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bstract

The effect of Cr or Cu doping on the electronic conductivity of LiCoPO4 was investigated. It was observed that neither type of doping for the
amples heated under air lead to electronic conductivity values above ∼10−9 S cm−1. Based on these results it is suggested that the room temperature
lectronic conductivity of LiCoPO4 is much lower than that for LiFePO4. For the case of the doped samples heated under argon, they all exhibited
n electronic conductivity ∼10−4 S cm−1. It is likely that the enhanced conductivity of the LiCoPO4 samples heated under argon versus air is a

esult of conductive Co2P along LiCoPO4 particle surfaces that forms as a result of carbothermal reduction during heat-treatment. The electronic
onductivity of the LiCoPO4 samples heated under high-purity argon is essentially independent of dopant type and concentration. This is because
t is the conductive Co2P layer that controls the electronic conductivity of the doped samples overriding any possible dopant effects.

2005 Elsevier B.V. All rights reserved.
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. Introduction

In recent years there has been a lot of interest in orthophos-
hates (LiMPO4, where M = Fe, Mn, Co and Ni) as cathodes
or use in Li-ion batteries [1–4]. They offer the advantages of
stable structure on charging/discharging, thermal stability and
at voltage profile. However, they suffer from poor rate capa-
ility as a result of both low electronic and ionic conductivity
1,5–14]. For the case of LiFePO4 several methods have been
sed to increase the electronic conductivity by a factor of 106

r more compared to that for the un-treated LiFePO4. These
nvolve carbon coating of the particles [7,8], aliovalent dop-
ng on Li+ sites (i.e., Cr+3) [11] and aliovalent (i.e., Zr+4) and
solvalent (i.e., Mg+2) on Fe+2 sites [12,13] and formation of

an iron phosphide (i.e., Fe2P) layer along LiFePO4 particle
urfaces/grain boundaries, that forms as a result of the reduction
f carbon-based precursors during the heat-treatment(s) used to
orm crystalline LiFePO4 [14]. For the case of LiCoPO4 it has

een shown that the electronic conductivity can be increased
rom ∼10−9 S cm−1 or lower to ∼10−4 S cm−1, when the heat-
reatment atmosphere was changed from air to high-purity argon

∗ Tel.: +1 301 394 0317; fax: +1 301 394 0273.
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hen carbon-containing precursors were used [6]. It was sug-
ested that the higher electrical conductivity of LiCoPO4 heat-
reated under argon is most likely due the presence of Co2P,
imilar to the results of Herle et al. [14] for the case of LiFePO4.
t is of interest to determine if doping on Li+ or Co+2 sites can
lso be used to increase the electrical conductivity of LiCoPO4,
s is the case for LiFePO4.

It is the purpose of this paper to investigate: (1) if aliovalent
oping on Li+ or Co+2 sites can be used as methods to increase
he electronic conductivity of LiCoPO4 and (2) gain insight
nto the mechanism of electrical conduction of orthophosphates
ince, there is some controversy on the effect of dopants on elec-
ronic conductivity [9,10,14].

. Experimental

Two different doped LiCoPO4 powders were prepared: (1)
r-doped LiCoPO4, and (2) Cu-doped LiCoPO4. Both types
ere prepared using a solid-state reaction method. Stoichiomet-

ic amounts of Li2CO3, CoC2O4·2H2O and NH4H2PO4 along
ith correct precursors were mixed in a jar mill for two hours.

fter mixing, the powders were given a two-step heat-treatment.

n the first step, powders were heated at 375 ◦C for 10 h. They
ere then crushed and ground and pressed into a pellet. In the

econd step, the pellet was fired at 675 ◦C for 24 h. To investigate
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he effects of aliovalent doping on the Li+ site Cr2O3 powder
as added to the above powders to form Li0.99Cr0.01CoPO4

nd Li0.97Cr0.03CoPO4. Cr2O3 (Cr+3) was chosen because it has
een shown at these dopant levels it increased electronic con-
uctivity at room temperature from ∼10−9 to ∼10−1 S cm−1

ompared to undoped LiFePO4 [11]. To investigate the effect
f aliovalent doping on the Co+2 site Cu2O (Cu+) powder was
ixed in with the above powders to form LiCo0.99Cu0.01PO4 and
iCo0.97Cu0.03PO4. Cu2O was chosen because, based on ionic
ize it is expected to occupy the Co-ion site and when it occupies
his site it would be expected that for charge compensation for
ach Cu+ added a Co+2 ion will change to Co+3, increasing the
ole concentration and hence, electronic conductivity. For both
ypes of doped LiCoPO4 samples the two-step heat-treatment
as conducted under two different oxygen partial pressures: (1)

ir (PO2 = 0.21 atm) and (2) high-purity argon (PO2 ≈ 10−5 atm).
All samples were first characterized by X-ray diffraction

sing Cu K alpha radiation. The amount of any second phase(s)
as estimated using Rietveld refinement (RIQAS software).
he electronic conductivity was measured on sintered and pol-

shed disk samples (∼12 mm diameter and ∼1 mm thickness)
sing the two-point dc method [9,11,12]. The two-point method
as chosen over the four-point method for convenience since,
ood agreement between these two methods was observed for
iFePO4 [9]. Silver paste electrodes were applied to the top and
ottom surfaces of the disk. A high impedance multimeter was
sed to measure the resistance at room temperature. Conductiv-
ty was calculated from the resistance and specimen dimensions.

. Results and discussion

All samples that were heated under air were purple col-
red, whereas all samples heated under argon were black. X-
ay diffraction patterns for LiCo0.99Cu0.01PO4 heated under air

nd argon are shown in Fig. 1. The diffraction patterns for the
ollowing samples: Li0.99Cr0.01CoPO4, Li0.97Cr0.03CoPO4, and
iCo0.97Cu0.03PO4 heated under air are similar to that shown in
ig. 1(air). A comparison of these patterns with previous X-ray

ig. 1. X-ray diffraction patterns for LiCo0.99Cu0.01PO4 heated under air and
rgon.
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iffraction patterns for LiCoPO4 [4,15–17] heated under air and
CPDS data file numbers 32–552 (LiCoPO4) suggests that all
hese materials are single-phase with an ordered olivine struc-
ure. Rietveld refinement revealed no second phase(s). A slight
hift in the LiCoPO4 peak positions for the doped samples com-
ared to undoped LiCoPO4 was observed, suggesting that all the
opants were in solid solution (within the limits of X-ray reso-
ution), in agreement with previous studies on doped-LiFePO4
t similar dopant levels [9,11–13].

A comparison of the X-ray diffraction pattern for
iCo0.99Cu0.01PO4 heated under high-purity argon (argon) with

hat for the sample heated under air reveals the presence sin-
le phase LiCoPO4 plus additional peaks, indicated by dots
bove these peaks in Fig. 1. These extra peaks correspond
o Co2P. X-ray diffraction patterns for Li0.99Cr0.01CoPO4,
i0.97Cr0.03CoPO4, and LiCo0.97Cu0.03PO4 heated under high-
urity argon all revealed the presence of second phase Co2P in
ddition to the majority LiCoPO4 phase. The amount of Co2P
or all samples was estimated to be between 1 and 3 vol.% using
ietveld refinement. These results are in good agreement with
revious results on the heat-treatment of undoped LiCoPO4 pre-
ared using the same precursors and heated under high-purity
rgon, where the presence of second phase Co2P (∼2 vol.%)
as observed [6]. They are also in agreement with the results of
erle et al. [14], who observed Ni3P along with Li4P2O7 and
i2Ni3P4O12 in samples prepared from similar precursors used

n this study except Ni compounds instead of Co compounds
ere used and heated under argon, where as no nickel phos-
hide phases were present in the LiNiPO4 sample heated under
owing air.

The results of the X-ray diffraction studies reveal that for
iCo0.99Cu0.01PO4, Li0.99Cr0.01CoPO4, Li0.97Cr0.03CoPO4 and
iCo0.97Cu0.03PO4 heated under air form single phase LiCoPO4
ith an ordered olivine structure where as the same materials
eated under high-purity argon in addition to LiCoPO4 revealed
he presence of a second phase Co2P (1–3 vol.%). This is most
ikely a result of the carbothermal reduction of the LiCoPO4 at
article surfaces during high-temperature heat-treatment, as sug-
ested by Herle et al. [14] and Barker et al. [18] for orthophos-
hates heated under low oxygen partial pressures in the presence
f carbon that comes from the precursors or intentionally
dded.

Before discussing the electronic conductivity results it
hould be noted that with our experimental set-up and sam-
le size that the lower limit of electronic conductivity which
an be accurately measured is ∼10−9 S cm−1. The electronic
onductivity of the LiCo0.99Cu0.01PO4, Li0.99Cr0.01CoPO4,
i0.97Cr0.03CoPO4, and LiCo0.97Cu0.03PO4 samples heated
nder air were all below the lower limit of the experimentally
easurable value. Thus, it can be concluded that the electronic

onductivity of all these materials was <10−9 S cm−1. As a
esult the effect of doping on the electronic conductivity for
iCoPO4 heated under air can not be evaluated. However, sev-

ral important points can be obtained from this data. Firstly, it
as been shown the electronic conductivity of undoped LiCoPO4
eated under air using the same precursors was <10−9 S cm−1

6]. Thus, it can been seen that Cr-doping of LiCoPO4 does



er So

n
c
C
a
C
t
(
X
a
e
c
a
I
h
c
t
t
s
L
i
i
i
t

d
i
[
f
t
w
L
e
m
h
[
m
d
l
t
t
a
t
c
c
a
d
s
b
f

b
e
t
f
i
t
e

d
v
f
i
o
v
o
c
s
o
h
c
t
C
t
t
w
m
a
s

L
a
h
p
t
t
i
e
a
g
w
for LiNiPO4 heated under argon compared to air. It is highly
likely that the enhanced conductivity of the LiCoPO4 samples
heated under argon versus air is a result of conductive Co2P
(Fig. 1, argon) along particle surfaces that forms in-situ as a
J. Wolfenstine / Journal of Pow

ot lead to high (compared to the undoped) values of electronic
onductivity of ∼10−1 S cm−1 observed for LiFePO4 at similar
r+3 doping levels (1 and 3 vol.%) on the Li+ site heated under
n argon (92%) + hydrogen (8%) atmosphere [11]. Secondly,
u-doping of LiCoPO4 does not lead to the electronic conduc-

ivity values of ∼10−5 to −4 S cm−1 observed for Mg+2-doped
0.5–2 vol.%) LiFePO4 on the Fe+2 site heated under argon [12].
-ray diffraction revealed that for the case of Cu2O heated under

ir that a majority of the Cu2O transformed to CuO thus, it is
xpected that a majority of Cu enters the LiCoPO4 lattice in this
ase as Cu+2 and hence, the results for the Cu-doped LiCoPO4
re justified in being compared to those for LiFe1−xMgxPO4.
n summary, doping LiCoPO4 with either Cr or Cu and then
eated under air does not lead to the high values of electronic
onductivity observed for LiFePO4 doped with similar impuri-
ies and concentration levels. This difference may be a result of
he heat-treatment atmospheres (argon or argon/hydrogen ver-
us air), or the result of an intrinsic property difference between
iFePO4 and LiCoPO4, which causes the electronic conductiv-

ty of LiCoPO4 to be much lower than that for LiFePO4 making
t very difficult to measure any change in conductivity with dop-
ng since, even with doping the conductivity will still be below
he experimental measurable value.

It may be possible that the conductivity difference between
oped LiCoPO4 and doped LiFePO4 is a result of the difference
n heat-treatment atmospheres (air versus argon). Herle et al.
14] have suggested that for both pure and Zr-doped LiFePO4
ormed from carbon-containing precursors heated under argon
hat the increase in electronic conductivity to ∼10−2 S cm−1

as attributed to the formation of iron phosphide along the
iFePO4 surfaces based on X-ray diffraction and transmission
lectron microscopy. Since, the Mg and Cr-doped LiFePO4
aterials were prepared from carbon-containing precursors and

eat-treated under argon [12] or argon (92%) + hydrogen (8%)
11] it is possible that the increase in conductivity seen in these
aterials may also be a result of the formation of iron phosphides

uring heat-treatment. However, if iron phosphide was control-
ing the conductivity of the doped samples one would expect
hat the conductivity would be independent of doping concen-
ration. Both the Mg and Cr-doped LiFePO4 materials show
n increase in conductivity with an increase in dopant concen-
ration suggesting that it is the doped impurities that causes the
onductivity increase. This would suggest that the difference the
onductivity difference between doped LiCoPO4 heated under
ir versus doped LiFePO4 heated under argon is not related to the
ifference in heat-treatment atmosphere. However, to conclu-
ively confirm this, very detailed microstructural analysis must
e conducted on the samples to examine for the metal phosphide
ormation.

Another possibility is that the conductivity difference
etween the two is a result of an intrinsic property differ-
nce between LiFePO4 and LiCoPO4, which causes the elec-
ronic conductivity of LiCoPO4 to be much lower than that

or LiFePO4 making it very difficult to measure any change
n conductivity with doping since even with doping the conduc-
ivity will still be below the experimental measurable value. For
xample, extrapolation of the conductivity data for LiMnPO4

F
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h
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ata from Delacourt et al. [19] to room temperature predicts a
alue of ∼10−17 S cm−1. This value is ∼108 times lower than
or LiFePO4 (∼10−9 S cm−1 [9,11–14]). Thus, even if doping
ncreased the electronic conductivity of LiMnPO4 by a factor
f 106 this would only increase the electronic conductivity to a
alue of ∼10−11 S cm−1, a value still below the measurable limit
f the current-set-up. A very low room temperature electronic
onductivity value for LiCoPO4 similar to LiMnPO4 is possible
ince, it is believed that the electronic conduction mechanism in
rthophosphates is related to the same mechanism (i.e., polaron
opping between transition metal ions) that controls electronic
onductivity in FeO, CoO and MnO [9,11,20–22]. It is known
hat the room temperature conductivity of FeO is ∼10 S cm−1,
oO is ∼10−13 S cm−1 and MnO is 10−15 S cm−1 [22]. From

his, it is expected that the room temperature electronic conduc-
ivity of LiCoPO4 would be similar to that for LiMnPO4 and
ould be orders of magnitude lower than for LiFePO4 hence,
aking determination of the electronic conductivity of undoped

nd doped LiCoPO4 not possible with the current experimental
et-up.

The electronic conductivity of the LiCo0.99Cu0.01PO4,
i0.99Cr0.01CoPO4, Li0.97Cr0.03CoPO4, LiCo0.97Cu0.03PO4
long with data for undoped LiCoPO4 [6] all heated under
igh-purity argon are shown in Fig. 2. The data in Fig. 2 are
lotted as logarithm of conductivity versus dopant concentra-
ion. From Fig. 2, several important points are noted. Firstly,
he electronic conductivity of all samples heated under argon
s ∼10−4 S cm−1. This is an increase of at least 105 times in
lectrical conductivity compared to similar LiCoPO4 samples
nd undoped LiCoPO4 heated under air. These results are in
ood agreement with the results of Herle et al. [14] for LiNiPO4,
ho observed a ∼102–103 increase in electrical conductivity
ig. 2. Electronic conductivity of LiCo0.99Cu0.01PO4, Li0.99Cr0.01CoPO4,
i0.97Cr0.03CoPO4, LiCo0.97Cu0.03PO4 along with data for LiCoPO4 [6] all
eated under high-purity argon.
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esult of carbothermal reduction at high-temperature under low
xygen partial pressure atmospheres when carbon-containing
recursors are used. After heat-treatment we have a composite
aterial consisting of a highly restive interior (LiCoPO4)
ith a highly conductive surface coating (Co2P). This is

imilar to what Herle et al. [14] proposed for the increase in
onductivity of LiNiPO4 heated in argon versus air based on
-ray diffraction and transmission electron microscopy data. It

s possible that the enhanced conductivity could be a result of
esidual carbon from the carbon-containing precursors used as
tarting materials. However, based on previous work [6] where
he effect of heat-treatment atmospheres (argon versus air) on
he electrical conductivity of undoped LiCoPO4 using the same
arbon-containing precursors as used in this study showed
hat the most likely cause for the increase in conductivity was

result of the Co2P formation rather than residual carbon
hus, it is most likely that this is the also the case for doped
iCoPO4.

Secondly, the electronic conductivity of the LiCoPO4 sam-
les heated under high-purity argon is essentially independent
f dopant type and concentration. This is because it is the con-
uctive Co2P layer that dominates electronic conductivity of the
oped and undoped LiCoPO4 material. If the conductive Co2P
ayer controls the electronic conductivity it would be expected
hat electronic conductivity would be independent of dopant type
nd concentration, in agreement with the data shown in Fig. 2.
hirdly, the electrical conductivity value of ∼10−4 S cm−1 for
ll samples shown in Fig. 2 is within the conductivity range of
athodes (LiCoO2 ∼10−3 S cm−1 [23] and LiMn2O4 ∼10−5 to
0−4 S cm−1 [24]) used for Li-ion batteries. It has been shown
or both undoped and doped LiCoPO4 formed by heating carbon-
ased precursors under high-purity argon leads to formation of
Co2P layer along LiCoPO4 particle surfaces that increases the
lectronic conductivity to ∼10−4 S cm−1, within the range of
alues for cathodes used for Li-on batteries.

Even though the LiCoPO4 offers both the advantages of
igher voltage and capacity and safety compared to the cur-
ent LiCoO2 the above results suggest there are some major
isadvantages if it is to be used as a cathode in practical appli-
ations. For example, the fact that the room temperature intrin-
ic electrical conductivity is very low and doping followed by
eat-treatment under air does not attain the required conduc-
ivity level, suggests that in order for LiCoPO4 to be used as
cathode in this case requires a high percentage of carbon be

dded to the electrode to get the needed conductivity, which in
urn will reduce energy density. For heat-treatment under argon
he enhanced conductivity that results from the formation of

Co2P layer is at near the bottom of the electronic conduc-
ivity levels required for the cathode to get reasonable rates.
hus, additional procedures maybe required to increase the elec-

ronic conductivity, which in turn will increase cost and reduce
nergy density. Even though high-voltage/capacity orthophos-
hates such as; LiCoPO4 and LiNiPO4 offer the advantages of

ncreased energy density compared to what is currently available
hey have many disadvantages (i.e., electronic conductivity) that

ust be overcome before they can used as cathodes in Li-ion
atteries.

[
[

[

urces 158 (2006) 1431–1435

. Conclusions

The effect of doping Cr or Cu in LiCoPO4 or varying stoi-
hiometry using carbon-based precursors and heating under air
r argon on electronic conductivity was investigated. It was
bserved that neither doping nor vary stiochiometry for the
amples heated under air lead to electronic conductivity val-
es above ∼10−9 S cm−1. Any possible dopant effects could
ot be measured. Based on the air results it is suggested that
oom temperature electronic conductivity of LiCoPO4 is much
ower than that for LiFePO4. For the case of the doped samples
eated under argon they all exhibited an electronic conductivity
10−4 S cm−1. It is highly likely that the enhanced conductiv-

ty of the LiCoPO4 samples heated under argon versus air is
result of conductive Co2P along particle surfaces that forms

n-situ as a result of carbothermal reduction at high-temperature
nder low oxygen partial pressure atmospheres when carbon-
ontaining are used. The electronic conductivity of the LiCoPO4
amples heated under high-purity argon is essentially indepen-
ent of dopant type and concentration. This is because it is the
onductive Co2P layer that controls the electronic conductivity
f the doped samples overriding any possible dopant effects.
or LiCoPO4 formed from carbon-based precursors and heat-

reated under air or argon, doping had no effect on enhancing the
lectronic conductivity to values required for Li-ion cathodes.

cknowledgement

The author would like to acknowledge support of the U.S.
rmy Research Laboratory.

eferences

[1] K. Phadhi, K.S. Nanjundaswamy, J.B. Goodenough, J. Electrochem. Soc.
144 (1997) 1188.

[2] A. Yamada, M. Hosoya, S.-C. Chung, Y. Kudo, K. Hinokuma, K.-Y. Liu,
Y. Nishi, J. Power Sources 119–121 (2003) 232.

[3] S. Okada, S. Sawa, M. Egashira, J. Yamaki, M. Tabuchi, H. Kageyama, T.
Konishi, YoshinoF A., J. Power Sources 97–98 (2001) 430.

[4] J.M. Loris, C. Perez-Vicente, J.L. Tirado, Electrochem. Solid State Lett. 5
(2002) A234.

[5] G. Li, H. Azuma, M. Tohda, Electrochem. Solid State Lett. 5 (2002) A135.
[6] J. Wolfenstine, U. Lee, B. Poese, J.L. Allen, J. Power Sources 144 (2005)

226.
[7] N. Ravet, Y. Chouninard, J.F. Magnan, S. Besner, M. Gauthier, M. Armand,

J. Power Sources 97–98 (2001) 503.
[8] H. Huang, S.-C. Yin, L.F. Nazar, Electrochem. Solid State Lett. 4 (2001)

A170.
[9] S.-Y. Chung, J.T. Blocking, Y.-M. Chiang, Nat. Mater. 1 (2002) 123.
10] J. Molenda, Solid State Ionics 176 (2005) 1687.
11] S. Shi, L. Liu., C. Ouyang, D.-S. Wang, Z. Wang, L. Chen, X. Huang, Phys.

Rev. B 68 (2003) 195108.
12] G.X. Wang, S.L. Bewaly, K. Konstantino, H.K. Liu, S.X. Dou, J.-H. Ahn,

Electrochim. Acta 50 (2004) 443.
13] D. Wang, H. Li, S. Shi, X. Huang, L. Chen, Electrochim. Acta 50 (2005)

2955.

14] P.S. Herle, B. Ellis, N. Coombs, N.F. Nazar, Nat. Matter Lett. 3 (2004) 147.
15] K. Amine, H. Yasuda, M. Yamachi, Electrochem. Solid State Lett. 3 (2000)

178.
16] K. Tadanaga, F. Mizuno, A. Hayashi, T. Minami, M. Tatsumisago, Elec-

trochemistry 71 (2003) 1192.



er So

[
[

[

[

[

J. Wolfenstine / Journal of Pow

17] D. Shanmukaraj, R. Murugan, Ionics 10 (2004) 88.
18] J. Barker, M.Y. Saidi, J.L. Swoyer, Electrochem. Solid State Lett. 6 (2003)
A53.
19] C. Delacourt, L. Laffont, R. Bouchet, C. Wurm, J.-B. Leriche, M.

Morcette, J.-M. Tarascon, C. Masquelier, J. Electrochem. Soc. 152 (2005)
A913.

20] I.G. Austin, N.F. Mott, Adv. Phys. 50 (2001) 757.

[

[
[

urces 158 (2006) 1431–1435 1435

21] W.D. Kingery, H.K. Bowen, D.R. Uhlmann, Introduction to Ceramics,
John-Wiley & Sons, New York, 1976.
22] D. Adler, in: F. Seitz, D. Turnbull, H. Ehrenreich (Eds.), Solid State Physics,
vol. 21, Academic Press, New York, 1968, p. 1.

23] J. Molenda, A. Stoklosa, T. Bak, Solid State Ionics 36 (1989) 53.
24] Y. Shimakawas, Y. Numata, J. Tabuchi, J. Solid State Chem. 131 (1997)

138.


	Electrical conductivity of doped LiCoPO4
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgement
	References


