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Abstract

The effect of added carbon (3, 5 and 10 wt.%) on the electronic conductivity and discharge capacity of LiCoPO, was investigated. It was found
after heat-treatment that the samples consisted of a LiCoPO, majority phase and Co,P second phase. The added carbon was consumed reducing
the LiCoPO, surface layers to Co,P. The electronic conductivity increased as the amount of the Co,P phase increased. It was observed that the
discharge capacity increased with increased Co,P content to ~4-5 wt.%, after which the capacity rapidly decreased with increasing Co,P content.
The increase in discharge capacity is likely a result of the increase in electronic conductivity. At higher Co,P volume fractions the presence of the
electrochemically inert Co,P phase causes decreased capacity by: (1) reducing the amount of LiCoPO, present and (2) preventing Li*-ions from
entering/leaving LiCoPOy,, even though the highest values of electronic conductivity were exhibited.
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1. Introduction

In order to increase the energy density of Li-ion batteries,
cathode materials having higher voltage and capacity than the
current LiCoO, cathode (V ~ 3.7; capacity: ~140mAh g~ [1])
are needed. One such new material that will lead to an increase
in both voltage and capacity compared to LiCoO; is LiCoPOy.
LiCoPOy4 (V~4.7: capacity; ~170mAhg™"!) is predicted to
have ~1.6 times the specific energy of LiCoO, [2—-4]. In order
for LiCoPOg4 be used as a cathode it is essential that LiCoPOy4
exhibit good rate capability, which is a function of both of its
electronic and ionic conductivity.

Recent studies of LiCoPQy4 [5] have shown that it exhibits low
electronic conductivity (<10 Scm™!). Low electronic con-
ductivity has also been observed in another member of the
transition metal orthophosphate family, the more widely inves-
tigated LiFePO4 [6—13]. Two common methods have been used
to increase the electronic conductivity of LiFePOg4. The first
method involves doping on either the Li* or Fe”* site with alio-
valent elements [8,10—12]. Accordingly, this leads to an increase
in the concentration of electronic defects (i.e., electrons/holes) as
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a result of charge compensation for the aliovalent elements and
hence, an increase in electronic conductivity [9]. The second
method is coating the particle surface with an electronic con-
ductor. In this case the most commonly used material is carbon
[6,7,14-16]. For LiFePQy, it has been shown that the addition of
carbon increased the electronic conductivity from 107° S cm™!
for pure LiFePOy4 to about 107 to 107> S cm™! for carbon con-
tents between 3 and 10wt.% [17,18]. In certain cases, it has
been observed that carbon additions heated under a reducing
atmosphere resulted in the formation of in situ high conductive
Fe,P/Fe3P layer on the surface [13,17,19,20]. In this, case elec-
tronic conductivities as high as ~10~' Sem™! were exhibited
[13,17,19]. Both carbon and metal phosphide coatings resulted
in an increase in the discharge capacity for LiFePO4 compared
to the uncoated material, primarily as a result of the increase in
electronic conductivity.

It is the purpose of this paper to investigate if the addition
of carbon can be used to increase electronic conductivity and
discharge capacity of LiCoPOy.

2. Experimental

Carbon additions to LiCoPO4 were accomplished by mix-
ing stoichiometric amounts of Li;CO3, CoC204-2H>0 and
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NH4H; PO, along with a high surface carbon (Black pearls 2000,
Cabot Corporation with a surface area of ~1500m? g~!) and
then ball milling this mixture for 4 h. Three different carbon
contents were used; 3, 5 and 10 wt.%. These carbon contents
were chosen because, it has been shown that between 5 and
10 wt.% carbon a maximum in the specific discharge capacity of
LiFePO4 was achieved [21,22]. After mixing, the powders were
given a two-step heat-treatment. In the first step powders were
heated at 375 °C for 10 h. They were then crushed and ground
and pressed into a pellet. In the second step the pellet was fired
at 675 °C for 24 h. Both heat-treatments were conducted under
a high purity argon atmosphere (PO, A5 x 107> atm). The PO,
was measured using a zirconia sensor. The three samples were
designated as: BM-3 (3 wt.% carbon), BM-5 (5 wt.% carbon)
and BM-10 (10 wt.% carbon). To insure a sample with 0 wt.%
carbon a sample was prepared from precursors containing no
carbon (Li3PO4, NH4H;PO4 and Co3(POy4);-8H;0) [13]. In this
case stoichiometric amounts of the powders were mixed in a jar
mill for 2h. After mixing, the powders were given the same
two-step heat-treatment as for samples prepared from carbon
precursors. This sample is designated as J-1.

All samples were first characterized by X-ray diffraction
using Cu Ka radiation. The amount of any second phase(s)
was estimated using Rietveld refinement (RIQAS software).
The electronic conductivity was measured on sintered and pol-
ished pellets (~12 mm diameter and ~2 mm thickness) using the
two-point dc method [5]. Silver paste electrodes were applied
to the top and bottom surfaces of the disk. A high impedance
multimeter was used to measure the resistance at room tem-
perature. Conductivity was calculated from the resistance and
specimen dimensions. In addition, Co,P powder (Alfa Aesar)
was pressed into a pellet and then sintered at 700 °C for 10h
under an Ar+4vol.% Hp mixture, after which the electronic
conductivity was determined. The carbon content of BM-3, BM-
5 and BM-10 after final heat-treatment was determined using a
combustion method (Galbraith Laboratories, Inc).

The first cycle discharge capacity of the LiCoPO4 cathode
materials was determined using coin cells with metallic lithium
as the anode. A typical cathode was prepared by mixing 78 wt.%
active powders, 12wt.% carbon and 10wt.% polyvinylidene
fluoride dissolved in N-methylpyrrolidinone. The mixture was
coated onto an Al substrate. The cathodes were dried under
vacuum at 100 °C for 20h. The electrolyte solution was 1 M
LiPFg:tetramethylene sulfone. Tetramethylene sulfone was used
because of its high oxidative stability (around 5.8 V versus Li
[23]). The LiCoPOQy cells were charged/discharged at room tem-
perature between 3.5 and 5.3 V at a constant current density of
50 WA cm™2 (~C/5, where the theoretical capacity LiCoPOy
~170mAh g~"). In addition, a CooP cathode (90 wt.% CosP
and 10 wt.% binder) was prepared and charged/discharged at
room temperature between 3.5 and 5.3V at a constant current
density of 50 wA cm™2.

3. Results and discussion

All LiCoPQy4 samples (BM-3, BM-5 and BM-10) that were
prepared with carbon were colored black, whereas the sam-
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Fig. 1. X-ray diffraction patterns for samples J-1 and BM-10.

ple (J-1) prepared from precursors containing no carbon was
purple.

X-ray diffraction patterns for samples J-1 and BM-10, over
the 26 range 20-45° are shown in Fig. 1. Rietveld refinement
revealed that sample J-1 formed from non-carbon precursors
was single-phase LiCoPO4 with an ordered olivine structure.
Rietveld refinement revealed that sample BM-10 formed with
10 wt.% excess carbon was two-phase; consisting of a major-
ity LiCoPO4 phase and a Co,P second phase, indicated by the
stars above these peaks in Fig. 1. Second phase Co,P was also
found for BM-3 and BM-5. Co,P likely forms as a result of the
carbothermal reduction of LiCoPOy at particle surfaces during
the high-temperature heat-treatment under a low oxygen par-
tial pressure atmosphere. This result is in agreement with the
results of Herle et al. [13], Arnold et al. [20], Kim et al. [19],
Xu et al. [17], who have shown that for the case of Ni [13] and
Fe [13,17,19,20] orthophosphates heated under low oxygen par-
tial pressures in the presence of carbon from the precursors or
intentionally added that metal phosphides formed along particle
surfaces. The weight percent of Co, P for BM-3, BM-5 and BM-
10 determined by Rietveld refinement along with the carbon
content after heat-treatment are listed in Table 1.

From Table 1, several important points are noted. Firstly, a
comparison of the added carbon content to the final carbon con-
tent reveals that most of the added carbon has been consumed
in reducing the LiCoPQO4 surface layers to CooP. Secondly, as
the carbon content increased the amount of Co,P increased. The
increase in the amount of metal phosphide with increasing car-
bon content is in good agreement with results of Arnold et al.
[7] and Kim et al. [19] on LiFePOy4, who have shown that as

Table 1
Composition of LiCoPOy after heat-treatment

Sample ID Added carbon CorP Final carbon
(wt. %) (wt.%) (wt.%)

J-1 0 0 0

BM-3 3 2 1

BM-5 5 4 2

BM-10 10 9 2
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the amount of carbon increased the amount of Fe,P increased.
Thirdly, the total of the final carbon content plus Co,P is greater
than the initial added carbon content for BM-5 and BM-10. This
result is consistent with the results of Wolfenstine et al. [4] on
LiCoPOy4, who observed that using the same precursors as those
used to prepare BM-3, BM-5 and BM-10, with no added carbon
at slightly higher heat-treatment temperatures under the same
low oxygen partial pressure atmosphere found ~1 wt.% Co,P
and ~1 wt.% carbon were present after heat-treatment. Thus, it
is likely that the extra carbon in Table 1 comes from the carbon
precursors.

The electronic conductivity of BM-3, BM-5 and BM-10 as
function of Co,P content is shown in Fig. 2. Also shown in
Fig. 2 is the estimated electronic conductivity of single-phase
LiCoPOy4 (J-1) [5]. The electronic conductivity was plotted as
a function of Co;P instead of added carbon content since CoyP
is the dominant second phase remaining after heat-treatment.
Plotting electronic conductivity against added carbon content
would yield a similar curve. From Fig. 2 several important
notes are noted. Firstly, the addition of the electronic conduc-
tive CopP phase (~2 S cm™!) to LiCoPOy4 (~10~1> Sem~! [5])
significantly increases it’s electronic conductivity. For exam-
ple, the addition of 2 wt.% Co,P increased the electronic con-
ductivity of LiCoPOy4 by a factor of greater than 10'0. The
results shown in Fig. 2 are in agreement with the results of
Kim et al. [19] and Xu et al. [17], who have shown that as
the amount of Fe,P increased the electronic conductivity of
LiFePOy, increased. For LiCoPOy4 + 9 wt.% CoyP (BM-10) the
electronic conductivity ~4 x 107> Scm™! is close to values
obtained Herle et al. [13], Kim et al. [19] and Xu et al. [17]
for LiFePO4 containing Fe,P. Secondly, the electronic conduc-
tivity values for the BM-3, BM-5 and BM-10 are within the
range of the commonly used cathodes (LiCoOs ~1073 Scm™!
[24] and LiMnyO4 ~1073 to 10~* Scm™! [25]) in Li-ion batter-
ies. Based on the increase in electronic conductivity for BM-3,
BM-5 and BM-10 compared to J-1 it is expected that they
would also exhibit a higher first cycle discharge capacity than
sample J-1.
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Fig. 2. Electronic conductivity vs. wt.% Co,P. Data for pure LiCoPOy is from
[51.
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Fig. 3. First cycle discharge capacity vs. wt.% Co,P.

The first cycle discharge capacity for J-1, BM-3, BM-5
and BM-10 plotted as a function of the amount of Co,P is
shown in Fig. 3. Plotting discharge capacity against added car-
bon content would yield a similar curve. From Fig. 3 it can
be seen that capacity increases with increasing Co,P content
to ~4-5 wt.%, after which the capacity rapidly decreases with
increasing CooP content. At ~4-5 wt.% Co,;P a maximum dis-
charge capacity of ~120mAhg~! is obtained. This is about a
factor of ~1.5x higher compared to that obtained with no car-
bon (~80 mAh g~ !). At the optimum Co,P concentration ~70%
(120/170) of the theoretical discharge capacity for LiCoPOy4
could be obtained at a discharge rate of ~C/5. The increase
in discharge capacity is likely a result of the increase in the
electronic conductivity (Fig. 2), associated with the conductive
Co,P on particles surfaces. It is also possible that part of the
capacity increase is associated with the smaller particle size
that results when second-phase carbon is added [4]. The trend
shown in Fig. 3 that higher Co,P contents lead to a decrease in
capacity is in agreement with the results of Zhang et al. [21] on
LiFePO4 with added carbon and the very recent results of Kim
et al. [19] who investigated the effect of Fe,P concentration,
synthesized by the reduction of LiFePO4 by carbon, on the elec-
tronic conductivity and discharge capacity of LiFePO4. Zhang et
al. [21] observed an increase in discharge capacity of LiFePOg4
with carbon additions up to ~10 wt.% after which it decreased.
At 15 wt.% added carbon the discharge capacity was less than
50% of the material with no added carbon. They suggested that
the decrease in capacity at higher carbon contents was a result
of: (1) reduction in the amount of crystalline LiFePO,4 and the
formation of an inactive Fe,P phase. Kim et al. [19] observed
that at discharge rates of ~1C that the discharge capacity of
LiFePOy4 increased from 0 wt.% Fe,;P to a maximum value at
8.3 wt.% Fe;P, after which the capacity decreased with increas-
ing Fe,P. At 20 wt.% Fe, P the discharge capacity was ~60% of
the pure material. Kim et al. [19] suggested that the increase in
discharge capacity was a result of the increase in electronic con-
ductivity associated with the Fe,P phase, where as the decrease
in capacity at the higher Fe,P concentrations was a result of
the large amount of electrochemically inert Fe,P phase present,
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even though at these Fe,P concentrations the highest electronic
conductivity values were exhibited. It is likely that a similar
phenomenon is occurring with LiCoPOy4. At higher Co,P vol-
ume fractions the presence of the electrochemically inert Co,P
(the discharge capacity of Co,P in the range 5.3-3. 5V was
~0mAh g~ phase is to decrease capacity by: (1) reducing the
amount of active LiCoPOy present and (2) preventing Li*-ions
from entering/leaving LiCoPQy, even though the highest values
of electronic conductivity are observed (Fig. 2). These results
suggest that attempts to obtain high discharge capacities (>70%
theoretical) for LiCoPOy4 by increasing electronic conductivity
through the application of a surface coating with a high elec-
tronic conductor will not be successful, it will require an increase
in bulk electronic conductivity, by such methods as aliovalent
doping and an increase in Li-ion diffusivity, by reducing the
particle size to the nanoscale.

4. Conclusions

The effect of added carbon (3, 5 and 10 wt.%) on the elec-
tronic conductivity and discharge capacity of LiCoPO4 was
investigated. It was found that after heat-treatment the sam-
ples consisted of a LiCoPO4 majority phase and Co,P sec-
ond phase. The added carbon was consumed reducing the
LiCoPOy4 surface layers to CopP. As the amount of added
carbon increased the amount of Co,P increased. The elec-
tronic conductivity increased as the amount of the high elec-
tronic conductive Co, P phase increased. For LiCoPOy4 + 9 wt.%
Co,P an electronic conductivity value of ~4 x 1073 Scm™!
was exhibited. This is at least a factor of 10'"x greater
than that for single-phase LiCoPOy. It was observed that the
discharge capacity increased with increased Co,P content to
~4-5wt.%, after which the capacity rapidly decreased with
increasing Co,P content. At ~4-5 wt.% Co,P a maximum dis-
charge capacity of ~120mAhg~! is obtained. This is about a
factor of ~1.5x higher compared to that obtained with no car-
bon (~80mAh g~!). The increase in discharge capacity is most
likely is a result of the increase in the electronic conductivity due
to the presence of CooP. At higher CosP volume fractions the
presence of the electrochemically inert Co, P phase is to decrease
capacity by: (1) reducing the amount of LiCoPO4 present
and (2) preventing Li*-ions from entering/leaving LiCoPOy,
even though the highest values of electronic conductivity are
observed. The results of this study suggest that increasing elec-
tronic conductivity by surface coating will not lead to high

discharge capacities (close to theoretical) for LiCoPQOy. In order
to achieve these high values of discharge capacity for LiCoPOy4
an increase in bulk electronic conductivity and Li-ion diffusivity
is required.
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