
NH4F (0.74 g, 0.02 mmol). After sealing the autoclave, the suspension
was heated to 215 °C within 1 h and kept there for 24 or 36 h. The
reaction mixture was then allowed to cool to room temperature. A
blue or pink precipitate in almost quantitative yield was collected,
centrifuged and washed one time with a mixture of 100 mL of
ethanol/deionized water (1:1 v./v.) and one time with 100 mL
deionized water with intermediate centrifugation at 4000 rpm for 3
min. The wet powders were dried at 90 °C for 1 h.

Carbon Coating. The obtained powders were mixed with 15 wt %
vapor grown carbon fibers (VGCF) and ball milled in zirconia
crucibles at 300 rpm for 20 h in a Pulverisette 7 (Fritsch). The
obtained mixture was annealed at 500 or 600 °C for 1 h (heating rate
of 5 °C min−1) under steady argon flow and after cooling to room
temperature, the powder has been dried at 120 °C in vacuum for 10 h.

X-ray Diffraction. Powder X-ray diffraction (PXRD) measure-
ments (5° ≤ 2Θ ≤ 80°, continuous scan) were carried out in
reflection-mode on a BRUKER D8 DaVinci Design diffractometer
using CuKα radiation, fixed 0.3° divergence slit, primary and
secondary slit 0.04 rad Soller slits, antiscatter slit 4.0° and a Lynxeye
detector (opening angle 2.93°). Rietveld Refinement: The data
refinement was done using the FULLPROF-suite of programs.29

The pseudo-Voigt function was chosen to model peak shape, all atoms
were refined using isotropic atomic displacement parameters. Starting
values for the refinement of PXRD data were taken from the
literature.11 To determine the crystallinity of as-synthesized and
carbon coated Li2CoPO4F compounds, diamond powder was taken as
100 % crystalline internal standard for PXRD. The mass fractions of
Li2CoPO4F and diamond were determined by Rietveld refinement and
the crystallinity was calculated by the following equation according to
ref 30
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Elemental analysis was conducted at a Vario Micro Cube
(Elementar, Germany) to determine the carbon content by
combustion.

1H- and 13C-NMR spectra were recorded on a Bruker AVANCE III
HD Spectrometer (600 MHz) in DMSO-d6.

N2-sorption measurements were carried out on an ASAP2420
(Micromeritics, USA) at −196 °C. The samples were degassed at 100
°C for 3 h prior to the measurements. The specific surface areas were
determined by the BET method in a relative pressure range p/p0 from
0.05−0.3.31

Figure 1. Crystal structure of Li2CoPO4F visualized along different projections. The three different Li-ion positions are represented by differently
colored spheres. The PO4-tetrahedra and the CoO4F2 octahedra are shown in blue and pink, respectively, including the F−-ions as small green
spheres.
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Scanning Electron Microscopy (SEM) images were taken using a
ZEISS FE-SEM ULTRAPLUS (ZEISS, Germany) with an in-lens
secondary electron detector at an accelerating voltage of 5 kV.
Transmission Electron Microscopy. The microstructure of the

samples was studied by transmission electron microscopy (TEM) with
a TECNAI F20 field emission electron microscope operated at an
accelerating voltage of 200 kV. Images were recorded with a Gatan
Orius SC600 CCD camera. Structural properties were investigated by
selected area electron diffraction or from diffractograms from high
resolution lattice fringe images. Electron diffraction patterns were
analyzed using the JEMS software package.
Electrochemical Measurements. The electrochemical perform-

ance of carbon coated Li2CoPO4F particles (Li2CoPO4F/C) as an
active cathode material was tested in coin-type Li cells (rechargeable
battery type CR) assembled in an argon-filled glovebox. For the cell
preparation a slurry by using N-methylpyrrolidone as solvent and a
mixture of Li2CoPO4F/C, acetylene black (AB) and polyvinylidene
difluoride with a weight ratio of 90:5:5 (300 mg:16.7 mg: 16.7 mg)
was coated on an aluminum foil as current collector and dried at 120
°C under vacuum. As non-aqueous electrolyte a 1 M solution of LiPF6
in a mixture of fluoroethylene carbonate and dimethyl carbonate (1:4
v./v.) was taken. The galvanostatic cycling tests of the cells were
performed between 3.0 and 5.3 V with lithium foil as anode at various
C-rates (1.0 C = 143 mAh g−1) on a VPM 3 (MultiPotentiostat/
Galvanostat/EIS) from Bio-Logic Science Instruments.

■ RESULTS AND DISCUSSION
Solvothermal Synthesis of Li2CoPO4F. The synthesis of

other promising cathode materials for lithium ion batteries, e.g.,
LiMPO4 (M = Fe, Mn, Co), Li2MnSiO4, LiFeSO4F, or
LiFePO4F, via solvothermal approaches using different solvents,
such as monoethylene, tetraethylene or polyethylene glycol at
various temperatures ranging from 150 to 400 °C, has
previously been reported.4,32−36 These results and our own
newly developed two step synthesis for Li2CoPO4F prompted
us to investigate a variety of synthesis parameters with the aim
to develop a solvothermal strategy toward Li2CoPO4F.

28

In our experiments, we first tested the influence of a variety
of solvents on the formation of Li2CoPO4F. The focus was on
different diol- and ether-based organic solvents, for which the
abbreviations and physical properties are listed in Table 1.37

As evident from PXRD analysis the use of these solvents
under given solvothermal reaction conditions (215 °C, 24 h)
led to very different compounds and crystalline structures (see
Figure 2). While the solvothermal reaction in monoethylene
glycol (1), glycerol (2) and diethylene glycol (3) did not lead
to any Li2CoPO4F formation, the use of tetraethylene glycol
(4) gave Li2CoPO4F as secondary phase, besides Li3PO4,
LiCoPO4

tetra and LiF.38 Structurally comparable but with a

lower solvent polarity, tetraethylene glycol dimethyl ether (5)
resulted in only very small amounts of Li2CoPO4F, with a larger
portion of Li3PO4, LiCoPO4

tetra and LiF. The reason for this is
most probably the difference in polarity compared to
tetraethylene glycol.
Using PEG-400 (6), with a longer ethylene glycol chain,

similar results as for solvent (5) were obtained. Consequently
we have tested 1,5-pentane diol (7), which is comparable to
tetraethylene glycol (4) in polarity and structurally closely
related to diethylene glycol (3). The powder X-ray diffraction
pattern of the product from 1,5-pentane diol (7) shows almost
phase pure Li2CoPO4F with CoHPO4·H2O as secondary phase.
Therefore, 2,3-butane diol (8) and 1,2-propane diol (9) were
applied in addition to investigate the influence of the solvent
polarity in more detail.
While the products synthesized using 2,3-butane diol are the

same as those obtained using 1,5-pentane diol (7), phase pure
Li2CoPO4F could be synthesized from 1,2-propane diol (9)
again indicating that the solvent polarity plays an important
role.
An additional parameter that needs to be considered in these

reactions is the boiling point of the solvent. When using 2,3-
butane diol (bp = 182 °C) or 1,2-propane diol (bp = 188 °C)
the boiling point is below the reaction temperature of 215 °C,
thus resulting in an increase of the pressure up to 20 bar in the
autoclave during the synthesis. However, 1,5-pentane diol (7)
has a boiling point of 242 °C, but a pressure of 22 bar at the
end of the reaction was observed. In this case, a side reaction of
the solvent can be considered, which was further investigated
via 1H- and 13C-NMR studies. We could observe a ring closing
reaction from 1,5-pentane diol to tetrahydropyrane that
explains the increase of the pressure during the synthesis,
since the boiling point of tetrahydropyrane is 88 °C. This
observation is related to the described phosphate-based
catalyzed ring closing reactions of 1,n-diols.39 An analogous
ring closing reaction of diethylene glycol (3) to 1,4-dioxane (bp
101 °C) was not observed.
According to these investigations two parameters seem to be

very important for a successful synthesis of phase pure
Li2CoPO4F. First, the solvent polarity ET(30) needs to be
adjusted in a rather narrow range between 51.8 and 54.1 kcal
mol−1. This can be seen by comparing the products synthesized
from solvents 1−3 and 4−6. Since no pressure is built-up
during these syntheses, the solubility of the used chemicals in
the applied solvent and the formation of the products,
especially Li2CoPO4F, during the synthesis depends only on
the used reaction solvent. Second, autogenous pressure is
apparently also necessary to obtain Li2CoPO4F as main phase
from this solvothermal synthesis. During the synthesis using
solvent 7−9 autogenous pressure (20 bar) was detected and
Li2CoPO4F forms as main phase. As an additional synthesis
variable the reaction time was investigated. After 24 h almost
phase pure Li2CoPO4F has been formed when 1,5-pentane diol
or/and 2,3-butane diol were used (1,2-propane diol led to a
phase pure product). The powder X-ray diffraction patterns of
products obtained from the solvents (7−9) and an increased
reaction time of 36 h are shown in Figure S1. In some cases
small amounts of LiCoPO4 as secondary phase (see Figure S5)
were found. The exact growth mechanism of Li2CoPO4F from
solvents 7−9 is under investigation, but is not topic of this
publication.
The scanning electron microscopy (SEM) images of the

reaction products (Li2CoPO4F) using 1,5-pentane diol, 2,3-

Table 1. Used Solvents Related Boiling Points [°C],
Polarities [ET(30)], and Abbreviation [Number]

solvent
boiling

point [°C]
solvent polarity

ET(30) [kcal mol
−1]

abbreviation
[number]

monoethylene glycol 199 56.3 1
glycerol 290 57.0 2
diethylene glycol 244 53.8 3
tetraethylene glycol 314 52.2 4
tetraethylene glycol
dimethyl ether

275 39.3 (calc.) 5

PEG-400 >200 51.8 (calc.) 6
1,5-pentane diol 242 51.9 7
2,3-butane diol 182 51.8 8
1,2-propane diol 188 54.1 9
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butane diol and 1,2-propane diol are shown in Figure 3.
Crystalline particles with plank-like morphology were obtained
from 1,5-pentane diol (Figure 3a), with an average length of 14
μm, a width and height of 4 and 1 μm, respectively. The
reactions in 2,3- butane diol and 1,2-propane diol resulted in
significantly smaller particles. Although the molecular structures
of the two solvents are comparable, different product
morphologies were obtained. 2,3-butane diol led to square
platelets (Figure 3b) with edges of an average length of 2 μm
and a thickness of 300 nm. Rod-like morphologies with a
square cross section (Figure 3c) were obtained for the products
of the reactions using 1,2-propane diol. These rods have a
maximum length of 3 μm with a height and width of about 500
nm. While transmission electron microscopy (TEM) images
could be taken for Li2CoPO4F particles synthesized from 1,5-
pentane diol and 2,3-butane diol (see Figure S2), particles
synthesized from 1,2-propane diol degenerated during TEM
analysis, hence did not allow to obtain an accurate diffraction
pattern to investigate the crystal growth of the Li2CoPO4F
particles. For both crystalline compounds synthesized from 1,5-
pentane diol and 2,3-butane diol a preferred crystal growth
orientation was found. Crystals from 1,5-pentane diol show a
preferred orientation resulting in a large (200)-plane, where the
long edge of around 14 μm is parallel to the b-axes (Figure
S2a). For the square platelets synthesized from 2,3-butane diol
a preferred orientation, in which the square plane belongs to
the (002)-plane of the crystal (Figure S2b) is observed. These
investigations are in good agreement with the observed

preferred orientations from Rietveld refinement (see Figure
S5). For particles synthesized from solvent 1,5-pentane diol a
more pronounced (200) reflection was detected, while for
particles from solvent 2,3-butane diol a slightly stronger (002)
reflection was observed. In agreement with electron microscopy
images, N2-sorption measurements show specific surface areas
of 1.4 m2 g−1, 3.9 m2 g−1, and 1.5 m2 g−1 for the products
synthesized from solvent 7, 8 and 9, respectively, clearly
indicating the large crystallite size.

Electrochemical Testing. The three compounds (Mx)
synthesized from 1,5-pentane diol (M7), 2,3-butane diol (M8)
and 1,2-propane diol (M9) (reaction conditions: 215 °C, 36 h)
were chosen as candidates for electrochemical investigations.
To this end, the particles were prepared with vapor grown
carbon fibers via a ball milling procedure and additional
annealing at either 500 or 600 °C according to our previous
work.28 Since we obtained Co2P impurities after the annealing
step at 700 °C,28 we decided to use lower annealing
temperatures, to avoid any phase impurities. Prior to the
electrochemical testing, the influence of the carbon coating
procedure on the phase purity was investigated by ex-situ PXRD
measurements (Figure S3). As can be seen no new phases
originated in the annealing step. However, for M7 the intensity
of the reflection at 2Θ 36° (LiCoPO4) increases with higher
annealing temperatures. For M8 a broad reflection at 2Θ 26.4°
appears after carbon coating that can be assigned to the
nonmilled vapor grown carbon fibers. These fibers are also seen
in the SEM images (Figure S4e,f). In addition, the reflection for

Figure 2. PXRD of the products (P1−P9) from different solvents (1−9) after solvothermal synthesis (215 °C, 24 h); Reference plot (Li2CoPO4F ref
from ref 11) of Li2CoPO4F at the bottom. Strongest reflexes of secondary phases are marked at first occurrence: asterisk (*) labels LiCoPO4

tetra,
cycle (deg) labels LiF, triangle (▼) labels Li3PO4 and hashtag (#) labels CoHPO4·H2O.
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the impurity phase LiCoPO4 became more pronounced. This is
in agreement with the results from Rietveld refinement (see
Figure S5, Table S1).The SEM images show for all samples M7,
M8, and M9 a strong influence of the milling process on the
particle morphology.
Submicron particles with no specific morphologies were

obtained after the carbon coating procedure for all compounds.
Results of the BET analysis from N2-sorption measurements
and the amount of carbon in the samples are summarized in
Table 2. The amount of carbon in all samples ranges from 14−
15 wt %. While the carbon coating procedure for M7 and M9
leads to specific surface areas (SSA) between 50 and 60 m2 g−1,
SSA of only around 25 m2 g−1 were obtained for M8. As a

general trend, slightly higher specific surface areas are obtained
with higher annealing temperatures.
To obtain a better overview on the preparation of the

Li2CoPO4F containing electrodes, the electrochemical testing
protocols were similar to our previously described work.28

Discharge capacities/voltage curves for the first five cycles
(constant charge and discharge rates of 0.1 C for the first three
cycles) of half-cells prepared from carbon coated particles after
different annealing temperatures are shown in Figure 4. All six
samples show initial discharge capacities of 143 mAh g−1, which
is the theoretical capacity of Li2CoPO4F upon extraction of one
stoichiometric equivalent of one lithium per formula unit.
These results are in very good agreement with previous reports
for samples synthesized via solid state reactions.12,14,40

Furthermore, the initial discharge capacities obtained for the
first five cycles are higher than the previously reported ones.28

These very high initial discharge capacities can be attributed to
very small (nano sized) carbon coated Li2CoPO4F particles
similar to carbon coated LiMPO4 (M = Fe, Mn, Co)
materials.41−43

For the fourth and fifth cycle the discharge rate was increased
to 1.0 C. An influence of the annealing temperature on the
discharge capacities for these two cycles of the differently
prepared compounds is obvious. Samples prepared with an
annealing temperature of 500 °C show a stronger decrease of
the discharge capacities (as compared to those of products
annealed at 600 °C). M7_500 shows a drop in the discharge
capacity from 135 mAh g−1 (third cycle) to 83 mAh g−1 (61%
retention) for the fourth cycle. This effect is significantly
reduced with a higher annealing temperature (600 °C). The
capacity loss shows a retention of 85%, from 131 mAh g−1 to
112 mAh g−1.
Furthermore, increasing the annealing temperature after

carbon coating eliminates the continuous capacity loss to a
large extent (see Figure 4). For carbon coated particles
annealed at 600 °C only little discharge capacity losses could be
observed when the discharge rate was increased from 0.1 to 1.0
C (from 141 mAh g−1 for the third cycle to 133 mAh g−1 for
the fourth cycle, 94% retention).

■ CONCLUSIONS
In this paper we have presented for the first time a one-pot
solution-based route toward Li2CoPO4F. The macroscopic
morphology of the phase pure, crystalline Li2CoPO4F can be
deliberately adjusted by careful selection of the organic reaction
medium for solvothermal processing. The dependence of the
preferred crystal growth orientation of the Li2CoPO4F particles
on the used organic solvent was proven. Carbon coating of the
solvothermally prepared Li2CoPO4F particles resulted in visible
morphological changes of the Li2CoPO4F particles.

Figure 3. SEM images of Li2CoPO4F particles from different solvents
after 36 h reaction time (a) M7, (b) M8, and (c) M9. The scale bar
corresponds to 1 μm.

Table 2. Specific Surface Areas and Carbon Content of
Li2CoPO4F Particles Prepared for Electrochemical Testing

compound
[abbreviation]

specific surface area
[m2 g−1]

carbon content
[wt %]

7_500 51 14.1
7_600 58 13.9
8_500 22 15.1
8_600 27 15.1
9_500 52 14
9_600 56 13.9
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The electrochemical performance of the carbon coated
compounds was tested in half cells against lithium for samples
prepared with different annealing temperatures in the carbon
coating process. A significant influence of the synthetic
procedure on the electrochemical performance, dependent on
the different annealing temperatures, was observed.
For low charge and discharge rates (0.1 C) almost all samples

showed a capacity of 143 mAh g−1 corresponding to the
theoretical capacity for the extraction of one lithium ion per
formula unit. Capacity loss is observed at higher discharge rates
(1.0 C), probably due to minor decomposition reactions and
low diffusion kinetics in the half-cells, but further investigations
on this topic are still needed.

■ ASSOCIATED CONTENT
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PXRD patterns of Li2CoPO4F compounds synthesized
with a reaction time of 36 h are shown in Figure S1.
Figure S2 shows the TEM images of Li2CoPO4F particles
including electron diffraction patterns. The PXRD
pattern of carbon coated Li2CoPO4F materials are
shown in Figure S3, while Figure S4 shows SEM images
of these compounds. Rietvield refinements of as-
synthesized and carbon coated compounds are seen in

Figure S5, refined unit cell parameters and compound
contents are summarized in Table S1 (PDF)
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