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a b s t r a c t

One of the challenges for improving the performance of lithium ion batteries to meet increasingly
demanding requirements for energy storage is the development of suitable cathode materials. Cath-
ode materials must be able to accept and release lithium ions repeatedly (for recharging) and quickly (for
high current). Transition metal oxides based on the �-NaFeO2, spinel and olivine structures have shown
promise, but improvements are needed to reduce cost and extend effective lifetime. In this paper, recent
developments in cathode materials for lithium ion batteries are reviewed. This includes comparison of
the performance characteristics of the promising cathode materials and approaches for improving their
performances.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

The development of improved battery technology is critical for
advancements in a variety of applications ranging from hybrid
electric vehicles to consumer electronics [1,2], and improved bat-
tery performance depends on the development of materials for the
various battery components [3–6]. Most lithium ion batteries use
organic solvents as the electrolyte, the most common being LiFP6,
which has a low electrical resistance [7], and is typically mixed with
carbonates. Solid electrolytes, including polymers [8] and inor-

ganic compounds [9,10], are used for solid state batteries, which
have advantages in terms of miniaturization and durability. The
most common anode materials are carbon-based compounds and
lithium-containing alloys. Both approaches result in the establish-
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ment of a reduced lithium activity (as compared to lithium metal),
which reduces reactivity with the electrolyte and improves safety,
but also leads to a lower cell voltage. There are efforts in the devel-
opment of improved electrolyte and anode materials, but the focus
of this paper is on the cathode materials.

Cathode materials are typically oxides of transition metals,
which can undergo oxidation to higher valences when lithium
is removed [11,12]. While oxidation of the transition metal can
maintain charge neutrality in the compound, large compositional
changes often lead to phase changes, so crystal structures that are
stable over wide ranges of composition must be used. This struc-
tural stability is a particular challenge during charging when most
(ideally all) of the lithium is removed from the cathode. During dis-

charge lithium is inserted into the cathode material and electrons
from the anode reduce the transition metal ions in the cathode to a
lower valence. The rates of these two processes, as well as access of
the lithium ions in the electrolyte to the electrode surface, control
the maximum discharge current. Exchange of lithium ions with the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jwfergus@eng.auburn.edu
dx.doi.org/10.1016/j.jpowsour.2009.08.089
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lectrolyte occurs at the electrode–electrolyte interface, so cathode
erformance depends critically on the electrode microstructure
nd morphology, as well as the inherent electrochemical properties
f the cathode material. For example, there is considerable work on
he use of nanostructured electrodes with high surface and inter-
acial areas to improve performance [13–17]. While this paper will
nclude some discussion of general microstructural features, the
ocus is on the cathode materials rather than the microstructures.

. Cathode materials

The cathode material most commonly used in lithium ion bat-
eries is LiCoO2 [18]. LiCoO2 forms the �-NaFeO2 structure, which
s a distorted rock-salt structure where the cations order in alter-
ating (1 1 1) planes. This ordering results in a trigonal structure
R3̄m) and, for LiCoO2, planes of lithium ions through which lithia-
ion and delithiation can occur [19]. Although LiCoO2 is a successful
athode material, alternatives are being developed to lower cost
nd improve stability. Cobalt is less available, and thus more costly,
han other transition metals, such as manganese, nickel and iron. In
ddition, LiCoO2 is not as stable as other potential electrode mate-
ials and can undergo performance degradation or failure when
vercharged [20–22]. The increase in charging voltage can increase
he cell capacity, but can also lead to more rapid decrease in capac-
ty as the cell is cycled during recharging [23]. Several reasons have
een given for the degradation during cycling. One is that cobalt is
issolved in the electrolyte when the electrode is delithiated dur-

ng charging [24], such that less lithium can be intercalated during
ischarge. Another is that the CoO2 layer formed after full delithi-
tion shears from the electrode surface [25], which also results in
ess capacity for lithium intercalation. In addition, there is a sharp
hange in lattice parameter with change in lithium content [26],
hich can lead to stresses and micro-cracking of the cathode par-

icles [27]. Stoichiometric LiCoO2 can be difficult to obtain [28], so
eat treatment to control the surface phase content is needed to

mprove performance during cycling [29].
LiNiO2, which also forms the �-NaFeO2 structure, is lower in

ost and has a higher energy density (15% higher by volume, 20%
igher by weight) [30], but is less stable [31,32] and less ordered
33], as compared to LiCoO2. The lower degree of ordering results
n nickel ions occupying sites in the lithium plane, which impedes
ithiation/delithiation and also creates challenges in obtaining the
ppropriate composition [34]. The addition of cobalt to LiNO2
ncreases the degree of ordering, which leads to nickel ions occu-
ying sites in the nickel/cobalt plane rather than in the lithium
lane [12]. Thus, LiNi1−xCoxO2, typically containing mostly nickel
x ∼ 0.8), has been used to take advantage of the low cost and
igher capacity of nickel relative to cobalt [35–39]. LiMnO2 forms
monoclinic, rather than rhombohedral, structure [40], which can

ransform to a layered hexagonal structure during cycling [41]. The
ddition of nickel [42,43], or more commonly nickel and cobalt,
o LiMnO2 can lead to the formation of the �-NaFeO2 structure
44,45]. The ratio of the trigonal lattice parameters, c/a, depends on
he composition, and as this ratio approaches 1.633 the distortion
rom cubic symmetry decreases, which leads to less ordering and
hus more transition metal ions in the lithium ion plane [12]. The

ost commonly used Li(Ni,Mn,Co)O2 composition contains equal
mounts of the three transition metals, i.e. Li(Ni1/3Mn1/3Co1/3)O2,
nd has high capacity [46], good rate capability [47,48] and can
perate at high voltages. A higher charging voltage increases the

apacity, but also leads to more rapid loss of capacity during
ycling [49–51]. As with LiNi1−xCoxO2, cobalt helps to reduce the
mount of nickel in the lithium layer [12] and small amounts of
obalt (up to 0.20–0.25) have been shown to improve capacity
51–57]. Increased cobalt content can also reduce the loss in capac-
urces 195 (2010) 939–954

ity during cycling [51,58–60]. The improved performance has been
attributed to cobalt increasing the conductivity [51,59] and improv-
ing the structural stability [59,60] of the cathode. Although nickel
in the lithium layer can be detrimental to lithium transport, it has
been shown to stabilize the structure during delithiation and thus
improve cycling performance [61]. Li(Ni,Mn,Co)O2 can be overlithi-
ated, which has been shown to improve electrode performance
[62,63], especially with low cobalt contents [64]. There can be an
oxidative loss during the first cycle, which is not recovered during
normal cycling [65]. However, deep discharging has been shown to
recover this first-cycle loss [66].

Another promising cathode material is LiMn2O4 that forms a
spinel structure (Fd3̄m), in which manganese occupies the octa-
hedral sites and lithium predominantly occupies the tetrahedral
sites [67]. In this case, the paths for lithiation and delithiation
are a 3-dimensional network of channels rather than planes, as
in the �-NaFeO2 structure. LiMn2O4, is lower cost and safer than
LiCoO2 [12,68,69], but has a lower capacity as compared to the cath-
ode materials that form the �-NaFeO2 structure described above
[46,70]. One of the challenges in the use of LiMn2O4 as a cathode
material is that phase changes can occur during cycling [71–73]. For
example, LiMn2O4 cathodes have been field tested in the DC power
supply of an operating telecommunications transceiver. During
this test, a relatively rapid loss of capacity occurred in the first
few days, but the rate of capacity loss subsequently decreased
[74]. The initial loss has been attributed to loss of oxygen dur-
ing charging [75]. Capacity loss has also been observed during
storage due to dissolution of manganese in the electrolyte [76],
or due to changes in particle morphology or crystallinity [77,78].
Other transition metals, including iron [79] and cobalt [80–85],
and have been added to LiMn2O4. The addition of iron results
in an additional discharge plateau at high voltages, while cobalt
improves the capacity retention during cycling by stabilizing the
spinel crystal structure. However, the most common addition to
LiMn2O4 is nickel [86], which decreases the lattice parameter and
the electrical conductivity of LiMn2O4 [87]. The capacity increases
with increasing manganese content and a 3:1 Mn:Ni ratio (i.e.
Mn1.5Ni0.5O4) is the most commonly used composition [88,89]. The
manganese and nickel cations can order on the octahedral sublat-
tice, but a disordered spinel structure has been shown to have a
higher capacity [90]. Partial substitution of cobalt for nickel (i.e.
Li[Mn1.42Ni0.42Co0.16]O4) has been used to reduce the formation of
LixNi1−xO, which can degrade cell performance during cycling [91].
The addition of nickel to the surface of LiMn2O4 through coatings,
rather than as a bulk dopant, can also be effective in improving
capacity retention during cycling [92–94].

Vanadium oxide forms layered compounds and vanadium can
have multiple valences, so vanadium oxides have been used as
electrode materials. In particular, orthorhombic V2O5 [95–99] and
monoclinic LiV3O8 [100–104] have been used as cathode materials.
These electrodes have high capacities, but relatively low voltages
(typically 3 V or less) as compared to the compounds discussed
above.

Another promising class of cathode materials are phosphates
(LiMPO4) with the olivine structure (Pnma), in which phosphorous
occupies tetrahedral sites, the transition metal (M) occupies octa-
hedral sites and lithium forms one-dimensional chains along the
[0 1 0] direction [105]. The phosphate most commonly used for the
cathode is LiFePO4, which delithiates to FePO4 as the Fe2+ is oxi-
dized to Fe3+ [106]. Some iron ions occupy lithium sites, which
results in the formation of lithium ion vacancies to maintain charge

neutrality [107–109]. There is a miscibility gap between FePO4 and
LiFePO4 [110], so the delithiation occurs by growth of a two-phase
front rather than a continuous change in lithium content [111–116].
The formation of a two-phase mixture establishes a fixed activ-
ity, which results in a relative flat discharge profile (i.e. the voltage
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rower voltage range. The narrow voltage range for LiFePO4 is a
result of the formation of a two-phase mixture, rather than a
continuous change in lithium content. Fig. 3 shows that a reduc-
tion in the discharge current by a factor of 10 (i.e. 0.1C) increases
J.W. Fergus / Journal of Pow

emains relatively constant during discharge) [46]. Electronic con-
uction in LiFePO4 occurs by small polaron hopping [117] and is
elatively low (10−9 S cm−1 for pure LiFePO4 [12]). Conductivity
an be improved by heat treating to increase the hole conduc-
ivity [118], but the addition of a conductive phase is generally
eeded for satisfactory performance [13]. Additives for increasing
he conductivity of LiFePO4 will be discussed below, but one con-
uctive phase, Fe2P, can form during preparation and/or use and has
een observed to improve performance [119,120], so Fe2P is some-
imes deliberately added in LiFePO4/Fe2P composites [121–124].
he amount of Fe2P is critical because small amounts increase con-
uctivity, but larger amounts block lithium ion paths [125].

Other phosphates used for cathodes in lithium ion batteries
nclude LiMnPO4 [126–128] and LiCoPO4 [128,129]. LiMnPO4 and
iCoPO4 have higher open circuit voltages (4.1 and 4.8 V, respec-
ively) than LiFePO4 (3.5 V) [12], but have lower capacities. For
xample, the capacities of LiMnPO4 and LiCoPO4 prepared by
icrowave hydrothermal synthesis were reported to be ∼1/6 and
1/3, respectively, that of LiFePO4 prepared by the same pro-

ess [128]. In addition, Mn2P4O7 and Co2P4O7 have been observed
o form in delithiated LiMnPO4 [127] and LiCoPO4 [129] elec-
rodes, respectively, which degrades the lifetime and can be a
afety concern as oxygen is evolved during the decomposition
eaction. Mixtures of phosphates, including LiMnPO4 [130–132]
r LiCoPO4 [133,134] with LiFePO4, have been used for cathode
aterials. In such mixtures, the operating voltage increases with

ncreasing manganese content [135,136], while capacity increases
ith increasing iron content [133,134,137]. Although LiNiPO4 also

orms the olivine structure [105] it is not typically used as a
athode material. However, nickel has been added to other phos-
hate cathode materials, including simple lithium transition metal
hosphates (e.g. LiFePO4 [138,139] and LiMnPO4 [140]), and com-
lex compounds, (e.g. Li(Mn,Fe)PO4 [141,142] and Li(Mn,Fe,Co)PO4
143,144]). Another phosphate used as a cathode is Li3V2(PO4)3,
hich forms a monoclinic structure (P21/n) [145,146]. Li3V2(PO4)3
as a high operating voltage and good performance at high dis-
harge currents [147,148]. For example, plateau voltages of greater
han 4 V for discharge currents of 0.2–2C and greater than 3.9 V
or a discharge current of 10C have been reported [148]. Vanadium
dditions have also been shown to improve the capacity of LiFePO4,
specially at high discharge currents [138,149,150]. For example,
t 0.1C, the increases in capacity are relatively modest (5–15%)
138,149,150], while at 10C increases in capacity of 80% to more
han 200% have been observed [149,150]. The beneficial effect of
anadium additions has been attributed to enhancing lithium dif-
usion [138,150] or reducing the energy required for nucleation of
iFePO4 in the LiFePO4–FePO4 [149] two-phase region.

. Cathode performance

The multitude of materials, geometries and operational vari-
bles in lithium ion batteries complicates comparison of the
erformances of different cathode materials. Although there are
few reports in which different types of electrodes are tested

n the same conditions and compared on a single plot (e.g. [47])
ost reports focus on a particular type of electrode material
ith variations in composition or microstructure. On the other
and, summaries of results from different sources (e.g. [151]) may

nclude results for different operating conditions, which compli-
ates making comparisons between materials. The voltage ranges

or different electrodes have been summarized [152], but this sum-

ary does not include capacities.
In this paper, the performances of different cathodes will be

ummarized according to operating conditions, so that compar-
sons can be made between results from different sources. Results
Fig. 1. Schematic discharge curve for lithium ion battery with parameters used in
Figs. 2–5.

for different electrodes will be included on the same plots or on
different plots with the same scales to allow for direct comparison
between materials. In addition, multiple results for each electrode
will be included to reflect the variations between reports, which can
occur due to, for example, microstructural or morphological differ-
ences. To make such comparisons, the voltage range and capacity
for each electrode have been determined as shown in Fig. 1. The
voltage range is determined by the points of inflection in the dis-
charge curve and the capacity is the capacity at second point of
inflection. The capacities determined in this way (Figs. 2–5) are
lower that the corresponding maximum capacities, but this method
eliminates the lower cut-off voltage as a variable and allows for
comparison of results from different sources. The purpose is not
to present the absolute maximum capacity, but rather to provide
a comparison of the useful voltage/capacity ranges of the voltage
plateau for operation. The subsequent plots (Figs. 6–12), however,
showing the trends in capacity with discharge current and after
cycling use the maximum capacities reported in the respective
articles.

The operating voltages and capacities of LiFePO4 [123,153–162]
and LiCoO2 [163–167] with a charging voltage of 4.2 V and dis-
charge current of 1C are shown in Fig. 2. The operating voltage
for LiCoO is higher than that for LiFePO and LiFePO has a nar-
Fig. 2. Plateau voltage and capacity (see Fig. 1) for LiFePO4 [123,153–162] and
LiCoO2 [163–167] with a charging voltage of 4.2 V and discharge current of 1C.
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Fig. 3. Plateau voltage and capacity (see Fig. 1) for LiFePO4

[123,150,153,156,158–161,168–174] with a charging voltage of 4.2 V and
discharge current of 0.1C.
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Fig. 6. Discharge capacity of LiCoO2 as a function of discharge rate
[164,165,179,190–192].
ig. 4. Plateau voltage and capacity (see Fig. 1) for Li(Ni1/3Mn1/3Co1/3)O2 [175–177],
iCoO2 [23,178,179], LiFePO4 [138,180] and LiMn2O4 [181–184] with a charging
oltage of 4.3 V and discharge current of 1C.

he capacity of LiFePO4 [123,150,153,156,158–161,168–174].

igs. 4 and 5 summarize the operating voltages and capacities
or Li(Ni1/3Mn1/3Co1/3)O2 [63,175–177], LiCoO2 [23,178,179,189],
iFePO4 [138,180] and LiMn2O4 [181–188] at a higher charging
oltage of 4.3 V. LiMn2O4, LiCoO2 and Li(Ni1/3Mn1/3Co1/3)O2 all

ig. 5. Plateau voltage and capacity (see Fig. 1) for Li(Ni1/3Mn1/3Co1/3)O2 [63],
iMn2O4 [183–188] and LiCoO2 [189] with a charging voltage of 4.3 V and discharge
urrent of 0.1C.
Fig. 7. Discharge capacity of Li(Ni,Mn,Co)O2 [47,64,193–196] and LiMn2O4 [185] as
a function of discharge rate.

have higher operating voltages as compared to LiFePO4. LiMn2O4

has a similar, or higher, operating voltage as compared to LiCoO2
and Li(Ni1/3Mn1/3Co1/3)O2, but its capacity is lower. Although the
number of data points is small, with a decrease in discharge
current from 1 to 0.1C (compare Figs. 4 and 5), the capacity of

Fig. 8. Discharge capacity of LiFePO4 as a function of discharge rate
[115,153,197–203].
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Fig. 9. Discharge capacity of LiFePO4 at high discharge currents [115,153,154,204].
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ig. 10. Capacity after 1st/50th cycle and percent change in capacity after 50 cycles
or LiFePO4 cathodes [156,198,205,206].

i(Ni1/3Mn1/3Co1/3)O2 increases more than that of LiCoO2, suggest-
ng that the kinetics of charge transfer and/or mass transport are
lower in Li(Ni1/3Mn1/3Co1/3)O2 than in LiCoO2.
The trend with discharge current is also illustrated in
igs. 6 and 7, which show the capacity as a function of dis-
harge current for LiCoO2 [164,165,179,190–192], Li(Ni,Mn,Co)O2
47,64,193–196] and LiMn2O4 [185]. Although there is significant
ariation among the results, the decrease in capacity with increas-

ig. 11. Capacity after 1st/50th cycle and percent change in capacity after 50 cycles
or LiCoO2 cathodes [207,208].
Fig. 12. Capacity after 1st/50th cycle and percent change in capacity after 50 cycles
for Li(Ni,Mn,Co)O2 cathodes [49,209,210].

ing discharge current is generally smaller for LiCoO2 than for
Li(Ni,Mn,Co)O2. Fig. 8 shows that the discharge rate dependence of
capacity for LiFePO4 is similar to that for LiCoO2. The result exhibit-
ing a rapid decrease in capacity (symbol “×” in Fig. 8) is for a cell
with a polymer electrolyte, rather than a liquid LiPF6-based elec-
trolyte, so the high current performance may be limited by the
electrolyte rather than the electrode. Fig. 9 shows that LiFePO4 can
be used at high discharge currents.

The change in performance during cycling for LiFePO4
[156,198,205,206], LiCoO2 [207,208], Li(Ni,Mn,Co)O2 [49,209,210]
are compared in Figs. 10–12 by plotting the capacities after the
1st and 50th cycles as a function of discharge current. In addition,
the right axis is used to show the percent change in capacity dur-
ing the 50 cycles. The decrease in capacity of LiFePO4 (∼10–20%)
after cycling is much smaller than that for LiCoO2 or Li(Ni,Mn,Co)O2
(∼30–40%). These data also illustrate the sharper decrease in capac-
ity with increasing discharge rate for Li(Ni,Mn,Co)O2 as discussed
above.

4. Composite cathodes

The combination of two electrode materials to form a composite
electrode can be used to improve performance [211]. For exam-
ple, the addition of LiFePO4 to other electrodes, including LiCoO2
[178,212], Li(Li0.17Mn0.58Ni0.25)O2 [212] and Li(Ni0.5Mn0.3Co0.2)O2
[213], improves capacity retention during cycling and perfor-
mance at high discharge currents. Similarly, a phosphate surface
treatment can improve capacity [214] or performance after
cycling [215] of oxide electrodes. Monoclinic (C2/m) Li2MnO3
acts as a lithium reserve and improves capacity retention
during cycling of layered LiMO2 cathode materials, including
Li(Co1−yNiy)O2 [216], Ni0.8Co0.15Zr0.05O2 [217], LiNi0.5Mn0.5O2
[218], Li(Ni1/3Mn1/3Co1/3)O2 [218–221] and other Li(Ni,Mn,Co)O2
compositions [218,222–224]. Spinel electrodes have been com-
bined with layered cathode materials, including LiCoO2 [225] and
Li(Ni,Mn,Co)O2 [226,227] to expand the operating voltage range.
The lithium is removed from the spinel at high voltages and then
from Li(Ni,Mn,Co)O2 at lower voltages [226].

The interface between the two components is where charge
and mass transfer occur and is thus important in the operation
of the electrode, so mechanical activation [225] or heat treatment
[227] has been used to take full advantage of composite properties.

LiCoO2 and Li(Ni,Mn,Co)O2 have been combined in a composite
electrode [228], in which case the improved performance was
attributed to the microstructure (i.e. combination of large and small
particles) rather than to the inherent electrochemical properties of
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he cathode materials. This illustrates one of the challenges in com-
aring electrode materials, in that the performance of the cathode,
articular in a two-phase material, depends on the morphology and
eometry of its constituents.

Composite cathodes can also be formed by coating particles of
ne cathode material with another active material rather than mix-
ng separate particles. For example, the cycling and rate capability
f LiMn2O4 has been improved with a Co3O4 coating, which is
urported to form a fluoride layer and reduce electrode degrada-
ion [229]. Another example is the reduction in the capacity loss
uring cycling of LiNiO2 with a cobalt–manganese coating, which
as been attributed to suppression of a detrimental phase transi-
ion [230]. Vanadium compounds, including V2O5 [231] and LiV3O8
223], which have high capacities, but relatively low operating volt-
ges, have been used to increase the capacity of Li(Ni,Mn,Co)O2 by
roviding supplemental capacity at lower voltages late in the dis-
harge cycle. Another lower voltage electrode that has been used in
omposite cathodes is Li4Ti5O12. Because of its low voltage (∼1.5 V
s. Li/Li+), Li4Ti5O12 is more commonly used as an anode material,
ut it can be used as the cathode in low voltage cells [232–236].
i4Ti5O12 coatings have been shown to improve the capacity of
iCoO2 [237] and LiMn2O4 [238] cathodes, as well as to improve the
apacity retention during cycling of LiMn1.4Cr0.2Ni0.4O4 [239]. Sim-
larly, coating LiCoO2 with a lithium-conducting solid electrolyte

aterial (LiPON) has also been used to improve the capacity and
ycling performance of the cell [240] presumably by enhancing the
inetics and mass transfer at the electrode interface.

. Effect of doping

The performance of cathode materials can be improved by dop-
ng, but the interpretation of doping effects can be complicated by
he interrelations between doping and microstructure and mor-
hology, since the microstructure formed can be affected by the
opant additions. Some examples in which the effects of doping on
he electrochemical properties of the electrode are attributed to the
ffects of the dopant on the cathode microstructure or morphology
ather than the effects on the material properties include cesium-
oping of LiMn2O4 [241], copper-doping of phosphates [140,242]
nd aluminum-doping of LiCoO2 [189]. With that caveat, the effects
f dopant additions on the performance of cathode materials are
iscussed below.

Although iron-based oxides are not typically used as cath-
de materials, iron is used as a dopant in nickel-, manganese-,
nd cobalt-based cathode materials. Iron has been shown to
mprove the capacity of LiNiO2 [243,244] and Li2MnO3 [245,246],
ut the beneficial effect diminishes with cycling. Iron doping
as also been shown to be beneficial to the performance of
iNi0.125Mn0.75Co0.125O2 [247], but detrimental to the performance
f LiNi1/3Mn1/3Co1/3O2 [248]. Similarly, iron impurities have been
hown to decrease the capacity and increase the capacity loss dur-
ng cycling of LiCoO2 [249]. However, the detrimental effect was
ttributed to clusters of iron ions, which could be eliminated by
nnealing the material to disperse the clusters.

Another transition metal that has been used as a dopant
or cathode materials is ruthenium, which has been added as

dopant to spinel electrode materials (e.g. LiMn2O4 [188] and
iMn1.5Ni0.5O4 [250]) and to LiFePO4 [251]. The beneficial effect
as been attributed to stabilizing the crystal structure as well as
o contributions from the Ru4+/Ru5+ redox couple. Ruthenium has

lso been added as RuO2 to Li3V2(PO4)3 [252] and improved per-
ormance by increasing the electrical conductivity.

Chromium forms compounds with the spinel structure
nd has been added to LiMn2O4 [54,83] and LiMn1.5Ni0.5O4
239,247,253–255]. Chromium reduces the ordering of lithium ions
urces 195 (2010) 939–954

in LiMn2O4, which stabilizes the single phase spinel structure [256],
and has been shown to increase the capacity retention during
cycling for spinel electrode materials, including LiMn2O4 [54,83]
and LiMn1.5Ni0.5O4 [254,255] Nuclear Magnetic Resonance (NMR)
analysis indicates the oxidation of Mn3+ to Mn4+, and thus the asso-
ciated lithium deintercalation, is not uniform, but rather occurs
preferentially near the chromium dopant ions [257]. Small amounts
of chromium additions have also been shown to improve the per-
formance of other cathode materials including Li[Mn0.5Ni0.5]O2
[258,259], Li(Ni1/3Mn1/3Co1/3)O2 [260], V2O5 [261] and Li3V2(PO4)3
[262].

Zinc-doping has been shown to improve the performance of
Li[Mn0.4Mn0.3Co0.3]O2 [263], LiFePO4 [264], and, through addition
of zinc to the electrolyte, LiMn2O4 [265] by stabilizing the respec-
tive crystal structures. However, the beneficial effect of zinc is
usually when added in a coating of ZnO (e.g. LiNi0.5Mn0.25Co0.25O2
[266], Li[Ni0.42Mn1.42Co0.16]O4 [91], LiMn1.5Ni0.5O4 [267,268],
LiFePO4 [269]), ZnMn2O4 (e.g. LiMn2O4 [270]) or Zn3(PO4)2 (e.g.
LiCoO2 [271]) where it reduces reaction between the electrode and
electrolyte.

Titanium is added as a dopant in layered structures
(Li(Ni1/3Co1/3Mn1/3)O2 [248], LiNi0.8Co0.2O2 [272], LiNiO2 [273]),
spinels (LiMn2O4 [274–276], LiNi0.5Mn1.5O4 [277]) and phos-
phates (LiFePO4 [278], LiMnPO4 [126]). Although not beneficial for
LiNiO2 [273], titanium is beneficial when co-doped with cobalt (i.e.
LiNi0.8Co0.2−xTixO2) [272]. The improved performance is attributed
to titanium stabilizing the crystal structure (e.g. LiNi0.8Co0.2O2
[272], Li(Ni1/3Mn1/3Co1/3)O2 [248]) or reducing dissolution of the
electrode [274–276]. Titanium from impurities in the precursor
has been shown to occupy iron sites in LiFePO4 and improve elec-
trode performance [279]. Titanium is also added as a TiO2 coating
to reduce electrode dissolution in the electrolyte [195,280], but
degradation of the TiO2 can lead to degradation in cell performance
[180].

Zirconium has similar effects on cathode performance as tita-
nium. Zirconium doping has been used to stabilize the layered
crystal structure (e.g. LiCoO2 [23] and LiNi0.8Co0.2O2 [281]) or in
LiFePO4 [282–284] to increase the lattice parameter. Zirconium
has also been added as a ZrO2 or Zr(OBu)4 coating to reduce
reaction of the electrolyte with cathode materials with layered
(e.g. LiNi1/3Mn1/3Co1/3O2 [177,210] and Li[Li1/6Ni1/6Mn1/2Co1/6]O2
[285]) and spinel (LiMn2O4 [183,286] and LiMn1.5Ni0.5O4 [287])
structures.

Aluminum is a very commonly used dopant in cathode
materials. In some cases small amounts of aluminum doping
improve the capacity of electrode materials (e.g. LiCoO2 [189,288],
LiNi0.5Mn0.5O2 [289–291] and LiFePO4 [138]), but in most cases
the capacity is decreased (e.g. LiCoO2 [189,288], LiNi0.5Mn0.5O2
[289,292], Li(Ni1/3Mn1/3Co1/3)O2 [248,260,293–295], other
Li(Ni,Mn,Co)O2 compositions [295–297], LiMn2O4) [83,291,298]).
The decreased capacity is expected since Al3+ cannot be further
oxidized, so each transition metal ion replaced with aluminum
represents one less oxidizable ion. The observed increases have
been attributed to improved electrode kinetics, structural modifi-
cations and microstructural effects. For example, the addition of
aluminum to LiCoO2 results in an increase in lattice parameter c
[288,299], which facilitates lithiation and delithiation. Aluminum
doping has also led to improvements in retention of capacity
during cycling (e.g. Li(Ni,Mn,Co)O2 [294,297], LiMn2O4 [83,298]),
and performance at high discharge currents (e.g. Li(Ni,Mn,Co)O2
[248,296], LiMn2O4 [291]). However, there are also cases where

cycling performance is degraded with aluminum additions (e.g.
LiCoO2 [23], LiNiO2 [273], Li(Ni1/3Mn1/3Co1/3)O2 [260,293]). Alu-
minum is commonly used as a co-dopant with cobalt in LiNiO2
(i.e. LiNi0.8Co0.15Al0.05O2) for improved stability [211,300–303].
Aluminum can also be added as an alumina coating and has been



er So

s
[
r
[
L
[
t
e
h
o
[
r
h
i

p
L
t
d
b
m
r
e
[
e
m
t
i
t

f
o
L
i
t
o
o
i
i
w
a

r
i
b
Y
S
h
i
d
a
b
a
r
O
i
a
e
[

a
t
r
i
r
c

J.W. Fergus / Journal of Pow

hown to improve the capacity (e.g. LiCoO2 [304], Li(Ni,Mn,Co)O2
52,91], LiMn1.5Ni0.42Zn0.08O4 [267], LiMn2O4 [184]), capacity
etention during cycling (e.g. LiCoO2 [304,305], LiNi0.8Co0.2O2
306], Li(Mn,Ni,Co)O2 [91,286,307], LiMn1.5Ni0.42Zn0.08O4 [267],
iMn2O4 [286]) and performance at high discharge currents
91,267]. The improvements are attributed to improved charge
ransfer kinetics and improved stability with the electrolyte. Ben-
ficial effects have also been attributed to an Al(OH)3 layer, which
as led to its use as a coating for LiCoO2 [308]. Mixed aluminum
xides, including aluminum-cobalt oxide [309], Y3Al5O12 (YAG)
310] and La3Al5O12 (LAG) [311], have also been used to improve
etention of capacity during cycling. Other forms of aluminum that
ave been shown to improve electrode performance and stability

nclude AlF3 [312–315], AlPO4 [91,316–318] and (NH4)3AlF6 [319].
Magnesium doping generally improves the performance of

hosphate electrodes, including LiFePO4 [138,174,320,321] and
iMnPO4 [126,140]. The beneficial effect is generally attributed
o magnesium increasing the lattice parameter, which facilitates
elithiation and stabilizes the structure. Magnesium doping has
een reported to improve oxide electrodes by modifying the
icrostructure (e.g. LiCoO2 [322]), or reducing charge transfer

esistance (e.g. LiNi0.8Co0.2O2 [323]), but more often has little, or
ven a detrimental, effect on electrode performance (e.g. LiCoO2
23,271], LiNi0.8Co0.2O2 [324], Li(Ni1/3Mn1/3Co1/3)O2 [260]). How-
ver, when present in MgO [325] or Mg3(PO4)2 [271] coatings,
agnesium additions improve electrode performance by reducing

he reaction of LiCoO2 with the electrolyte. On the other hand, dop-
ng with a larger alkaline-earth cation (e.g. calcium [326]) can lead
o an increase in lattice parameter of LiCoO2 and improved capacity.

Lanthanum additions have been shown to improve the per-
ormances of LiFePO4 [327,328] and LiCoO2 [329] cathodes. One
f the benefits of the lanthanum additions is that with LiCoO2 a
i-conducting phase (La2Li0.5Co0.5O4) is formed, which improves
on transfer across the electrode–electrolyte interface. Such con-
act resistance is particularly important in solid–solid contacts and
xide additions can also improve contact between cathode particles
r between the electrode and electrolyte materials. Some examples
nclude CeO2, which has been shown to reduce contact resistance
n LiFePO4 cathodes [330], and Li2SiO3 (and to a lesser extent SiO2),

hich has been shown to improve the performance of LiCoO2 with
solid electrolyte [331–333].

As mentioned above, some additions improve performance by
educing reaction with the electrolyte. Other oxides added to
mprove capacity retention by reducing reaction and/or forming a
eneficial reaction product with the electrolyte include Y2O3 [334],
PO4 [305], B2O3 [182], SiO2 [335], Bi2O3 [91,267], Sb2O3 [336] and
nO2 [286]. Some of these same elements when added as a dopant
ave been reported to improve cycling performance by stabiliz-

ng the crystal structure. For example, bismuth has been used as a
opant in LiMnO2 [215] and LiMn2O4 [337], while tin has been used
s a dopant in LiMn2O4 [338]. In such cases there may be multiple
enefits as some the oxide may dissolve in the electrode (when
n oxide coating is used) or some of the dopant may form a sepa-
ate phase on the electrode surface (when the cathode is doped).
ther dopants that stabilize the crystal structure include rhodium

n LiCo0.3Ni0.7O2 [339], copper in LiMnPO4 [140] or LiMn2O4 [215]
nd indium in LiMnO2 [340]. The effectiveness of indium doping is
nhanced by co-doping with sulfur, which occupies the oxygen site
340].

Another dopant that occupies the anion site is fluorine, which is
common element in lithium ion batteries. Fluorine is present in
he commonly used LiPF6-based electrolytes [7], as well as in fluo-
ides, such as carbon fluorides, that are used as anodes in lithium
on batteries [315,341]. Although fluoride compounds have been
eported as cathode materials (e.g. iron oxyfluoride [342,343]), in
athodes fluorine is more often added to replace oxygen or in a
urces 195 (2010) 939–954 945

compound as an additive to oxide cathode materials [315]. For
example, fluorine doping has been shown to improve the capac-
ity of spinel cathodes, LiMn1.5Ni0.5O4 [344] and LiMn1.8Li0.1Ni0.1O4
[345], by increasing the lattice parameter and decreasing the aver-
age manganese valence. Fluoride additions have also been shown
to improve the cycling performance of Li(Ni,Mn,Co)O2, either as
a dopant [346] or a second phase (e.g. LiF [347], SrF2 [348]) by
reducing reaction with the electrolyte.

The electrode reaction involves lithium ions and electrons, so
one approach to improving electrode performance is to add a con-
ducting phase to enhance charge transfer. A sputtered gold layer
has been used to improve the performance of LiFePO4 [349], but
this involves an expensive material and process. Silver is lower in
cost than gold and has been shown to improve the performance
of LiCoO2 [207,350], LiMn2O4 [207] and LiNi1/3Mn1/3Co1/3O2 [351]
cathodes. The beneficial effect of silver is generally attributed to
increased conductivity, but increases in lattice parameter have
also been reported in LiCoO2 [350] and LiNi1/3Mn1/3Co1/3O2 [351].
Although these metals can improve performance, the most com-
mon addition for improving electrode conductivity is carbon.

Carbon is commonly added to cathodes to more effectively
utilize the active cathode material, especially at high discharge
rates. For example, carbon additions improve the performance
of LiNi1/3Mn1/3Co1/3O2 [175,176,352], spinels (LiMn2O4 [353]
and LiMn1.5Ni0.5O4 [354]), and especially LiFePO4 [161,355–357],
which has a relatively low electrical conductivity. The effectiveness
of carbon additions depends on the amount and type of carbon used.
A thin carbon layer can provide a path for electrons without block-
ing access for lithium ions [358,359]. There is an optimal amount of
carbon, which depends on the microstructure and operating condi-
tions, but is typically on the order of 2–10 wt% [197,198,360–364].
Graphitic carbon generally provides higher conductivity and thus
higher rate capacities at large discharge rates, so carbons with large
sp2/sp3 ratios are generally preferred [111,199,202,365]. The parti-
cle shape is also important, as nano-scale fibers [158,191,366–370]
and high surface area forms of carbon, such as acetylene black
[192,371], have been shown to be effective in improving cathode
performance. In addition to providing paths for electrical conduc-
tion, nano-scale fibers can also be used to disperse the cathode
particles for increased contact with the electrolyte [372]. The type
and morphology of the carbon deposits depends on the source of
the carbon [373], which include glucose [374–376], sucrose [156]
and malonic acid [377,378], as well as oligomers [379] and poly-
mers [380,381]. In addition to being used as precursors for carbon,
polymers can be used in the electrode. In particular, semicon-
ducting [170,382] or conducting polymers (e.g. polypyrrole (PPy)
[162,201,383,384] and polyaniline [385,386]) have been used as
additives in cathodes.

6. Effect of microstructure and morphology

As mentioned above, electrode performance depends on the
electrode microstructure and morphology. Although the focus of
this paper is on the materials rather than morphology, some general
aspects of electrode morphology will be discussed. Intercalation
and deintercalation occur along specific crystallographic planes
and directions, so higher crystallinity improves electrode perfor-
mance (e.g. LiCoO2 [387], LiMn2O4 [388], Li1.02Mn1.5Ni0.5O4 [389],
LiFePO4 [155,390–392].

The electrode reaction occurs at the surface and requires

transport of ions into the electrode material, so small particles,
which provide high surface area [388] and short diffusion dis-
tances [393], and are generally desired (e.g. LiCoO2 [164,394,395],
LiNi1/3Mn1/3Co1/3O2 [396], LiMn2O4 [181,397,398] and LiFePO4
[155,157,171,399–402]. However, particles can become too small,
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o that processes other than the surface reaction, such as diffu-
ion of ions in the electrolyte to the particle surface, become rate
imiting. In addition, the high reactivity of nanosize particles can
e disadvantageous in terms of safety and stability during long
perational lifetimes [12,403]. Thus, intermediate particle sizes
ometimes exhibit the best performance [404–406]. For example,
nalysis of the discharge of individual LiCoO2 particles suggests
hat commercially available micron-size particles have sufficient
apacity, so nanoparticles may not be necessary [407]. Similarly,
icron-scale carbon fibers have been used to provide a framework

or dispersion of LiFePO4 particles to improve access to lithium
ons in the electrolyte [408]. In addition, control of porosity is
mportant to allow for access of the electrolyte to the electrode
urface [194,409–412]. For example, a recent report has shown that
anoporous micron-size particles perform better than nanoparti-
les [413].

Particle shape is important for electrode performance. For
iMn2O4 spinel electrodes, spherical particles have been reported
o provide the best performance [414,415], which may be related
o the more isotropic lithium transport in the spinel struc-
ure, as compared to layered structures. For layered structures,
ncluding LiCoO2 [416] and LiNi1/3Co1/3Mn1/3O2 [417], however,
on-spherical particles have been shown to improve perfor-
ance, which has been attributed to high tap density. Rod-

r needle-shaped particles, which have large surface-to-volume
atios, have also shown good performance, especially during
ycling and at high discharge currents [418–420]. Rod-shaped par-
icles can also be useful as precursors to produce small nano-scale
pherical particles [421]. Plate-like particles, which reflect the lay-
red crystal structure, have also been used [204,422,423], and
an better accommodate expansion/contraction during intercala-
ion/deintercalation and reduce cracking. In addition to the overall
article shape, the surface morphology is also important. For exam-
le, a “desert rose” surface morphology on LiCoO2 produces a high
urface area, which results in a high capacity [424].

The production of small power supplies for miniature devices
equires thin-film based batteries, so thin-film deposition of cath-
de materials is required for these applications [425]. Thin-film
eposition techniques, such as pulsed laser deposition and sput-
ering, have been used to produce cathode materials including
iCoO2 [426–430], LiMn2O4 [431–435], LiFePO4 [436]. The small
atteries have high energy densities, but the energy density can
e further improved by using three-dimensional architectures
437,438]. Such three-dimensional geometries require templates
or control of the size, shape and arrangement of the battery com-
onents [439]. Approaches for producing such complex geometries
an be inspired by biological systems [440], and can even use
iological processes for fabrication [441–443]. The processes
equired to fabricate these complex geometries will likely place
dditional constraints on materials selection, so further devel-
pments in cathode materials and fabrication processes will be
equired.

. Conclusions

The development of improved cathode materials is a challenge
or meeting current and future energy storage requirements. Sev-
ral transition metal based cathode materials can provide high
oltages and good capacities. Full utilization of these materials
or numerous recharging cycles and at high discharge currents

ontinues to be a challenge. Specifically, stabilizing the desired
rystal structure, especially during delithiation, and preventing
eaction with the electrolyte are important for long operational life,
hile improved transport to and in the electrode are important

or achieving high discharge current. Progress has been made by
urces 195 (2010) 939–954

engineering the electrode composition, microstructure and mor-
phology, but additional improvements are needed.
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ter, D. Kaniansky, A.N. Alejos, Improved lithium exchange at LiFePO4 cathode
particles by coating with composite polypyrrole–polyethylene glycol layers,
J. Solid State Electrochem., in press, doi:10.1007/s10008-008-0756-3.

[202] Y.-H. Nien, J.R. Carey, J.-S. Chen, Physical and electrochemical properties of
LiFePO4/C composite cathode prepared from various polymer-containing pre-
cursors, J. Power Sources 193 (2009) 822–827.

http://dx.doi.org/10.1007/s10008-009-0882-6
http://dx.doi.org/10.1007/s10800-009-9931-1
http://dx.doi.org/10.1007/s10008-009-0814-5
http://dx.doi.org/10.1007/s10008-008-0772-3
http://dx.doi.org/10.1007/s10008-008-0756-3


9 er So
50 J.W. Fergus / Journal of Pow

[203] H.H. Sumathipala, J. Hassoun, S. Panero, B. Scrosati, Li-LiFePO4 rechargeable
polymer battery using dual composite polymer electrolytes, J. Appl. Elec-
trochem. 38 (2008) 39–42.

[204] D.-H. Kim, J. Kim, Synthesis of LiFePO4 nanoparticles in polyol medium and
their electrochemical properties, Electrochem. Solid-State Lett. 9 (9) (2006)
A439–A442.

[205] X. Li, W. Wang, C. Shi, H. Wang, Y. Xing, Structural and electrochemical charac-
terization of LiFePO4/C prepared by a sol–gel route with long- and short-chain
carbon sources, J. Solid State Electrochem. 13 (2009) 921–926.

[206] J.-C. Zheng, X.-H. Li, Z.-X. Wang, H.-J. Guo, S.-Y. Zhou, LiFePO4 with enhanced
performance synthesized by a novel synthetic route, J. Power Sources 184
(2008) 574–577.

[207] Z. Wen, S. Huang, X. Yang, B. Lin, High rate electrode materials for lithium ion
batteries, Solid State Ionics 179 (2008) 1800–1805.

[208] L.-Z. Fan, X.-L. Wang, F. Long, All-solid-state polymer electrolyte with plastic
crystal materials for rechargeable lithium-ion battery, J. Power Sources 189
(2009) 775–778.

[209] Y. Idemoto, T. Matsui, Thermodynamic stability, crystal structure, and
cathodic performance of Lix(Mn1/3Co1/3Ni1/3)O2 depend on the synthetic pro-
cess and Li content, Solid State Ionics 179 (2008) 625–635.

[210] S.-K. Hu, G.-H. Cheng, M.-Y. Cheng, B.-J. Hwang, R. Santhanam, Cycle life
improvement of ZrO2-coated spherical LiMn1/3Co1/3Ni1/3O2 depend on the
synthetic process and Li content cathode material for lithium-ion batteries, J.
Power Sources 188 (2009) 564–569.

[211] P. Albertus, J. Christensen, J. Newman, Experiments on and modeling of pos-
itive electrodes with multiple active materials for lithium-ion batteries, J.
Electrochem. Soc. 156 (7) (2009) A606–A618.

[212] J.F. Whitacre, K. Zaghib, W.C. West, B.V. Ratnakumar, Dual active material
composite cathode structures for Li-ion batteries, J. Power Sources 177 (2008)
528–536.

[213] S.-B. Kim, K.J. Lee, W.J. Choi, W.-S. Kim, I.C. Jang, H.H. Lim, Y.S. Lee, Preparation
and cycle performance at high temperature for Li(Ni0.5Co0.2Mn0.3])2 coated
with LiFePO4, J. Solid State Electrochem., in press, doi:10.1007/s10008-009-
0873-7.

[214] S.-H. Kang, M.M. Thackeray, Enhancing the rate capability of high capacity
xLi2MnO3·(1 − x)LiMO2 (M = Mn, Ni, Co) electrodes by Li–Ni–PO4 treatment,
Electrochem. Commun. 11 (2009) 748–751.

[215] Z. Su, S.H. Ye, T.Y. Yan, X.P. Gao, P.W. Shen, Synthesis and electrochemical
properties of nanosized LixMnO2 as cathode materials for lithium batteries, J.
Electrochem. Soc. 155 (11) (2008) A839–A844.

[216] T.A. Arunkumar, E. Alvarez, A. Manthiram, Chemical and structural insta-
bility of the chemically delithiated (1 − z)Li[Li1/3Mn2/3]O2·(z)Li[Co1−yNiy]O2

(0 ≤ y ≤ 1 and 0 ≤ z ≤ 1) solid solution cathodes, J. Mater. Chem. 18 (2008)
190–198.

[217] S. Sivaprakash, S.B. Majumder, R.S. Katiyar, Investigations on
0.5Li(Ni0.8Co0.15Zr0.05)O2–0.5Li(Li1/3Mn2/3)O2 cathode for Li rechargeable
batteries, J. Electrochem. Soc. 156 (4) (2009) A328–A333.

[218] M.M. Thackeray, S.-H. Kang, C.S. Johnson, J.T. Vaughey, R. Benedek, S.A. Hack-
ney, Li2MnO3-stabilized LiMO2 (M = Mn, Ni, Co) electrodes for lithium-ion
batteries, J. Mater. Chem. 17 (2007) 4012–4016.

[219] C.S. Johnson, N. Li, C. Lefief, J.T. Vaughey, M.M. Thackeray, Synthe-
sis, characterization and electrochemistry of lithium battery electrodes:
xLi2MnO3·(1 − x)LiMn0.333Ni0.333Co0.333O2 (0 ≤ x ≤ 0.7), Chem. Mater. 20 (19)
(2008) 6095–6106.

[220] G.-Y. Kim, S.-B. Yi, Y.J. Park, H.-G. Kim, Electrochemical behaviors of
Li[Li(1−x)/3Mn(2−x)/3Nix/3Cox/3]O2 cathode series (0 < x < 1) synthesized by
sucrose combustion process for high capacity lithium ion batteries, Mater.
Res. Bull. 43 (2008) 3543–3552.

[221] X.-J. Guo, Y.-X. Li, M. Zheng, J.-M. Zheng, J. Li, Z.-L. Gong,
Y. Yang, Structural and electrochemical characterization of
xLi[Li1/3Mn2/3]O2·(1 − x)Li[Ni1/3Mn1/3Co1/3]O2 (0 ≤ x ≤ 0.9) as cathode
materials for lithium ion batteries, J. Power Sources 184 (2008) 414–419.

[222] S.-H. Kang, M.M. Thackeray, Stabilization of xLi2MnO3·(1 − x)LiMO2 electrode
surfaces (M = Mn, Ni, Co) with mildly acidic, fluorinated solutions, J. Elec-
trochem. Soc. 155 (4) (2008) A269–A275.

[223] J. Gao, A. Manthiram, Eliminating the irreversible capacity loss of
high capacity layered Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode by blending
with other lithium insertion hosts, J. Power Sources 191 (2009) 644–
647.

[224] J.-H. Lim, H. Bang, K.-S. Lee, K. Amine, Y.-K. Sun, Electrochemical charac-
terization of Li2MnO3–Li[Ni1/3Co1/3Mn1/3]O2–LiNiO2 cathode synthesized via
co-precipitation for lithium secondary batteries, J. Power Sources 189 (2009)
571–575.

[225] N.V. Kosova, E.T. Devyatkina, V.V. Kaichev, LiMn2O4 and LiCoO2 composite
cathode materials obtained by mechanical activation, Russ. J. Electrochem.
45 (3) (2009) 277–285.

[226] K.-W. Nam, W.-S. Yoon, H. Shin, K.Y. Chung, S. Choi, X.-Q. Yang, In situ X-ray
diffraction studies of mixed LiMn2O4–LiNi1/3Co1/3Mn1/3O2 composite cath-
ode in Li-ion cells during charge–discharge cycling, J. Power Sources 192
(2009) 652–659.
[227] S.K. Jeong, J.S. Shin, K.S. Nahm, T.P. Kumar, A.M. Stephan, Electrochemical
studies on cathode blends of LiMn2O4 and Li[Li1/15Ni1/5Co2/5Mn1/3O2], Mater.
Chem. Phys. 111 (2008) 213–217.

[228] K.M. Kim, S.H. Lee, S. Kim, Y.-G. Lee, Electrochemical properties of mixed cath-
ode consisting of �m-sized LiCoO2 and nm-sized Li[Co0.1Ni0.15Li0.2Mn0.55]O2

in lithium rechargeable batteries, J. Appl. Electrochem. 39 (2009) 1487–1495.
urces 195 (2010) 939–954

[229] K.-S. Lee, S.-T. Myung, H. Bang, K. Amine, D.-W. Kim, Y.-K. Sun, Effect of pro-
tecting metal oxide (Co3O4) layer on electrochemical properties of spinel
Li1.1Mn1.9O4 as a cathode material for lithium battery applications, J. Power
Sources 189 (2009) 494–498.

[230] X.-R. Deng, G.-R. Hu, K. Du, Z.-D. Peng, X.-G. Gao, Y.-N. Yang, Synthesis and
electrochemical properties of Co,Mn-coated LiNiO2 lithium-ion battery cath-
ode materials, Mater. Chem. Phys. 109 (2008) 469–474.

[231] J. Gao, J. Kim, A. Manthiram, High capacity Li[Li0.2Mn0.54Ni0.13Co0.13]O2–V2O5

composite cathodes with low irreversible capacity loss for lithium ion bat-
teries, Electrochem. Commun. 11 (2009) 84–86.

[232] S. Stewart, P. Albertus, V. Srinivasan, I. Plitz, N. Pereira, G. Amatucci, J. New-
man, Optimizing the performance of lithium titanate spinel paired with
activated carbon or iron phosphate, J. Electrochem. Soc. 155 (3) (2008)
A253–A261.

[233] H.E. Park, I.W. Seong, W.Y. Yoon, Electrochemical behaviors of wax coated Li
powder/Li4Ti5O12 cells, J. Power Sources 189 (2009) 499–502.

[234] J. Shu, Electrochemical behavior and stability of Li4Ti5O12 in a broad voltage
window, J. Solid State Electrochem. 13 (2009) 1535–1539.

[235] H. Kitaura, A. Hayashi, K. Tadanaga, M. Tatsumisago, High-rate performance of
all-solid-state lithium secondary batteries using Li4Ti5O12 electrode, J. Power
Sources 189 (2009) 145–148.

[236] H. Kitaura, A. Hayashi, K. Tadanaga, M. Tatsumisago, Electrochemical anal-
ysis of Li4Ti5O12 electrode in all-solid-state lithium secondary batteries, J.
Electrochem. Soc. 156 (2) (2009) A114–A119.

[237] K. Takada, N. Ohta, L. Zhang, K. Fukuda, I. Sakaguchi, R. Ma, M. Osada, T. Sasaki,
Interfacial modification for high-power solid-state lithium batteries, Solid
State Ionics 179 (2008) 1333–1337.

[238] D.-Q. Liu, X.-Q. Liu, Z.-Z. He, The elevated temperature performance of
LiMn2O4 coated with Li4Ti5O12 for lithium ion battery, Mater. Chem. Phys.
105 (2007) 362–366.

[239] T.-F. Yi, J. Shu, Y.-R. Zhu, A.-N. Zhou, R.-S. Zhu, Structure and electrochemical
performance of Li4Ti5O12-coated LiMn1.4Ni0.4Cr0.2O4 spinel as 5 V materials,
Electrochem. Commun. 11 (2009) 91–94.

[240] H.-W. Lu, L. Yu, W. Zeng, Y.-S. Li, Z.-W. Fu, Fabrication and electrochemi-
cal properties of three-dimensional structure of LiCoO2 fibers, Electrochem.
Solid-State Lett. 11 (8) (2008) A140–A144.

[241] C.P. Fonseca, M.A. Bellei, F.A. Amaral, S.C. Canobre, S. Neves, Synthesis and
characterization of LiMxMn2−xO4 (M = Al, Bi and Cs ions) films for lithium ion
batteries, Energy Convers. Manage. 50 (2009) 1556–1562.

[242] J.B. Heo, S.B. Lee, S.H. Cho, J. Kim, S.H. Park, Y.S. Lee, Synthesis and electro-
chemical characterizations of dual doped Li1.05Fe0.997Cu0.003PO4, Mater. Lett.
63 (2009) 581–583.

[243] M.Y. Song, I.H. Kwon, J. Song, S. Shim, Electrochemical properties of
Li1−z(Ni1−yFey)1+zO2 synthesized by the combustion method in an air atmo-
sphere, J. Appl. Electrochem. 39 (2009) 617–625.

[244] M.Y. Song, I.H. Kwon, Electrochemical properties of LiNi1−yFeyO2 syn-
thesized by the combustion method in O2, J. Alloys Compd., in press,
doi:10.1016/j.jallcom.2009.04.155.

[245] M. Tabuchi, Y. Nabeshima, K. Ado, M. Shikano, K.H. Kageyama, K. Tatsumi,
Material design concept for Fe-substituted Li2MnO3-based positive elec-
trodes, J. Power Sources 174 (2007) 554–559.

[246] M. Tabuchi, Y. Nabeshima, M. Shikano, K. Ado, H. Kageyama, K. Tatsumi, Opti-
mizing chemical composition and preparation conditions for Fe-substituted
Li2MnO3 positive electrode material, J. Electrochem. Soc. 154 (7) (2007)
A638–A648.

[247] S. Rajakumar, R. Thirunakaran, A. Sivashanmugam, J.-I. Yamaki, S. Gopuku-
mara, Electrochemical behavior of LiM0.25Ni0.25Mn1.5O4 as 5 V cathode
materials for lithium rechargeable, J. Electrochem. Soc. 156 (3) (2009)
A246–A252.

[248] J.D. Wilcox, S. Patoux, M.M. Doeff, Structure and electrochemistry of
LiNi1/3Co1/3−yMyMn1/3O2 (M = Ti, Al, Fe) positive electrode materials, J. Elec-
trochem. Soc. 156 (3) (2009) A192–A198.

[249] R. Alcántara, G. Ortiz, J.L. Tirado, R. Stoyanova, E. Zhecheva, Sv. Ivanova, Fe3+

and Ni3+ impurity distribution and electrochemical performance of LiCoO2

electrode materials for lithium ion batteries, J. Power Sources 194 (2009)
494–501.

[250] H. Wang, H. Xia, M.O. Lai, L. Lu, Enhancements of rate capability and cyclic
performance of spinel-LiNi0.5Mn1.5O4 by trace Ru-doping, Electrochem.
Commun. 11 (2009) 1539–1542.

[251] Y. Wang, Y. u Yang, X. Hu, Y. Yang, H. Shao, Electrochemical performance
of Ru-doped LiFePO4/C cathode material for lithium-ion batteries, J. Alloys
Compd. 481 (2009) 590–594.

[252] M.M. Ren, Z. Zhou, L.W. Su, X.P. Gao, LiVOPO4: a cathode material for 4 V
lithium ion batteries, J. Power Sources 189 (2009) 786–789.

[253] R.K. Katiyar, R. Singhal, K. Asmar, R. Valentin, R.S. Katiyar, High voltage spinel
cathode materials for high energy density and high rate capability Li ion
rechargeable batteries, J. Power Sources 194 (2009) 526–530.

[254] M. Aklalouch, J.M. Amarilla, R.M. Rojas, I. Saadoune, J.M. Rojo, Chromium
doping as a new approach to improve the cycling performance at high tem-
perature of 5 V LiNi0.5Mn1.5O4-based positive electrode, J. Power Sources 185

(2008) 501–511.

[255] T.-F. Yi, C.-Y. Li, Y.-R. Zhu, J. Shu, R.-S. Zhu, Comparison of structure and elec-
trochemical properties for 5 V LiNi0.5Mn1.5O4 and LiNi0.4Cr0.2Mn1.4O4 cathode
materials, J. Solid State Electrochem. 13 (2009) 913–919.

[256] Y. Kobayashi, Y. i Mita, S. Seki, Y. Ohno, H. Miyashiro, M. Nakayama, M.
Wakihara, Configurational entropy of lithium manganese oxide and related

http://dx.doi.org/10.1007/s10008-009-0873-7
http://dx.doi.org/10.1016/j.jallcom.2009.04.155


er So

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

J.W. Fergus / Journal of Pow

materials, LiCryMn2−yO4 (y = 0, 0.3), J. Electrochem. Soc. 155 (1) (2008)
A14–A19.

257] C.P. Grey, N. Dupré, NMR studies of cathode materials for lithium-ion
rechargeable batteries, Chem. Rev. 104 (2004) 4493–4512.

258] N.K. Karan, M. Balasubramanian, D.P. Abraham, M.M. Furczon, D.K. Prad-
han, J.J. Saavedra-Arias, R. Thomas, R.S. Katiyar, Structural characteristics
and electrochemical performance of layered Li[Mn0.5−xCr2xNi0.5−x]O2 cathode
materials, J. Power Sources 187 (2009) 586–590.

259] N.K. Karan, D.P. Abraham, M. Balasubramanian, M.M. Furczon, R. Thomas,
R.S. Katiyar, Morphology, structure, and electrochemistry of solution-derived
LiMn0.5−xCr2xNi0.5−xO2 for lithium-ion cells, J. Electrochem. Soc. 156 (7) (2009)
A553–A562.

260] L. Liu, K. Sun, N. Zhang, T. Yang, Improvement of high-voltage cycling behavior
of Li(Ni1/3Co1/3Mn1/3)O2 cathodes by Mg, Cr, and Al substitution, J. Solid State
Electrochem. 13 (2009) 1381–1386.

261] S.Y. Zhan, C.Z. Wang, K. Nikolowski, H. Ehrenberg, G. Chen, Y.J. Wei, Electro-
chemical properties of Cr doped V2O5 between 3.8 V and 2.0 V, Solid State
Ionics 180 (2009) 1198–1203.

262] Y. Chen, Y. Zhao, X. An, J. Liu, Y. Dong, L. Chen, Preparation and electrochem-
ical performance studies on Cr-doped Li3V2(PO4)3 as cathode materials for
lithium-ion batteries, Electrochim. Acta 54 (2009) 5844–5850.

263] Y. Chen, R. Chen, Z. Tang, L. Wang, Synthesis and characterization of Zn-doped
LiCo0.3Ni0.4−xMn0.3ZnxO2 cathode materials for lithium-ion batteries, J. Alloys
Compd. 476 (2009) 539–542.

264] A.Y. Shenouda, H.K. Liu, Studies on electrochemical behaviour of zinc-doped
LiFePO4 for lithium battery positive electrode, J. Alloys Compd. 477 (2009)
498–503.

265] N. Kitamura, H. Iwatsuki, Y. Idemoto, Improvement of cathode performance
of LiMn2O4 as a cathode active material for Li ion battery by step-by-step
supersonic-wave, J. Power Sources 189 (2009) 114–120.

266] R. Guo, P. Shi, X. Cheng, L. Sun, Effect of ZnO modification on the perfor-
mance of LiNi0.5Co0.25Mn0.25O2 cathode material, Electrochim. Acta 54 (2009)
5796–5803.

267] J. Liu, A. Manthiram, Improved electrochemical performance of the 5 V spinel
cathode LiMn1.5Ni0.42Zn0.08O4 by surface modification, J. Electrochem. Soc.
156 (1) (2009) A66–A72.

268] R. Singhal, M.S. Tomar, J.G. Burgo, R.S. Katiyar, Electrochemical performance
of ZnO-coated LiMn1.5Ni0.5O4 cathode material, J. Power Sources 183 (2008)
334–338.

269] B. León, C.P. Vicente, J.L. Tirado, Ph. Biensan, C. Tessier, Optimized chemical
stability and electrochemical performance of LiFePO4 composite materials
obtained by ZnO coating, J. Electrochem. Soc. 155 (3) (2008) A211–A216.

270] X. Li, Y. Xu, Enhanced cycling performance of spinel LiMn2O4 coated with
ZnMn2O4 shell, J. Solid State Electrochem. 12 (2008) 851–855.

271] J. Eom, J. Cho, M3(PO4)2-nanoparticle-coated LiCoO2 vs LiCo0.96M0.04O2

(M = Mg and Zn) on electrochemical and storage characteristics, J. Elec-
trochem. Soc. 155 (3) (2008) A201–A205.

272] H. Tang, F. Zhao, Z.-R. Chang, X.-Z. Yuan, H. Wang, Synthesis and electrochem-
ical properties of high density LiNi0.8Co0.2−xTixO2 for lithium-Ion batteries, J.
Electrochem. Soc. 156 (6) (2009) A478–A482.

273] M.Y. Song, S.N. Kwon, S.-D. Yoon, D.R. Mumm, Electrochemical properties of
LiNi1−yMyO2 (M = Ni, Ga, Al and/or Ti) cathodes synthesized by the combus-
tion method, J. Appl. Electrochem. 39 (2009) 807–814.

274] J. Saint, A.S. Best, A.F. Hollenkamp, J. Kerr, J.-H. Shin, M.M. Doeff, Compatibility
of LixTiyMn1−yO2 (y = 0, 0.11) electrode materials with pyrrolidinium-
based ionic liquid electrolyte systems, J. Electrochem. Soc. 155 (2) (2008)
A172–A180.

275] J.A. Saint, M.M. Doeff, J. Wilcox, Electrode materials with the Na0.44MnO2

structure: Effect of titanium substitution on physical and electrochemical
properties, Chem. Mater. 20 (10) (2008) 3404–3411.

276] L.J. Hardwick, J.A. Saint, I.T. Lucas, M.M. Doeff, R. Kosteckia, FTIR and Raman
study of the LixTiyMn1−yO2 (y = 0, 0.11) cathodes in methylpropyl pyrroli-
dinium bis(fluoro-sulfonyl)imide, LiTFSI electrolyte, J. Electrochem. Soc. 156
(2) (2009) A120–A127.

277] G.Q. Liu, W.S. Yuan, G.Y. Liu, Y.W. Tian, The electrochemical prop-
erties of LiNi0.5Mn1.2Ti0.3O4 compound, J. Alloys Compd., in press,
doi:10.1016/j.jallcom.2009.04.141.

278] S.-H. Wu, M.-S. Chen, C.-J. Chien, Y.-P. Fu, Preparation and characterization
of Ti4+-doped LiFePO4 cathode materials for lithium-ion batteries, J. Power
Sources 189 (2009) 440–444.

279] L. Wu, X.-H. Li, Z.-X. Wang, L.-J. Li, J.-C. Zheng, H.-J. Guo, Q.-Y. Hu, J. Fang,
Synthesis and electrochemical properties of metals-doped LiFePO4 pre-
pared from the FeSO4·7H2O waste slag, J. Power Sources 189 (2009) 681–
684.

280] J.M. Zheng, J. Li, Z.R. Zhang, X.J. Guo, Y. Yang, The effects of TiO2 coating
on the electrochemical performance of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cath-
ode material for lithium-ion battery, Solid State Ionics 179 (2008) 1794–
1799.

281] S. Sivaprakash, S.B. Majumder, Understanding the role of Zr4+ cation
in improving the cycleability of LiNi0.8Co0.15Zr0.05O2 cathodes for Li ion

rechargeable batteries, J. Alloys Compd. 479 (2009) 561–568.

282] H. Liu, C. Li, Q. Cao, Y.P. Wu, R. Holze, Effects of heteroatoms on doped
LiFePO4/C composites, J. Solid State Electrochem. 12 (2008) 1017–1020.

283] N. Meethong, Y.-H. Kao, S.A. Speakman, Y.-M. Chiang, Aliovalent substitutions
in olivine lithium iron phosphate and impact on structure and properties, Adv.
Funct. Mater. 19 (2009) 1060–1070.
urces 195 (2010) 939–954 951

[284] M. Wagemaker, B.L. Ellis, D. Lützenkirchen-Hecht, F.M. Mulder, L.F. Nazar,
Proof of supervalent doping in olivine LiFePO4, Chem. Mater. 20 (22) (2008)
6313–6315.

[285] G.-Y. Kim, Y.J. Park, K.H. Jung, D.-J. Yang, J.W. Lee, H.G. Kim, High-rate, high
capacity ZrO2 coated Li[Li1/6Mn1/2Co1/6Ni1/6]O2 for lithium secondary batter-
ies, J. Appl. Electrochem. 38 (2008) 1477–1481.

[286] S.B. Park, H.C. Shin, W.-G. Lee, W.I. Cho, H. Jang, Improvement of capacity fad-
ing resistance of LiMn2O4 by amphoteric oxides, J. Power Sources 180 (2008)
597–601.

[287] T. Doi, J.-I. Kageura, S. Okada, J.I. Yamaki, Surface modification of
LiNi1/2Mn3/2O4 thin-films by zirconium alkoxide/PMMA composites and their
effects on electrochemical properties, J. Power Sources 185 (2008) 473–479.

[288] W. Luo, J.R. Dahn, Comparative study of Li[Co1−zAlz]O2 prepared by solid
state and coprecipitaion methods, Electrochim. Acta 54 (2009) 4655–
4661.

[289] B. Zhang, G. Chen, P. Xu, C.C. Li, Effect of equivalent and non-equivalent Al sub-
stitutions on the structure and electrochemical properties of LiNi0.5Mn0.5O2,
J. Power Sources 176 (2008) 325–331.

[290] S. Komaba, K. Yoshii, A. Ogata, I. Nakai, Structural, electrochemical behaviors
of metastable Li2/3[Ni1/3Mn2/3]O2 modified by metal element substitution,
Electrochim. Acta 54 (2009) 2353–2359.

[291] B. Zhang, G. Chen, Y. Liang, P. Xu, Structural and electrochemical properties
of LiNi0.5Mn0.5−xAlxO2 (x = 0, 0.02, 0.05, 0.08, and 0.1) cathode materials for
lithium-ion batteries, Solid State Ionics 180 (2009) 398–404.

[292] F. Zhou, X. Zhao, Z. Lu, J. Jiang, J.R. Dahn, The effect of Al substitution on
the reactivity of delithiated LiNi(0.5−z)Mn(0.5−z)A12zO2 with nonaqueous elec-
trolyte, Electrochem. Solid-State Lett. 11 (9) (2008) A155–A157.

[293] Y.-K. Lin, C.-H. Lu, Preparation and electrochemical properties of layer-
structured LiNi1/3Co1/3Mn1/3−yAlyO2, J. Power Sources 189 (2009) 353–358.

[294] F. Zhou, X. Zhao, J.R. Dahn, Synthesis, electrochemical properties, and thermal
stability of Al-doped LiNi1/3Mn1/3Co(1/3−z)AlzO2 positive electrode materials,
J. Electrochem. Soc. 156 (4) (2009) A343–A347.

[295] F. Zhou, X. Zhao, J. Jiang, J.R. Dahn, Advantages of simultaneous substitution
of Co in Li[Ni1/3Mn1/3Co1/3]O2 by Ni and Al, Electrochem. Solid-State Lett. 12
(4) (2009) A81–A83.

[296] J.D. Wilcox, M.M. Doeff, Characterization and electrochemical performance
of substituted LiNi0.4Co0.2−yAlyMn0.4O2 (0 ≤ y ≤ 0.2) cathode materials, ECS
Trans. 11 (29) (2008) 27–33.

[297] S.-W. Woo, S.-T. Myung, H. Bang, D.-W. Kim, Y.-K. Sun, Improvement of
electrochemical and thermal properties of Li[Ni0.8Co0.1Mn0.1]O2 positive elec-
trode materials by multiple metal (Al, Mg) substitution, Electrochim. Acta 54
(2009) 3851–3856.

[298] L. Xiao, Y. Zhao, Y. Yang, Y. Cao, X. Ai, H. Yang, Enhanced electrochemical
stability of Al-doped LiMn2O4 synthesized by a polymer-pyrolysis method,
Electrochim. Acta 54 (2008) 545–550.

[299] W. Luo, J.R. Dahn, Preparation of Co1−zAlz(OH)2(NO3)z layered double hydrox-
ides and Li(Co1−zAlz)O2, Chem. Mater. 21 (1) (2009) 56–62.

[300] T. Sasaki, T. Nonaka, H. Oka, C. Okuda, Y. Itou, Y. Kondo, Y. Takeuchi, Y. Ukyo,
K. Tatsumi, S. Muto, Capacity-fading mechanisms of LiNiO2-based lithium-
ion batteries. I. Analysis by electrochemical and spectroscopic examination,
J. Electrochem. Soc. 156 (4) (2009) A289–A293.

[301] S. Muto, Y. Sasano, K. Tatsumi, T. Sasaki, K. Horibuchi, Y. Takeuchi, Y. Ukyo,
Capacity-fading mechanisms of LiNiO2-based lithium-ion batteries. II. Diag-
nostic analysis by electron microscopy and spectroscopy, J. Electrochem. Soc.
156 (5) (2009) A371–A377.

[302] J. Shim, R. Kostecki, T. Richardson, X. Song, K.A. Striebel, Electrochemical anal-
ysis for cycle performance and capacity fading of a lithium-ion battery cycled
at elevated temperature, J. Power Sources 112 (2002) 222–230.

[303] K. Shizuka, C. Kiyohara, K. Shima, K. Okahara, K. Okamoto, Y. Takeda, Effect of
CO2 on layered Li1+zi1−x−yCoxMyO2 (M = Al, Mn) cathode materials, ECS Trans.
11 (29) (2008) 7–13.

[304] N. Kosova, E. Devyatkina, A. Slobodyuk, V. Kaichev, Surface chemistry study
of LiCoO2 coated with alumina, Solid State Ionics 179 (2008) 1745–1749.

[305] Y. Bai, Y. Yin, N. Liu, B. Guo, H. Shi, J. Liu, Z. Wang, L. Chen, New concept of
surface modification to LiCoO2, J. Power Sources 174 (2007) 328–334.

[306] J. Xiang, C. Chang, L. Yuan, J. Sun, A simple and effective strategy to synthe-
size Al2O3-coated LiNi0.8Co0.2O2 cathode materials for lithium ion battery,
Electrochem. Commun. 10 (2008) 1360–1363.

[307] G.T.-K. Fey, C.-S. Chang, T.P. Kumar, Synthesis and surface treatment of
LiNi1/3Co1/3Mn1/3O2 cathode materials for Li-ion batteries, J. Solid State Elec-
trochem., in press, doi:10.1007/s10008-008-0772-3.

[308] H. Lee, H.-J. Kim, D. Kim, S. Choi, Expanding performance limit of lithium-ion
batteries simply by mixing Al(OH)3 powder with LiCoO2, J. Power Sources 176
(2008) 359–362.

[309] Z. Yang, W. Yang, D.G. Evans, Y. Zhao, X. Wei, The effect of a Co–Al mixed
metal oxide coating on the elevated temperature performance of a LiMn2O4

cathode material, J. Power Sources 189 (2009) 1147–1153.
[310] J.-M. Chen, Y.-D. Cho, C.-L. Hsiao, G.T.-K. Fey, Electrochemical studies on

LiCoO2 surface coated with Y3Al5O12 for lithium-ion cells, J. Power Sources
189 (2009) 279–287.
[311] C.-Z. Lu, J.-M. Chen, Y.-D. Cho, W.-H. Hsu, P. Muralidharana, G.T.-K. Fey, Elec-
trochemical performance of LiCoO2 cathodes by surface modification using
lanthanum aluminum garnet, J. Power Sources 184 (2008) 392–401.

[312] Y.-K. Sun, S.-T. Myung, B.-C. Park, H. Yashiro, Improvement of the electro-
chemical properties of Li[Ni0.5Mn0.5]O2 by AlF3 coating, J. Electrochem. Soc.
155 (10) (2008) A705–A710.

http://dx.doi.org/10.1016/j.jallcom.2009.04.141
http://dx.doi.org/10.1007/s10008-008-0772-3


9 er So
52 J.W. Fergus / Journal of Pow

[313] J.M. Zheng, Z.R. Zhang, X.B. Wu, Z.X. Dong, Z. Zhu, Y. Yang, The effects of
AlF3 coating on the performance of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 positive elec-
trode material for lithium-ion battery, J. Electrochem. Soc. 155 (10) (2008)
A775–A782.

[314] H.-B. Kim, B.-C. Park, S.-T. Myung, K. Amine, J. Prakash, Y.-K. Sun, Electro-
chemical and thermal characterization of AlF3-coated Li[Ni0.8Co0.15Al0.05]O2

cathode in lithium-ion cells, J. Power Sources 179 (2008) 347–
350.

[315] G.G. Amatucci, N. Pereira, Fluoride based electrode materials for advanced
energy storage devices, J. Fluorine Chem. 128 (2007) 243–262.

[316] Y. Wu, A.V. Murugan, A. Manthiram, Surface modification of high capacity
layered Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathodes by AlPO4, J. Electrochem. Soc.
155 (9) (2008) A635–A641.

[317] Y. Zeng, J. He, Surface structure investigation of LiNi0.8Co0.2O2 by AlPO4

coating and using functional electrolyte, J. Power Sources 189 (2009) 519–
521.

[318] Y. Kim, Y. Hong, K.S. Ryu, M.G. Kim, J. Cho, Structural changes of bare and
AlPO4-coated LixCoO2 (x = 0.24 and 0.1) upon thermal annealing ≥200 ◦C, J.
Power Sources 179 (2008) 780–784.

[319] Y.-K. Sun, S.-T. Myung, C.S. Yoon, D.-W. Kim, Improvement of high voltage
cycling performances of Li[Ni1/3Co1/3Mn1/3]O2 at 55 ◦C by a (NH4)3AlF6 coat-
ing, Electrochem. Solid-State Lett. 12 (8) (2009) A163–A166.

[320] D. Arumugam, G.P. Kalaignan, P. Manisankar, Synthesis and electrochemical
characterizations of nano-crystalline LiFePO4 and Mg-doped LiFePO4 cathode
materials for rechargeable lithium-ion batteries, J. Solid State Electrochem. 13
(2009) 301–307.

[321] X. Ou, G. Liang, L. Wang, S. Xu, X. Zhao, Effects of magnesium doping on elec-
tronic conductivity and electrochemical properties of LiFePO4 prepared via
hydrothermal route, J. Power Sources 184 (2008) 543–547.

[322] C.N. Zaheena, C. Nithya, R. Thirunakaran, A. Sivashanmugam, S. Gopukumar,
Microwave assisted synthesis, electrochemical behaviour of LiMg0.1Co0.9O2

for lithium rechargeable batteries, Electrochim. Acta 54 (2009) 2877–2882.
[323] J. Xiang, C. Chang, F. Zhang, J. Sun, Effects of Mg doping on the electrochemical

properties of LiNi0.8Co0.2O2 cathode material, J. Alloys Compounds 475 (2009)
483–487.

[324] J. Xiang, C. Chang, F. Zhang, J. Sun, Rheological phase synthesis and elec-
trochemical properties of Mg-doped LiNi0.8Co0.2O2 cathode materials for
lithium-ion battery, J. Electrochem. Soc. 155 (7) (2008) A520–A525.

[325] Y. Gu, D. Chen, X. Jiao, F. Liu, LiCoO2–MgO coaxial fibers: co-electrospun fab-
rication, characterization and electrochemical properties, J. Mater. Chem. 17
(2007) 1767–1776.

[326] Z. Yang, W. Yang, Z. Tang, Pillared layered Li1−2xCaxCoO2 cathode materi-
als obtained by cationic exchange under hydrothermal conditions, J. Power
Sources 184 (2008) 561–577.

[327] Y.-D. Cho, G.T.-K. Fey, H.-M. Kao, Physical and electrochemical properties of
La-doped LiFePO4/C composites as cathode materials for lithium-ion batter-
ies, J. Solid State Electrochem. 12 (2008) 815–823.

[328] D. Li, Y. Huang, D. Jia, Z. Guo, S.-J. Bao, Synthesis and electrochemical prop-
erties of nanosized carbon-coated Li1−3xLaxFePO4 composites, J. Solid State
Electrochem., in press, doi:10.1007/s10008-009-0875-5.

[329] P. Ghosh, S. Mahanty, R.N. Basu, Lanthanum-doped LiCoO2 cathode with high
rate capability, Electrochim. Acta 54 (2009) 1654–1661.

[330] Y. Liu, C. Mi, C. Yuan, X. Zhang, Improvement of electrochemical and thermal
stability of LiFePO4 cathode modified by CeO2, J. Electroanal. Chem. 628 (2009)
73–80.

[331] A. Sakuda, H. Kitaura, A. Hayashi, K. Tadanaga, M. Tatsumisago, Modification
of interface between LiCoO2 electrode and Li2S–P2S5 solid electrolyte using
Li2O–SiO2 glassy layers, J. Electrochem. Soc. 156 (1) (2009) A27–A32.

[332] A. Sakuda, H. Kitaura, A. Hayashi, K. Tadanaga, M. Tatsumisago, Improvement
of high-rate performance of all-solid-state lithium secondary batteries using
LiCoO2 coated with Li2O–SiO2 glasses, Electrochem. Solid-State Lett. 11 (1)
(2008) A1–A3.

[333] A. Sakuda, H. Kitaura, A. Hayashi, K. Tadanaga, M. Tatsumisago, All-solid-state
lithium secondary batteries with oxide-coated LiCoO2 electrode, Li2S-P2S5

electrolyte, J. Power Sources 189 (2009) 530–627.
[334] F. Wu, M. Wang, Y. Su, S. Chen, Surface modification of LiCo1/3Ni1/3Mn1/3O2

with Y2O3 for lithium-ion battery, J. Power Sources 189 (2009) 743–747.
[335] D. Arumugam, G.P. Kalaignan, Synthesis and electrochemical characteri-

zations of Nano-SiO2-coated LiMn2O4 cathode materials for rechargeable
lithium batteries, J. Electroanal. Chem. 624 (2008) 197–204.

[336] J.-P. Yu, X.-H. Hu, H. Zhan, Y.-H. Zhou, Sb2O3-modified Li1.1CoO2 phase as cath-
ode material for lithium ion battery, J. Power Sources 189 (2009) 697–701.

[337] C.L. Tan, H.J. Zhou, W.S. Li, X.H. Hou, D.S. Lü, M.Q. Xu, Q.M. Huang, Performance
improvement of LiMn2O4 as cathode material for lithium ion battery with
bismuth modification, J. Power Sources 184 (2008) 408–413.

[338] S. Guo, S. Zhang, X. He, W. Pu, C. Jiang, C. Wan, Synthesis and characterization
of Sn-doped LiMn2O4 cathode materials for rechargeable Li-ion batteries, J.
Electrochem. Soc. 155 (10) (2008) A760–A763.

[339] D.-G. Tong, Y.-Y. Luo, W. Chu, Y. He, X.-Y. Ji, Synthesis and characterization of
LiCo0.3RhxNi0.7−xO2 (0 ≤ x ≤ 0.003) cathode materials for lithium ion batteries,

Mater. Chem. Phys. 105 (2007) 47–52.

[340] Z. Su, Z.W. Lu, X.P. Gao, P.W. Shen, X.J. Liu, J.Q. Wang, Preparation and electro-
chemical properties of indium- and sulfur-doped LiMnO2 with orthorhombic
structure as cathode materials, J. Power Sources 189 (2009) 411–414.

[341] T. Nakajima, Surface modification of carbon anodes for secondary lithium
battery by fluorination, J. Fluorine Chem. 128 (2007) 277–284.
urces 195 (2010) 939–954

[342] N. Pereira, F. Badway, M. Wartelsky, S. Gunn, G.G. Amatucci, Iron oxyfluorides
as high capacity cathode materials for lithium batteries, J. Electrochem. Soc.
156 (6) (2009) A407–A416.

[343] I.D. Gocheva, I. Tanaka, T. Doi, S. Okada, J.-I. Yamaki, A new iron oxyfluoride
cathode active material for Li-ion battery, Fe2OF4, Electrochem. Commun. 11
(2009) 1583–1585.

[344] G. Du, Y. NuLi, J. Yang, J. Wang, Fluorine-doped LiNi0.5Mn1.5O4 for 5 V cath-
ode materials of lithium-ion battery, Mater. Res. Bull. 43 (2008) 3607–
3613.

[345] K. Matsumoto, T. Fukutsuka, T. Okumura, Y. Uchimoto, K. Amezawa, M. Inaba,
A. Tasaka, Electronic structures of partially fluorinated lithium manganese
spinel oxides and their electrochemical properties, J. Power Sources 189
(2009) 599–601.

[346] Y.-S. He, L. Pei, X.-Z. Liao, Z.-F. Ma, Synthesis of LiNi1/3Co1/3Mn1/3O2−zFz cath-
ode material from oxalate precursors for lithium ion battery, J. Fluorine Chem.
128 (2007) 139–143.

[347] L. Croguennec, J. Bains, M. Ménétrier, A. Flambard, E. Bekaert, C. Jordy, P. Bien-
san, C. Delmas, Synthesis of “Li1.1(Ni0.425Mn0.425Co0.15)0.9O1.8F0.2” materials by
different routes: Is there fluorine substitution for oxygen? J. Electrochem. Soc.
156 (5) (2009) A349–A355.

[348] J. Li, L. Wang, Q. Zhang, X. He, Electrochemical performance of SrF2-coated
LiNi1/3Co1/3Mn1/3O2 cathode materials for Li-ion batteries, J. Power Sources
190 (2009) 149–153.

[349] J. Morales, R. Trócoli, E. Rodríguez-Castellón, S. Franger, J. Santos-Peña, Effect
of C and Au additives produced by simple coaters on the surface and the
electrochemical properties of nanosized LiFePO4, J. Electroanal. Chem. 631
(2009) 29–35.

[350] P. Ghosh, S. Mahanty, R.N. Basu, Effect of silver addition on the properties
of combustion synthesized nanocrystalline LiCoO2, Mater. Chem. Phys. 110
(2008) 406–410.

[351] R. Guo, P. Shi, X. Cheng, Y. Ma, Z. Tan, Effect of Ag additive on the perfor-
mance of LiNi1/3Co1/3Mn1/3O2 cathode material for lithium ion battery, J.
Power Sources 189 (2009) 2–8.

[352] B. Lin, Z. Wen, J. Han, X. Wu, Electrochemical properties of carbon-coated
Li[Ni1/3Co1/3Mn1/3]O2 cathode material for lithium-ion batteries, Solid State
Ionics 179 (2008) 1750–1753.

[353] T.J. Patey, R. Büchel, S.H. Ng, F. Krumeich, S.E. Pratsinis, P. Novák, Flame co-
synthesis of LiMn2O4 and carbon nanocomposites for high power batteries, J.
Power Sources 189 (2009) 149–154.

[354] N.M. Hagh, G.G. Amatucci, Electrochemical performance of nanostructured
LiMn1.5Ni0.5O4 spinel at elevated temperature, ECS Trans. 11 (29) (2008)
21–26.

[355] C.-Z. Lu, G.T.-K. Fey, H.-M. Kao, Study of LiFePO4 cathode materials coated
with high surface area carbon, J. Power Sources 189 (2009) 155–162.

[356] J.L. Jones, J.-T. Hung, Y.S. Meng, Intermittent X-ray diffraction study of kinet-
ics of delithiation in nano-scale LiFePO4, J. Power Sources 189 (2009) 702–
705.

[357] H. Joachin, T.D. Kaun, K. Zaghib, J. Prakash, Electrochemical and thermal stud-
ies of carbon-coated LiFePO4 cathode, J. Electrochem. Soc. 156 (6) (2009)
A401–A406.

[358] Y.-D. Cho, G.T.-K. Fey, H.-M. Kao, The effect of carbon coating thickness on
the capacity of LiFePO4/C composite cathodes, J. Power Sources 189 (2009)
256–262.

[359] H.H. Li, J. Jin, J.P. Wei, Z. Zhou, J. Yan, Fast synthesis of core-shell LiCoPO4/C
nanocomposite via microwave heating and its electrochemical Li intercala-
tion performances, Electrochem. Commun. 11 (2009) 95–98.

[360] E.M. Jin, B. Jin, D.-K. Jun, K.-H. Park, H.-B. Gu, K.-W. Kim, A study on the elec-
trochemical characteristics of LiFePO4 cathode for lithium polymer batteries
by hydrothermal method, J. Power Sources 178 (2008) 801–806.

[361] Y.L. Cao, L.H. Yu, T. Li, X.P. Ai, H.X. Yang, Synthesis and electrochemi-
cal characterization of carbon-coated nanocrystalline LiFePO4 prepared by
polyacrylates-pyrolysis route, J. Power Sources 172 (2007) 913–918.

[362] H.-P. Liu, Z.-C. Wang, X.-H. Li, H.-J. Guo, W.-J. Peng, Y.-H. Zhang, Q.-Y. Hu,
Synthesis and electrochemical properties of olivine LiFePO4 prepared by a
carbothermal reduction method, J. Power Sources 184 (2008) 469–472.

[363] L. Zhang, X. Lv, Y. Wen, F. Wang, H. Su, Carbon combustion synthesis of
LiNi0.5Mn1.5O4 and its use as a cathode material for lithium ion batteries,
J. Alloys Compd. 480 (2009) 802–805.

[364] A.P. Tang, X.Y. Wang, S.Y. Yang, J.Q. Cao, Synthesis and electrochemical prop-
erties of monoclinic Li3V2(PO4)3/C composite cathode material prepared
from a sucrose-containing precursor, J. Appl. Electrochem. 38 (2008) 1453–
1457.

[365] X. Yan, G. Yang, J. Liu, Y. Ge, H. Xie, X. Pan, R. Wang, An effective and simple way
to synthesize LiFePO4/C composite, Electrochim. Acta 54 (2009) 5770–5774.

[366] B. Jin, E.M. Jin, K.-H. Park, H.-B. Gu, Electrochemical properties of LiFePO4-
multiwalled carbon nanotubes composite cathode materials for lithium
polymer battery, Electrochem. Commun. 10 (2008) 1537–1540.

[367] B. Jin, H.-B. Gu, W. Zhang, K.-H. Park, G. Sun, Effect of different carbon con-
ductive additives on electrochemical properties of LiFePO4-C/Li batteries, J.
Solid State Electrochem. 12 (2008) 1549–1554.
[368] M.S. Bhuvaneswari, N.N. Bramnik, D. Ensling, H. Ehrenberg, W. Jaegermann,
Synthesis and characterization of carbon nano fiber/LiFePO4 composites for
Li-ion batteries, J. Power Sources 180 (2008) 553–560.

[369] Y. Liu, X. Li, H. Guo, Z. Wang, W. Peng, Y. Yang, R. Liang, Effect of carbon
nanotube on the electrochemical performance of C-LiFePO4/graphite battery,
J. Power Sources 184 (2008) 522–526.

http://dx.doi.org/10.1007/s10008-009-0875-5


er So

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

J.W. Fergus / Journal of Pow

370] D. Rangappa, M. Ichihara, T. Kudo, I. Honma, Surface modified LiFePO4/C
nanocrystals synthesis by organic molecules assisted supercritical water pro-
cess molecules assisted supercritical water process, J. Power Sources 194
(2009) 1036–1042.

371] B. Jin, H.-B. Gu, K.-W. Kim, Effect of different conductive additives on
charge/discharge properties of LiCoPO4/Li batteries, J. Solid State Elec-
trochem. 12 (2008) 105–111.

372] S.-B. Ma, K.-W. Nam, W.-S. Yoon, S.-M. Bak, X.-Q. Yang, B.-W. Cho, K.-B. Kim,
Nano-sized lithium manganese oxide dispersed on carbon nanotubes for
energy storage applications, Electrochem. Commun. 11 (2009) 1575–1578.

373] X.H. Rui, C. Li, C.H. Chen, Synthesis and characterization of carbon coated
Li3V2(PO4)3 cathode materials with different carbon sources, Electrochim.
Acta 54 (2009) 3374–3380.

374] Z.-Y. Chen, H.-L. Zhu, S. Ji, R. Fakir, V. Linkov, Influence of carbon sources on
electrochemical performances of LiFePO4/C composites, Solid State Ionics 179
(2008) 1810–1815.

375] G. Liang, L. Wang, X. Ou, X. Zhao, S. Xu, Lithium iron phosphate with high-rate
capability synthesized through hydrothermal reaction in glucose solution, J.
Power Sources 184 (2008) 538–542.

376] X. Zhou, Y. Liu, Y. Guo, Effect of reduction agent on the performance of
Li3V2(PO4)3/C positive material by one-step solid state reaction, Electrochim.
Acta 54 (2009) 2253–2258.

377] G.T.-K. Fey, T.-L. Lu, Morphological characterization of LiFePO4/C composite
cathode materials synthesized via a carboxylic acid route, J. Power Sources
178 (2008) 807–814.

378] G.T.-K. Fey, T.-L. Lu, F.-Y. Wu, W.-H. Li, Carboxylic acid-assisted solid-state
synthesis of LiFePO4/C composites and their electrochemical properties as
cathode materials for lithium-ion batteries, J. Solid State Electrochem. 12
(2008) 825–833.

379] C. Sisbandini, D. Brandell, T. Gustafsson, J.O. Thomas, Effect of short-chain
amine coatings on the performance of LiFePO4 Li-ion battery cathodes, Elec-
trochem. Solid-State Lett. 12 (5) (2009) A99–A101.
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