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Abstract Pb-doped LiCoO, cathode materials, contain-
ing 0-10 mol% of Pb were synthesised by the starch-
assisted combustion technique. X-ray diffraction analyses
revealed the existence of rhombohedral LiCoO, (R-3m) for
all compounds. Scanning electron microscopy showed a
distinct grain growth with increasing Pb content. The
synthesised samples are characterised using X-ray photo-
electron spectra (XPS), to investigate the elementary states
on the system. The electrical conductivity of Pb-doped
LiCoO, system tends to increase with Pb content signifi-
cantly. Decrease of the electrode impedance was observed
with increase in Pb content in system. An excellent
reversible capacity was observed for the cathode contain-
ing 5.0 mol% Pb, when 2016 type coin cells were cycled at
0.1 C rate. This has been ascribed to the structural stability
induced by Pb doping.

Introduction

Lithium cobalt oxide (LiCoQ,) is the most widely used
cathode material for lithium-ion batteries due to its superior
electrochemical performance in terms of high discharge
capacity (120-160 mAhg ") and excellent cycleability
(~1000 cycles) compared to other cathodes known so
far [1-6]. However, the practically achieved capacity is
only ~50% of its theoretical capacity (~273 mAhg™")
because the amount of Li that can be extracted is limited to
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only 0.5 mol/mol of LiCoO,, beyond which the layered
rhombohedral structure collapses and gives way to an
electrochemically inactive monoclinic phase. Transition
and non-transition elements, e.g. Ti [7], Cr [8], Mn [9], Ni
[10], Fe [11], Cu [12], Bi, Zr, Sn [13], Zn [12], Mo, V [14]
have been studied extensively as dopants in LiCoO, with
the aim of improving its electrochemical characteristics in
terms of cycling efficiency, intercalation voltage and cost
reduction. Though Pb is toxic, its mean value of toxicity is
lower than Co [15]. Thus, the addition of Pb reduces the net
toxicity of the system. Also, Pb is reported to be doped into
some superconductor materials to increase the carrier
concentration and the enhancement of the electrical con-
ductivity [16]. Because of the homogeneous distribution
and good connectivity between the grains in Pb-doped
samples an improvement in electrical conductivity can be
expected and may help in the electronic charge transfer
during Li intercalation—deintercalation [17]. Hence Pb
doping may result in improved conductivity and structural
stability in LiCoO, system. To the best of our knowledge,
no study has been made on the Pb-doped LiCoO, cathode
material so far. Thus, in the present work, we report on the
synthesis of Pb-doped LiCoO, powder by combustion
technique. The influence of Pb on the material properties
are discussed and correlated to the electrochemical prop-
erties of these cathode materials.

Experimental

For the synthesis of Pb-doped LiCoO, powders (0—10 mol%
of Pb), a combustion route was adopted and the procedure is
shown in Fig. 1. Calculated amount (2 g) of ‘water soluble’
starch was dissolved in 20 mL of hot distilled water. To the
hot starch solution was added stoichiometric amount of
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Lithium hydroxide monohydrate +
Cobalt (II) nitrate hexahydrate+

Lead acetate+Starch
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Drying at 120°C

A 4

Polymeric intermediates

Calcinating at 800°C for 12 h

Pb-doped LiCoO, powders

Fig. 1 Schematic of starch assisted combustion process for the
synthesis of Pb-doped LiCoO, powders

lithium hydroxide monohydrate (LiOH-H,O), cobalt (II)
nitrate hexahydrate (Co(NOs3),-6H,0) and lead acetate
Pb(CH3COO), solutions that were (metal ions ratio Li:Pb:Co
is L:x:1 — x) mixed with starch solution. The obtained pink
colour solution was evaporated at 80 °C for 6 h with constant
stirring. Continuous evaporation leads to the formation of a
dark pink coloured polymeric resin. The polymeric resin was
further dried at 120 °C for 12 h to remove the excess water,
which led to the formation of a solid mass. Subsequently,
these intermediates were heat treated at 800 °C for 12 h.
Unlike glycine, a molar correlation in terms of a chemical
equation may not be possible in the case of starch. Being a
polysaccharide (-CgH;9O5-),, starch does not have a definite
n value [18].

The crystalline structure was determined by X-ray dif-
fraction using X’pert PRO (PANalytical) diffractometer
with Cu Ko radiation (4 = 0.15405 nm) and employing
scanning rate of 5° min~' over the 20 range of 15°-75°.
The particle size and morphology was examined using
scanning electron microscope (SEM) Hitachi S-3000H
model. For SEM studies the samples are coated with Au
using JFC-1100 model instrument. XPS measurements
were made using a LAS-3000 surface analysis system and
Al Ko X-rays (1489.6 eV, width 0.5 eV). The electrical
conductivity was measured by a two probe method from
room temperature to 150 °C uniformly on circular pellets
of diameter of ~10 mm and thickness of ~2 mm. The
impedance spectra were recorded using a Schlumber 610
electrochemical interface and frequency response analyzer.
The frequency range was 0.001 Hz to 100 kHz and the
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amplitude of the perturbation signal was 30 mV. The
electrochemical performance was studied by assembling
2016 coin-type cells. Cathodes were prepared from a slurry
of the synthesised Pb-doped LiCoO, powder (80%), acet-
ylene black (10%) and (polyvinylidene fluoride) PVDF
binder (10%) in n-methyl pyrrolidinone (NMP) solvent.
The slurry was coated on an aluminium foil (current col-
lector) and was dried at 110 °C in an oven for 12 h. It was
then pressed under a pressure of 4 tonne inch™ for 1 min.
Finally, circular discs of 18 mm diameter were cut and
used as cathodes. The cells were assembled using Li metal
as anode and LiPFg in EC:DMC (1:1 vol.%) as electrolyte
within an argon-filled glove box. Galvanostatic discharge
studies were carried out at a current rate of 0.1 C.

Results and discussions

Figure 2 shows the X-ray diffractograms for pristine
LiCoO, (Pb0), 1 mol% (Pbl), 3 mol% (Pb3), 5 mol%
(Pb5) and 10 mol% (Pb10) of Pb-doped LiCoO, samples.
For all samples, the characteristic peaks of a standard
rhombohedral LiCoO, can be identified (JCPDS File No.
75-0532). The characteristic splitting of the (0 0 6)/(0 1 2)
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Fig. 2 X-ray diffraction patterns of the Pb-doped LiCoO,.
(a) Pristine LiCoO, (Pb0), (b) 1 mol% (Pbl), (¢) 3 mol% (Pb3),
(d) 5 mol% (Pb5) and (e) 10 mol% (Pb10)



J Mater Sci (2010) 45:2317-2323

2319

peaks and (0 1 8)/(1 1 0) peaks suggests that the ordered
array of cobalt and oxygen atoms remains unperturbed
even after the addition of Pb into the LiCoO, matrix. The

Table 1 The lattice parameters of Pb-doped LiCoO, powders

Sample code  d (10%) a (10%) c (A) c/a 1o 0 3/11 0 4
Pb0 4676  2.841 14.027 494 1.29
Pbl 4680 2.853 14.039 492 131
Pb3 4.681 2867 14.043 489 1.34
Pb5 4.683 2869 14.049 489 143
Pb10 4687 2893 14.061 486 0098

Fig. 3 SEM image of the
Pb-doped LiCoO, powders
synthesised at 800 °C. a Pristine
LiCoO, (Pb0), b 1 mol% (Pbl),
¢ 3 mol% (Pb3), d 5 mol%
(Pb5) and e 10 mol% (Pb10)

lattice parameters of the synthesised powders were calcu-
lated for (003) and (104) planes. As shown in Table 1, both
the lattice parameters a and c¢ increase upon Pb doping,
although no systematic change is observed. The lattice
parameter, a, indicates the metal-metal intralayer distance
while ¢ represents the interlayer spacing [17]. Lattice
substitution by elements with larger ionic radii often leads
to expansion of the unit well parameters. Thus, considering
the large difference in ionic radii of Pb** (~0.132 nm)
compared Co*t (~0.063 nm), the observed increase in a
and ¢ values in Pb-doped LiCoO, can be explained. The
intensity ratio value I ¢ 31 o 4) increases with increasing
molar concentration in Pb-doped LiCoO, and decreases to
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0.98 for 10 mol%, less than the critical value of 1.2 [19],
suggesting that cation mixing happens at higher doping
level (Pb10).

Figure 3a—e shows the SEM images of pristine LiCoO,
(Pb0) and Pb-doped LiCoO, (Pbl, Pb3, Pb5 and Pbl10),
respectively. A partially agglomerated mass of LiCoO, grains
can be seen in the micrographs of all the samples. Spherically
shaped grains measuring approximately 10-100 nm are
observed for pristine LiCoO, (Pb0). Morphological change
occurs when Pb is added in the matrix of LiCoO, as is
revealed in Fig. 3b. The increase of grain size is observed for
Pbl, that lies in the range 50-150 nm. The grain size
increases further for Pb3 (100-200 nm) with some voids.
Good electrical contact between the grains has been observed

for LiCoO, (Pb5) with grain size of 200-300 nm. The SEM
micrographs of a Pbl0 exhibit two features. One feature
corresponding to spherical grains of diameter around 250 nm
and the other corresponds to elliptical shaped grains around
400 nm mean diameter.

X-ray photoelectron spectroscopy (XPS) is known for
the study of the composition and binding energy. Figure 4a
shows the wide-scan spectra of the 10 mol% (P10) of
Pb-doped LiCoO; in the range of 0—1200 eV. Figure 4b—e
shows the enlarged regions of the XPS spectra of the
hexagonal 10 mol% (P10) of Pb-doped LiCoO,. In the
energy range 770-820 eV, peaks due to Co 2p3,, at 780 eV
and Co 2p;, at 796 eV are observed. Similarly in the
energy range 50-80 eV, peaks due to Li Is at 54.5 eV, Co

Fig. 4 XPS spectra of
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3pat 61 eV and Co 3s at 71 eV are observed. In the energy
range 520-540 eV a peak corresponding to O 1s at 529 eV
is observed. In the energy range 134-148 eV, peaks due to
Pb 417, at 136.8 eV and Pb 4f5,, at 141.9 eV, respectively,
are observed. The results are in good agreement with the
literature [20, 21].

The electronic conductivity is a very important property
of a cathode material. For a better charge transfer process
during lithium intercalation—deintercalation in lithium-ion
cells, conductivity plays a significant role [22, 23]. Figure 5
shows the electrical conductivity of Eu-doped LiCoO,
system measured from room temperature to 150 °C. The
room temperature conductivity of pristine LiCoO, is found
to be 1.2 x 107* Secm™'. All the Pb-doped compounds
show higher room temperature conductivity with respect to
pristine LiCoO,. The conductivity increases with increasing
amount of Pb per mole of LiCoO,. A conductivity value of
4.6 x 1072 Scm™ " is observed for 10 mol% which is about
two orders of magnitude higher than pristine LiCoO,.

The ac impedance spectra of the Pb-doped LiCoO,/Li
cells at their fully charged state (about 4.5 V) after 30
cycles are shown in Fig. 6. Obviously, as a result of Pb
doping, the cell impedance decreases substantially. Con-
sidering the fact that all these cells use the same Li elec-
trode and electrolyte, the difference should be dominantly
contributed from the cathode (Pb-LiCoO, side). Assuming
the equivalent circuit of this cathode impedance is similar
to the case of LiNiggCop,0,/Li cells [24], the high fre-
quency semicircle and the intermediate frequency semi-
circle on these spectra are associated with the surface film
resistance (Ryr) and charge transfer resistance (R.) on the
cathode side, respectively. Thus, it can be seen from Fig. 6
that both Ry and R, decrease with increasing the Pb doping
level. The surface film resistance (Ry) of Pb0 is found to be
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Fig. 5 Electrical conductivity profiles of Pb-doped LiCoO,.
(a) Pristine LiCoO, (Pb0), (b) 1 mol% (Pbl), (¢) 3 mol% (Pb3),
(d) 5 mol% (Pb5) and (e) 10 mol% (Pb10)
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Fig. 6 Electrochemical impedance spectra of Pb-doped LiCoO,/Li
cells at 4.5 V of the open circuit voltage: (a) pristine LiCoO, (Pb0),
(b) 1 mol% (Pbl), (c) 3 mol% (Pb3), (d) 5 mol% (Pb5) and (e)
10 mol% (Pb10)

11 Q after 30 cycles. On the other hand, both Pb1 and Pb3
show very little change in the surface film resistance. For
Pb5, Ry is 6 Q while for Pb10, it decreases to 5 Q. Being
highly mobile it is probable that Pb would move over to the
LiCoO, surface and form a protective thin layer during Li
intercalation—deintercalation. Due to this protective layer,
Co dissolution into the acidic electrolyte is prevented to a
considerable extent and may stabilise the layered structure.
Decrease in impedance in Pb-doped sample may be due to
decrease of degradation of the cathode during cycling
process.

Figure 7a—e shows the galvanostatic discharge curves of
pristine LiCoO, (Pb0) and Pb-LiCoO, (Pbl, Pb3, Pb5 and
Pb10), respectively. These experiments were carried out at
the voltage range of 3.04.5 V and the current density
0.1 mAg~" employing current rate of 0.1 C. The first dis-
charge capacity was measured for all the materials and they
are 199, 193, 190, 189 and 186 mAhg_l for Pb0, Pbl, Pb3,
Pb5 and Pbl0 of Pb-LiCoO, samples, respectively. The
decrease in capacity from the first discharge capacity to
that in 30th cycle are 34, 22, 16, 09 and 19 mAhgfI,
respectively for Pb0, Pbl, Pb3, Pb5 and Pb10 of Pb-doped
LiCoO, samples and are shown in Fig. 8. This may be due
to the increasing Pb content which effectively reduces the
amount of active LiCoO,, resulting in a decrease in the
discharge capacity. The capacity fading rate f;, is defined as

_a-G
fo =4 (1)

where C; and C,, are the specific discharging capacities of
first and nth cycle, and n is the number cycles. The capacity
fading rates are 1.36, 0.88, 0.64, 0.36 and 0.76 mAhgfI,
respectively, per cycle for Pb0, Pbl, Pb3, Pb5 and Pb10 of
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Fig. 7 Typical initial discharge capacity of the Pb-doped LiCoO..
(a) Pristine LiCoO, (Pb0), (b) 1 mol% (Pbl), (c¢) 3 mol% (Pb3),
(d) 5 mol% (Pb5) and (e) 10 mol% (Pb10)
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Fig. 8 Plots of specific discharge capacity versus cycle number of
Pb-doped LiCo00O,. (a) Pristine LiCoO, (Pb0), (b) 1 mol% (Pbl),
(¢) 3 mol% (Pb3), (d) 5 mol% (Pb5) and (e) 10 mol% (Pbl0)

Pb-doped LiCoO, samples. The capacity fading rate
decreases first with increase in Pb content up to 5 mol% Pb
and then increases with Pb content 10 mol% (Pb10). The
above results clearly show that the Pb-doped LiCoO, with
5 mol% Pb (Pb5), show much better capacity retention in
comparison to pristine LiCoO,. The reason for this
improvement must be related to the decreased impedance
and stabilization of the layered rhombohedral phase of
LiCoO, due to Pb doping. Pb-doped LiCoO, with 10 mol%
Pb (Pb10) compound shows the decrease in reversible
capacity due to cation mixing as discussed in XRD
analysis.
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Conclusion

Pb-doped LiCoO, cathode materials are synthesised by
combustion synthesis technique. XRD analyses show the
highly ordered array of cobalt and oxygen atoms. The
layered LiCoO, structure is retained in the doped samples
with an expansion of the lattice. SEM studies revealed an
increase in grain size with increase in Pb content. The XPS
studies investigated the elementary states on the system.
The electrical conductivity of the samples increases with
increase in Pb content. The impedance of the fabricated
cell with Pb-doped LiCoO,/Li decreases with increase in
Pb content. 5 mol% of Pb-doped LiCoO, has been
observed to exhibit a good electrochemical performance
particularly less capacity fading in long cycles. This result
is attributed to good structure stability of the 5 mol% of
Pb-doped LiCoO, system.
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