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Realizing the Performance of LiCoPO4 Cathodes by Fe
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Fe substituted lithium rich cobalt phosphates (Li1+x[Co1−yFey]1−xPO4, 0 ≤ x ≤ 0.2, 0 ≤ y ≤ 0.2) were successfully synthesized by
the solid-state reaction. Firstly, the optimization of appropriate temperature conditions (800, 850 and 900◦C for 10 h) to yield the
phase pure LiCoPO4 was conducted. Based on the cell performance of LiCoPO4 prepared aforementioned conditions, 800◦C for
10 h calcinations condition was found better performance than rest. Lithium phases optimization was carried out and it was found
that the cell performance obtained when the lithium content was 1.05 (real content is 1.02) was better than that of the stoichometric
and other lithium rich compositions prepared. Similarly, the substitution of Fe into the Co sites was also conducted for the lithium
rich cobalt phosphate (Li1.02[Co1−yFey]0.98PO4, 0 ≤ y ≤ 0.2) and excellent cycling performance was obtained when the Fe content
was 0.1 in conventional solutions. The X-ray diffraction pattern and Rietveld analysis showed that Li1.02[Co0.9Fe0.1]0.98PO4 has
a well-developed orthorhombic structure with Pnma space group. The lattice parameters of Li1.02[Fe0.1Co0.9]0.98PO4 are slightly
larger than those of LiCoPO4 due to the lager ionic size of doped Fe2+ (0.78 Å) compared with Co2+ (0.745 Å). In conclusion,
the Li/Li1.02[Co0.9Fe0.1]0.98PO4 cell delivered an initial discharge capacity of 130 mAh g−1 and retained 90% of its initial capacity
(117 mAh g−1) at the end of the 15th cycle at 0.1 C rate. We concluded that the substituted Li and Fe ions play an important role
in enhancing the battery performance of the LiCoPO4 material by improving the kinetics of the lithium insertion/extraction reaction
on the electrode.
© 2012 The Electrochemical Society. [DOI: 10.1149/2.051207jes] All rights reserved.
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Since the demonstration of the reversible insertion and extraction
of lithium ions in polyanion framework materials (XO4)3−, where X
= P, Si, Mo and W, much attention has been paid toward the possibil-
ity of using them as cathode materials in lithium batteries.1 Among
them, olivine phosphates, LiMPO4 (where M = Fe, Mn, Co and Ni),
are noteworthy from the practical point of view, due to their salient
features such as their better thermal stability than conventional cath-
odes (LiCoO2 and LiMn2O4) owing to the presence of strong P–O
bonding. They are also easy to prepare on an industrial scale, have
very flat charge-discharge profiles, higher theoretical energy densi-
ties, etc.2–6 At the same time, however, all olivine phosphates suffer
from inherent conducting properties. So far, the conductivity issue
of electrode materials has been resolved by several approaches, such
as the deposition of conductive coatings on the surface of the active
particles (preferably by carbon coating),6–8 the isovalent or aliovalent
doping on either lithium or transition metal sites9 and creating a rich
or deficient phase of lithium.5,10,11 Electric and hybrid electric vehicle
(EV and HEV) applications require a high practical energy density
with size geometry. This requirement could be fulfilled by adopting
high voltage cathodes in practical cells.

Recently, in 2006, one US venture company (A123 systems)
commercialized high-power lithium-ion batteries with LiFePO4/C
nanocomposites for power tool applications12 and later, in 2009, Sony
announced the mass production of LiFePO4 based batteries for the
market,13 however the energy density of such cells is limited due to
their restricted operating potential of 3.4 V vs. Li. The operating po-
tential of the other olivine candidate, LiMnPO4, is 0.7 V higher than
that of the former (4.1 V vs. Li), however very few researchers have
achieved the full performance of the material and this by adopting
either carbon coating or fabricating composite electrodes.14–21 Fur-
thermore, the operating potential is only ∼0.7 V higher than that of
LiFePO4 cathodes and, hence, most research work has focused on
other LiCoPO4 olivine candidates.

Although LiCoPO4 offers a high operating voltage (4.8 V vs. Li)
and higher theoretical energy density (800 Wh kg−1) than its coun-
terparts in the olivine group, it has been less studied by researchers
due to its low conductivity and poor compatibility with conventional
electrolytes.3,22–28 In this situation, we started to optimize the synthe-
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sis of this high voltage candidate for next generation lithium-ion cells
in conventional electrolyte solutions.

Amine et al.22 firstly reported the reversible insertion and extrac-
tion of lithium ions in LiCoPO4 with the presence of 1 M LiPF6 in a
sulfolane based electrolyte. The test cells delivered a discharge capac-
ity of 70 mAh g−1, which corresponds to 0.42 moles of Li per formula
unit. Later, Yang et al.29 attempted to form an in-situ carbon coating to
improve the electronic conductivity and failed to make such a coating
due to the peculiar surface properties of LiCoPO4. However, Li et al.30

succeeded in preparing carbon coated LiCoPO4 by the incorporating
acetylene black during the synthesis process. This approach provides
a heterogeneous coating for the materials and leads to severe capacity
fading. Moreover, this process required high temperature sintering in
an inert atmosphere, which leads to the formation of secondary phase
materials such as Co2P. The appearance of such secondary phases is
due to the high temperature sintering with carbon or its precursors in
an inert atmosphere for a long duration. The formation of Co2P is also
sometimes beneficial for the improvement in the electronic conductiv-
ity of the material, as confirmed by Wolfenstine.31 Cation doping is one
of the novel approaches to improve the electronic conductivity by four
or five orders of magnitude in polyanion hosts, as confirmed by Chung
et al.32 for the LiFePO4 system. In the case of LiCoPO4, an improve-
ment in the electronic conductivity and improved kinetics properties
were noted during Fe substitution into the Co sites, however no cy-
cling profiles were reported. Herle et al.11 adopted similar approach to
create rich/deficient phases of lithium (non-stoichiometric) and alio-
valent substitution into the lithium sites to improve the conductivity
of olivine phosphates. Later, Kim et al.10 and Lee et al.5 demonstrated
the improved electrochemical performance of the lithium rich phase,
LiFePO4, without any conductive coating. In this study, we attempted
to create lithium rich cobalt phosphates and perform subsequent Fe
doping into the cobalt sites to improve the electrochemical perfor-
mance by enhancing the electronic conductivity. The optimizations of
the synthesis temperature, lithium rich phase and cation doping are
discussed in detail in a conventional electrolyte system.

Experimental

The conventional solid state method was employed to prepare and
optimize the lithium cobalt phosphates. Stoichiometric proportions of

http://dx.doi.org/10.1149/2.051207jes
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Figure 1. Schematic representation of the synthesis of lithium cobalt phos-
phates by solid-state reaction.

LiOH.H2O (Junsei, Japan), Co3O4 (Aldrich, USA) C6H10O4 (Aldrich,
USA) and (NH4)2PO4 (Sigma-Aldrich, USA) were used for the syn-
thesis of LiCoPO4. Initially, the preparatory materials were finely
ground, made into a pellet, and heated at 400◦C for 10 h to decompose
the hydroxyl and ammonia moieties present in the source materials.
The intermediate mixture was finely ground again, placed in a tubular
furnace and heated at three different temperatures ranging from 800
to 900◦C for 10 h to yield the resultant product. The tubular furnace
was initially purged with Ar gas until the temperature reached the de-
sired level (800◦C) and then the flow of Ar was stopped. The presence
of available carbon (derived from the carbonization of adipic acid)
will reduce Co3+ to Co2+ carbothermally. Similar procedures were
used for the preparation of the lithium rich and Fe substituted cobalt
phosphates with appropriate proportions of starting materials based
on the optimized temperature conditions. The synthesis procedure is
schematically illustrated in Figure 1.

Thermal studies were conducted by means of thermogravimetric-
differential thermal analysis (TG-DTA) using a thermal analyzer (STA
1640, Stanton Redcroft Inc., UK). In the TG-DTA measurement, the
powders were heated at 5◦C min−1 and then cooled at 10◦C min−1.
Structural characterizations were carried out by powder X-ray diffrac-
tion (XRD, Rint 1000, Rigaku, Japan) using CuKα radiation. The Li,
Co, and Fe concentrations in the resulting materials were analyzed
using an inductively coupled plasma spectrometer (ICP, SPS 7800,
Seiko Instruments, Japan). The cyclic voltammetric (CV) traces were
recorded using a Bio-Logic electrochemical work station (SP-150,
Biologic, France) with a three electrode cell configuration. In this
configuration, metallic lithium served as the counter and reference
electrodes. All of the electrochemical studies were performed using
CR 2032 coin cells. The composite cathodes were formed with exactly
20 mg of the active material, 3 mg of ketzen black, and 3 mg of con-
ductive binder (Teflonized acetylene black, TAB-2). It was pressed on
a 200 mm2 stainless steel mesh, which served as the current collector
under a pressure of 300 kg cm−2 and dried at 130◦C for 5 hrs. The
test cell was comprised of a composite cathode and metallic lithium
as the anode separated by a porous polypropylene film (Celgard 3401,
USA). 1 M LiPF6 in an ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1:1 v/v, Techno Semichem Co., Ltd, Korea) mixture was used
as the electrolyte for all of the studies. The galvanostatic cycling per-
formances were recorded between 3.5–5.2 V with a constant current
density of 0.1 C at room temperature.

Results and Discussion

Figure 2 represents the thermogravimetric-differential thermal
analysis (TG-DTA) curves of the starting materials used for the syn-
thesis of the lithium cobalt phosphate materials. The weight loss in
the TGA curve at around ∼150◦C is ascribed to the removal of the
hydroxyl groups and moisture present in the mixture during the load-
ing of the sample. A gradual weight loss occurred up to 350◦C, which
may be ascribed to the removal of the ammonia moieties and the reac-
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Figure 2. Thermogravimetric-differential thermal analyzes (TG-DTA) traces
of the starting materials used for the synthesis of LiCoPO4.

tivity of the source materials. Also, a small thermal event is recorded
at around ∼650◦C, which indicates the formation of LiCoPO4 phase.
Thereafter, there is no thermal event observed until 1000◦C. The DTA
curve also reflects the weight loss observed in the TGA analysis.
Based on the thermal analyzes, we decided to calcine material at 800,
850 and 900◦C to determine the optimum synthetic temperature of the
LiCoPO4 material.

Figure 3 presents the XRD patterns of the LiCoPO4 materials pre-
pared under the three different temperature conditions. The prepared
LiCoPO4 materials exhibited sharp intense reflections corresponding
to their crystallite and phase pure nature. The observed patterns are
consistent with JCPDS card (No. 89-6192) and the corresponding
Bragg reflections are indexed according to an orthorhombic structure
with Pnma space group. All of the XRD patterns are well developed
and almost the same, which makes it very complicated to determine
the optimum temperature for the preparation of LiCoPO4. Hence,
coin cells (Li/LiCoPO4) were made to evaluate the electrochemical
performance of the prepared cobalt phosphates at three different tem-
peratures to finalize the optimum condition.

The electrochemical performances of the LiCoPO4 samples pre-
pared at three different temperatures are presented in Figure 4. All
of the Li/LiCoPO4 cells were cycled between 3.2 and 5.2 V at 0.1
C rate in conventional electrolyte conditions. The LiCoPO4 prepared
at 800◦C presented a smoother discharge curve than those at the
other temperatures (Fig. 4a) and showed better reversible capacity
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Figure 3. Powder X-ray diffraction patterns of LiCoPO4 prepared at three
different temperatures (a) 800◦C, (b) 850◦C and (c) 900◦C.
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Figure 4. (a) Initial charge-discharge curves of Li/LiCoPO4 cells recorded
between 3.5–5.2 V at 0.1 C (800, 850 and 900◦C), (b) corresponding cycling
profiles of the above cells at room temperature.

values (120 mAh g−1) compared to the theoretical capacity of 167
mAh g−1. It can be seen from the charge curves that the decomposi-
tion of the electrolyte occurs in all three prepared cells. The cycling
profiles of the Li/LiCoPO4 cells are illustrated in Figure 4b. It is
quite obvious that capacity fading occurs in all three cells during the
cycling process. This is ascribed to the poor electronic conducting
nature of the materials prepared. Several researchers unsuccessfully
attempted to make an in-situ carbon coating on the surface of the
particles to improve the conductivity. However, Li et al.30 prepared
core-shell type LiCoPO4 with carbon coating during the synthesis,
but did not report on excellent cycleability. Moreover, this process
can easily lead to the carbothermal reduction of LiCoPO4 and the
consequent formation of undetectable Co2P impurities. Jin et al.33

and Rabanal et al.34 reported the synthesis of LiCoPO4/C composites
by high energy ball milling and their cycling profiles revealed se-
vere capacity fading during the charge/discharge process. This clearly
indicates that the inclusion of carbon and formation of the carbon-
LiCoPO4 composites does not improve the electrochemical perfor-
mance of the cell during prolonged cycling. Hence, we attempted to
prepare a new type of lithium cobalt phosphate material to improve the
electronic conductivity of the LiCoPO4, although the cycling profiles
are also similar to those of either bare or composite LiCoPO4.

In this regard, lithium rich phases of LiCoPO4 were created to
improve the conducting properties, as was convincingly proven by
Lee et al.,5 Herle et al.,11 and Kim et al.10 for the LiFePO4 and Jang
et al.35 for LiCoPO4 phases. Based on the comparison of the elec-
trochemical performances of the LiCoPO4 samples prepared at three
different temperatures, it was decided to perform the heat-treatment
at 800◦C for 10 h for the preparation of the remaining cobalt phos-
phates. Figure 5 represents the XRD patterns of the lithium rich cobalt
phosphates (Li1+xCoPO4, 0 ≤ x ≤ 0.2) prepared at 800◦C. Three dif-
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Figure 5. X-ray diffraction patterns of lithium rich cobalt phosphates
(Li1+xCoPO4, 0 ≤ x ≤ 0.2) prepared at 800◦C, (a) LiCoPO4, (b) Li1.05CoPO4,
(c) Li1.1CoPO4 and (d) Li1.2CoPO4.

ferent proportions of the lithium rich cobalt phosphates were prepared
along with the pristine material for comparison, namely, Li1.05CoPO4,
Li1.1CoPO4 and Li1.2CoPO4 phases. The XRD reflections clearly in-
dicate the formation of an orthorhombic structure. It is observed that
increasing the concentration of lithium beyond the stoichiometric pro-
portions leads to the formation of Li3PO4 as a secondary phase. The
reflections at around 2θ = 22.4, 23.3 and 33.9 confirm the appearance
of such a phase. The intensity of the Li3PO4 phase is increased with
increasing lithium content beyond Li1.05CoPO4. Among the prepared
lithium rich phase materials, only Li1.05CoPO4 material contained a
negligible amount of Li3PO4 phase when compared to the rest of the
compositions prepared. This study reveals that the preparation of pure
Li1+xCoPO4 is very complicated, when compared to the Li1+xFePO4

system.
In order to estimate the effect of lithium rich content on the

electrochemical performance of Li/Li1+xCoPO4 (0 ≤ x ≤ 0.2) cells,
the samples were cycled between 3.5 and 5.2 V at 0.1 C rate. The
charge/discharge and cycling profiles of the lithium rich cobalt phos-
phates are given in Figure 6. The Li/Li1+xCoPO4 cells delivered initial
discharge capacities of 120, 123, 121 and 114 mAh g−1 for LiCoPO4,
Li1.05CoPO4, Li1.1CoPO4 and Li1.2CoPO4 respectively. It is worth
noticing that, except for the Li1.2CoPO4 phase, the other lithium rich
materials exhibited almost the same discharge capacity behavior in
the initial cycle. It is well known that, Li3PO4 is an excellent ionic
conductor. Obvious to notice from the XRD patterns, trace amount
of Li3PO4 impurity is exists when approaching beyond one mole of
lithium in LiCoPO4 phase. Hence the ionic conductivity of composite
electrode has been improved. Increasing the molar concentration of
lithium (>1 mole), results in higher concentration of Li3PO4 phase
which drastically increases the ionic conductivity, at the same time
too much concentration of above phase suppresses the electronic con-
ducting profiles of composite cathode. For example, decrease in the
discharge capacity for the Li1.1CoPO4 and Li1.2CoPO4 phases noted
which is due to the presence of a large amount of Li3PO4 phase. Sim-
ilar kind of variation in the discharge capacity profiles were noted
for non-stoichimetric proportions of LixMnPO4 by Whittingham and
co-workers.36 The cycling profiles were recorded for up to 25 cy-
cles in galvanostatic mode to analyze the behavior of the samples
in conventional electrolytes. These cycling profiles clearly indicate
that the lithium rich phase cathodes experience capacity fading during
the charge/discharge process. After the 15th cycle, the battery perfor-
mance of the prepared lithium rich phase materials is slightly better
than that of the stoichiometric LiCoPO4 compound. Among the rich
phase materials, Li1.05CoPO4 and Li1.1CoPO4 performed slightly bet-
ter than the other ones. Based on the purity and cell performances of
the lithium rich phase compounds, it was determined that Li1.05CoPO4

exhibits the best battery performance. Finally, we confirmed that the
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Figure 6. (a) Initial charge-discharge traces of Li/Li1+xCoPO4, 0 ≤ x ≤ 0.2
cells recorded 3.5–5.2 V at 0.1 C galvanostatically (LiCoPO4, Li1.05CoPO4,
Li1.1CoPO4 and Li1.2CoPO4), (b) corresponding cycling profiles of the above
cells.

real lithium content of the Li1.05CoPO4 compound is 1.02 by ICP
analysis (it will be described as Li1.02CoPO4 hereafter) and this com-
pound was further subjected to Fe substitution into the cobalt sites to
improve its cycle performance.

Fe substitution into the Li1.02CoPO4 material was success-
fully carried out at 800◦C under the above mentioned conditions.
Figure 7 shows the X-ray diffraction patterns of the Fe substituted
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Figure 7. Powder X-ray diffraction patterns of Fe substituted lithium rich
cobalt phosphates (Li1.02Co1−xFexPO4, 0 ≤ x ≤ 0.2) prepared at 800◦C,
(a) Li1.02CoPO4, (b) Li1.02Co0.95Fe0.05PO4 (c) Li1.02Co0.9Fe0.1PO4 and (d)
Li1.02Co0.8Fe0.2PO4.

Figure 8. Combined mapping of Co, Fe and P elements, in which Red-Cobalt,
Blue-Phosphorous and Green-Iron, and Individual mapping pictures of the
above elements.

Li1.02[Co1−yFey]0.98PO4 (0 ≤ y ≤ 0.2). The absence of Fe peaks in
the XRD pattern indicates the formation of Li1.02[Co1−yFey]0.98PO4

phase. However, the appearance of a meager amount of Li3PO4 im-
purity phase occurred in all of the Fe substituted lithium rich cobalt
phosphates. The amount of Fe substitution is too little for it to be de-
tected through X-ray diffraction and, hence, elemental mapping was
conducted to ensure the presence of Fe in the Li1.02[Co1−yFey]0.98PO4

(0 ≤ y ≤ 0.2) matrix, for example, Li1.02[Co0.9Fe0.1]0.98PO4, and the
results are given in Figure 8. The mapping of Fe, Co and P elements
clearly demonstrated their presence in the compound. The presence
of Co and P is observed throughout the area mapped, whereas the
presence of Fe could be partially detected only in a few spots, due to
the small amount of the transition metal, Fe, in the above compound.
Similar to the previous sections, Li/Li1.02[Co1−yFey]0.98PO4 (0 ≤ y
≤ 0.2) cells were made to study the electrochemical properties of the
prepared materials.

It is well known that transition metal ion doping partially improves
the electronic conductivity of olivine phase materials, as reported for
LiFePO4.32 In the same manner, Kishore and Varadaraju37 employed
the substitution of different isovalent ions (Mg, Mn and Ni) into
the Co sites and an improvement in the electronic conductivity was
noticed, however, severe capacity fading was also observed (0 ≤ x
≤ 0.2). Wang et al.26 employed aliovalent (V5+) doping into the
cobalt sites and, in order to maintain the charge balance, the concen-
tration of (PO4)3− anions was simultaneously increased. Furthermore,
acetylene black was also incorporated to improve the electrochemical
properties of the prepared compound under vacuum conditions. They
prepared the resultant compound in the absence of Co2P, however the
formation of Li3V2(PO4)3 was inevitable. Further, the Li3V2(PO4)3

phases were much more prevalent in the prepared phase. Recently, Han
et al.38 reported that Fe doping into the cobalt sites improves the elec-
trochemical performance of the cell and facilitates the Li+ diffusivity
through the expansion of the 1D channels in the polyanion structure
of LiCoPO4. Unfortunately, no cycling profiles were reported in the
case of Fe doping in this study.36

In this scenario, we adopted Fe doping in the lithium rich phase,
Li/Li1.02CoPO4, to improve the battery performance. In order to de-
termine the effect of Fe substitution on the battery performance
of the Li/Li1.02[Co1−yFey]0.98PO4 (0 ≤ y ≤ 0.2) cells, cycling tests
were carried out at room temperature between 3.5–5.2 V at 0.1 C
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Figure 9. Plot of initial discharge capacity vs. molar concentration of Fe
substitution in Li1.02[Co1−yFey]0.98PO4 phase materials.

rate. The influence of the concentration of Fe substitution on the
Li1.02[Co1−yFey]0.98PO4 is displayed in Figure 9. This figure clearly
shows that increasing the concentration of Fe (y = 0.05 to 0.1) leads to
the enhancement of the cell performance (120 to 130 mAh g−1) up to a
concentration of y = 0.1. When the concentration exceeds the limit of
y = 0.1, the suppression of the discharge capacity (117 mAh g−1)
occurs in the initial cycle. From the electrochemical properties of the
Li/Li1.02[Co1−yFey]0.98PO4 (0 ≤ y ≤ 0.2) cells, we found that Fe ion
metal substitution in the Li1.02CoPO4 matrix is effective in improving
the initial discharge capacity and confirmed that the highest value
(130 mAh g−1) is observed when the Fe content is 0.1.

In order to investigate the powder properties of
Li1.02[Co0.9Fe0.1]0.98PO4, which presented the best electrochem-
ical performance during the charge/discharge process, a Rietveld
analysis of this material was conducted. Table I shows the refined
structural information of LiCoPO4 and Li1.02[Co0.9Fe0.1]0.98PO4

using X-ray diffraction. In the case of Li1.02[Co0.9Fe0.1]0.98PO4,
deficient values of the transition metal (TM) occupancies in the
4c site were observed. The lattice parameters of LiCoPO4 and
Li1.02[Co0.9Fe0.1]0.98PO4 were confirmed by XRD along with the
previously reported values for LiCoPO4. The lattice parameters were
(a = 10.1931 (3) Å, b = 5.9147 (2) Å, c = 4.6941 (1) Å with Rwp

= 20.3% for LiCoPO4 and a = 10.196 (2) Å, b = 5.919 (1) Å,
c = 4.6967 (8) Å with Rwp = 17.4% for Li1.02[Co0.9Fe0.1]0.98PO4.
The lattice parameters of Li1.02[Co0.9Fe0.1]0.98PO4 are slightly larger
than those of LiCoPO4 due to the lager ionic size of the doped Fe2+

(0.78 Å, high spin) compared with that of Co2+ (0.745 Å, high spin).
The cycling profiles of the Li/Li1.02[Co1−yFey]0.98PO4 (0 ≤ y ≤ 0.2)

cells are given in Figure 10. From the cycling studies it can be
seen that, at the end of the 15th cycle of the Li1.02[Co1−yFey]0.98PO4,
the compounds delivered discharge capacities of 42, 47, 117 and
52 mAh g−1 for 0, 0.05, 0.1 and 0.2 moles of Fe, respectively. These
cycling results suggest that the Li1.02[Co0.9Fe0.1]0.98PO4 compound
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Figure 10. Galvanostatic cycling profiles of Li1.02Co1−xFexPO4 (0 ≤ x
≤ 0.2) phase materials recorded between 3.5–5.2 V at 0.1 C in room
temperature.

retains 90% of its initial discharge capacity at the end of the 15th cy-
cle using a conventional LiPF6 based electrolyte under the optimized
test conditions. To the best of our knowledge, this is one of the best
results obtained so far for LiCoPO4 materials. As expected, the cells
with a higher Fe concentration (>0.1) in the lithium cobalt phos-
phates showed poor performance, but better cell performance than
those with the other prepared materials. Furthermore, this result is in
good agreement with the results reported by Han et al.38 for Fe doping
and indicates that Fe doping facilitates the diffusion of Li+ ions into
the host matrix.

Cyclic voltammetry (CV) was performed to study the kinetic prop-
erties of the different cobalt phosphates. The typical CV traces of pure
LiCoPO4 and Li1.02[Co0.9Fe0.1]0.98PO4 are given in Figure 11. In the
CV measurements, metallic lithium served as the counter and refer-
ence electrodes with a scan rate of 50 μV s−1 between (open circuit
voltage) ∼2.8 and 5.2 V in conventional electrolytes. It can be seen
from the CV traces that the Li1.02[Co0.9Fe0.1]0.98PO4 electrode exhibits
sharper and more symmetric oxidation and reduction peaks than those
of pristine LiCoPO4. These more intense and sharp peaks represent
the faster diffusion of Li+ ions on the crystal lattice. The symmetric
behavior signifies the excellent reversibility of the Li+ ions during
the redox process. On the other hand, LiCoPO4 exhibits entirely dif-
ferent redox couples from Li1.02[Co0.9Fe0.1]0.98PO4 in the sense that
broadened peaks are observed, which indicates sluggish kinetic be-
havior during the reversible insertion of the lithium ions. From these
CV measurements, we concluded that transition metal ion doping
in the cobalt sites and creating a lithium rich phase improved the
electrochemical insertion and extraction of lithium ions during the
cycling process.

Table I. Structural information of LiCoPO4 and Li1.02 [Co0.9Fe0.1]0.98PO4 using Rietveld refinement of X-ray diffraction patterns.

LiCoPO4 Li1.02[Co0.9Fe0.1]0.98PO4

Occupation ratio 4c site Li – 0.02
4c site Co 1.0 0.884 (4)
4c site Fe – 0.098 (4)

Lattice parameter (Å) a 10.1931 (3) 10.196 (2)
b 5.9147 (2) 5.919 (1)
c 4.6941 (1) 4.6967 (8)

Average transition metal valence Fe – 2.05 (4)
Co 1.82 (2) 1.83 (4)
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Figure 11. Cyclic voltammograms of Li/LiCoPO4 and Li/Li1.02Co0.9
Fe0.1PO4 half cells recorded between ∼2.8–5.2 V at 0.05 mV s−1, in the above
measurements, metallic lithium serves as counter and reference electrode in
1 M LiPF6 in EC:DMC (1:1 v/v) solution.

Conclusion

The solid state reaction was employed to optimize various olivine
lithium cobalt phosphate materials. Based on their structure aspect
(XRD) and electrochemical performance, the optimum temperature
for the preparation of phosphates was decided to calcine at 800◦C
in Ar atmosphere. In terms of its purity and electrochemical lithium
cycleability, the lithium rich cobalt phosphate (Li1.02CoPO4, real con-
tent) was subjected to further transition metal doping (Fe) in the
cobalt sites. Among the various lithium rich Fe doped compounds,
the Li1.02[Co0.9Fe0.1]0.98PO4 phase exhibited better cell performance
than the others. The Li/Li1.02[Co0.9Fe0.1]0.98PO4 cell delivered a capac-
ity of 130 mAh g−1 and retained 90% of its initial discharge capacity
(117 mAh g−1) at the end of the 15th cycle. This improved perfor-
mance is attributed to the increase in the conducting properties via
the creation of a lithium rich phase and Fe doping into the cobalt
sites. The electrochemical reversibility of the above compound was
confirmed by CV measurements.
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