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Who will drive electric vehicles, olivine or spinel?
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Lithium iron phosphate olivine (LFP) and lithium manganese oxide spinel (LMO) are competitive and

complementary to each other as cathode materials for lithium ion batteries, especially for use in hybrid

electric vehicles and electric vehicles. Interest in these materials, due to their low cost and high safety,

has pushed research and development forward and toward high performance in terms of rate capability

and capacity retention or cyclability at a high temperature of around 60 �C. From the view point of

basic properties, LFP shows a higher gravimetric capacity while LMO has better conductivities, both

electrically and ionically. According to our comparison experiments, depending on the material

properties and operational potential window, LFP was favored for fast charging while LMO led to

better discharge performances. Capacity fading at high temperatures due to metal dissolution was

revealed to be the most problematic issue of LFP and LMO-based cells for electric vehicles (EVs), with

thicker electrodes, in the case of no additives in the electrolyte and no coating to prevent metal

dissolution on cathode materials. Various strategies to enhance the properties of LFP and LMO are

ready for the realization of EVs in the near future.
1. Introduction

Rechargeable batteries based on lithium ions are considered as

the most dominant technology in the field of energy storage due

to their high energy density. Since lithium ion batteries (LIBs)

were introduced into market, the application targets have

evolved from small mobile devices such as camcorders, cell

phones, digital cameras and laptop computers, to large-scale

applications including hybrid electric vehicles (HEVs), electric

vehicles (EVs) and stationary energy storage wells.

Obviously, much concern is devoted to HEV or EV applica-

tions of LIBs. It must be one of the main issues to choose cathode

materials in terms of energy density, power density (rate capa-

bility), cycle life (stability), safety and cost (material and process
i-School of Green Energy, UNIST (Ulsan National Institute of Science &
Technology), Ulju, Ulsan, 689-798, Korea. E-mail: philiphobi@unist.ac.
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Broader context

Recently, applications of the lithium ion batteries (LIBs) have ext

(EVs), and one of the main issues for such applications is to enha

density, power density (rate capability), cycle life (stability), safety a

with a spinel structure (LMO spinel, LiMn2O4) and lithium iron p

being competitively developed for the target fields. Interest in thes

research and development forward and toward high performance in

a high temperature of around 60 �C.
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costs). Lithium manganese oxide with a spinel structure (LMO

spinel, LiMn2O4) and lithium iron phosphate with an olivine

structure (LFP olivine, LiFePO4) are being competitively devel-

oped for the target fields. The main stream of cathode materials is

LMO spinel from Korea and Japan, and LFP olivine from China

and the USA.

The dominant factor of these materials is low price and good

safety, compared with conventional cathode materials popularly

used in portable electronics applications (e.g. LiCoO2). LMO

spinel and LFP olivine have their own merits relative to their

counterparts when compared with one another (Table 1).

We believe that it is time to review those strongest candidates

as cathode materials for electric vehicles. Merits and demerits of

their intrinsic properties will be compared bibliographically and

experimentally, and then ways to overcome the demerits will be

discussed based on a survey of technical literature. It will be

concluded with what will be a practical solution or direction for

the immediate future.
ended to hybrid electric vehicles (HEVs), and electric vehicles

nce the performances of cathode materials in terms of energy

nd cost (material and process costs). Lithium manganese oxide

hosphate with an olivine structure (LFP olivine, LiFePO4) are

e materials, due to their low cost and high safety, has pushed

terms of rate capability and capacity retention or cyclability at
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Table 1 Intrinsic material properties of LMO spinel versus LFP olivinea

LMO spinel LiMn2O4 LFP olivine LiFePO4

Working potential (V vs. Li/Li+) 4.0–4.2 (Up to 80% Li+ use) 3.45
3.0 (Additional Li+ use, practically

meaningless)
Capacity at low C rates (<0.1 C)

(mA h g�1)
148 (Theoretical) 170 (Theoretical)
100–130 (Practical) 150 (Practical)

Energy density (W h kg�1) 607 (Theoretical) 590 (Theoretical)
410–530 (Practical) 520 (Practical)

Electrical conductivity1 (S cm�1) 10�4 10�9 to �8

Ionic conductivity1–3 (S cm�1) 10�6 10�11 to �9

Ionic diffusivity4–7 (cm2 sec�1) 10�11 to �9 10�17 to �12

10�8 to �7 (calculated)
Cost ($ kg�1) 10–15 Low 20–25 Possibly low, but limited by

patent issues and process costb

a Properties related to electronic and ionic transport are the values at room temperature. b More sophisticated synthesis techniques are required,
including preparation of nano-sized materials to overcome low conductivities and protecting oxidation of Fe2+ during thermal treatment.

D
ow

nl
oa

de
d 

by
 U

ls
an

 N
at

io
na

l I
ns

tit
ut

e 
of

 S
ci

en
ce

 &
 T

ec
hn

ol
og

y 
(U

N
IS

T
) 

on
 0

4 
M

ay
 2

01
1

Pu
bl

is
he

d 
on

 1
6 

Fe
br

ua
ry

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0E
E

00
55

9B
View Online
2. Material properties

2.1 Basic properties

LiMn2O4 spinels are promising materials for medium and large

size Li-ion batteries as power sources of HEVs or EVs, and have

been extensively studied and commercially used because of lower

costs, high rate capability and higher thermal stability compared

to LiCoO2 and LiNi1�xMxO2 materials.8–12 However, the main

problem for the application of spinel materials is capacity fading

at elevated temperatures, above 60 �C,13–17 which is due to Mn

dissolution via the disproportion reaction proposed by Hunt

et al.:18 2Mn3+ / Mn2+ + Mn4+.

In the ideal spinel LiMn2O4 structure, oxygen atoms form

a face-centered cubic packing structure and occupy 32e sites of

the space group of Fd3m (Fig. 1a). The Li atoms are located in

the tetragonal 8a sites, while the Mn atoms occupy the octahe-

dral 16d sites, and the octahedral 16c sites remain empty. The 8a

and 16c sites form a three-dimensional pathway for lithium

diffusion. When the lithium mole fraction exceeds 1

(Li1+xMn1�yO4), the lithium ions enter the vacant 16c sites.
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Another type of spinel is 5 V LiNi1.5Mn0.5O4. In order to

improve its structural instability, substitution of transition

metals (M¼ transition metal) into the Mn sites in LiMxMn2�xO4

has been investigated intensively.19–22 Among the transition

metals, LiNi0.5Mn1.5O4 spinel exhibited an additional �4.7 V

plateau due to the presence of a Ni2+/Ni4+ redox pair, thus

delivering >100 mA h g�1 reversible capacity. However, due to its

high operation voltage, the electrolyte is easily oxidized, there-

fore much more work should be accomplished before its use in

EVs. Therefore, in this review, 5 V spinels are not discussed any

further.

For LiFePO4, the olivine compound consists of distorted

FeO6, LiO6, and PO4 units (Fig. 1b), and there is no continuous

network of edge-sharing FeO6 octahedra to reduce the electronic

conductivity, which is polaronic in the mixed-valence state. The

electrochemical charge/discharge potential profile is very flat and

located at 3.45 V vs. Li/Li+, and its theoretical capacity is rela-

tively high (170 mA h g�1) compared to LiMn2O4 spinel (148 mA

h g�1). However, one of the main problems of the LiFePO4

olivine is the low electronic conductivity. The electrical
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Fig. 2 SEM images of the LiFePO4 (carbon content 2 wt%) and

Li1.1Mn1.91Al0.09O4 spinel particles.

Fig. 1 Crystal structure of (a) LiMn2O4 (LMO), (b) Li1+xMn2�xO4 and

(c) LiFePO4 (LFP).

Fig. 3 Powder XRD patterns of LiFePO4 (carbon content 2 wt%) and

Li1.1Mn1.91Al0.09O4 spinel particles.
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conductivity and lithium ion diffusivity are two of the most

important properties responsible for the electrochemical perfor-

mance of the battery cathode. Low conductivity may lead to

a poor rate capability because it provides a kinetic limitation and

induces polarization during the lithium intercalation and dein-

tercalation.

Fig. 2 shows some SEM images of the LiFePO4 (carbon

content 2 wt%) and Li1.1Mn1.91Al0.09O4 spinel particles. LFP

particles consist of dispersed nanoparticles of approximately 100

nm diameter, and an inset confirms the formation of a turbo-

static carbon coating layer with a thickness of 4 nm. On the other

hand, LMO consists of spherical particles with an average

particles size of �15–20 mm, in which each particle consists of

octahedral primary particles with sizes of 1–3 mm. Powder XRD

patterns of both particles show the formation of pure olivine and

spinel phases without any impurities (Fig. 3).

During storage, delivery and processing, the active materials

are exposed to air and moisture, and the water contents of as-

prepared LMO and LFP were 70 and 100 ppm, respectively. To

minimize the air-exposure, both samples were kept in a dry-box.

In particular, the Fe2+ ions in LFP are easily corroded (oxidized)

in presence of oxygen and water in air, therefore carbon coating

was essential. Slurry preparation and the electrode coating

processes of those materials were done under a relative humidity

of <30%.
Fig. 4 Mechanisms of Mn3+ dissolution.
2.2 Mn3+ dissolution of LMO

Two possible Mn3+ dissolution mechanisms have been proposed

(Fig. 4). One suggests that surface water molecules (Mn–OH)
This journal is ª The Royal Society of Chemistry 2011 Energy Environ. Sci., 2011, 4, 1621–1633 | 1623
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Fig. 5 TOF-SIMS spectra of EV-LMO electrodes before and after 100

cycles at 60 �C.
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react with LiPF6 by a cation exchange reaction and HF mole-

cules are formed according to a series of reactions:16,23

LiPF6 4 LiF(s) + PF5

PF5 + H2O 4 POF3 + 2HF

POF3 + H2O 4 PO2F2H + HF

PO2F2H + H2O 4 PO3FH2 + HF

PO3FH2 + H2O 4 PO4H3 + HF

Here, H+ ions in HF produce MnO and MnO2 according to

2LiMn2O4 + 4H+ / 3MnO2 + MnO + Li2O + 2H2O.24 Also, in

a similar manner, since the HF environment is corrosive, MnF2

formation is possible according to the following reaction:25

2LiMn2O4 + 4H+ + 4F� / 3MnO2 + MnF2 + 2LiF + 2H2O

However, in charged states at an elevated temperature, PF6
� ions

are apt to reduce to PF5
�, and therefore Mn4+ ions are more apt

to reduce to Mn3+, as follows:

LiPF6 / PF5 + e�

Mn4+ + e� / Mn3+

This is why Mn dissolution is accelerated at elevated tempera-

tures, whilst simultaneously spinel turns into defective spinels

with Mn4+ (Li2MnO3 and Li4Mn5O12).24,26

The possible formation of MnF2 was observed by Quinlan

et al.27 X-Ray photoelectron spectroscopy of the LixMn2O4

particles after storage at 70 �C for 2 days showed the MnF2 peak

at 684.6 eV, but its peak is overlapped with LiF peak. Fig. 5

shows TOF-SIMS (Time of Flight Secondary Ion Mass Spec-

trometry) spectra of EV-LMO electrodes before and after

100 cycles at 60 �C, and an MnF+ peak is clearly observed at

�79 m/Z, which is the first evidence for the formation of MnF2

on the particle surface.
2.3 Instability of LFP at high temperatures

One of the reasons that LFP olivine is a promising cathode

material is its thermal stability. The thermal stability of LFP (not

in cells but the material itself) will be shown in the following

section, which is proven by the lack of clear exothermal peaks

and distinguishable structural change, at least up to 500 �C.

However, the thermal stability of LFP in an electrolyte, even

under applied potential during charge/discharge processes,

cannot be guaranteed by the thermal stability of materials.
1624 | Energy Environ. Sci., 2011, 4, 1621–1633
Iltchev et al. compared LFP with LMO in terms of their

solubility in an electrolyte (1 M LiPF6 in EC : DMC (1 : 1)) at

room temperature, 65 �C and 80 �C.28 Results suggested that the

thermal stability of LFP is superior to that of LMO in the case of

no applied potential. No evidence of significant Fe dissolution

was found at any temperature, independent of storage time (up

to 4 days), while very significant amounts of Mn in the electrolyte

were detected at 60 �C (100 ppm) and at 85 �C (450 ppm) after

4 days of storage.

Contradicting results on the solubilization were reported by

Koltypin et al., which supported the feasibility of Fe dissolution

in an electrolyte: 40% of atomic iron was dissolved from LFP at

60 �C after 20 days of storage in the same electrolyte as used by

Iltchev et al.29 Fe was not found in the electrolyte at room

temperature. For an exact comparison, 8% loss is expected after

4 days of storage. Amine et al. also reported that metal disso-

lution is more serious in LFP at 55 �C than in LMO: �600 ppm

Fe2+ dissolution from non-coated or carbon-coated LFP after

a week of aging in 1.2 M LiPF6 in EC : EMC (3 : 7) versus 64

ppm from LMO after four weeks of aging in 1.2 M LiPF6 in

EC : DEC (1 : 1).30,31

Various electrolytes have been tested in the presence of addi-

tives.29 The most serious Fe dissolution was observed in the same

electrolyte with 100 ppm H2O. It is well known that HF forms via

the unwanted reaction between LiPF6 and a trace of water

(reactions shown in Section 2.2). Fe dissolution is initiated by the

mechanism of ion exchange between acidic protons and iron ions

(2H+ 4 Fe2+). By adding an acid scavenger such as Li2CO3, the

problem is overcome: Li2CO3 + 2HF 4 2LiF + H2CO3. Also,

the use of non-fluorinated salts such as LiClO4,29 and

LiB(C2O4)2,30 is helpful to suppress the metal dissolution.

Amine et al. investigated capacity fading of LFP-based cells at

55 �C.30 They reported the change of discharge capacity with

cycles for three different cells. The first cell (carbon-coated LFP

with Li metal as an anode in an unknown electrolyte) showed

very good cyclability up to 100 cycles. However, the other two

cells (non-coated or carbon-coated LFP with MCMB carbon in

1.2 M LiPF6 in EC : EMC (3 : 7)) showed serious capacity fading

to 70% loss at the 100th cycle (DQ100 (graphite, 55 �C, 1.2 M, 3 : 7

EC : EMC)¼ 70%). Even if the reason for the good cyclability of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 DSC scans of (a) Li0.05FePO4 and (b) Li0.05Mn2O4 cathodes

between 50 �C and 500 �C at rate of 10 �C min�1. All the electrodes were

soaked with the electrolytes.
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the first cell was not discussed, the work concluded that Fe

dissolution can cause serious capacity fading. Fe dissolution-

induced capacity fading was confirmed in other works: DQ100

(graphite, 55 �C, 1 M, 1 : 2 EC : MEC) ¼ 25%;32 DQ200 (Li,

55 �C, 1 M, 1 : 2 EC : MEC) ¼ 20%;32 DQ100 (graphite, 60 �C, 1

M, 1 : 1 EC : DEC) ¼ 50%.33

The increase of impedance and the decrease of capacity with

cycles at high temperature (usually tested at 55 �C or 60 �C)

originate from Fe dissolution, causing the following changes:

(i) The structure of a portion of LFP is changed from olivine to

an amorphous phase with the loss of Fe2+.29

(ii) A passive layer is formed on the surface of LFP by the

reaction between HF and LFP.29,32 The surface layer consists of

inorganic compounds such as LiF, LixPFy and LiPOyFz, and

organic species such as carbonyl-containing surface compounds.

LiF film is highly resistant to Li+ migration.

(iii) Anodes are passivated by a thick solid–electrolyte inter-

phase (SEI) layer that is formed catalytically by Fe metal

deposited on the anodes.30,32

In addition to the use of inorganic additives (Li2CO3) or the

replacement of LiPF6 with other salts as mentioned above,

a more practical solution to overcome the Fe dissolution has

been proposed. Vinylene carbonate (VC), the popular solid–

electrolyte interphase layer forming agent for graphite anodes,

was used as an organic additive in the electrolyte to suppress

metal dissolution.32 Minor capacity loss was investigated

compared with its without-VC counterpart: DQ1000 (graphite,

55 �C, 1 M, 1 : 2 EC : MEC)¼ 20%;32 DQ200 (Li, 55 �C, 1 M, 1 : 2

EC : MEC) ¼ 20%.32 The use of VC prohibited the formation of

Fe dissolution-related layers on cathodes and anodes. While the

use of VC is a solution on the electrolyte side, AlF3 coating on

LFP particles is the electrode solution. The inorganic coating led

to a capacity loss from 50% for bare LFP to less than 10%.33

Even if several research works have been devoted to solving

the problem of Fe dissolution by additional endeavours, Zaghib

et al. showed very good capacity retention over only 200 cycles

by using synthetically optimized carbon-coated LFP. The

mixture of FePO4(H2O)2 and Li2CO3 was heated at 700 �C for

8 h to obtain the olivine phase. The LFP was thermally treated

again with a carbon precursor (sucrose or cellulose acetate)

under the same conditions.
2.4 Thermal stability of LMO and LFP

Fig. 6 shows some differential scanning calorimeter (DSC) scans

of Li0.05FePO4 between 50 and 500 �C at a scan rate of 10 �C

min�1 (for reference, blank empty pans were also run). These

cathode materials were also compared with the

Li0.2Ni0.7Mn0.15Co0.15O2, in which a very sharp exothermic peak

at 234 �C is indicative of sudden oxygen release from the cathode

as a result of decomposition from a layered to a spinel phase.

Note that the onset temperature of Li0.2Ni0.7Mn0.15Co0.15O2 is

223 �C, which is a starting temperature of oxygen evolution from

the lattice. Such an abrupt peak leads to an incident thermal

runaway that should be avoided in a Li-ion battery. On the other

hand, LFP shows a negligible exothermic peak at 374 �C, which

means there is little oxygen evolution from the lattice. Similar to

this behavior, LMO cathodes show minor peaks between 250 �C

and 300 �C (three test cells showed same trends).
This journal is ª The Royal Society of Chemistry 2011
In order to investigate the structural stability of the delithiated

LFP and LMO electrodes, in situ XRD patterns of both samples

were investigated, as shown Fig. 7. LFPs did not show any new

formation of secondary peaks as a result of oxygen evolution

from the lattice, but the diffraction peaks started to diffuse a little

with increasing temperature. Although there are many origins for

such behavior, we suspect the formation of a disordered oxygen

deficient FePO4�d phase. On the other hand, Li0.05Mn2O4

showed dominant l-MnO2 peaks up to 200 �C, and turned into

b-MnO2 at 250 �C. However, the b-MnO2 peaks were diffused,

which is indicative of disordered oxygen deficient phase forma-

tion since the results from DSC also exhibited minor peaks

between 250 �C and 300 �C. There were no more peak changes

observed up to 500 �C.
3. Experimental comparison

3.1 Cell preparation

LIB cells were prepared considering two different types of vehi-

cles driven by electricity: HEVs and EVs. Rechargeable batteries

used in HEVs are charged by an electric generator driven by the

internal combustion engine during a regenerative braking mode.

The electric energy is used to assist horsepower of the engine

during drive mode. Power density rather than energy density is

the main concern of the cells for HEVs because fast charge and

discharge is required for this in situ energy transfer. In contrast,

the cells for EVs should be developed to have high energy

density. The rechargeable batteries are a sole energy source for

EVs, which indicates that the energy density of batteries for EVs

should be comparative with that of fuels for internal combustion

engines such as gasoline. Therefore, cells for EVs were designed

to have double the capacity of those for HEVs (Table 2). With
Energy Environ. Sci., 2011, 4, 1621–1633 | 1625
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Table 2 Specification of electrodes of LIBs for HEVs and EVs

LMO LFP

HEV EV HEV EV

Areal capacity (mA h cm�2) 1 2 1 2
Thickness (mm) (except for Al foil) 50 100 50 100
Density of active materials in

electrode paste (g cm�3)
1.7 1.3

Composition (wt%) Active Super-
P PVdF

80 : 10 : 10 92 : 4 : 4

Fig. 7 In situ XRD patterns of (a) Li0.05FePO4 and (b) Li0.05Mn2O4

electrodes at a scan rate of 50 �C.

1626 | Energy Environ. Sci., 2011, 4, 1621–1633
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a fixed density, the electrode paste (consisting of an active

material, a conductive material and a binder) for HEVs was twice

as thick as that for HEVs.

LMO or LFP was used as the active cathode material while

carbon black (Super-P) and PVdF were used as the conductive

agent and the binder, respectively. Commercially available

products were used as the active materials of LMO and LFP.

LMO was doped with aluminium (Li1.1Mn1.91Al0.09O4) while

LFP was coated with carbon at 2 wt%. Larger amounts of carbon

black, and subsequently larger amounts of PVdF were used for

LFP due to its lower conductivity. An additive-free electrolyte

(1.15 M LiPF6 in 3 : 4 : 3 vol. % ethylene EC DMC DEC,

where EC ¼ ethylene carbonate, DMC ¼ dimethyl carbonate,

DEC ¼ diethyl carbonate) was used in a half coin cell configu-

ration with lithium metal as a reference electrode to investigate

the genuine properties of the active materials. 20 mm-thick

microporous polyethylene film (Tonen E20MMS) was used as

a separator between the cathode and lithium metal.
3.2 Capacities at various discharge rates

Discharge capacity depends on discharge rate, the materials

used, and the thickness of electrodes. Dependency of discharge

capacities on discharge rates were compared between LMO and

LFP for HEV and EV cells (Fig. 8). The cells were charged

galvanostatically to 4.3 V at 0.1 C. After 4.3 V was reached, their
Fig. 8 Discharge profiles of potential versus capacity with various

discharge rates. The cells were charged galvanostatically to 4.3 V at 0.1 C.

After 4.3 V was reached, their potential was kept at 4.3 V until the current

had decreased to a hundredth of its initial value. Cells were run at 21 �C.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 9 Discharge capacities at various discharge rates. The same

conditions were used as indicated in Fig. 8.
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potential was kept at 4.3 V until the current had decreased to

a hundredth of its initial value. Then, the cells were discharged at

various rates to 2.5 V for LFP and 3.0 V for LMO. The opera-

tional potential window (DEop) was set wider for LFP

(DEop(LFP) ¼ 4.3 V � 2.5 V ¼ 1.8 V) compared with LMO

(DEop(LMO) ¼ 4.3 V � 3.0 V ¼ 1.3 V) because the electro-

chemical potential of LFP (3.45 V) is much lower than that of

LMO (�4.1 V). With the end potentials for discharge, the

working potential window available for extracting energy

(DEw
dCh) is similar between the cathode materials:

DEw
dCh(LFP)¼ 3.45 V� 2.5 V¼ 0.95 V and DEw

dCh(LMO)¼ 4.1

V � 3.0 V ¼ 1.1 V.

For the thinner electrodes of the HEV cells, about 70% of the

capacity at 0.1 C (Qm
dCh (0.1 C)) was obtained at 10 C for both

LMO and LFP in a similar working potential window. However,

the lower resistance of the LMO electrode (originating from

higher conductivity of LMO compared to LFP) is expected from

the values of IR drop (DIR) occurring just after the start of

discharge. At 10 C, for example, DIR(LFP) ¼ 3.45 V � 3.0 V ¼
0.45 V while DIR(LMO) ¼ 4.1 V � 3.9 V ¼ 0.2 V. As the

discharge rate increases, the effect of DIR becomes more serious

and the difference between cathode materials can be seen: the

discharge capacity was not available at 20 C for LFP while 30%

of Qm
dCh (0.1 C) was obtained at the same C rate for LMO.

It is natural that rate capability becomes worse with thicker

electrodes: EV cells did not provide an available capacity at 10 C

for both LFP and LMO. LMO still showed a slightly better rate

capability with smaller IR drop: at 1 C, for example, capacity ¼
91% of QdCh

0.1C with DIR ¼ 0.45 V for LFP versus 95% with

DIR ¼ 0.25 V for LMO.

Even if the gravimetric capacity (Qm
dCh, mA h g�1) of LFP is

larger than that of LMO, the order relation between LFP and

LMO is changed in terms of volumetric energy density (EDv
dCh

mW h cm�3). Two factors should be considered: working

potential and electrode density. LMO shows a slightly inclined

plateau at a fairly high potential (4.1 V) compared with the

working potential of LFP at 3.45 V. The higher potential leads to

the increase of energy density. Also, since a larger amount of

LMO was used to build the electrodes (92 wt% LMO versus 80

wt% LFP), the electrodes based on LMO are denser than those

based on LFP in terms of the density of active materials in the

electrode paste (Table 2). As a result, the volumetric capacity

shows the order relation between LMO and LFP to be quite

different from the gravimetric capacity. That is to say, the cells

based on LMO have a higher volumetric energy density

compared with their counterparts: at 0.1 C, for example, EDv
dCh

¼ 700 mW h cm�3 for LMO versus 665 mW h cm�3 for LFP.

Capacity recovery was good for both cathode materials inde-

pendent of their applications (Fig. 9). An almost 100% recovery

of capacity at 0.1 C was obtained after a series of fast discharges

consisting of 3 cycles at 0.1 C and 10 cycles at 10 C and 50 C. This

result indicates that there is no damage to the electrodes.
Fig. 10 Charge profiles and the corresponding discharge profiles of

potential versus capacity with various charge rates. Cells were charged to

4.3 V at various charge rates without following constant voltage mode.

Charged cells were discharged at 0.1 C.
3.3 Capacities at various charge rates

Charge rate is another important operational variable that

should be considered, especially in HEV/EV applications.

Dependency of discharge capacity on charge rate determines how

efficiently batteries are charged without any loss during the
This journal is ª The Royal Society of Chemistry 2011
regenerative braking mode of HEVs, and how long it takes for

the charging of EVs. In small scale appliances such as cellular

phones and laptop computers, this operational variable is not the

main concern.

Dependency of discharge capacity on charge rate was

compared between LMO and LFP for HEV and EV cells

(Fig. 10). The cells were charged to 4.3 V at various charge rates

without following a constant voltage mode. The reason for using

only the constant current mode is to investigate the effect of

charge rate, which determines charge time. It would be mean-

ingless in terms of charge time to charge cells fast at high current

and then to keep potential for long time. The charged cells were

discharged at a low C rate (0.1 C) to 2.5 V for LFP and 3.0 V for

LMO. The amount of charged energy was fully extracted without

any loss because cells were discharged slowly enough.

For the thinner electrodes of the HEV cells, LFP-based cells

showed better charge rate capability than their counterpart: 70%

of the charged capacity at 0.1 C (Qm
Ch (0.1 C)) was charged at

10 C for LFP while the potential reached 4.3 V after charging at

10 C in the case of LMO. For the thicker electrodes of the EV

cells, also, better charge rate capability was observed with LFP.
Energy Environ. Sci., 2011, 4, 1621–1633 | 1627
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Fig. 12 Temporal change of the open circuit potential (OCV) of cells

stored at 60 �C. The cells were discharged and fully charged again every

week.

D
ow

nl
oa

de
d 

by
 U

ls
an

 N
at

io
na

l I
ns

tit
ut

e 
of

 S
ci

en
ce

 &
 T

ec
hn

ol
og

y 
(U

N
IS

T
) 

on
 0

4 
M

ay
 2

01
1

Pu
bl

is
he

d 
on

 1
6 

Fe
br

ua
ry

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0E
E

00
55

9B
View Online
Even if Fig. 10 indicates LFP is superior to LMO in terms of

capacity at a high charge rate, the better performance of LFP

over LMO does not originate from the intrinsic material prop-

erties. Rather, electric conductivity and ionic diffusivity of LMO

is higher than those of LFP. The reason should be sought in the

operational conditions. The charging potential was set at 4.3 V

for both LFP and LMO. The working potential window avail-

able for storing energy (DEw
Ch) is much narrower for LMO

(DEw
Ch(LMO) ¼ 4.3 V � 4.0 V ¼ 0.3 V) compared with LFP

(DEw
Ch(LFP) ¼ 4.3 V � 3.45 V ¼ 0.85 V). Therefore, even if the

potential change due to IR drop (actually, IR rise) occurring just

after the start of charge was smaller for LMO than that for LFP,

the potential margin is too small to store energy in the case of

LMO compared with LFP. Compared with LFP, therefore,

LMO shows inferior charge rate capability due to the restricted

potential window for charge even if it shows better discharge rate

capability due to its higher conductivity.

A different composition of electrodes was used for LFP (80%)

and LMO (92%) as the conductivity of LMO is superior to that

of LFP. To compare the cathode materials under identical

conditions, the same composition (80%) was tested for LMO

(Fig. 11). In variable discharge rate experiments, a subtle

enhancement of rate capability was observed in (a), compared

with the 92% composition shown in Fig. 8b. This indicates that

the amount of conductive materials (4%) in the 92% composition

would be enough to make a conductive percolation network over

the electrodes, at least in terms of discharge. On the other hand,

enhanced rate capability was observed in the variable charge rate

experiments: Qm
dCh at 10 C (¼ 48 mA h g�1) is available for the

80% composition while the 92% composition was not charged

due to the IR rise. However, 80% LMO did not overcome the

limit of the working potential window, considering Qm
dCh at 10 C

is still lower than that of LFP.
Fig. 13 Discharge profile of potential versus capacity of cells stored at 60
�C. The profiles were obtained at 60 �C every week. Cells were charged to

4.3 V at 0.5 C, followed by keeping the potential constant until the

current decreased to a hundredth of the initial current. Then, the cells

were discharged at 1 C.
3.4 Stability of cells stored at 60 �C

To investigate the degree of deterioration of active materials at

a high temperature (60 �C), the open circuit potential (OCV) of

fully charged cells was traced for four weeks (Fig. 12). Discharge

profiles of cells were checked at the same temperature every week

(Fig. 13) and then the cells were restored at 60 �C after a full

charge.
Fig. 11 Discharge/charge profiles of potential versus capacity of LMO

for HEVs. The composition of 80 : 10 : 10 (active : Super-P : PVdF) was

used for preparing electrodes. It should be noted that this composition of

LMO was used only for this figure. In all other figures, 92 : 4 : 4 was used

for LMO. (a) Variable discharge rate experiments. The same conditions

were used as indicated in Fig. 8. (b) Variable charge rate experiments. The

same condition is used as indicated in Fig. 10.

1628 | Energy Environ. Sci., 2011, 4, 1621–1633
Both cells based on LFP and LMO showed a stable open

circuit potential at 3.45 V for LFP and 4.2 V for LMO (Fig. 12).

In more detail, a perfectly flat trace was obtained with LFP

within every one week period, while a slight decrease of OCV was

obtained with LMO. The behaviours of the OCV reflect the

nature of the reactions of the active materials. LFP is based on

a two phase reaction, leading to a very flat profile (potential

versus capacity in Fig. 8a and c) at the working potential. There

would be no change of OCV even with some loss of capacity due

to self discharge or material deterioration. On the other hand,

LMO is based on a solid solution reaction leading to a slightly

inclined plateau in its potential profile (Fig. 8b and d). The

working potential is not well defined during the discharge or

charge processes because the composition of LMO is changed.

Therefore, even with a slight loss of capacity, potential could

decrease (even if the degree of decrease is not serious).

In addition to OCV, potential profiles should be investigated

to give the statement of no deterioration of active materials.

There is every possibility that discharge profiles change without
This journal is ª The Royal Society of Chemistry 2011
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any variation of OCV. Therefore, the change of discharge

profiles was investigated every week as well (Fig. 13). LFP

showed significant changes in its profiles with a (not very serious)

decrease of capacity and an increase of IR drop. On the contrary,

there are no significant changes in the profiles of LMO. In terms

of storage stability at 60 �C, therefore, LMO is superior to LFP,

at least in the case of the additive-free electrolyte used in this

study.
3.5 Cycle life

For HEV/EV applications, the long-term cyclability of battery

cells should be guaranteed. The life of rechargeable batteries

should not limit that of HEVs and EVs, when considering the

cost of batteries and the replacement service fee. If low cost

batteries are available, concern about the long-term stability

could be reduced, and simultaneously the design to enable easy

replacement of batteries should be devised.

To measure the cyclability of cells, the change of capacities

with charge/discharge cycles were investigated at 20 �C (blue

circles) and 60 �C (red circles) (Fig. 14). At room temperature,

cells based on thinner electrodes for HEVs showed a smaller

decrease of discharge capacity, compared with their thicker

counterparts for EVs. Within the comparison group, in terms of

application (HEVs or EVs), LMO is better than LFP. That is to

say, the order of the performance of cyclability at room

temperature is: LMO for HEVs > LMO for EVs, and LFP for

HEVs > LFP for EVs.

At 60 �C, even if a more significant decrease of capacity with

cycles was expected as a first guess, the cells for HEVs at 60 �C

showed almost the same degree of cycle stability as the corre-

sponding cells at room temperature. On the other hand, a very

serious decrease was observed with EV cells based on thicker

electrodes. The deterioration of cells at 60 �C would be caused by

the dissolution of metal ions from LFP and LMO. These issues

can be addressed by using proper additives in the electrolyte,32 or

by coating the active materials with an inert layer,33 as mentioned

above.
Fig. 14 Change of capacity with a cycle of charge and discharge at 20 �C

(blue circles) and 60 �C (red circles). In each cycle, cells were charged to

4.3 V at 0.5 C, followed by keeping the potential constant until the

current decreased to a hundredth of the initial current. Then, the cells

were discharged at 1 C.

This journal is ª The Royal Society of Chemistry 2011
The dependency of cyclability on electrode thickness would be

an interesting experimental result. Poor rate capability of thick

electrodes is understandable because the dimension of the

thickness represents the characteristic length of the ion/electron

movement pathway, indicating resistance. High rate discharges

lead to large IR drops. However, why the cycle life of cells

depends on electrode thickness is unclear, even if the phenome-

nological facts were surely confirmed by at least five independent

sets of experiments. This beyond the scope of this review article,

and it is left for other works to reveal the exact reason for the

dependency of cyclability on electrode thickness.

To support the half cell experiments, a full cell configuration

was adopted with an anode (artificial graphite : PVdF ¼ 92 : 8)

(Fig. 15). Full HEV cells showed a more serious capacity

decrease at 60 �C than that of their half cell counterparts: 30%

and 20% decreases of capacity at the 50th cycle were observed

with LFP and LMO, respectively, in the full cell configuration

(note that no electrolyte additives were used to enhance cycling

performance here).

In addition to the cyclability of cells at room temperature and

high temperature, it should be considered how the cells work at

low temperature. As expected, operation at temperatures below

0 �C leads to low capacity with a sustainable cyclability due to

slow kinetics related to ion and/or electron transports in elec-

trolyte, within electrode materials and at the interface between

the electrode and electrolyte. The expected behavior at low

temperatures has been reported for LFP,34–36 while there are no

articles for LMO as far as we know. At the same rate of discharge

(0.1 C or 1 C), 80 to 85% of QRT (capacity at room temperature)

was obtained at 0 �C for LFP; 65 to 70% of QRT at �20 �C; and

40 to 50% of QRT at �40 �C. The capacity decrease was attrib-

uted mainly to slow charge transfer at the interface between the

electrode and electrolyte, and a slow diffusion of lithium ions in

the electrode materials.35 Charge transfer resistance (RCT, ohm)

increased 40 times and the diffusion coefficient (D, cm2 s�1)

decreased a hundredth at �40 �C when compared with those at
Fig. 15 Charge and discharge voltage profiles of LFP and LMO in full

cells. The same electrode compositions for LFP and LMO were used as

indicated in Fig. 11. Charge cut-off voltages for the cathodes were 4.3 V,

but discharge cut-off voltages for LFP and LMO were 2.5 and 3 V,

respectively. The cells were cycled at a 0.5 C rate under a constant current

mode. The negative/positive ratio (N/P) was 1.06 for the Li-ion cell.

Energy Environ. Sci., 2011, 4, 1621–1633 | 1629
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room temperature. The solution resistance (Rs, ohm) was not the

governing factor. Cyclability was fairly sustainable without

a particularly significant drop of capacity.36
Fig. 16 (a) A schematic diagram for the PVP-functionalized metal oxide

coating procedure, TEM images of ZrO2-coated LiMn2O4 spinel cathodes

(b) without using PVP, (c) with using PVP and with coating concentrations

of (c) 1 wt% (image d is an expanded version of (c)) and (f) 2 wt%.
4. Perspective: forward & toward

4.1 LMO

The power density (rate capability) of these cathode materials

with bulk sizes is generally low due to the high level of polari-

zation at high charge-discharge rates (above 2 C). In addition,

electrode density should be considered as one of the factors

affecting energy density: higher electrode density leads to higher

energy density. This higher electrode density can be easily ach-

ieved by using large particles of the active materials. As

a consequence, two benefits can be obtained by increasing the

size of LiMn2O4 particles: high electrode density and low Mn

dissolution. However, conversely, large particles can deteriorate

the high rate capability (power). Hence, the best way to improve

both rate capability and electrode density is to use bulk particles

that consist of aggregated nano-sized particles. A wide variety of

synthetic approaches for synthesizing LiMn2O4 nanoparticles

(nanotubes, nanorods, nanowires and hollow morphologies)

have been developed to improve the rate capabilities of spinel

LiMn2O4 at room temperature.37–44 However, these materials are

quite bulky, and therefore their use is expected to entail

a significant decrease in electrode density.

As discussed above, a disproportionation reaction starts on the

particle surface, resulting in the formation of a defective spinel.

The reaction moves progressively inward with increasing expo-

sure to the electrolyte, especially at elevated temperatures. This

reduces the intercalation capacity, and therefore should be pre-

vented to ensure a long-cycle life for elevated-temperature

performance. To reduce such inherent structural degradation,

a marginal increase in the overall Mn valence to above +3.5 has

been reported.45–48 However, such methods do not significantly

improve the structural stability since a fraction of Mn3+ ions still

remain in the spinel structure. The most effective way to block Mn

dissolution is to completely encapsulate the spinel particles with

oxides that are resistant to acidic HF, and solution-based tech-

niques, such as sol–gel, and solution precipitation, have been used

for improving the high temperature cycling of the spinels.49–54

However, these methods cannot lead to a uniform coating layer

and can lead to difficulties in controlling the coating thickness as

the coating precursors randomly adhere to the active materials

during drying and annealing. Hence, coating with a uniform

thickness is very difficult to control, and segregation of the coating

is inevitable. If a metal oxide is uniformly coated on the spinels,

capacity fade from the Mn dissolution should be significantly

reduced, especially under extended cycling above 60 �C, which is

a critical temperature for HEV application.

Fig. 16a shows a schematic diagram for the polyvinyl pyrro-

lidone (PVP)-functionalized metal oxide coating procedure. As-

synthesized spinel nanoparticles were functionalized with PVP

groups in distilled water.55,56 Dissolved metal ions were then

complexed with the entire PVP backbone, and the remaining

ionic groups dissolved in water were removed by filtering. The

filtered powder was heat-treated at 600 �C for 3 h in air. When

the spinel nanoclusters were coated with same concentration of
1630 | Energy Environ. Sci., 2011, 4, 1621–1633
ZrC2O4 precursor without using PVP to coat the samples, the

coating thickness was not uniform, and coating thickness varied

from 10 to 100 nm (Fig. 16b). The coating thickness can be

controlled by the amount of PVP used. When the amounts of

metal oxide precursors were increased from 1 wt% to 2 wt%, the

coating thickness increased from 6 nm (Fig. 16c and d) to 12 nm

(Fig. 16f).

PVP-assisted ZrO2 coating demonstrated significantly

improved rate characteristics under cycling at 65 �C and

exhibited over 60% improved capacity retention compared to the

bare cathode, despite the high surface area.55 The reason for this

observed improvement was associated with the fact that the ZrO2

coating layer minimized Mn dissolution from the spinel lattice.
4.2 LFP

With merits including low cost, low toxicity, high safety and

good cycle stability, LFP has been developed in research and

development to enhance its low electronic and ionic conduc-

tivity.7,57,58 Strategies to overcome the demerits can be classified

into four categories (Fig. 17): (i) enhancing the bulk properties in

terms of electronic and ionic conductivity,59–62 (ii) forming an

Li+-conductive surface layer,63 (iii) forming an electron-conduc-

tive surface layer,62,64 and (iv) reducing the characteristic length

of particles.1,65,66 Selected works are presented below as a repre-

sentative for each strategy.

As the first strategy, Chung et al. solved the problem of low

electronic conductivity of LFP by doping it with metals super-

valent to Li+ (M ¼ Mg, Nb, Zr, and so on).59 Solid-solution
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0ee00559b


Fig. 18 A hollow sphere secondary structure of carbon-coated LFP

nanoparticles.

Fig. 17 Four strategies to enhance rate performance of LFP.
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doping was achieved by using a cationic non-stoichiometric (Li+-

deficient) synthesis, leading to Li1-xMxFePO4. Conductivity

tremendously increased from 10�9 to �10 S cm�1 for an undoped

LFP to 10�1–3 S cm�1 for doped ones. A weaker dependency of

conductivity on temperature was investigated in doped LFP:

10�2 to �1 S cm�1 at 25 to 300 �C for doped LFP versus 10�10 to �6 S

cm�1 for the undoped control. The high conductivity of bulk LFP

led to a large capacity relative to its undoped control: 120 mA h

g�1 at 1 C and 65 mA h g�1 at 20 C for doped LFP versus 25 mA h

g�1 after 10 cycles at C/30.

As the second strategy, Kang and Ceder formed a fast ion-

conducting surface phase on LFP by inducing off-stoichiometric

compositions (LiFe1�2yP1�yO4�d) specifically on the surface.63 Li+

travels via the surface phase LiFe1�2yP1�yO4�d before finding the

[010] direction of core LFP through which Li ions diffuse. As they

emphasized ultrafast charging as well as discharging in the title of

this work, they showed very impressive fast discharging perfor-

mances: 165 mA h g�1 at 2 C, 150 mA h g�1 at 10 C and 100 mA h g�1

at 50 C (measured from discharge from 4.3 V to 2.5 V with

LFP : carbon : binder ¼ 80 : 15 : 5). Moreover, >120 mA h g�1

was obtained at 200 C charge/discharge with a highly conductive

electrode composition (LFP : carbon : binder¼ 30 : 65 : 5). Even

if the composition includes an excessive amount of carbon as

a conductivity enhancer, the meaning of 200 C is strikingly

important: EVs can be charged within only 1/200 h ¼ 18 s.

As the third strategy, conductive carbon coatings on LFP have

been widely and extensively used to enhance electric conductivity

of LFP particles.64 Carbon precursors mixed with LFP or its

precursors are converted into amorphous carbon during thermal

treatment to develop olivine crystallinity. Herle et al. constructed

a composite material system consisting of LFP, Fe2P and C/

Fe75P15C10 via carbothermal chemistry.62 The conductive nano-

phase phosphide network was created following the grain

boundaries of the insulating LFP nanocrystallites.

As the last strategy, the characteristic dimension of diffusion

length and conductive pathway can be reduced by scaling down

LFP particles from micrometer size to a nano-dimension.1

Gaberscek et al. emphasized the nano-scaling rather than carbon

coating because the ionic conductivity is lower than electronic

one in LFP.
This journal is ª The Royal Society of Chemistry 2011
Even if the four strategies mentioned above are described

separately, the improvement of material properties leading to

enhanced performances results from synergetic combinations of

the strategies. To obtain large capacities at high discharge rates,

nanoparticles have been used with doping or an Li+/e�-conduc-

tive layer coating. High dimensionalization or hierarchical

structuring of nano-units would be a feasible direction of

research and development, considering that all nanoparticles as

the nano-units have been well evolved with accommodating and

improved properties. Lee et al. showed the secondary structuring

of primary particles of LFP is helpful for reducing IR drop

especially during fast charge and discharge. A spherical nano-

particle coated with carbon (diameter < 30 nm) was used as the

primary particle. A hollow sphere (diameter ¼ �300 nm) was

constructed with the primary nano-spheres in its shell (Fig. 18).

The resultant structure showed a very small IR drop at high

discharge rates: DIR(hollow) ¼ 0.15 V at 10 C and 0.4 V at 50 C.

The values of DIR for hollow-sphere-secondary-structured LFP

are recognized as very small when compared with those of

conventional non-hollow nanoparticles: DIR(non-hollow)¼ 0.95

V at 10 C and >1.45 V at 50 C. The small IR drop on discharge

(that would originate from ‘‘easy accessibility of Li+ to each

primary particle caused by its hollow secondary structure’’) is

analogous to the small IR rise during charge. The cells based on

hollow LFP were charged up to 50 C (without potentiostatic

charging) successfully, guaranteeing a significant amount of

capacity on discharge: 120 mA h g�1 at 10 C and 100 mA h g�1 at

50 C.67
5. Conclusions

LFP and LMO were compared bibliographically and experi-

mentally. Even if various strategies including bulk doping, elec-

trically and ionically conductive coating and nono-

dimensionalization have enabled the poor conductivities of LFP

to be overcome, LMO still showed better discharge performances

(especially rate capability) due to its superior intrinsic properties,

compared with a practical grade of LFP (carbon-coated nano-

particles). Moreover, the order relationship of gravimetric

discharge capacity was reversed in terms of volumetric energy

density, when the higher working potential and higher loading of
Energy Environ. Sci., 2011, 4, 1621–1633 | 1631
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LMO in electrodes are considered: LFP > LMO in terms of

Qm
dCh to LFP < LMO in terms of EDv

dCh.

On the other hand, LFP showed a better rate capability in

terms of charge than LMO. This is not due to material properties

but due to the operational conditions. When the cells are charged

to 4.3 V, independent of materials, LMO has a very limited span

of working potential during discharge, compared with LFP.

Abrupt potential increase due to IR rise (contrary to IR drop)

occurring during fast charging reaches the charging potential

(4.3 V) so that cells cannot be charged.

By considering better the discharge performance of LMO and

the faster charging capability of LFP, a proper cathode material

could be selected depending on the required application. For

example, in the event that a long time driving without plug-in is

the essential criterion, LMO could be preferred. On the other

hand, if fast charging was the main concern, LFP would have an

advantage.

Even if both materials showed thermal stability, guaranteeing

safety, the cyclability at high temperature (60 �C) should be

enhanced. For HEVs (thinner electrodes), the capacity fading

was not as serious as that of EVs. Both LFP and LMO showed

very serious capacity decay in cells for EVs, probably due to

metal dissolution. In a deviation from our first guess, LFP

showed more problematic deterioration in cells. This problem

can be overcome by using an additive or a proper surface coating

on the cathode materials.
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