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Lithium iron oxide (LiFeO
2
) thin films have been deposited by rf-magnetron sputtering technique and microstructural and

electrochemical properties were studied. The films deposited at a substrate temperature 250∘C with subsequent post annealing at
500∘C for 4 h exhibited cubic rock-salt structure with Fm3m space group.The films exhibited well-defined oxidation and reduction
peaks suggesting complete reversibility upon cycling.The as-deposited films exhibited an initial discharge capacity 15𝜇Ah/cm2 ⋅𝜇m,
whereas the films post annealed at 500∘C for 4 h in controlled oxygen environment exhibited 31 𝜇Ah/cm2 ⋅ 𝜇m.

1. Introduction

The substantial development of lithium ion batteries with
high energy density and capacity originates from the iden-
tification of a good cathode host that can accommodate both
Li+ ions and electrons with minimal structural changes [1, 2].
During charging, the lithium ions are deintercalated from
the cathode host (e.g., LiCoO

2
) and inserted into the van

der Waals gap between the anode layers (e.g., Li). Exactly,
a reverse process occurs during discharge, involving the
extraction of lithium from the van der Walls gap and inter-
calation into the cathode at their interstitial sites. The dis-
charge/charge balance is maintained by reduction/oxidation
of reversible Co3+ ions to Co4+ and maintaining the cathode
structural stability, resulting in good reversibility for longer
cycles. Hence, focus has been made mainly on oxides with
transition metal ions, as many of them are believed to shift
valence state easily [3]. In reality, oxygen ions participate
strongly in accepting the electron, a fact which can be
used to tailor the voltage of a cathode. Lithium transition
metal oxides LiMO

2
(M = Mn, Co, Ni, Fe, etc.) with the

layered structure are commonly used as cathode materials
for rechargeable lithium batteries [4–7]. Among various
lithium transition metal oxides, LiCoO

2
has been most

widely used as a positive electrode material [8]. But, it has

many disadvantages such as high toxicity, high cost, and low
practical capacity [9].Therefore alternative compounds based
on other transitionmetals such as Fe, which are less expensive
and nontoxic than Co, have to be developed. Various types
of iron-containing systems including oxides and phosphates
were investigated in recent years [10]. Among them, LiFeO

2

has beenpaidmore attention due to high abundance andnon-
toxicity of iron [11]. LiFeO

2
has various crystalline structures

such as 𝛼-LiFeO
2
, 𝛽-LiFeO

2
, 𝛾-LiFeO

2
, layered LiFeO

2
, cor-

rugated LiFeO
2
, and goethite type LiFeO

2
[12]. The structure

of the LiFeO
2
mainly depends on the preparation methods.

LiFeO
2
with various structures has been synthesized bymany

researchers. Galakhov et al. prepared 𝛼-LiFeO
2
with Fm3m

space group by solid state reaction. Similarly, 𝛽-LiFeO
2
, 𝛾-

LiFeO
2
, layered LiFeO

2
, corrugated LiFeO

2,
and goethite type

LiFeO
2
have been synthesized by various methods. Among

various synthesis methods, hydrothermal synthesis is one of
the simplest and best method to synthesize lithium based
cathode materials [13, 14]. In the present study, 𝛼-LiFeO

2
was

prepared using hydrothermal synthesis.
Lithium based transition metal oxides (LTMOs) in thin-

film configuration with diverse structures have been the foci
of the research community in the outlook of their potential
applications in science and technology [15]. Deposition of
stoichiometric 𝛼-LiFeO

2
films in single phase along with
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good adhesion is a challenging problem for obtaining good
reversibility. To best of our knowledge, no efforts were
made to grow thin films of LiFeO

2
. Among various physical

and chemical vapor deposition techniques, rf-magnetron
sputtering technique is found to be a powerful and best
technique for the deposition of metal oxide thin films with
reasonable stoichiometry, crystallinity, and morphology by
properly controlling the essential deposition parameters [16].
The electrochemical properties of the bulk/film electrodes
of different cathode materials were studied to understand
the Li+ kinetics in the host material by several authors
employing nonaqueous electrolytes. But there are many
disadvantages with nonaqueous electrolytes with respect to
toxicity and safety concerns. The study of electrochemical
performance in aqueous electrolyte has several advantages
over highly toxic and flammable organic electrolytes [17].
The ionic conductivity of aqueous electrolytes is generally
higher than the organic electrolytes allowing higher rates and
lower voltage drops due to lower electrolyte impedance.These
advantages render the use of the aqueous electrolytes in place
of nonaqueous electrolytes for the primary electrochemical
characterization of 𝛼-LiFeO

2
thin film cathodes. Hence, in

the present investigation, thin films of LiFeO
2
are prepared by

rf-magnetron sputtering technique. The microstructural and
electrochemical properties of the grown films were studied.

2. Experimental

𝛼-LiFeO
2
with Fm3m space group was prepared by using

hydrothermal synthesis. For that, 𝛼-FOOH, FeCl
3
⋅6H
2
O

(99%), and LiOH⋅H
2
O (98%) were used as initial materials.

To prepare𝛼-LiFeO
2
,𝛼-FOOHwasmixedwith LiOH⋅H

2
O in

distilledwater using aTeflon beaker to avoid reactionwith the
vessel.Themixture was treated hydrothermally at 25 Kgf/cm2
for 6 h. The temperature of the autoclave was kept at 210∘C.
The product was washed repeatedly with distilled water to
eliminate residual LiOH⋅H

2
O and dried at 100∘C for long

time. The prepared powder was made as a target (51mm in
diameter and 3mm thick) by cold pressing of the powder
mixture and subsequently sintered at 800∘C for 10 h. LiFeO

2

thin films have been deposited by rf-magnetron sputtering
technique on to metalized Si and steel substrates from the
prepared LiFeO

2
target. The system was evacuated to a base

pressure of about 5 × 10−4 Pa with a turbo molecular pump
backed by a rotary pump. The distance between substrate
and target was about 5 cm. The rf power applied to the target
was 100 W. A rotary drive mechanism was used to rotate the
substrate holder to get good uniform films.

The structure of the sample was studied by Siefert X-ray
diffractometer (Siefert computerized X-ray diffractometer,
model: 3003 TT) with CuK

𝛼1
radiation (𝜆 = 1.5406 Å) source

filtered by Ni thin film operated at a voltage of 40KV and a
current 30mA at a scan speed of 0.03∘ s−1 in the 2 theta range
30–90∘. The peak positions were determined precisely using
RAYFLEX-Analyze software. The Raman spectra of LiFeO

2

in the wave number region 200 to 1000 cm−1 were recorded
at room temperature with a Jobin Yvon (Model HR 800UV)
Raman spectrometer using an excitation wavelength of 532

(Nd:YAG laser). The laser poser on the sample was measured
by a PM 100D console with a C-series photodiode sensor
(Thorlabs GmbH).The particle size and shape were observed
by scanning electron microscope (SEM, HITACHI, Model:
S-3400N) operated in high vacuum mode. The composition
of the sample is analyzed by EDAX (Oxford Instruments,
UK). The electrochemical measurements such as cyclic
voltammetry and chronopotentiometry were performed by
designing aqueous electrochemical cell. The conventional
type aqueous cell design consists of a three-electrode suffused
cell (Pt/saturated Li2SO4/LiFeO2). The rf-sputtered LiFeO

2

films coated on metalized silicon substrate are employed as
working electrode (cathode). A platinum counter (anode)
electrode, which acts as a reversible source and sink of lithium
ions, and commercial calomel reference (Hg/Hg+) electrode
by which the electrochemical analysis was calibrated in
the presence of a saturated Li

2
SO
4
aqueous solution as

electrolyte were employed. The CHI 608C (CH Instruments
Inc., USA) electrochemical analyzer was used for the aqueous
cell measurements.

3. Results and Discussion

3.1. Microstructural Properties. Figure 1 shows the X-ray
diffraction pattern of rf-sputtered 𝛼-LiFeO

2
thin films

deposited at 250∘C followed by subsequent annealing at
various temperatures. It is observed that the annealing tem-
perature significantly affects themicrostructural properties of
LiFeO

2
thin films. The as-deposited films at 250∘C exhibited

low intense peaks at 43.62∘ corresponding to (200) orienta-
tion. The films deposited at 250∘C have been postannealed at
different temperatures ranging from 300∘C to 500∘C for 4 h in
the controlled oxygen environment (5 Pa).Thedegree of crys-
tallization in the films gradually increasedwith the increase of
annealing temperature.Thefilms annealed at 500∘Cdisplayed
relatively high intense predominant diffraction peak at 43.62∘
as shown in Figure 1, which is attributed to the Bragg
reflection from the characteristic (200) lattice planes of cubic
LiFeO

2
. In addition to predominant (200) orientation, the

subsequent appearance of other characteristic orientations
(111), (220), (311), and (222) at 37.55∘, 63.33∘, 75.94∘, and 79.98∘,
respectively, corresponding to cubic rock-salt structure with
Fm3m space group. The estimated lattice parameter of the
films annealed at 500∘C is 4.145 Å and is in consistence with
synthesized 𝛼-LiFeO

2
powder data (Figure 1(a)) [18].

The surface morphological analysis recorded with SEM
for as-deposited and annealed films is shown in Figure 2. A
flat and featureless surface morphology has been observed
for the as-deposited films. An improvement in the surface
morphology along with marked improvement in the grain
size and shape has been observed by post annealing process in
controlled oxygen environment.The annealed films exhibited
roughly spherical nanograins which are in good contact with
each other. The grain size of the films is observed to be
increasedwith post annealing treatment (Figure 3) and found
to be 350 nm for the films annealed at 500∘C. Generally,
annealing the films at higher temperatures may increase
the mobility of small islands by thermally activated process
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Figure 1: (a) X-ray diffraction spectra of as-deposited (𝑇
𝑠
) and annealed (𝑇

𝑎
) LiFeO

2
thin films. (b) X-ray diffraction spectrum of LiFeO

2

bulk powder.

(a) (b)

(c) (d)

Figure 2: SEM images of LiFeO
2
films (a) as-deposited and annealed at (b) 𝑇

𝑎
= 300∘C, (c) 𝑇

𝑎
= 400∘C, and (d) 𝑇

𝑎
= 500∘C.

and being coalesced to form a continuous film with larger
grain size. Also, higher annealing temperature provides suffi-
cient thermal energy for rearrangement of Li, Fe, and oxygen
atoms to form a homogeneous film. Further increasing the
annealing temperature (>500∘C)may cause decomposition of
the film and loss of Li or/and O.

Raman spectroscopy is an excellent analytical technique
for probing the vibrational and structural properties [19].

Figure 4(a) shows the Raman spectrum of LiFeO
2
thin films

deposited at 250∘C. It exhibited two broad peaks around 540
and 650 cm−1. Figure 4(b) shows the Raman spectrum of
LiFeO

2
thin films annealed at 500∘C for 4 h (𝑇

𝑠
= 250∘C).

It exhibited five bands at 263, 539, 586, 655, and 709 cm−1.
The strongest peaks located at 539 and 655 cm−1 are attributed
to the O–Fe–O bending and the Fe–O stretching mode of
FeO
6
octahedra, respectively. The mode at low frequency,
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Figure 3: Variation of grain size as a function of annealing temper-
ature.
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Figure 4: Raman spectra of LiFeO
2
thin films. (a) As-deposited, (b)

annealed (𝑇
𝑎
) at 500∘C.

263 cm−1, is assigned to the Li-cage in an octahedral envi-
ronment and these results are in good agreement with bulk
𝛼-LiFeO

2
[18, 20].

The chemical analysis of the sample has been carried
out using EDAX measurements and the EDAX spectrum
is shown in Figure 5. The spectrum exhibited characteristic
peaks of Fe and O present in the sample. It is not possible
to detect Li for the obvious reason that the X-ray florescence
yield is extremely low for Li. The respective peaks due to
Fe and O are indicated along with their respective energy
positions. The peaks due to any other elements as either
impurity are not detected, which clearly indicates the sample
chemical purity [18].

3.2. Electrochemical Properties. The electrochemical exper-
iments were carried out by designing a conventional type
aqueous three-electrode glass cell (Pt//LiFeO

2
) suffused in
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Figure 5: EDAX spectrum of LiFeO
2
thin films annealed at 500∘C.

aqueous electrolyte. Slow scan rate cyclic voltammetry was
employed to study the electrochemical activity of electrodes
during intercalation and deintercalation reaction. Chronopo-
tentiometry was used to determine the specific discharge
capacity and the cycling behavior of the electrodes. A LiFeO

2

positive electrode with an active area of 0.5 cm2, a platinum
(Pt) metal strip, and a saturated calomel electrode (SCE)
were used as the working, counter, and reference electrodes,
respectively.Though the Pt counter electrodemay not be fully
reversible in aqueous electrolyte during cycling experiment,
it can have an active participation in the electrochemical
process tomeet higher discharge rates.The aqueous saturated
Li
2
SO
4
solution was used as the electrolyte. The main reason

for using the saturated Li
2
SO
4
aqueous solution is that the

aqueous electrolyte solution processes high ionic conduc-
tivity and also reduces the electrolyte/electrode interfacial
resistance [21]. The rf-sputtered 𝛼-LiFeO

2
thin films grown

on metalized silicon substrates with subsequent post anneal-
ing from 300∘C to 500∘C in a controlled oxygen atmosphere
were employed as positive electrodes. The electrochemical
properties were systematically investigated by designing the
two types of cells as mentioned in the experimental section.
Slow scan cyclic voltammetry experiments were performed
in saturated Li

2
SO
4
aqueous electrolyte solution at a slow

scan rate of 0.5mV/s. The cyclic voltammogram exhibited
a complete reversibility with perfect redox couple located
at 0.29/0.38 with a peak separation of 92mV as shown in
Figure 6. The peak separation is slightly larger than the pow-
der data.The charge/discharge capacity versus cell voltage for
the Pt//LiFeO

2
cell derived from the constant current cycling

experiments is shown in Figure 7.The aqueous cell is charged
anddischarged at a current density of 10𝜇A/cm2 in the poten-
tial range from 0.2V to 1.0 V. The films deposited at 250∘C
exhibited an initial discharge capacity of about 15 𝜇Ah/cm2 ⋅
𝜇m. This lower discharge capacity upon electrochemical
cycles is due to poor crystallinity and structural instability.
By annealing the deposited films at various temperatures the
discharge capacity is observed to be increased, which is due to
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Figure 6: Cyclic voltammogram of Pt//LiFeO
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thin films annealed

at 500∘C.
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annealed at 500∘C.

enhancement of crystallinity [22, 23].The films postannealed
at 500∘C for 4 h in controlled oxygen environment displayed
a discharge capacity of 31 𝜇Ah/cm2 ⋅ 𝜇m with good cycling
behavior. It is observed that the cycling behavior for these
films is stable for first 10 cycles and then gradually decreased
as shown in Figure 8.The improvement of discharge capacity
with annealing temperature may be due to the enhancement
of grain size/surface roughness of the sample which is in
consistence with microstructural analysis.

4. Conclusions

Thin films of LiFeO
2
deposited at 250∘C by using rf-

magnetron sputtering technique were annealed at various
temperatures in controlled oxygen environment and their
microstructure and electrochemical properties were studied.
Amarked improvement in the surface morphology and grain
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Figure 8: Cycling performance of Pt//LiFeO
2
thin films annealed at

500∘C.

sizes was observed due to annealing. The films annealed at
500∘C exhibited cubic rock-salt structure with Fm3m space
group and the evaluated lattice parameter was 4.145 Å. The
EDAX and Raman measurements confirm the formation
of 𝛼-LiFeO

2
films with near stoichiometry. An improved

discharge capacity of 31 𝜇Ah/cm2 ⋅ 𝜇m with good cycling
stability has been observed for the films annealed at 500∘C.
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