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Abstract: Synthesis and structural characterization of the first LiFeO, compound with tetrahedrally
coordinated Fe®" is reported. When used as a positive intercalation electrode in a lithium cell, it can store
charge of up to 120 mAhg™* at a rate of 100 mAg~*. However, it converts to the defect spinel LiFesOg on
cycling. By combining results from powder X-ray diffraction, differential electrochemical mass spectrometry,
electrochemical cycling, and TG-MS, it is shown that such conversion, which involved oxygen loss, is not
associated with direct O, gas evolution but instead reaction with the electrolyte. We suggest that intercalation/
deintercalation is accompanied by the exchange of Li* by H* in the material and subsequent loss of H,O,
thus converting LiFeO, to the defect spinel LiFesOg on cycling.

Introduction

Lithium intercalation compounds with the composition LiRbeO

are potentially very attractive cathodes for rechargeable lithium
batteries because of their much lower cost and toxicity (relation-

ship to rust) compared with LiCoQused in the vast majority
of present day cells:# Previous studies of LiFeQrompounds

have all focused on polymorphs containing octahedrally coor-

dinated Fé", including the layered analogue of LiCe®”’

corrugated layered pha&@and other polymorphs such as those

based on the ramsdellite and hollandite structtfe’$. None

of these compounds have proven to be stable when used as
cathodes nor capable of supporting extended cycling. Comple-

compound with tetrahedrally coordinated®Fand describe its
properties as an intercalation electrode. It can deliver a capacity
to store charge of 120 mAhg at a rate of 100 mAg.
Intercalation/deintercalation of lithium is accompanied by a
phase transformation to the defect spinel structure 40ge
Differential electrochemical mass spectrometry reveals little
evidence that the associated oxygen loss occurs by dirgct O
evolution. We suggest that the formation of L§Pg occurs by
electrolyte oxidation, H insertion, and KO loss.

Experimental Section

The parent phasg-NaFeQ, was prepared by conventional solid-
state synthesis involving mixing MaO; (Fisher, 99.5%; 5% excess

menting these studies, there is of course a great deal of interesty, \yeight) and FgD, (Aldrich, 99%) and firing at 900C for 12 h in
in iron compounds containing complex oxoanions such as ajr. The lithium phase was synthesized by an ion exchange process

LiFePQ,.1520 Here, we report the first synthesis of a LiFeO
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involving refluxing with a 10-fold excess of LiCl (Aldrich, 99%) in
dry n-hexanol (Aldrich, 99%) at 160C. Typically, two ion exchanges,
each lasting 8 h, were required to achieve complete exchange. To
investigate the effects of particle size, the sodium phase was ball-milled
(SPEX Centri-Prep 8000M mixer/mill) for up to 2 h. Sodium phases
that were ball-milled fo 2 h could be ion-exchanged in a single 8 h
step.

Powder X-ray diffraction was performed on a Stoe STADI/P
diffractometer operating in transmission mode with gEegkadiation.
Time-of-flight powder neutron diffraction data were collected on the
GEM high intensity, medium-resolution instrument at ISIS, Rutherford
Appleton Laboratory. The structures were refined by the Rietveld
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method using the prograirodd based on the Cambridge Crystal- 25000
lographic Subroutine Library (CCSE}.Neutron scattering lengths of
—0.19, 0.945, and 0.5803 (al 10712 cm) were assigned to lithium,
iron, and oxygen, respectively. 20000+
Transmission electron microscopy was performed on a Jeol JEM-
2011 instrument. BET measurements were carried out using a Hiden
IGA porosimeter. Electrochemical properties were measured on elec-
trodes prepared using mixtures comprising 75% active material, 18%
Super S carbon, and 7% PTFE, dry mixed, and pressed into pellets.
Electrodes for combined thermogravimetric analysis/mass spectrometry, &
(TG-MS) measurements were prepared by mixing active material with
graphite in the weight ratios 83:17 and then cold pressing. The cells 5000
consisted of the composite electrode, a lithium metal counter/reference
electrode, and the electrolyte, a 1 molal solution of LiRFethylene

15000

tensity

10000 4

carbonate/dimethyl carbonate 1:1 (v/v (Merck)). All of the cells were 0 210 ! 410 I 6|0 : 8|0
constructed and handled in an Ar filled MBraun glovebox. Electro-
chemical measurements were carried out af@Qusing a Biologic 26 / degrees (FeKo.l)

MacPile Il system or a Maccor battery cycler. Combined TG-MS
measurements were performed using a Netzsch STA449 Jupiter
instrument coupled with a Pfeiffer Vacuum Thermostar GSD300T. The
TGA heating rate was 3C min~! up to 500°C under an argon
atmosphere.

In situ differential electrochemical mass spectrometry (DEMS)
analysis was carried out to detect the gases generated during charge
discharge. The cell consisted of a lithium anode, electrolyte (as above),
and the working positive electrode. The latter was formed by casting
a mixture of the active material, Super S carbon, and Kynar Flex 2801
binder in NMP in the weight ratios 75:15:10 on the titanium current
collector and drying at 120C overnight. The cell was purged
continuously with argon gas, which flowed from the cell into the mass
spectrometer carrying the evolved gases for MS analysis. The experi-
ment setup is described in detailed elsewReéré&.

Results and Discussion

Synthesis and Structure of T-LiFeO,, The synthesis of Figure 1. a. Powder X-ray diffraction patterns fgrNaFeQ (lower) and
LiFeO, with tetrahedrally coordinated cations (hereafter denoted E;'d'_':"e%t (‘lj_?oper)' b. View of the FLiFeO;, structure. Dark tetrahedra,
T—LiFeO,) could not be carried out directly but was achieved 1t L0
by first preparing tetrahedrgi-NaFeQ and then exchanging  Table 1. Refined Crystallographic Parameters for T—LiFeO,?

Na' with Li*, as described in the Experimental Section. PXRD  aom  wyckoff symbol Xla yib e B

data for both the sodium and lithium phases are shown in part™; 12 0413(3) 0.198(3)  0546(3)  0.2(3)

a of Figure 1, where, despite the expected change in lattice Fe 4a 0.077(1) 0.1169(5) 0.0 0.05(5)

parameters and some peak broadening, after ion exchange, it isO1 4a 0.067(2) 0.1338(12) 0.3580(12) 2.8(2)
02 4a 0.421(2) 0.1535(10) 0.8908(8)  0.63(12)

clear that the structure has been retained.
NaFeQ exists in two tetrahedral structures, designgtead aSpace irourpnazl (33);a = 5.5160 (9) A,b = 6.4139 (12) Ac =
y; the B polymorph was employed as a model with which to 5.0789 (5) A;Rexp = 3.2%,Rup = 5.7%, Re = 5.0%
refine the structure of LiFefusing the Rietveld method and
powder neutron diffraction data, (Supporting Informati#tijhe the G ions, such that only one of each pair of face-sharing
crystallographic parameters and view of the refined structure tétrahedral sites in hcp is occupied. All of the occupied
are presented in Table 1 and part b of Figure 1, respectively. tetrahedral sites point in the same direction, as shown in part b
When the lithium site occupancy was allowed to vary, it refined of Figure 1. The occupied tetrahedral sites share only corners,
to unity to within 1 esd, thus confirming the completeness of Wwith the LiO; and FeQ tetrahedra each forming zigzag rows
the ion exchange. From part b of Figure 1, it is evident that the in directions parallel to the close-packed oxiden planes, as
crystal structure consists of tetragonally packed @ns (a shown in part b of Figure 1. There are continuous-Be-Fe
distorted form of hexagonal close packing in which the interactions throughout the structure, ensuring pathwaysfor e
coordination number of © is reduced from 12 to 12f The transfer. Each Li@tetrahedron shares three of its four faces
lithium and iron ions occupy half of the tetrahedral sites between with empty octahedral sites that bridge between neighboring
LiO,4 tetrahedra, thus providing continuous tetrahedral

(21) lMsat{fggwman, J. C.; Thompson, P.; Brown, RL.Appl. Crystallogr1982 octahedrattetrahedral pathways for tiion transport parallel

(22) Sears, V. FNeutron Newsl992 3 (3), 26. to the close-packed oxidggon planes. The fourth face of the
(23) Utheil 3. Baertsch, M. C.; Weig, A.; Novak, P. Electrochim. Act2005 tetrahedron, which is shared with a tetrahedron pointing in the
(24) Armstrong, A. R.; Holzapfel, M.; N\ P.: Johnson, C. S.; Kang, S.-H.;  opposite direction, perpendicular to the close-packed planes,
(25) Eﬁggl,(?_r? MR, %f?%eévfét%_'%wm_ i?fé?;nfé’ffggqlfgasgff" provides a route for L'iions to move perpendicular to the close-
(26) West, A. R.; Bruce, P. GActa Crystallogr., Sect. B982 38, 1891. packed planes. Once in this tetrahedron, it may then migrate

J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008 3555



ARTICLES Armstrong et al.

30+

254

204

154

104

Discharge capacity / mAhg”

0 T T T T T T T T T 1
0 10 20 30 40 50

Cycle number

Figure 2. Variation of discharge capacities vs cycle number for as-prepared
T—LiFeQ,. (O) cycled between 1:54.6 V at a rate of 25 mAd!, (@) cycled
between 1.54.6 V at a rate of 100 mAgd, (a) cycled between 1.5 and
4,95V at a rate of 100 mAg.

into a neighboring octahedron, thusfliransport is possible in
all directions within the structure. However, the electronic
conductivity of T-LiFeO, was found to be similar to that of
LiFePQ at around 10° S cn1,

There is a large family of compounds known as the tetrahedral
structures, and several have been shown to suppottarisport.

For example, LISICON, Lit2Zn; - xGeQ, is an interstitial
solid solution based on the stoichiometric compoung- Li
ZnGeQ, which adopts tetragonally packed oxide ions, with the
LioZnGe cations occupying half of the tetrahedral stfes?
Although the cation ordering in LISICON is more closely related
to that of they-NaFeQ polymorph tharp, its high lithium-ion
mobility demonstrates the significance of tetrahedral structures
as ionic conductors. Recent interest in the lithium intercalation
compound LiFeSiQ, another closely related tetrahedral struc-
ture with tetragonally packed oxide ions, adds further emphasis
to the significance of this family of compounds as electrodes
and electrolyted?

Electrochemistry of T—LiFeO,. Electrodes were fabricated
as described above. Even charging to 5.1 V verstis(1M)/
lithium only leads to capacities around 20 mAhgn discharge,
as shown in Figure 2. Changing the rate has a significant effect
on the capacity, suggesting that the low capacities may be a
function of kinetics.

In response to the above results, ball milling of the materials
was investigated to reduce the particle size and address the
kinetic limitations. Ball milling the ion-exchanged-ILiFeO,
phase resulted in structural degradation, with the appearance
of PXRD peaks corresponding ¢eLiFeO, (a disordered rock-
salt-based phase). Reasoning that the sodium phase may be more
stable, we subjecteétNaFeQ to ball milling with subsequent
ion exchange, resulting in single-phaselliFeO,. Examination
of TEM data indicated that the particle size of the non-ball-
milled T—LiFeO, was already around 4. After 2 h of ball-
milling, the particle size was reduced to around 10 nm, as shown eE ey )
in part ¢ of Figure 3, although there was considerable ag- o) AT W Wt
glomeration of the small particles, as shown in part b of Figure Figure 3. Transm|ssnon electron micrograph of (a) as-preparediFeO,,

3. The electrochemical data for the ball-milled materials are () T—LiFeC. prepared fromj-NaFeG ball-milled for 2 h showing
agglomeration of particles, (c)-ILiFeO, prepared from3-NaFeQ ball-

milled for 2 h, showing individual particles.

(27) West, A. R.; Glasser, F. B. Solid State Cheni972 4, 20.

28) Hong, H. Y. PMater. Res. Bull1978 13, 117. ; i i Aifi ; ; ;
gzgg Nytegllq, A.; Abouimrane, A,; erang, l\% Gustafsson, T.; Thomas, J. O. presented in Figure 4. The Slgmflcant Increase in capacity on

Electrochem. Commur2005 7, 156. ball-milling is immediately evident. The capacities increased
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Figure 4. Variation of discharge capacities vs cycle number feiLTFeO, b
synthesized fronf-NaFeQ ball-milled for 2 h. @) cycled between 1:5 ) 5.0-
4.6 V at a rate of 25 mAdh, (O) cycled between 1:54.95 V at a rate of
100 mAg?, (a) cycled between 1.5 and 5.1 V at a rate of 100 mAg 4.5+
> ——Cycle 1
with ball-milling of up to 2 h, and further milling resulted in =~ 40 *O*gy"}eg
partial decomposition. Figure 4 indicates that capacities as high g 35 N Cyzlz 10
as 120 mAhg! can be obtained at 100 mAyY albeit over a § S A R N Czcle 50
wide voltage range of 1.5 to 5.1V. Capacity retention after the & 307 O e
initial rise is quite good, as shown in Figure 4. The variation of 2.5
the discharge capacities during the first few cycles is related to 20
a change in the electrode structure. ]
The variation of potential with the state of charge is shown 1.54
in Figure 5 for the 3 different upper cutoff potentials and for 100 80 60 40 20 o0
several cycles up to cycle number 50. The most dramatic change -1
. : . dQ / mAhg
occurs during the first few cycles. After the first charge, most
of the cycling occurs in a voltage range more compatible with <) 1
the FET/Fe** couple than F&/Fe*". Such changes in shape 5-°j
and potential on cycling usually signal a transformation in the 45 Cvele 1
structure, in accordance with the variation in the discharge 1 —O—CzcleZ
capacities over the same early cycles, as shown in Figure 4. 401 - Cycle s
XANES data collected at the end of charge reveal no evidence - 35 —A—Cycle 10
for Fe**, only Fé*, confirming the absence of a simple redox .8 1 & iy, 00 e Cycle 50
process. It should be noted that the first discharge capacity § 3‘0f
exceeds the first charge, implying formation ofFat the end S 254
of the discharge. Attempts to insert lithium into as-prepared 20
LiFeO, (i.e., to commence with discharge rather than charge) o
resulted in a similar 3840 mAhg! (excess) discharge capacity, 1.5
indicating that the host material can accommodate a small 120 100 -80 60 40 20 0
. 0 . . . :
amount of lithium (16-15%). To further investigate a possible dQ/ mAhgl

structural transformation on cycling, PXRD data were collected _ ) _ i

as a function of cycle number, as shown in Figure 6. Comparing f’? iy %.iaéhérg:ufﬂfiﬁﬁr?ﬁ \éogag(;:) pcr;(f:':ee; flogiléF\?(;zt Say:‘;[‘eeso'f‘;g
the PXRD data after various cycle numbers, it is evident that mag-1, (b) cycled 1.5-4.95 v at 100 mAg?, and (c) cycled 1.55.1 V at
changes occur on extended cycling, especially in the regions100 mAg.

around 55 and 82in 20 (FeKy1), with new peaks growing in o )
these regions. Comparison of these data with the Jcppsredox couple, thus explaining the evolution of the voltage versus

database did not provide a definitive interpretation of the State of charge plots, in Figure 5, to lower voltages on cycfing.
additional peaks. To clarify the situation, a cell was arrested at | "€ transformation from FLiFeO; to LiFesOg (Lio.FeQ.q)

the end of the charge after 20 cycles. The PXRD data from this ©" €Y¢ling must involve the overall loss of oxygen from the
cell are included in Figure 6. The principal lines for the defect Material; how then does this process occur? Such oxygen loss
spinel LiFeOg, from the JCPDS database, are also included in coUld take place by direct evolution o,@om LiFeC;, during

the figure and exhibit a good match to the additional peaks in charging above 4.5 V. This has been observed before for
the PXRD data, demonstrating that on cycling the structure Manganese-based oxides, for example, the layerechLlid -
converts from tetrahedral LiFeQdistorted hcp packing) to the Mo Oz, where oxidation beyond the point in which manganese
defect spinel LiFgOs (ccp packing). It has been reported that and nickel are both in the-4 oxidation state, is accompanied
LiFesOs may be cycled between this composition and COmMpOSi- 30, e ¢, 3.; Greenblatt, M.; Waszczak, J.JvSolid State Chemi986
tions that can approachdFe;Os, associated with the F&/Fe*+ 64, 240. T '
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Figure 6. Powder X-ray diffraction patterns for-ILiFeO; as a function
of electrochemical cycling. Tick marks show peak positions for ke

6

—e—m/z=2 (H)
—o—m/z =28 (CO)
—n—m/z=44(CO,)

Potential / V vs. Li/Li"

Time /h
Figure 7. DEMS trace for F-LiFeO, showing traces for b} CO, and CQ.

by O, evolution3! Alternatively, direct electrolyte oxidation may
occur as observed on chargingMinOs at elevated tempera-

. . : 2.0x10™

15}
=
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w2
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& =

= F1.0x10" ~
>
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Figure 8. Thermogravimetric analysis (solid line) and mass spectrometry
(dashed line) traces for a LiFe@lectrode charged to 5.1 V, heated under
argon at 5°C/min.

A charged electrode was removed from the cell in the
glovebox, carefully washed with dimethyl carbonate, dried, and
transferred to a thermogravimetric analyzer coupled with mass
spectrometry. The TG-MS measurement was carried out under
argon. The results are shown in Figure 8, from whickOH
evolution on heating at 150 and 2%0 is evident, demonstrating
the presence of Hin the charged material. Considering all of
the results together, no evidence offFexidation to F&" on
charging, the lack of direct £evolution, evidence for electrolyte
decomposition, and the presence of a significant amount of
hydrogen in the electrode at the end of the charge, a possible
mechanism for the conversion of-LiFeO, to LiFesOg may
be proposed. We suggest that electrolyte oxidation on charging
above approximately 4.6 V is accompanied by the generation
of H*, which exchanges for Liin LiFeO,

LiFeO, + xH" —Lij;, _ yHFeO, + xLi"

followed by the leaching of kD from the material (effective
removal of hydrogen and oxygen), as has been noted previously,
e.g., from Lp—xHxMn03.36-38 Although this mechanism fits the
results, it remains speculative; however, there is no doubt that
oxygen is lost and not by direct evolution.

tures32 To address this issue, cells were cycled and the gases In conclusion, LiFe@ with tetrahedral F& has been
evolved from the cell during charge and discharge measuredsynthesized for the first time and its structure refined, showing
in-situ by differential electrochemical mass spectrometry (DEMS). that it corresponds to thé-polymorph of NaFe@ from which

The technique is described elsewh& & The results are
presented in Figure 7. There is little evidence efg@s evolution

it was formed by ion exchange. Lithium may be removed from
this compound, and capacities of 120 mAhgt a rate of 100

on charging during the first or subsequent cycles. However, mAg~! may be obtained over a wide voltage range and with

significant CQ and CO evolution was evident on charging at

reasonable capacity retention on cycling. Cycling is accompa-

high voltages, as shown in Figure 7. It has been shown nied by transformation of the tetragonally close-packed structure

previously that evolution of such gases from LiffrEC/DMC
is indicative of electrolyte oxidatiof®:3*As soon as discharge
commences, gas evolution is dominated by Bs shown in
Figure 7. It is known that electrolyte oxidation may be
accompanied by the generation of" £ Summarizing the

to that of the cubic close-packed defect spinel kBg The
process involves oxygen loss, but in situ differential electro-
chemical mass spectrometry shows that this is not accompanied
by direct evolution of @ gas, as has been observed for some
manganese materials. It does however demonstrate that elec-

DEMS results, they point to electrolyte oxidation accompanying trolyte oxidation accompanies charging. Such results, together

charging.

(31) Armstrong, A. R.; Holzapfel, M.; Novak, P.; Johnson, C. S.; Kang, S-H.;
Thackeray, M. M.; Bruce, P. GI. Am. Chem. So2006 128 8694.

(32) Robertson, A. D.; Bruce, P. @hem. Mater2003 15, 1984.
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(34) Ufheil, J.; Wusig, A.; Schneider, O. D.; NokaP.Electrochem. Commun.
2005 7, 1380.
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with TG-MS data that indicate the presence of hydrogen in the
material after charging, leads to a possible mechanism of oxygen
loss. We suggest that electrolyte oxidation on charging is

(36) Thackeray, M. M.; Johnson, C. S.; Vaughey, J. T.; Li, N.; Hackney, S. A.
J. Mater. Chem2005 15, 2257.

(37) Rossouw, M. H.; Thackeray, M. Mlater. Res. Bull1991 26, 463.
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accompanied by H generation, which exchanges for'Lin influence of such strategies on its structural stability and
T—LiFeO,, forming Li; - HFeG. This in turn loses kO, electrochemical performance.

resulting in the overall loss of oxygen from-LiFeO; to form

LiFesOs. This is the first study of the electrochemistry of a  Acknowledgment. PGB thanks the EPSRC for financial
tetrahedral LiFe@compound. Despite Ee being in tetrahedral ~ SUPPOTt.

rather than octahedral coordination, (all of the previous LiFeO
compounds contained e in octahedral coordination) and
despite the & packing being closer to hcp than ccp, the
T—LiFeO, phase has proven to be unstable on cycling, rendering
it unusable for practical applications. Future studies will be
devoted to modifying or doping LiFeOto investigate the JA077651G

Supporting Information Available: Graphs of the refined
neutron diffraction pattern for T-LiFe£and of XANES spectra
for T-LiFeO, at the end of charge. This material is available
free of charge via the Internet at http://pubs.acs.org.
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