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ABSTRACT

The c-LiFeO2 micro-cubes were synthesized using a simple solid-state method.

Their electrochemical performance as anode material for lithium ion batteries

was firstly investigated. Pure c-LiFeO2 without nanosizing or carbon coating can

deliver the first discharge capacity of 1055.3 mAh/g, and 611.5 mAh/g can be

maintained after 50 cycles, around 80 % of the second discharge capacity. c-
LiFeO2 also demonstrates nice rate capabilities. These results indicate that c-
LiFeO2 is a promising anode material candidate for lithium ion batteries. The

charge/discharge mechanism was also investigated.

Introduction

Energy storage and conversion is one of the hottest

topics both in the academic and industrial societies

[1–3]. Especially, lithium ion batteries (LIBs) are

extensively studied because of their versatile advan-

tages, like light weight, no pollution and high energy

density. Their electrochemical properties depend

largely on the electrochemical activities of the elec-

trode materials. So, it is being continuously interest-

ing to look for new electrode materials to meet the

updating requirements for LIBs in modern society.

Lithium intercalation compounds with the formula

LiMO2 (M: Fe, Co, Ni and Mn) are one type of

attractive candidate cathodes for LIBs because of the

relatively easy intercalation and de-intercalation of

Li? ions [4, 5]. Among them, LiCoO2 is one of the

most successful cathode materials that has been lar-

gely commercialized. However, its intrinsic draw-

backs, like less available Co source and toxicity,

restrict its further applications. Accordingly, Fe-

based electrode materials should be promising

because of the more available and non-toxic Fe source

[6–10].

Until now, there are ten polymorphs of LiFeO2

have been discovered as listed in Table 1 and Fig. 1.

They are: (1) a-LiFeO2 (Fm-3m1, Pearson code cF8)
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1 Almost all the literature described the space group of a-
LiFeO2 as Fm3m, however, Fm-3m should be the right assign-
ment after careful check of the data from inorganic crystal
structure data (ICSD), Pearson’s crystal data (PCD) and related
literature
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with the cubic NaCl-type structure;8 (2) b-LiFeO2 (I4/

mmm, Pearson code tI4) with the tetragonal CoO-type

structure;9 (3) b’-LiFeO2 (C2/c, Pearson code mS32)

with the monoclinic NaErO2-type structure;9 (4) c-
LiFeO2 (I41/amd, Pearson code tI16) with novel

tetragonal structure [12]; (5) layered LiFeO2 (R-3m,

hR12) with the rhombohedral a-NaFeO2-type struc-

ture [13, 14]; (6) goethite-type LiFeO2 (Pbnm, oP12)

with the a-FeOOH-type structure [15]; (7) hollandite-

type LiFeO2 (I4/m, tI24) with the b-FeOOH-type

structure [15]; (8) corrugated layer LiFeO2 (Pmmn,

oP8) with the orthorhombic b-NaMnO2-type struc-

ture [16]; (9) ordered rock-salt LiFeO2 (Fd-3m, cF64)

with the LiTiO2-type structure [11, 14] and (10) T-

LiFeO2 (Pna21, oP16) with the orthorhombic b-
NaFeO2-type structure [17]. Among them, only sev-

eral of them have been reported being electrochemi-

cal-active. Especially for a-LiFeO2, its electrochemical

behaviors have been investigated extensively. While

for c-LiFeO2, a superstructure polymorph of a-
LiFeO2, its electrochemical performance was partic-

ularly depressed when it was employed as the cath-

ode material for LIBs [12, 15].

It is well known that transition-metal oxides are

one type of most promising anode materials for LIBs

[18, 19], and iron oxides have attracted much interest

among them because of the advantages of Fe element

[20–22]. Comparing LiFeO2 with Fe2O3, it is possible

to employ the former as anode material, too. In fact,

there are several reports about the application of a-
LiFeO2 as anode recently. [23–27]. However, so far,

there is no such study on c-LiFeO2, which may be

caused by the facts that c-LiFeO2 has very bad elec-

trochemical performance and c-phase can’t be

experimentally easily available.

Recently, c-LiFeO2 micro-cubes were occasionally

obtained by us using a simple solid state method.

Later on, the synthesis method was optimized and

pure c-LiFeO2 micro-cubes could be obtained repro-

ducibly. Here, the synthesis, various characteriza-

tions and electrochemical performance of c-LiFeO2 as

the anode material for LIB are firstly reported and

discussed.

Experimental

Synthesis and material characterization

Pure c-LiFeO2 was synthesized using a facile solid

state method. 158.2 mg Li2CO3 (99.0 %, aladdin) and

341.8 mg Fe2O3 (99.9 %, aladdin) with the molar ratio

of 1:1 were mixed, ground to a fine powder and

pressed to a pellet, then the pellet was placed into a

corundum crucible, heated in a muffle furnace from

Figure 1 The powder X-ray diffraction patterns of known

polymorphs of LiFeO2. Only crystal structure data for six

polymorphs of LiFeO2 can be found.

Table 1 Structure information of known LiFeO2 polymorphs

Type Cryst. sys. Space group Pearson code Structure type References

a-LiFeO2 Cubic Fm-3m cF8 NaCl [11]

b-LiFeO2 Tetragonal I4/mmm tI4 CoO [12]

b’-LiFeO2 Monoclinic C2/c mS32 NaErO2 [12]

c-LiFeO2 Tetragonal I41/amd tI16 – [12]

Layered LiFeO2 Rhombohedral R-3m hR12 a-NaFeO2 [13, 14]

Goethite-type LiFeO2 Orthorhombic Pbnm oP12 a-FeOOH [15]

Hollandite-type LiFeO2 Tetragonal I4/m tI24 b-FeOOH [15]

Corrugated layer LiFeO2 Orthorhombic Pmmn oP8 b-NaMnO2 [16]

Ordered rock-salt LiFeO2 Cubic Fd-3m cF64 LiTiO2 [11, 14]

Tetrahedral T-LiFeO2 Orthorhombic Pna21 oP16 b-NaFeO2 [17]
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room temperature to 600�C in 4 hours and main-

tained for 48 hours.

Powder X-ray diffraction (PXRD, Bruker D8

Advance) pattern was collected at 40 kV and 100 mA

for CuKa radiation (k = 1.5406 Å) with a scan speed of

5�/minutes. Field emission scanning electron micro-

scopy (FE-SEM, Hitachi S-4800II) and transmission

electronmicroscopy (TEM,Philips Tecnai12)wereused

to investigate the sample’smorphology. Raman spectra

(Renishaw inVia) measurement was done assuming a

linear baseline in the spectral range 200–2000 cm-1.

Electrochemical characterization

The electrode slurry was prepared using c-LiFeO2,

super C65 and polyvinylidene fluoride (PVDF) with

the molar ratios of 7: 2: 1 dissolved in N,N-2-methyl

pyrrolidone (NMP). The slurry was magnetically stir-

red for 1 day, then it was coated onto a Cu foil, dried at

120 �C for overnight using a vacuum drying oven and

cut the dried foil into U1.6 cm disks. The weight of

electrode material is around 3 mg. The CR-2032 type

coin cell was assembled using a Li foil as the counter

electrode and a Celgard 2325 film as the separator in a

glovebox filled with argon. The electrolyte used was

1 M LiPF6 in a mixed solvent of DEC and EC with a

volume ratio of 1:1. The galvanostatic charge/dis-

charge tests were carried out at a constant current

density of 0.1 C in the potential range of 0.01–3 Vusing

NEWARECT-3008 charge–discharge system. The cells

were first discharged to 0.01 V, and then the cycle

number was counted. Cyclic voltammetry (C–V)

(electrochemical workstation, CHI660D) curves were

measured in 0.01–3 V with the scan rate of 0.5 mV/s.

Results and discussion

It has to be mentioned that the synthesis of c-LiFeO2

has to be handled very seriously. Even small adjust-

ment of the heating profiles, the ratios of the raw

materials and the insufficient grind would result in

the failure to get c-phase. The solid-state method

employed here is really simple, and scalable c-LiFeO2

micro-cubes could be obtained without any

impurities.

The crystal structure of c-LiFeO2 is shown in Fig. 2.

It crystallizes in the tetragonal space group I41/amd

representing a new structure type with Pearson

symbol tI16. There is only one Fe, one Li and one O

atom in its crystallographically independent unit.

Both metal atoms coordinate with six O atoms to form

distorted octahedra. Each FeO6 octahedron shares

edge with four FeO6 octahedra and corner with the

other four FeO6 octahedra. The whole structure can be

described as FeO6 octahedra constructed 3-D network

and Li? ions occupy the octahedral interspaces.

The PXRD pattern (Fig. 3) confirms that the as-

prepared sample is pure c-LiFeO2 as the measured

one is well matched with the calculated one. The

calculated PXRD pattern is simulated from the

structure data of c-LiFeO2 (ICSD No. 174086). The

SEM image (Fig. 4a) indicate that the c-LiFeO2 par-

ticles are cube-like with the diameter around

100–300 nm, while most of them are less than

200 nm. The high resolution TEM image (Fig. 4b)

showing the uneven sizes of c-LiFeO2 cubes are in

good agreement with the SEM images. The lattice

fringes of c-LiFeO2 micro-cubes are obviously visible

(Fig. 4c).

Figure 2 Crystal structure of c-LiFeO2.
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The charge–discharge curves of c-LiFeO2 (Fig. 5)

for the first three cycles indicate the work potential is

around 1.1 V vs Li?/Li, close to the value of a-LiFeO2

[23–27]. The Coulombic efficiencies of c-LiFeO2,

Fe2O3 and Fe3O4 is 72.89, 68.30 and 51.66 % in the

first cycle, indicating that it can effectively increase

the first cycle’s Coulombic efficiency via compensat-

ing the lithium loss in the first cycle by adding some

lithium into the anode, namely, from iron oxides to

LiFeO2. Further, the Coulombic efficiency of c-LiFeO2

is close to 100 % during the following cycles.

The cycling data at 0.1 C (Fig. 6) shows that the

initial discharge capacity can be reached to 1055.3

mAh/g, higher than its theoretical capacity of 848

mAh/g. However, the first charge capacity is only

769.2 mAh/g, indicating that there is irreversible

286.1 mAh/g capacity loss. The discharge and charge

capacities after the first cycle are reduced to 765.2 and

725.4 mAh/g, respectively. After the 50th cycle, there

is 611.5 mAh/g capacity residual, which is 79.9 % of

the 2nd cycle’s value. Except for the first cycle, the

Coulombic efficiencies are very close to 100 % for all

the 50 cycles, indicating its excellent reversible elec-

trochemical reactions.

Compared to the electrochemical results of a-
LiFeO2 as anode material, c-LiFeO2

0s capacity after 50

cycles is lower than those values of a-LiFeO2 and a-
LiFeO2/C nanofibers with 3-D nano-architectures

[23]; however, the capacity retention of c-LiFeO2 is

better. The lower capacity should be ascribed to the

pristine c-LiFeO2 without any nanosizing or carbon

coating. We also tried to prepare the c-LiFeO2/C

composite, however, c-phase was failed to be

obtained once the carbon material introduced. The

further optimization of the electrochemical perfor-

mance of c-LiFeO2 is still underway.

The rate performance of c-LiFeO2 (Fig. 7) was

studied at rates from 0.1 to 10 C with the interval of

ten cycles, and finally return to 0.1 C. The highest

discharge capacities are 1018, 660, 563, 428, 399, 378,

185, 68 and 705 mAh/g at 0.1, 0.2, 0.4, 0.8, 1, 2, 5, 10

and 0.1 C, respectively. When return to 0.1 C, the

capacity can be recovered to 700 mAh/g, much close

to the value attained without high-rate measurement.

The C-V (Fig. 8) measurements for the first three

curves were recorded in 0.01–3 V. For the first cycle,

the cathodic peak appears at around 0.55 V, lower

than that of a-LiFeO2 and caused by the reduction of

Fe3? to Fe, the corresponding electrochemical

Figure 4 The SEM (a) and TEM (b, c) images of c-LiFeO2 micro-cubes.

Figure 3 PXRD pattern of c-LiFeO2.
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reaction can be expressed as the reaction c-
LiFeO2 ? 3e- ? 3Li? ? 2Li2O ? Fe [23–27]. The

broad oxidation peak appeared at around 1.70 V,

which might be consisted of two neighboring peaks

according to its shape. It corresponds to the oxidation

of Fe0 to Fe2?, and further to Fe3? [23–27]. After the

1st cycle, c-LiFeO2 demonstrates nice electrochemical

reversibility as evidenced by the almost completely

overlap of the C–V curves for the 2nd and 3rd cycles.

The cathodic peak moves to 0.92 V for the latter two

cycles, while the anodic peak keeps almost voltage

unchanged, just the shape altered. Comparing the

first three C–V curves of c- and a-LiFeO2, it can be

concluded that their shapes are similar, just the

cathodic peaks’ locations are a little different. The

subtle difference between the electrochemical

mechanisms for c-LiFeO2 and a-LiFeO2 might not be

explained from their crystal structures, as the former

has much worse electrochemical behavior than that

of the latter when employed as cathode materials.

To better understand the first charge and discharge

mechanism, two cells only undergone the first dis-

charge and the first cycle, respectively, were opened

and washed to get the anode materials, scraped the

active materials from the copper foil, which were then

subsequently characterized by powder XRD measure-

ments. As shown in Fig. 9a, both the XRD peaks after

first discharge and first charge become amorphous.

Considering the C–V curves’ similarity of a- and c-
LiFeO2 after the first cycle, it could be presumed that c-
LiFeO2 should be amorphous after the first cycle, too.

These results are also verified by the Raman spectra

Figure 5 The galvanostatic charge/discharge curves of c-LiFeO2 (a), Fe2O3 (b) and Fe3O4 (c) for the first three cycles.
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(Fig. 9b). It shows the existence of c-LiFeO2 and carbon

before electrochemical measurement, and the Raman

peaks of c-LiFeO2 disappeared after the first cycle.

The subtle difference between the electrochemical

mechanisms for c-LiFeO2 and a-LiFeO2 might not be

explained from their crystal structures, as the former

has much worse electrochemical behavior than that

of the latter when employed as cathode materials.

Here, the electrochemical data of c-LiFeO2 as anode

material was firstly studied with focusing on its facile

synthesis method and promising electrochemical

behavior.

Conclusion

In summary, a simple solid-state method was

employed to synthesize c-LiFeO2 micro-cubes. c-
LiFeO2 firstly studied here as the anode material

Figure 7 The rate performance of c-LiFeO2.

Figure 6 The cycling performance of c-LiFeO2 at 0.1 C.

Figure 8 The C–V curves of c-LiFeO2.

Figure 9 a PXRD patterns of c-LiFeO2 after the first discharge

(black) and first cycle (red). b Raman spectra of c-LiFeO2 before

(black) and after (red) the first cycle.
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demonstrates promising electrochemical behaviors.

Without nanosizing or carbon coating efforts, it has

the first discharge capacity of 1055.3 mAh/g, and

611.5 mAh/g can be maintained after 50 cycles,

around 80 % of the second discharge capacity. It can

be expected that its electrochemical performance will

be largely enhanced through nano- or doping tech-

niques. The electrochemical study of c-LiFeO2 is still

in its infancy. We hope this work can stimulate more

studies on various polymorphs of ‘‘cathode material’’

LiFeO2 used as anode material for LIBs.
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