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Abstract

Lithium iron oxides (LkFe,O;) have been synthesized using LiOH ard=eOOH by a solid-state method at various temperatures
(200-800°C). The lithium iron oxide obtained at 20Q is composed of three types of structure nameh,iFesOs, B-LiFesOg, and
a trace of cubiax-LiFeOs. It exhibits not only a high initial discharge capacity 215 mAt gbut also excellent cycling retention from
the 11th to the 50th cycle (95%) between 1.5 and 4.5V. On the other hand, the powder obtainetCah&)@ well-developed, single
a-LiFeO, phase and gives a very poor cycle performance below 5 mAtgder the same test conditions. It is also found that lithium
iron oxide obtained at 20T is first transformed into the spinel Lis@g phase and is then converted into the tetragonal LiHeldase
after a long-term cycling. It is suggested that the tetragonal Lif#f@se might assist the stabilization of the original lithium iron oxide
structure on cycling.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the HY/LiT ion-exchange reaction from-FeOOH at a re-
action temperature of 100-50G [3-11]

Secondary lithium batteries have become attractive power Recently, Tabuchi et al[9] reported a new form of
sources for portable electronic devices, such as laptop com-metastable lithium iron oxides (Li,Fes;,Og), which
puters and cellular phones, due to their high volumetric and was synthesized using-NaFeQ and LiCl in ethanol by
gravimetric energy densities compared with those of other the solvothermal reaction at a low reaction temperature
rechargeable battery systems. Transition metal oxides are(220°C). The lithium iron oxide was formed as a solid
promising candidates for positive electrodes (cathodes) for solution of F@O4 (Fd3m, a = 8.396 A) andp-LiFesOg
lithium secondary batteries. Many research groups have in-(Fd3m, « = 8.333A) by means of various analysis tech-
vestigated various of these cathode materials such as £iMO niques. These workers also disclosed that the oxidation state
(M = Co, Ni, Mn, Fe,...) [1,2]. of lithium iron oxide was reduced from+{3during a long

It is well known that LiFeQ has different forms, i.e,  synthetic reaction process and that the movement &f Fe
the a-, B-, andy- conjugated forms, as determined by the jons to tetrahedral sites in ecp oxygen array disturbed
method and conditions of synthesis. Td.iFeO, is acu-  the easy preparation of the lithium iron oxide material
bic unit cell of space groupm3m, and 3-LiFeO, (mono- [9].
clinic, C2/c) is formed by an intermediate phase during the  In other studies, Kim and Manthiranfil2] reported
ordering process. TheLiFeO; (tetragonal)4s/amd) is ob- that nano-crystalline lithium iron oxide (Lfe,O;) of an
tained by reducing the symmetry from cubic to tetragonal amorphous type yields a high discharge capacity of about
by ordering the Lt and F&* ions at octahedral sites. The 140 mAh g2 with a fairly good cycleability in the range of
conjugated LiFe@(orthorhombicPmnm) is synthesized by ~ 1.5-4.3 V. Various types of lithium iron oxide with Li:Fe ra-

tio of 0.69-1.22 were synthesized by means of the solution
* Corresponding author. Tek:82-2-2290-0524; fax:-82-2-2282-7329. method. The method utilized the oxidation reaction ot'Fe
E-mail address. yksun@hanyang.ac.kr (Y.-K. Sun). with lithium peroxide in the presence of excess lithium
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hydroxide in an agueous medium. Although the procedure 3. Results and discussion
successfully obtained lithium iron oxide with a fairly good

battery performance at low temperature (200, the cycle Chemical analysis showed that the ratio of cations (Li and
characteristics were inadequate for the material to serve ag-e) in the resulting powder was 1.0. The X-ray diffraction
a practical cathode in lithium secondary battefi]. (XRD) patterns of the powders calcined at various temper-

Given the above findings, the present study was initiated atures are presented kig. 1 The lithium iron oxide ob-
to develop an easy method for the synthesis of a new type oftained at 200C (Fig. 19 has a broad reflection pattern,
lithium iron oxide, with an excellent cycling performance, which indicates a polymorphous structure with poor crys-
via a conventional solid-state reaction. Moreover, the exis- tallinity, small particle-size, and an amorphous-like phase.
tence of any structural transformations in the lithium iron It is very difficult to distinguish the original structure due to
oxide system, which could be a key factor in the under- the low crystallinity and some impurities over whole scan
standing the cyclic behaviour of the LijFe,O, system, range. The intermediate compounds (300 and°4)Care
has been investigated. gradually transformed into a mixture of LiE®@g spinel and
a-LiFeO, phases. In addition, the XRD pattern obtained at
400°C exhibits strongen-LiFeO, diffraction peaks, such
as (110), (200) and (220), than that of the 3G0sam-
2. Experimental ple. The compound obtained at 83D shows a single cubic
a-LiFeO, phase Fig. 1d, and it is well known that it is dif-
Lithium iron oxides (LkFe,O;) were synthesized from ficult to insert/extract lithium into and out of this structure.

LiOH-H,O (Aldrich Chemical, USA) anda-FeOOH In order to investigate the original structure of the
(Aldrich Chemical, USA) under a nitrogen atmosphere by as-prepared lithium iron oxides, transmission electron mi-
a solid-state method. Stoichiometric amounts (LizF4.0) croscopy analysis was performed. TEM bright-field images

of the starting materials were thoroughly ground in a mor- and an electron diffraction pattern for the lithium iron ox-
tar for 1 h. The mixture was pre-calcined at 2@for 12 h ide obtained at 200C are given inFig. 2. The bright-field
in nitrogen, and then ground again in a mortar for 30 min. images show that the powder consists of an agglomeration
The intermediate powder was pressed into a pellet thenfine particles with a size less than 20 nm. In addition, the
calcined at various temperatures (200-80) for 12 h in particle shapes are not well-defined which suggests that the
a nitrogen atmosphere. The contents of Li and Fe in the powder is poorly crystallized in agreement with the XRD
resulting material were analyzed by means of an induc- data. The polycrystalline ring pattern seerFig. 2c alone
tively coupled plasma spectrometer (ICP, SPS7800, Seikois sufficient to identify conclusively the structure of the
Instrument, Japan) by dissolving the powder in dilute nitric as-prepared powder partly due to the numerous polymorphs
acid. of lithium iron oxides. Two strong peaks, however, suggest
Powder X-ray diffraction (XRD, Rint-2000, Rigaku, that the as-prepared material has one of following cubic
Japan) using Cu & radiation was used to identify the
crystalline phases of the synthesized materials and cy-
cled electrodes. The particle size and morphology of the @
compounds were observed with a field emission scanning
electron microscope (FE-SEM, S-4700, Hitachi, Japan). A
transmission electron microscope (TEM, JEM2010, JOEL, mem
Japan), equipped with energy-dispersive X-ray spectrome- : — —
ter (EDS), was employed to characterize the microstructure
of the electrode after charge—discharge cycling.
Electrochemical characterization was conducted with
CR2032 coin-type cells. The cathode was fabricated
with 20mg of active material and 12mg of conductive
binder (8 mg of Teflonized acetylene black (TAB) and
4mg of graphite). It was pressed at 300 kg@on to a
stainless-steel mesh (200 Rnwhich served as a current . .
collector, and then dried at 18C€ for 5h in an vacuum (d)
oven. The test cell comprised the cathode and a lithium
metal anode (Cyprus Foote Mineral Co.) that were separated
by a porous polyethylene (PE) film. The electrolyte was a —— i
mixture of 1M LiPR—ethylene carbonate (EC)/dimethyl 10 20 30 40 50 60 70
carbonate (DMC) (1:2 by volume, Ube Chemicals, Japan). 26 (degree)
The charge and discharge current density was 0.2 mAcm Fig. 1. X-ray diffraction patterns for LFe,O, powders obtained at (a)
with a cut-off voltage of 1.5-4.5V at room temperature. 200°C, (b) 300°C, (c) 400°C, (d) 800°C.
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As-prepared (high magnification)

Polycrystalline ring pattern for the as-prepared sample

Fig. 2. (a) TEM bright-field image of lithium iron oxide powder prepared at 200(b) magnified image of (a) showing the crystal size, (c) polycrystalline
electron diffraction pattern obtained from same powder.

structure[5]: a-LiFeO, (Fm3m), a-LiFesOg (P432, or- scope, sedrig. 3. The powder obtained at 20€ has a
dered high temperature phase),®BtiFesOg(Fd3m). The nano-crystalline size; it is composed of small particle sizes
pattern inFig. 2chas been indexed based on th¢iFeO, of about 10-20 nm. On the other hand, th&iFeO, pow-
structure because of the absence of the strong (31 1) peakder obtained at 800C (Fig. 3d has greater particle size of
The powder could, however, well be a mixture of different about 700—800nm and a slightly different particle shape.
cubic phases. Tabuchi et §] have reported that a single The average particle size of the powder obtained af806
LiFesOg compound synthesized at 220 is the metastable 20 times that of the powder obtained at 2@D Because the
B-phase and it can be transformed intdiFesOg at 700°C particle size and specific surface-area are strongly related to
by consecutive calcinations. By contrast, the lithium iron stabilization of the cycle performance of lithium secondary
oxide obtained at 20TC in this study has two types of batteries, it can be assumed that these two materials may
LiFesOg phase, which is changed from Li§@g to the present quite different electrochemical behaviour during cy-
a-LiFeO, phase when the synthesis temperature is increasedcle testing. Moreover, it is considered that the cathode ma-
(800°C). terial obtained at 200C with a smaller particle size in this
The morphologies of the powder obtained at various tem- study, especially with a nano-crystalline size, may exhibit a
peratures were observed with a scanning electron micro-high discharge capacity (with higher specific surface-area)
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Fig. 3. Scanning electron micrographs ofEe,O. powders obtained at (a) 20Q, (b) 300°C, (c) 400°C, (d) 800°C.

and good structure stability by reducing the volume expan- amount of the increase is very small. These differences sug-
sion during lithium insertion/extraction into/from the iron gest that lithium iron oxide obtained at 400 has very dif-
structure[12—-14] ferent characteristics to those of material obtained at lower
The charge—discharge curves of LiEg,O, cells ob- temperatures. It is considered that the main reason for these
tained at various calcination temperatures are giveRign unique characteristics is the growth of the LiFe@- or -
4. The first charge curve for the cell with,lfe, O, obtained form) phase at 400C [15].
at 200°C rapidly increases up to 4.0 \Fig. 49 This cell The lithium iron oxide material obtained at 800 shows
shows a small plateau region at about 4.1V and exhibits an-a very small discharge capacity of 5 mAh'gafter 50 cycles.
other long voltage plateau between 4.2 and 4.3 V. While the This poor performance strongly supports the phase transfor-
first discharge curve falls drastically to 3.3V, it shows two mation of B- or y-LiFeO, into inactivea-LiFeO, material
small voltage plateaus between 2.0 and 1.5 V. For the secondat high temperature (80). This conclusion is confirmed
cycle, the voltage profile gradually decreases without any by the XRD results shown iRig. 1 Therefore, it is consid-
remarkable voltage plateaux and exhibits a slightly different ered that the amount of electrochemically active spinel-like

shape compared with of the first cycle. The LifEg, O, cell phases, such as{or 8-) LiFesOg in the structure, gradually
obtained at 300C (Fig. 4b displays very similar cycling  decreases as the calcination temperature increases, which
behaviour to that of the sample obtained at 200 induces an abrupt decrease in the initial discharge capacity

On the other hand, the Li/kFe,O, obtained at 400C of the lithium iron oxide system.
(Fig. 49 displays a different electrochemical characteristics  The variation in the specific discharge capacity with
compared with those of the lithium iron oxide materials ob- the number of cycles for the lithium iron oxide materi-
tained at lower temperatures (200 and 3Q). First, there als obtained at various temperatures is showrfFig. 5.
are no voltage plateaux in the first discharge curve. Sec-The charge—discharge current density is 0.2 mA€mwith
ond, the cell gives a very small discharge capacity. Finally, a cut-off voltage of 1.5-4.5V at room temperature. The
the discharge capacity increases upon cycling, although thelithium iron oxide material obtained at 20Q gives the
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Fig. 4. Charge—discharge curves ofEe,O, powders prepared at (a) 200, (b) 300°C, (c) 400°C, (d) 800°C. Test conditions were a current density
of 0.2mAcnT?2 between 1.5 and 4.5V at 25.

highest initial discharge capacity of 215 mAhlgas well a-LiFeO, (400°C) or singlea-LiFeO, (800°C) phase and

as an excellent cycle retention rate from the 11th to the €xhibit no abrupt capacity loss during the entire cycling test.
50th cycle is 95%, which is the highest value that has been This suggests that the powders obtained at lower tempera-
previously reported. tures might have produced a structural change in the early

The data inFig. 5 appears to show same unique charac- stages of cycling which gives a high possibility to induce
teristics. The lithium iron oxide materials obtained at low different cycle characteristics.
temperature (200 and 30Q) showed a large capacity drop
during the early stages and then maintains an excellent cy-two types of lithium iron oxides, ex situ XRD measure-
cling performance for 50 cycles. By contrast, the other two ments were taken on four electrodes obtained at’20
lithium iron oxide materials have a large amount of inactive the discharged state after various cycles, i.e., on electrodes

Discharge capacity (mAh/g)

Fig. 5. Specific discharge capacity vs. number of cycles for kFgjO,

250

200

150

In order to investigate this unique cycle behaviour of the

that display the most severe capacity drop in the early stages
(Fig. 5. The samples are kept in a glove-box for 2 days to
reach equilibrium after being tested from 1.5 to 4.5V. The
XRD patterns are shown iRig. 6, and are examined in two
groups to explain easily the relation between the structural
change and cycling behaviour. One group (1st and 3rd cy-
cles) present almost the same XRD patterns, which are repre-
sentative of a mixture of LikgDg and a small amount of the
LiFeO, phase. Although it is difficult to distinguish clearly
the type of LiFeQ phase between the- and-phases due

to the low crystallinity and some impurities, the main XRD

100 (©) peaks for two types of LiFe©can be distinguished, such
R S €eteeeccceeceqeteticececcesteceesarecee: as the (200) and (220) peaks far and B-LiFeO, (a-:
50 . JCPDS# 17-9383-: JCPDS# 17-936) ati2= 43.3°. The
other group (15th and 50th cycles) also exhibits similar XRD
) (d) patterns over the whole scan range. Two electrodes show the
0 m 20 2 m = typical (31 1) and (44 0) peaks of the Li&@g phase with

Cycle number

cells obtained at (a) 20T, (b) 300°C, (c) 400°C, (d) 800°C.

an additional tetragonalB¢ or vy-) LiFeO, phase 41/amd,
Z =4,a =4152A ¢ = 4192A, ora = 4057A, ¢ =
8.759 A). The intensity of the tetragonal LiFe@hase in-
creases as the cycling proceeds. Based on these results, it



Y.T. Lee et al./Journal of Power Sources 134 (2004) 88-94 93

|
N

311)
(400)
(440)

Intensity (arb. unit)

10 20 30 40 50 60 70 80
20 (degree)

. , _ 100 nm
Fig. 6. Ex situ XRD patterns for cycled jfe, O, electrodes obtained at

200°C: (a) 1st cycle, (b) 3rd cycle, (c) 15th cycle, (d) 50th cycle.

After cycle

is concluded that the fairly large capacity fading during the Fig. 7. TEM bright-field image of cycled electrode.

early stages of the cell using LiFeQorepared at 200C

is due to the spinel transformation. On the other hand, the tem. Further work involving the transformation mechanism

Li/Li xFe,O; cell after the 10th cycle exhibits a very stable is now in progress.

cycle characteristic, due to the appearance of the tetragonal

LiFeO, phase. A similar structure change on cycling has

been reported for the orthorhombic Li|LiFe®ystem. Lee 4. Conclusions

et al. [16] found that the orthorhombic Li|LiFeOsystem

undergoes an almost complete conversion to the dGige Lithium iron oxides, LiFe,O;, have been synthe-

spinel phase after 50 cycles. Based on this investigation,sized using LiOHH,O and a-FeOOH at various tem-

they suggested that the structural change from orthorhom-peratures (200—80®) by a solid-state reaction method.

bic to spinel is the main cause of the capacity decline of Nano-crystalline lithium iron oxide obtained at 200 gives

the Li|LiFeQ, system. Similarly, the Li/LiFe, O, cell exam- a high initial discharge capacity (215 mAhY) and a fairly

ined in this study also reveals a severe capacity loss duringgood capacity retention rate at room temperature, although

spinel transformation in the early stages. One unique char-it exhibited a gradual fall in until the 10th cycle. It is found

acteristic of the Li/LiFe, O, cell in this study is that a new that the decrease in the initial capacity of the Lif#,O,

structural change occurs from the spinel to tetragonal phasecell examined in this study is due to the growth of inactive

after the structural change to the spinel LgBg in the early a-LiFeO, material. Furthermore, it is revealed that lithium

stages. The structural change continues even after long-terniron oxide obtained at 200 partially transforms into

cycling and results in a mixed phase of spinel l§Bg and the tetragonal LiFe® phase after formation of the spinel

tetragonal LiFeQ after the 50th cycle. LiFesOg in the early stages. It is suggested that this second
In order to reveal this structural change in a different way, transformation contributes to the stabilization of the host

TEM analysis was conducted on the same electrodes thatstructure.

were examined by ex situ XRD. Unfortunately, it was not

possible to obtain a reasonable result that could clearly show

the structural changes from the 1st to the 50th cycle. This Acknowledgements
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