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bstract

Layered intercalation compounds LiM0.02Co0.98O2 (M = Mo6+, V5+, Zr4+) have been prepared using a simple solid-state method. Morphological
nd structural characterization of the synthesized powders is reported along with their electrochemical performance when used as the active material
n a lithium half-cell. Synchrotron X-ray diffraction patterns suggest a single phase HT-LiCoO2 that is isostructural to �-NaFeO2 cannot be formed

y aliovalent doping with Mo, V, and Zr. Scanning electron images show that particles are well-crystallized with a size distribution in the range of
–5 �m. Charge–discharge cycling of the cells indicated first cycle irreversible capacity loss in order of increasing magnitude was Zr (15 mAh g−1),
o (22 mAh g−1), and V (45 mAh g−1). Prolonged cycling the Mo-doped cell produced the best performance of all dopants with a stable reversible

apacity of 120 mAh g−1 after 30 cycles, but was inferior to that of pure LiCoO2.
2007 Published by Elsevier B.V.
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. Introduction

Despite increasing research into alternative materials, the
ayered intercalation compound lithium cobalt oxide (LiCoO2)
emains the foundation cathode material used in many com-
ercial lithium ion cells. The theoretical capacity of LiCoO2 is

round 274 mAh g−1 (i.e., complete lithium delithiation), how-
ver the maximum practical capacity achievable is around half of
he theoretical value due to a large anisotropic structural change
hat occurs during the delithiation process [1]. Specifically, when
= 0.5 in the LixCoO2 compound, a hexagonal to monoclinic
rystallographic phase change occurs which is accompanied
y a ∼2.6% volume expansion in c-axis. This phenomenon
nvolves cobalt dissolution and is responsible for significant
apacity fade and mechanical failure in cells [2,3]. The real-
zed capacity of the LiCoO2 based electrode may be increased
y charging beyond 4.2 V, but must also avoid the associated

tructural change that occurs at higher voltages. Recently, this
as been achieved by encapsulating LiCoO2 particles with sta-
le ceramic compounds such as TiO2, Al2O3, and ZrO2 [4–8],
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nd by novel surface modification techniques [4]. An additional
dvantage of this technique is related to a “barrier effect” that
ccurs by the formation of an outer shell, which shields the active
iCoO2 core from the electrolyte and inhibits detrimental side

eactions.
Doping is an alternative approach to raise the practical capac-

ty attained by LiCoO2 cathodes. Theoretical studies indicate
hat transition metal doping of LiCoO2 will result in increased
apacity, whereas non-transition metal doping can increase volt-
ge at the expense of capacity [9]. Overall, doping must achieve

solid solution of LiMxCo1−xO2 that is isostructural with
iCoO2. Significant phase separation could defeat the effect of
oping on the potential, and could result in a material with infe-
ior properties compared to the undoped material. The selection
f dopant and doping levels should also suppress anisotropic
tructural change by maintaining interlayer distance. Extensive
nvestigation into cation doping using Ti, Cr, Mn, Fe, Ni, Cu,
n, Zr, Nb, Rh, Ta, and W is readily available in the litera-

ure [10–16]. The underlying trend appears that little success
as been achieved by doping LiCoO2 with bi- or tri-valent
etal ions, however doping with tetra-valent ions appears more

romising. According to Venkatraman et al. [9], these observa-

ions have a theoretical basis whereby increasing the valency of
he dopant ion (M) produces a higher concentration of Co3+

ons and a lower concentration of Co4+ ions. The Co4+ ion
s a Jahn–Teller ion that causes spontaneous deformation in

mailto:scottn@uow.edu.au
dx.doi.org/10.1016/j.jpowsour.2007.06.228
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The χ2, Rp (profile), and Rwp (weighted pattern) factors are
included and indicate the quality of the Rietveld refinements.
The lattice parameter a indicates the intralayer metal–metal dis-
tance, and c is the inter slab distance. The values of a and c

Table 1
Unit cell parameters and the c/a ratio for LiM0.02Co0.98O2 powders

Parameter Mo V Zr

Composition LiCoO2; molybdates LiCoO2; Li3VO4 LiCO2; Li2ZrO3

a (Å) 2.8136(3) 2.8159(3) 2.8102(3)
c (Å) 14.0487(2) 14.0551(2) 14.0443(2)
S.A. Needham et al. / Journal of

oO6 octahedra which disrupts the intercalation framework,
nd reduces capacity. In this report, we present the synthesis
nd electrochemical performance of LiCoO2 doped with Mo6+,
5+, and Zr4+ ions prepared powder from a solid-state method.
o our knowledge, there is no literature on the synthesis and
lectrochemical performance of LiCoO2 doped with Mo6+ and
5+ ions. From a commercial viewpoint, the selective doping of
iCoO2 powders produced by an easily scalable solid-state pro-
ess offers a viable solution to increase the stability and capacity
f LiCoO2.

. Experimental

LiM0.02Co0.98O2 [M = Mo, V, Zr] powders were prepared in
eparate experiments using Li2CO3 (>99.9%), Co3O4 (99.9%),
nd either Mo2O3 (99.5%), V2O3 (99%) or ZrO2 (99.5%)
eagents all sourced from Aldrich. Stoichiometric quantities
ere wet mixed in an agate mortar using ethanol to form a
aste and dried in a vacuum oven at 150 ◦C for 2 h. Precursors
ere ground and transferred to alumina boats for annealing at
50 ◦C for 12 h, then cooled to ambient temperature, reground
nd annealed for 12 h. Analysis of the composition and crystal
tructure of the powders was conducted using a Philips PW1730
-ray diffractometer with monochromatised Cu K� radiation

λ = 1.5418 Å) at a scan rate of 2 min−1. Further structural anal-
sis was conducted via synchrotron radiation (λ = 0.516606 Å)
xperiments at the National Synchrotron Research Centre, Tai-
an. The morphology of the powders was observed by a

EOL JSM-6460A scanning electron microscope (SEM). Elec-
rochemical measurements were conducted by assembly of
tandard R2032 coin-type cells. Working electrodes were con-
tructed by mixing 75 wt% active powder, 15 wt% carbon black
Lexel, 99%), and 10 wt% polyvinylidene fluoride (Aldrich,
9%) in a mortar and pestle. The dry powder mix was blended
ith N-methylpyrrolidinone to make a slurry, which was then

pread uniformly on 1 cm2 by 0.1 mm thick aluminum foil
99.99%) substrate. The electrodes were dried in a vacuum oven
or 12 h at 80 ◦C then cold pressed at 300 kg cm−2 in a uni-
xial hydraulic press. All electrodes contained no more than
mg of active material and were assembled into a test coin
ell in a high purity argon-filled glove-box (Mbraun, Unilab,
SA) where the concentration of H2O < 5 ppm and O2 < 10 ppm.
attery grade lithium foil was used as both the counter and refer-
nce electrodes. Celgard® 2400 (Celgard LLC, USA) was used
s a separator membrane soaked in a 1 M of LiPF6 dissolved
n a 1:1 by volume mixture of ethylene carbonate (EC) and
imethyl carbonate (DMC) electrolyte (MERCK KgaA, Ger-
any). Charge–discharge cycles of the half-cells were measured

rom 3.0 to 4.2 V versus Li/Li+ at C/15 (1C = 140 mAh g−1)
sing a battery cycler (Neware) in galvanostatic mode. Spe-
ific capacity was calculated based on the mass of active
aterial in the electrode. Cyclic voltammograms (CV) were

btained by measuring the current–voltage (I–V) response at

scan rate of 0.02 mV s−1 from 3.0 to 4.5 V using an elec-

rochemical workstation (CHI Instruments, model 660A). All
lectrochemical testing was carried out at ambient temperature
23 ± 2 ◦C).

c
R
R
χ

ig. 1. X-ray diffraction patterns of LiM0.02Co0.98O2 powders with M = Mo, Zr,
. Secondary phase in the LiZr0.02Co0.98O2 powder is indexed to Li2ZrO3 (*).

. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the as syn-
hesized LiM0.02Co0.98O2 for M = Mo, Zr, V and a schematic
rojection of the indexed hexagonal unit cell of pure LiCoO2.
ll major peaks are clearly identifiable to HT-LiCoO2, which is

sostructural to layered �-NaFeO2 with an R−3m space group.
n this structure, the constituent atoms Co, Li, and O occupy the
a, 3b, and 6c Wychoff sites, respectively. All diffraction pat-
erns also show that the (0 0 6)–(1 0 2) and (1 0 8)–(1 1 0) peak
oublets are well defined and separated. This suggests a dimen-
ionally stable structure with a highly ordered distribution of
ations in the lattice [17]. Further evidence of cation ordering
s indicated by the ratio of (0 0 3) and (1 0 4) peak intensities
I0 0 3/I1 0 4) exceeding unity, which is commonly observed in
ristine LiCoO2. Clear evidence of a secondary phase in the Zr-
oped powder has been indexed to monoclinic structure Li2ZrO3
ICDD 16-0263) with a C2/c space group [18]. Minor amounts
f secondary phases in the Mo and V-doped powders were iden-
ified synchrotron radiation XRD experiments. Values of the
efined unit cell parameters from the Rietveld analysis of syn-
hrotron XRD patterns are given in Table 1 for all compositions.
/a ratio 4.993 4.991 4.998

p (%) 4.52 4.75 4.86

wp (%) 6.68 7.58 7.95
2 0.9404 1.011 1.056



8 Power Sources 174 (2007) 828–831

f
a
r
c
r
t
s
L
m
C
(
i
t
p
t
e
t
r
a
Z
p
s

o
b
s
l
s
p
c

L
b
c

s
i
o

F
0

l
d
d
a
p
4
e
c
l
O
b
c
v

u
(
open circuit potential between 2.7 and 3.2 V versus Li/Li+.
30 S.A. Needham et al. / Journal of

or pure LiCoO2 are 2.809 and 14.037 Å, respectively, which
re in good agreement with data previously reported [19]. The
esults from LiM0.02Co0.98O2 powders show that both the a and
parameters are the highest in the Mo and V-doped powders and

epresent a general increase the unit cell parameters compared
o pristine LiCoO2. On the other hand, the Zr-doped powders
how no change in the unit cell parameters compared to pristine
iCoO2 within the limits of experimental error. These results
ay be interpreted by comparing the ionic radius substituted
o3+ ion (0.65 Å) to the dopant elements; V5+ (0.4 Å) < Mo6+

0.65 Å) < Zr4+ (0.87 Å). By substituting elements with a smaller
onic radii (V5+), the unit cell usually contracts. However, if
hese ions are located in the interstitices, a reduction in unit cell
arameters may not be observed. Our result therefore confirms
hat V primarily did not replace Co in vacant 3a sites, but rather
xisted elsewhere within the structure as a secondary phase. In
he opposite case, by substituting an element with larger ionic
adii (Zr4+) often leads to expansion of the unit cell parameters
nd overall cell volume. The absence of unit cell expansion in our
r-doped powder was due to Zr forming a secondary Li2ZrO3
hase, rather than substituting for Co in the vacant 3a Wychoff
ite.

It should also be noted in Table 1 that another indication
f cation order/disorder and the metal–metal layer distance can
e discerned from the c/a ratio. For a cation-disordered rock
alt structure, we know that the c/a ratio should be 4.899 or
ower which produces a face centred unit cell (Fd3m) with a
pinel structure [20]. All LiM0.02Co0.98O2 and pristine LiCoO2
owders as assessed by the c/a ratio do not indicate significant
ation disorder within the LiCoO2 lattice.

Fig. 2 shows a typical SEM of the as-synthesized powders. All
iM0.02Co0.98O2 powders appear consistent with those prepared
y solid-state methods in other works [1]. Particles are well
rystallized with a broad size distribution in the range of 1–5 �m.

Cyclic voltammograms of the LiM0.02Co0.98O2 cells in the

econd cycle are shown in Fig. 3. Broad and smooth curves
n the anodic and cathodic I–V plots indicate either a second-
rder phase transition or continuous single-phase reactions with

Fig. 2. A typical SEM image of LiM0.02Co0.98O2 powders.

1
b

F
t

ig. 3. Cyclic voltammograms of LiM0.02Co0.98O2 cells at a scan rate of
.02 mV s−1 between 3.0 and 4.5 V.

ithium ions in the oxide materials. In our plots, the primary oxi-
ation (4.05 V) and reduction peaks (3.75 V) represent lithium
eintercalation and intercalation into the active host respectively,
nd are characteristic of hexagonal phase in these layered com-
ounds. Two additional secondary peaks situated roughly at
.05 and 4.2 V can also be seen during reduction. The pres-
nce of these peaks has been previously reported [10,21], and
orresponds to the well-known hexagonal-monoclinic crystal-
ographic phase transformation occurring at x = 0.5 in LixCoO2.
verall, observed features are in good agreement with the I–V
ehavior reported in the literature [22,23] and indicate that the
harge/discharge process occurs in a reversible manner in the
oltage scanning region of 3.0–4.5 V versus Li/Li+.

The electrochemical performance of coin cells were eval-
ated by galvanostatic cycling from 3 to 4.2 V at C/15
1C = 140 mAh g−1) over 30 cycles (Fig. 4). Cells exhibited an
All cells exhibit a high first charge in the range of
60 mAh g−1, with the extent of the irreversible capacity loss
etween the first charge and first discharge highly dependant

ig. 4. Galvanostatic cycling of LiM0.02Co0.98O2 and LiCoO2 reference elec-
rodes at C/15 between 3.0 and 4.2 V.
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pon the type of metal ion dopant. The irreversible capacity
oss in order of increasing magnitude was Zr (15 mAh g−1),

o (22 mAh g−1), and V (45 mAh g−1). The rate of capacity
ade over 30 cycles was also extremely varied between the
etal dopants. Cycling the V-doped cell led to rapid capac-

ty fading and complete failure in less than 15 cycles. The
r-doped cell produced moderate capacity fade, resulting in
capacity of 85 mAh g−1 after 30 cycles. However, the best

erformance amongst doped cells was achieved by Mo dop-
ng, which recorded a reversible capacity of 120 mAh g−1 after
0 cycles. Jin et al. [24] have linked the presence of secondary
hases in LiCoO2 to improved cyclability of LiCoO2-based elec-
rodes. In that report, commercial LiCoO2 powders were surface

odified with the second phase, which suppressed the reac-
ion between the Co4+ and the electrolyte. In our case, it is not
xpected that the secondary phases would exist as a continuous
oating on the surface of the LiCoO2 particles, and therefore
t would not provide any barrier effect between particles and
he electrolyte. The formation of secondary phases would how-
ver result in a lithium deficient LiCoO2 structure that contains a
igher concentration of Co4+ compared to the un-doped powder.

. Conclusions

Careful structural characterization of doped LiCoO2 com-
ounds by synchrotron X-ray diffraction confirmed that some
uantity of secondary phases formed in all cases. The presence
f these random secondary phases disrupts the LiCoO2 structure
nd is thought to effect the electronic structure by increasing the
oncentration of Co4+ ions. Work is underway to further inves-
igate the electronic structure of the prepared materials. Clearly,
he electrochemical properties of the materials investigated have
een adversely affected by the formation of these secondary
hases.
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