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Abstract:

LiCoPO4 samples were synthesized by two different techniques (high-temperature solid-state reaction and lower-
temperature synthesis using NH4Co-PO4.H2>0 as precursor) and tested as cathode materials for 5-V lithium batteries.
An irreversible lithium deinsertion was observed for the high-temperature sample. In contrast, the application of
lower-temperature synthesis led to a significant improvement of the lithium storage reversibility. Different delithiation
mechanismsin LiCoPO4 were found for the samples obtained by different synthetic techniques. The nature of capacity
fading during cycling of the cells is discussed.
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1. Introduction:

During recent years, many studies on lithium recharge-able batteries have been carried out to develop new materials
with high specific energy. For a long time, thelayered lithium-cobalt and cobalt-nickel oxides, operate in the 4-V
region, as well as lithium manganese oxidewith the spinel structure, have been recognized as promising cathode
materials [1, 2, 3, 4]. In the future, real alternatives leading to higher energy densities of power sources could be
materials intercalating lithium ions in a reversible manner at high potential vs. metalliclithium. Furthermore, these
materials can be combined with a variety of negative electrodes other than metalliclithium or carbon and still operate
at high cell voltages.

Operation at high potentials is associated with somedifficulties caused by the instability of the commonly used
nonaqueous lithium electrolytes at potentials above4 V, and by the possible corrosion of components of the
electrochemical cell. Nevertheless, the materials intercalating Li ions at potentials close to 5 V versus metallicLi,
such as substituted spinels LiMxMnzxOs (M=Cr,Co, Ni,) [5, 6, 7], LiNiVO4 [8] and Li,FeMn3O0g[9], are ofgreat
interest and growing importance today. The viability of 5-V battery systems was recently well illustrated with the
LiCro1NiosMn1504-based cathode, delivering an initial discharge capacity of 152 mAh/g with excellent capacity
retention, at least during 30 cycles [7].

Since Padhi et al. reported in 1997 the reversible electrochemical extraction of lithium from LiFePO4[10],
orthophosphates LiMPO. (M=Fe, Mn, Co, Ni) with olivine-like structure have received strong attention as
possible candidates for lithium batteries. Among them, LiCoPO4 was shown to reveal electrochemical lithium
deinsertion—insertion at potentials close to 4.8 V vs. Li/Li* [11]. Initially reported by Amine et al., a discharge
capacity of 70 mAh/g was extended up to 100 mAh/g by Okada et al. due to the use of another electrolyte and
optimization of charge—discharge conditions [12]. Recently, Lloris et al. reported the highest discharge capacity
of 125 mAh/g for this compound synthesized by a novel synthetic procedure [13]. Nevertheless, the cy- cling behavior
was scarcely investigated in these works. Charge—discharge capacities for the first three potentio-static and
galvanostatic cycles only were given.

In our work, we discuss the electrochemical performance of LiCoPO, prepared by two different synthetic routes
and the mechanism of lithium deinsertion—insertion for this compound.
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2. Experimental:
LiCoPO4 samples were synthesized by two different solid-state syntheses. The first one (high temperature, HT) is the direct
reaction of stoichiometric amounts of Co0304, Li,CO3 and (NH.),HPO,4. The components were ground together in an
agatemortar, pressed into a pellet, and calcined at 500 °C for 12 h. Afteradditional grinding and pelletizing, the mixture
was held at 800 °C for 48 h and quenched. ) o )
The alternative synthetic procedure consisted of using the cobalt-contammgi precursor NHsCoPO, £ H,0, which was
obtained as_a precipitate by adding (NH.):HPOassolution to an alkaline solution of CoCl2 as detailed
elsewhere [13]. Freshly prepared ammoniuim cobalt phosphate was mixed intimately with LiOH, pelletized and
fired at 600 °C for 24 h. Initially, the synthesis was made in air. Modifying the synthetic conditions, we found that
the sample prepared under argon flow™ with 20% excess of LiOH contained the lowest amount of admixtures

andtﬁxh_lbited the best electrochemical performance. These conditionsare referred to as lower-temperature (LT)
synthesis.

The samples were tested by scanning electron microscopy (SEM, Philips XL-30 FEG) and X-ray powder diffraction
using aSTOE STADI/P powder diffractometer (MoK azradiation, curved Ge(111) monochromator, transmission mode,
step 0.02° (2h), linearPSD counter). For selected samples synchrotron powder diffraction was performed at beamline B2
at the Hamburger Synchrotrons- rahlungslabor HASYLAB (Germany), using the on-site readable

image ﬁlate detector OBI [14] at a wavelength of 0.7095 A. Structure characterization was performed by Rietveld analysis
using the Winslet software package [15].

Electrochemical studies were carried out with a multichannel potentiation—galvanostatic system (VMP, Perkin Elmer
Instruments, USA). Swagelok-type two-electrode cells were assembledin an argon-filled glove box using a lithium
negative electrode anda glass-fibre separator soaked with an electrolyte solution. Aluminum and steel cylinders served as
current collectors at the positive and negative sides, respectively. The electrolyte Selectin- pur-30 (Merck, Germany, 1 M
LiPFs in EC:DMC 1:1 vol. %) was used as received. The cathode composite was fabricated as follows: 70% active
material, 25% acetylene carbon black and 5% polyvinylidene fluoride as polymer binder were intimately mixed, ground
in an agate mortar and pressed onto an Al mesh (resulting electrodes contain about 3 mg of active compound). For some
experiments a three-electrode glass cell with different reference and counter electrodes was used. In these cases the cell was
mounted and operated in a dry argon atmosphere. All experiments were performed at room temperature.

We performed our electrochemical experiments either in cur- rent-controlled or potential-controlled mode.
Galvanostatic cycling was carried out at various current densities between the selected voltage limits. Electrochemical
potential spectroscopy experiment (EPS) [16] conditions were set to 5-mV potential steps with 1;im=0.08 mA/cm?,

3. Results and Discussion:

Characterization of the samples:

The LiCoPQO4 sample, as obtained by the HT synthesis, was found to be single-phase with an orthorhombic olivine-like
structure based on XRD data. For the sample obtained under the LT synthesis conditions, orthorhombic LiCoPO, was
identified as the mainproduct, but additional peaks of Co3z04 were also detected. The amount of CozO4 evaluated by Rietveld
analysis was about 4%. Refined cell parameters for LiCoPO4 (S.G. Pmna), prepared by different syntheticroutes, are
summarized in Table 1. The crystallographic data for both samples are very close to those reported for LiCoPO4 by Amine
et al. [11] and Lloris et al. [13].

Scanning electron microscopy images show significant differences in the morphology of the samples with respect
to the two preparation routes (Fig. 1). Higher porosity and a smaller mean particle size are obvious forthe sample
obtained from the precursor NH4CoPO4% H>O. This effect can mostly be attributed to the lower synthesis
temperature.

Table 1 Unit cell parameters of LiCoPO, synthesized by differentroutes

a, A’ b, A’ ¢ A V,A" 3
HT- synthesis 10.2054(6) 5.9228(3) 4.7009(4) 284.14(3)
LT- synthesis 10.1926(8) 5.9199(5) 4.6966(4) 283.39(4)
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Fig. 1a,b SEM images of LiCoPO4ssamples prepared by a HT synthesis and b LT synthesis
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HT-LiCoPO4

Surprisingly, the electrochemical extraction of lithium from LiCoPO4 prepared in HT conditions seems to be irreversible.
The charge—discharge curves taken at various currents are shown in Fig. 2. In all cases plateaus close to 5 V were observed
while charging the cell up t0 5.1 V vs. Li/Li*. These plateaus do not appear any more at the following discharge, only
ill-defined shoulders in the discharge profiles could be observed. Thepotential instability was detected at the charge
plateau at low current densities (0.16 and 0.08 mA/cm?), which isprobably caused by the additional electrochemical
process, namely, by the decomposition of electrolyte or corrosion of current collectors. Furthermore, an appropriate

discharge plateau could not be identified, even when the charging with 0.1 mA was stopped at anearly stage with
only 0.15 mol Li deinserted.
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Fig. 2 First charge—discharge curves for HT-LiCoPO,in swagelok cell with various current densities
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Fig. 3 Discharge curves obtained with current density a0.5 mA/ cm?, b0.16 mA/cm? and ¢0.08 mA/cm? after initial
charging of the cell to 5.1 V with current density 0.5 mA/cm? (charge capacity52 mAh/g)

These results are not consistent with data reported by Okada et al. [12] for LiCoPO, prepared under the same conditions
of synthesis. After charging to 5.1 V vs. Li/ Li* with a rate of 0.2 mA/cm?, the authors report awell-defined discharge
plateau at 4.8 V with a capacityof 100 mAh/g. Furthermore, a significant decrease of the discharge capacity with increasing
discharge current density was reported. In our case, the highest discharge capacity of 22 mAh/g could be achieved at a 0.08
mA/ cm?discharge rate after initial charging of the cell to
5.1 V at 0.5 mA/cm? (see Fig. 3). These values are far from the capacity values reported by Okada et al. Moreover,

the cells show bad cyclability, losing 50% ofthe initial discharge capacity after ten cycles independent of the discharge
current density.

While HT-LiCoPO, cells reveal no reversible lithium deinsertion—insertion, it could be suggested that thecharge
plateaus observed in the corresponding voltage—capacity curves are most probably due to the irreversible oxidation of
the electrolyte. However, ex situ XRD experiments confirm structural changes of the cathode compound during
charging of the cell. The X-ray pat- terns of the cathode material, recorded at different stages of charging (current
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density 0.16 mA/cm?), are given inFig. 4. With proceeding charging, a splitting of thereflections is observed. This
effect becomes clearer at the higher stages of charge, thereby confirming that lithiumdeinsertion from LiCoPOg really
takes place. A splittingof peaks in the XRD pattern from a LiCoPOQj electrodecharged up to 5.3 V vs. Li/Li* was also
observed by Amine et al. [11]. The authors indexed their X-ray pattern of the charged electrode tgafed on two
phases, where the unit cell volume of the first phase is close to that of the starting LiCoPO4,V=283.7 A ~, while the
unit cell volume of the second phase,V=278.7 A *, was ascribed to a lithium-poor olivine structure, LiyxCoPOa.

The results of our investigation of charged LiCoPOycathodes are in good agreement with those described above.
A two-phase Rietveld refinement for charged LiyxCoPOswith x=0.95, calculated from the charge passed through the
cell, was carried out. Observed,calculated and difference powder diffraction patterns are shown in Fig. 5. Initial atomic
parameters for both phases gvere taken from the ideal LiCoPOy structure [17]. The first phase with the larger unit
cell volume, V=283.5(1) A ~, was cgnsidered as an ideal LiCo-PO, structure with fully occupied lithium positions,
while the second one, V=278.4(1) A *, was considered as an ideal CoPOj structure with lithium positions completely
vacant (the cell parameters a=10.037(2), b=5.854(1),c=4.738(1)). The weight fractions defined from the refinement
are 64(1) and 36(1)% for LiCoPOasand ‘“CoPO4”’, respectively. A significant deviation of the lithium-poor phase
content (x=0.95 corresponds to 95% content of CoPO4) calculated from the electro- chemical data may be explained
by simultaneous reaction of electrolyte oxidation, which can contribute to thecalculated charge. The refinement results
are summarized in Table 2.

To summarize, although the two-phase mechanism of lithium extraction from the HT sample was con- firmed in this
investigation, there is significant discrepancy with the electrochemical data reported earlier [11, 12]. The cell parameters
for LiCoPO, synthesizedin our work and by Okada et al. are the same, but, in our opinion, the samples may have
significant differences, i.e. in the real structure and particle size distribution. Unfortunately, no picture demonstrating
the morphology of the samples was shown in the work of Okada and Amine, so we are unable to compare the samples

properly.

-
S
T - Li CoPO
:I? | I[I.US o 4
4 U\J\A i
g i Li,,CoPO,
A )
"
Li, .CoPO,
i Li ..CoPO,
LiCoPO,
T L T ¥ T ¥ T - T v 1
8 10 12 14 16 18

4000 T ———— T T T

2000

Intensity (a.u.)

2500 |

1500

1000

500 4 ¥ et
O A A L O VT Ty NN Ty T N Wy AN T N T T T (N
L O (A O A AR L A A AL YO AT SRR TR DI T D P T

TTTTTT

10 15 20 25 30 35 40 A5 50

-500

26 ¢%

Fig. 5 Observed, calculatedand difference pattern of Li1)CoPO, (x=0.95 calculated from the electrochemical data)

IJCRT2201078 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | a612


http://www.ijcrt.org/

www.ijcrt.org © 2022 IJCRT | Volume 10, Issue 1 January 2022 | ISSN: 2320-2882

Performance of LT-LiCoPQO4

In contrast to HT-LiCoPO., distinct charge—discharge plateaus were observed in the voltage—capacity curves for the
LiCoPO4 sample prepared from the NH4CoPO4£EH,O precursor [13], see Fig. 6a. A galvanostatic experiment was
also conducted at high currentdensity (0.5 mA/cm?) to decrease the contribution fromelectrolyte decomposition. The
charge capacity of ca. 125 mAh/g, corresponding to 75% of the theoretical value (166 mAh/g) for LiCoPOQO., was
obtained at the initial charge up to 5 V vs. Li/Li* in the first cycle. A discharge capacity of 92 mAh/g was achieved in
the first cycle for LiCoPO4 prepared by the low-temperature routine. Consequently, the irreversible loss of capacity
detected in the first cycle comprises approximately 26%.

Atom LiCoPO4 “CoPOs*¢ Beg, A" 2
x/a y/b zlc x/a y/b zlc
Li 1/2 1/2 1/2 1.0
Co 0.2787(4)  1/4 0.984(2)  0.2759(8)  1/4 0.946(2) 05
P 0.093(1) 1/4 0.416(2)  0.086(2) 1/4 0.381(5) 1.0
o(1) 0.100(2) 1/4 0.754(4)  0.117(3) 1/4 0.69(1) 1.0
0(2) 0.449(3) 1/4 0.213(5)  0.428(4) 1/4 0.175(7) 1.0
0(3) 0.165(2) 0.042(2)  0.284(3)  0.153(2) 0.046(4)  0.239(5) 1.0
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Fig. 6a,b Charge—discharge profiles of LT-LiCoPOQ, cycled be- tween 3.5 and 5.1 V with current density 0.5 mA/cm? (a)
and potentiodynamic cycling in the range 3.5-5.2 V (b)

Subsequent cycling in the voltage range 3.5-5.0 V led to severe capacity fading. Charge and discharge capacitiesof 57
and 54 mAh/g, respectively, were observed after ten cycles.

The characteristic feature of charging is the existence of two regions in the voltage—capacity curve, apparently indicating
a two-step mechanism of lithium deinsertion. In the first cycle, the first plateau lies inthe voltage range of 4.80-4.86
V, the second one is situated between 4.88 and 4.93 VV vs. Li/Li*. At the same time, the discharge profile seems to be
characteristic for a one-step mechanism. Furthermore, two peaks at 4.80 and 4.89 V at the charge of the cell were
observed on the incremental capacity plot obtained on potentiodynamic cycling of the cell (see Fig. 6b). The
discharge branch seems to contain two peaks too, which are badly resolved. The existence of two discharge peaks is
more evident in the second and following cycles.
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Figure 7 shows the first cycling curve for the LT- LiCoPO4 cathode as a function of the charge cut-off potential,

Vcharge. Initial charging of the cell up to 4.84,

4.90 and 5.00 V vs. Li/Li* corresponds to an extractionof 0.2, 0.4 and 0.75 mol Li per mol LiCoPOQu(as calculated
from Faraday’s law). The cycling of the cell in thenarrow range of lithium contents close to the pristine LiCoPO4
does not lead to the lower irreversible loss of capacity in the first cycle and to a better capacity retention in the
following cycles, as could be expected.Consequently, the process occurring at the second plateau is not crucial for
the dramatic loss of capacity and possible side reactions. Indeed, if substantial electrolyte decomposition occurs,
continuous operation in the high-voltage range should result in a worse electro-chemical performance.
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Fig. 7a,b First charge—discharge curves for LT-LiCoPQOs, chargedto the different cut-off voltages (a) and discharge
capacity versus cycle number on cycling in the selected voltage ranges (b)

To eliminate the contributions due to aging of thelithium anode, galvanostatic cycling in a three-electrode setup was
performed. The charge—discharge curves are shown as a capacity vs. number of cyclesplot in Fig. 8. No improvement in
the capacity retention was observed for three-electrode cell measurements, capacity fading is even increasing compared
to the two-electrode cell setup. It indicates that processes occurring at the lithium anode during cycling the cell are not
crucial for the total capacity fading.The partial restoration of capacity was observed after 20 cycles at reducing
current density. Therefore, one ofthe reasons for the capacity loss seems to have a kinetic character, probably
associated with slow lithium transport, as is known for the two-phase systems, i.e. LiFePOs~FePQO4 [10]. The
application of low current density does not reduce the rate of capacity fading. Evidently, the capacity loss for LiCoPO4
has a more complicated nature. The different side reactions resulting from the electrolyte oxidation can deteriorate the
reversibility of the cathode material. On the other hand, the different character of the charge and dis-charge curves for
LT-LiCoPOq4 points to the irreversible structural transformation of the cathode compound during cycling.

To understand the origin of the two-step delithiation process from LT-LiCoPOQs, structure investigations were
performed. The Li;CoPOassamples charged to different lithium content values, x=0.15, 0.5 and 0.95 (current density
0.5 mA/ cm?), were studied by ex situ synchrotron powder diffraction, see Fig. 9. Note that all these samples were
measured in the same conditions, while the exposure time for the sample with x=0 was shorter.
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In contrast to the HT-LixCoPO4the same values of x, neither an evident peak splitting nor changes of the cell
parameters could be observed. This effect is illustrated by Fig. 10, in which two regions of the XRD diffractograms
taken for samples charged to x=0.95 are compared. Based on the data obtained one can conclude that the charging
of theLT-LiCoPO4 cell leads to an amorphization of the cathode material, which was found to be less at
low current densities. Furthermore, some broad peaks of the unknown phase appear at the deep stages of
charging; these peaks are marked by arrows in Fig. 9. Consequently, the first delithiation of LT-LiCOPO4
proceeds via a mechanism which differs drastically from the one established for HT-LiCoPO..

4. Conclusions:

A strong dependence of the electrochemical performance of LiCoPOs cathodes on the different synthetic routes was
established. The electrochemical behaviour of the HT-LiCoPO4 we prepared differs significantly from the literature data
for the sample obtained under similar synthetic conditions. Based on the galvanostatic cycling data and X-ray powder
diffraction studies we could establish irreversible delithiation of this sample, proceeding through the formation of a
crystalline lithium-poor phase. In contrast to HT- LiCoPOs, the low-temperature synthesis leads to a significant
improvement of the electrochemical per-formance, which might be correlated to the smallermean particle size
of the sample, as well as to thedifferent mechanisms of delithiation observed. The main characteristic feature
of the delithiation processof LT-LiCoPOQ; is the two-step plateau in the voltage— capacity curve. At the same time,
lithium deinsertionof LT-LiCoPQO4 does not lead to the formation of a lithium-poor phase as in the case of HT-
LiCoPOasand LiFePOs,.

Despite of the reversible delithiation of LT-LiCo- PO4, capacity fade during cycling is still very high. The irreversible
structural transformations seem to occur during charging, resulting in the fast deterioration of electrochemical
performance. Amorphization of the samples during the first charge as well as the presenceof an unknown phase are
supported by the XRD data. Further investigations to understand the structural changes occurring during charge—
discharge cycles are in progress.
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