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1. Introduction

Commercial lithium-ion batteries (LIBs) consist of LiCoO2

as the positive electrode and graphite as the negative elec-
trode.[1] To reduce the cost and improve the capacity and safety
in operation, efforts are being made to find alternative elec-
trode materials for LIBs. Nanostructured metal oxides have at-
tracted a lot of attention in recent years as electrodes for LiBs
because of their potential attributes of better chemical suitabil-
ity and enlarged effective surface area.[2–9] In addition, it is pos-
sible for many of these oxides to intercalate–deintercalate Li
ions into the layered (2D) or network (3D) structure.[1,3]

In recent years, nanoparticles, nanotubes, and thin films of
a-Fe2O3 (hexagonal corundum structure) have been studied
for their magnetic properties,[10] photoelectrochemical splitting
of water to hydrogen,[11] photoanodic properties,[12] field-emis-
sion behavior,[13] use as potential gas sensors[14] and as elec-

trodes for LIB applications.[14–19] Larcher et al.[16] have shown
that 0.5 moles of Li can be reversibly intercalated into nano-
particles (20 nm) of a-Fe2O3 in the potential range 1.5–4.0 V
(vs. Li). When reacted with Li to potentials up to 0.9 V (vs. Li),
2.0 moles of Li can be intercalated, but these can not be ex-
tracted electrochemically by the charging operation without
destroying the crystal structure. On deep discharge with Li, up
to 0.005 V (vs. Li), as many as 8.5 moles of Li per mole of
Fe2O3 react, with the concomitant crystal structure destruction
and formation of nanometer-sized metal particles (Fe0), Li2O,
and a polymeric layer on Fe0 as a result of the decomposition
of the solvents in the electrolyte.[16] The subsequent charging
operation, up to 3.0 V (vs. Li), can result in the release of Li
ions (and electrons) by the ‘conversion reaction’ of nanometer-
sized Fe0 particles with Li2O.[1–3] Studies by Larcher et al.[18]

and Morales et al.[17] on a-Fe2O3 nanoparticles and by Chen
et al.[14] on a-Fe2O3 nanotubes have clearly indicated that the
morphology of nanometer-sized a-Fe2O3 structures plays a sig-
nificant role in the reactivity of the material towards Li, and
have shown that 4 moles of Li are cyclable in the potential
range 0.005–3.0 V, but capacity degradation occurred in all
cases on long-term cycling.

Recently we developed a simple thermal treatment (hot-
plate) technique for the realization of nanowalls and nano-
flakes of metal oxides on suitable substrates.[13,20,21] In this Full
Paper, we report on the preparation and electrochemical per-
formance of nanoflakes of a-Fe2O3 films on a Cu substrate, ex-
amined by using cyclic voltammetry, charge–discharge cycling,
and impedance spectral analysis. Results show that 4.0 moles
of Li are cyclable up to 80 cycles without any capacity degrada-
tion, thereby establishing the advantage of nanoflake morphol-
ogy over the nanoparticle/nanotube morphology of a-Fe2O3

for reversible Li storage.
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Nanoflakes of a-Fe2O3 were prepared on Cu foil by using a thermal treatment method. The nanoflakes were characterized by
X-ray diffraction, scanning electron microscopy, high-resolution transmission electron microscopy, and Raman spectroscopy.
The reversible Li-cycling properties of the a-Fe2O3 nanoflakes have been evaluated by cyclic voltammery, galvanostatic
discharge–charge cycling, and impedance spectral measurements on cells with Li metal as the counter and reference electrodes,
at ambient temperature. Results show that Fe2O3 nanoflakes exhibit a stable capacity of (680 ± 20) mA h g–1, corresponding to
(4.05 ± 0.05) moles of Li per mole of Fe2O3 with no noticeable capacity fading up to 80 cycles when cycled in the voltage range
0.005–3.0 V at 65 mA g–1 (0.1 C rate), and with a coulombic efficiency of > 98 % during cycling (after the 15th cycle). The
average discharge and charge voltages are 1.2 and 2.1 V, respectively. The observed cyclic voltammograms and impedance
spectra have been analyzed and interpreted in terms of the ‘conversion reaction’ involving nanophase Fe0–Li2O. The superior
performance of Fe2O3 nanoflakes is clearly established by a comparison of the results with those for Fe2O3 nanoparticles and
nanotubes reported in the literature.
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2. Results and Discussion

2.1. Characterization

In a previous publication,[13] we described the formation of
nanoflakes of a-Fe2O3 on various substrates by the thermal
heating method, and we also suggested a plausible mechanism
for the growth of nanoflakes. Briefly, the nature and density of
the nanoflakes depends on the nature of the (Cu, Fe metal, or
Si) substrate, thickness of the deposited Fe film, the tempera-
ture and time of heating of the foil in an air/oxygen/inert atmo-
sphere. Presently, we employed an etched copper foil as sub-
strate, an Fe film of thickness of approximately 700 nm, a
temperature of 300 °C, and a 5 h heating time in air to obtain
adherent and dense flakes of a-Fe2O3. Figure 1 shows a field-
emission scanning electron microscopy (FE-SEM) image of the
Fe2O3 nanoflakes obtained on the Cu substrate. The nanome-

ter-sized flakes are generally pointed perpendicular to the
plane of the Cu substrate. Naturally, these nanoflakes present a
large effective area, which would be potentially significant
for electrochemical performance. Figure 2a shows the typical
transmission electron microscopy (TEM) image of the a-Fe2O3

nanoflakes, and Figure 2b shows the high-resolution TEM
(HR-TEM) lattice image. The measured lattice spacing of
0.371 nm is in good agreement with the d-spacing of the (012)
plane (0.368 nm) of a-Fe2O3.[13] Raman spectroscopy (Fig. 3)

further supports the presence of a-Fe2O3 together with a small
amount of Fe3O4, which is believed to be the precursor for the
growth of the Fe2O3 nanoflakes.[13] The X-ray diffraction
(XRD) pattern of the nanoflakes (not shown) indicated the
phase to be a-Fe2O3 along with some Fe3O4.[13]

2.2. Electrochemical Studies

2.2.1. Galvanostatic Cycling

Discharge–charge cycling was carried out in the voltage win-
dow of 0.005–3.0 V (vs. Li) at a current density of 65 mA g–1 up
to 80 cycles at ambient temperature (RT), and the voltage ver-
sus capacity profiles are shown in Figure 4. For clarity, only se-
lected cycles are shown. The open-circuit voltage (OCV) of the
fabricated and aged (12 h) cells was about 3.0 V. During the
first discharge, the voltage decreased steeply to approximately
1.2 V, whereupon a plateau sets in and continues until a capaci-
ty of about 300 mA h g–1 is reached. This corresponds to a con-
sumption of 1.8 moles of Li per mole of Fe2O3. Another volt-
age plateau is observed at about 0.75 V up to a capacity of
approximately 800 mA h g–1, followed by a gradual drop in
voltage until the end of discharge. The total first-discharge ca-
pacity is (1235 ± 20) mA h g–1 and corresponds to a consump-
tion of 7.4 moles of Li per mole of Fe2O3. The plateaux volt-
ages are clearly reflected as peaks in the differential capacity
versus voltage plots shown in Figure 4b and c. These peaks in-
dicate a two-phase reaction, due to the coexistence of two
phases. The first-discharge profile qualitatively resembles that
noted by Larcher et al.[18] and Morales et al.[17] on nanoparticu-
late Fe2O3 and Chen et al.[14] on nanotubes of Fe2O3. However,
our plateaux voltage values are smaller, and the total first-dis-
charge capacity is also smaller, 7.4 moles of Li versus 8.8 ob-
served by Larcher et al.[18] and Chen et al.,[14] and 8.3 moles of
Li reported by Morales et al.[17] These facts indicate that the
morphology of the nanostructured Fe2O3 plays a significant
role in determining the discharge characteristics.
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Figure 1. Field-emission scanning electron microscopy image of a-Fe2O3

nanoflakes grown on a Cu substrate. Scale bar: 100 nm.

Figure 2. High-resolution transmission electron microscopy images of
a-Fe2O3 a) nanoflakes, and the corresponding b) lattice image. The inter-
planar spacing is 0.371 nm.
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Figure 3. Raman spectrum of a-Fe2O3 nanoflakes. The bands due to Fe3O4

impurity are also indicated.
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According to the reaction mechanism proposed in the earlier
studies,[14,16–18] the first voltage plateau at approximately 1.2 V
(and consumption of 1.8 moles of Li) in the nanostructured
Fe2O3 represents the coexistence of two Li-intercalated phases,
hexagonal and cubic, as per Equation 1:

Fe2O3 + 2 Li+ + 2 e– → Li2(Fe2O3) (1)

Li2(Fe2O3) + 4 Li+ + 4 e– → 2 Fe0 + 3 Li2O (2)

2 Fe0 + 2 Li2O ↔ 2 FeIIO + 4 Li+ + 4 e– (3)

The second voltage plateau, at about 0.75 V, represents the
reduction of Fe ions to form nanometer-sized Fe metal (Fe0)
and amorphous Li2O, preceded by crystal structure destruc-
tion, given by Equation 2. The additional consumption of
1.4 moles of Li is presently observed, over and above those giv-
en in Equations 1 and 2, below 0.75 V, caused by the formation
of a solid electrolyte interphase (SEI) and the polymeric gel-
type layer on the metal nanoparticles because of the decompo-
sition of the solvent in the electrolyte. The first-charge reaction
is represented by the forward reaction of Equation 3, where
the decomposition of Li2O is aided by the nanostructured Fe0,
resulting in the formation of FeO and giving a capacity corre-
sponding to 4 moles of Li. The subsequent reversible dis-
charge–charge reactions follow Equation 3.

The first-charge profile of the Fe2O3 nanoflakes
shows a strong polarization near 1.4 V followed by a
voltage plateau at about 2.0 V, suggesting two-phase
coexistence (Fig. 4a and b). The first-charge capacity
is 420 mA h g–1 (ca. 2.6 moles of Li), which is smaller
than the expected theoretical value of 671 mA h g–1

(4.0 moles of Li) as per Equation 3. The discharge–
charge profiles shown in the 5–50 cycles range in
Figure 4a indicate that, while the discharge curves
overlap reasonably well, the charge curves shift to-
wards increasing capacity and merge during the
20th–50th cycles. This shows that full and stable ca-
pacity is realized only after 15–20 cycles, possibly
due to the nature of the Fe2O3 nanoflakes. The exact
reason for this ‘conditioning’ or ‘formation’ of the
electrode extending up to the initial 15th cycle is not
clear at present. As no conducting carbon was em-
ployed for the fabrication of the electrode of a-Fe2O3

nanoflakes, it is obvious that the ‘nanostructured
Fe0–amorphous Li2O’ composite formed during the
first discharge reaction (Eq. 2) needs several charge–
discharge cycles for stable SEI film formation, perco-
lation of the electrolyte through all the nanoflakes of
the electrode, and to establish intimate electrical
(electronic) contact with the Cu current collector.
We note that an increase in the reversible capacity
with cycle number was observed earlier by Guyo-
mard et al.[22] in the LixMVO4 (M=metal) system,
and recently by Yu et al.[23] in the Ni-foam-supported

reticular ‘CoO–Li2O’ thin-film composite anode, and by Taber-
na et al.[8] in the Cu-nanopillar-supported Fe3O4 anode. In the
latter two of the above systems, the electrodes did not contain
any conducting carbon or additive, as is the case in the present
study. Thus, it appears that whenever conducting carbon is not
employed for the fabrication, ‘formation’ of the electrode can
extend to several cycles for the full realization of the inherent
reversible capacity.

The differential capacity versus voltage plot for the 50th cy-
cle, shown in Figure 4c, indicates that the average discharge
voltage is about 1.2–1.3 V and the charge voltage is 2.1 V. The
capacity versus cycle number plot is shown in Figure 5. As can
be seen, the discharge capacity decreases while the charge
capacity increases up to 15 cycles, and thereafter stabilizes
to give almost identical values up to 80 cycles, with no notice-
able capacity fading. The stable and reversible capacity of
(680 ± 20) mA h g–1 corresponds to (4.0 ± 0.05) moles of Li per
mole of Fe2O3, which is in excellent agreement with Equa-
tion 3. It is also clear from Figures 4a and 5 that the Coulombic
efficiency is > 98 % in the 20–80 cycles range, at a current
of 65 mA g–1, which corresponds to about the 0.1 C rate
(1 C = 680 mA g–1). A comparison of the cycling performance
of Fe2O3 nanoflakes with those of Fe2O3 nanoparticles[17] and
Fe2O3 nanotubes[14] shows that the latter two phases, cycled at
0.2 C and 0.07 C rates, respectively, showed fairly large capaci-
ty fading: Thus, only 56 and 54 % of the initial capacity was re-
tained at the end of 15 and 100 cycles, respectively, in the case
of Fe2O3 nanoparticles and Fe2O3 nanotubes. Hence, the nano-
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Figure 4. a) Galvanostatic charge–discharge curves of a-Fe2O3 nanoflakes in the volt-
age range 0.005–3.0 V (vs. Li) at a current of 65 mA g–1. The numbers indicate cycle
number. b) The 1st cycle, and c) 50th cycle differential capacity, dq/dV [mA h g–1 V–1],
versus voltage ([V] vs. Li) plots extracted from (a).
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flake nature of the starting Fe2O3 with defect-free flakes, good
adhesion of the flakes with each other and to the current col-
lector, and maintenance of integrity in spite of the structure de-
struction/reduction during the processes of Equations 1 and 2,
and renewal of particle surfaces during the reactions of Equa-
tion 3 seem to act in a favorable manner to give rise to the ob-
served stable and large reversible capacities.

2.2.2. Cyclic Voltammetry (CV)

Cyclic voltammograms were recorded on the cells with
a-Fe2O3 nanoflakes at ambient temperature (RT) in the
0.005–3.0 V range at a slow scan rate of 58 lV s–1 up to 15 cy-
cles. Li metal was used as the counter and reference electrodes.
These results are shown in Figure 6. Only selected cycles are
shown for clarity. The first sweep was cathodic (reaction with
Li) and started from the OCV (ca. 2.9 V). As can be seen, a
smooth sloping curve up to about 1.02 V with a shoulder at
about 1.2 V is indicative of the single-phase insertion of Li and
reduction of Fe3+ ions in a-Fe2O3, and the coexistence of two
intercalated phases, as described earlier (Fig. 4a and b). This is
followed by the onset of a peak at about 0.8 V. Well-defined
peaks are observed at 0.67 V and 0.31 V. These peaks are also
reflected in the differential capacity plots of Figure 4b. These
correspond to Equation 2 and probably occur in two steps. The
subsequent charge (anodic) curve is smooth up to 1.75 V and
shows a peak at about 2.04 V, which nearly coincides with
the voltage plateau in the galvanostatic charging curve (Fig. 4a
and b).

The second cathodic sweep differs from the first one, indicat-
ing a different mechanism: a sharp cathodic peak at approxi-
mately 1.2 V and broad peaks at about 0.96 and 0.35 V are
seen. The peak at 0.67 V, noticed in the first cathodic scan, is
now absent. In the second anodic scan (Li removal), indication
of small peaks at about 1.0 and 1.5 V are seen, in addition to
the main peak at 2.1 V. During the 3rd–12th cycles, the CV
peaks overlap well, indicating good reversibility of the dis-

charge–charge reactions. The CV result for the 12th cycle,
showing the well-defined cathodic and anodic peaks, bears very
good resemblance to the 50th cycle differential capacity versus
potential plot of Figure 4c, indicating the complementary na-
ture of the galvanostatic and CV data.

Chen et al.[14] reported CV results of Fe2O3 nanotubes up to
20 cycles recorded at a high scan rate of 0.5 mV s–1. Morales
et al.[17] also reported step-potential curves up to 5 cycles,
which are equivalent cyclic voltammograms, on Fe2O3 nano-
particles. A comparison of the these results with our CV data
indicate that qualitatively the curves are similar. However,
while the anodic peak potential value of around 2.1 V ob-
served by Chen et al.[14] agrees well with our value, those of the
cathodic peaks differ nontrivially, possibly because of the nano-
tube nature of their starting material and the high scan rate
employed by them. Similarly, minor differences exist between
our CV curves and those of Morales et al.,[17] reflecting the dif-
ferences in behavior between the nanoparticles and nanoflakes
of Fe2O3.We must mention here that the observation of multi-
ple peaks in the CV results, complemented by the differential
capacity versus potential curves (Figs. 6b and 4c), indicates that
the reversible reactions of Equation 3 occur not as a single
well-defined step but via two or more steps that involve inter-
mediate coexisting phases. It is also possible that during the
charging process, oxidation may occur not only from Fe0 to
Fe2+, but also partly from Fe2+ to Fe3+, as indeed noticed by
Morales et al.[17] by ex situ X-ray photoelectron spectroscopy
measurements.
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2.2.3. Electrochemical Impedance Spectroscopy

Impedance spectral measurements on electrode materials
can give important information regarding the factors responsi-
ble for Li cycling, like the surface film and charge-transfer re-
sistances, the associated capacitances and their variation with
the applied voltage, including the fully discharged and fully
charged states. Thus, impedance data on several oxide cathodes
like Li1–xCoO2,[24] Li1–x(Ni1/3Mn1/3Co1/3)O2,[25] and anodes like
Lix–graphite[26] have been analyzed and interpreted, in which
single-phase (solid-solution) reactions occur for a limited range
of x. However, impedance studies have also been reported on
oxide anodes like SnO,[27] K2(Li2/3Sn22/3)O16,[28] Co3O4,[29,30]

Ca2Co2O5,[31] TiOF2 and NbO2F,[32] Li4Ti5O12,[33] and the 3.5 V
cathode, LiFePO4.[34–36] In the above systems, either ‘alloying–
de-alloying’, or ‘conversion’, or ‘deintercalation–intercalation’
reactions occur with Li, essentially in the form of two-phase re-
actions, and, strictly speaking, the derived impedance parame-
ters may not be of any significance. However, the relative vari-
ations in the impedance parameters, namely, surface-film and
charge-transfer resistances, surface-film and double-layer ca-
pacitances, and so on, at various values of x (at various volt-
ages) do have a significance and represent the changes taking
place in the systems, and possibly reveal the reaction mecha-
nisms. No impedance data are available in the literature on
nanoparticles or nanotubes of Fe2O3.

Here, impedance measurements were carried out at room
temperature on cells with Fe2O3 nanoflakes versus Li at se-
lected voltages in the range of 0.005–3.0 V at a slow scan rate
of 58 lV s–1 during the first discharge–charge cycle and also
during the 42nd cycle. The cells were discharged or charged to
a particular voltage value and relaxed for 1 h and the imped-
ance was measured. The Nyquist plots (Z′ versus –Z″) at var-
ious voltage values during the 1st discharge cycle are shown
Figure 7a. The impedance data were analyzed by fitting to an
equivalent electrical circuit shown in Figure 7c, similar to the
circuit employed for other oxide electrodes.[28,32,34,35] It consists
of the electrolyte (Re), surface film (Rsf), and charge transfer
(Rct) resistances, a constant phase element (CPEi) instead of
pure capacitance (due to the observation of a depressed semi-
circle), along with suitable diffusional components like War-
burg impedance (Ws) and the intercalation capacitance (Cint).
The impedance of CPE is defined as ZCPE = 1/[B(jx)a] where
j = √–1, x is the angular frequency, and B and a are constants.
The value of a gives the degree of distortion of the impedance
spectra and when a = 1, B is identical to Ci and CPEi becomes
an ideal capacitor. The resistance Rct arises due to Li-ion
charge-transfer resistance at the interface between the elec-
trode and electrolyte, whereas Rsf refers to the surface-film re-
sistance.

In Figures 7 and 8, the symbols are the experimental data
whereas the continuous lines represent the fitted spectra. The
derived parameters including a are given in Table 1. The fresh
cell (OCV of ca. 3.0 V) shows a single broad depressed semicir-
cle in the high-frequency region (> 1 kHz), which reveals, after
curve fitting, an impedance of (266 ± 5) X, attributed mainly to
Rsf. The associated capacitance (CPEsf) is (33 ± 5) lF. The spec-

trum measured at the voltage of 1.5 V differs markedly from
the initial one recorded at the OCV (Fig. 7a). The diameter of
the semicircle reduces drastically followed by the well-defined
Warburg region at low frequencies. This shows that Rsf is re-
duced drastically and Rct comes in to prominence because of
the initiation of the intercalation/decomposition reaction of Li
into nanoflakes of Fe2O3. However, due to the observed single
semicircle, the curve fitting was carried out using R(sf+ct) com-
bination. This value is (48 ± 5) X and the corresponding
CPE(sf+dl) (dl=double layer) is (18 ± 5) lF. The spectra mea-
sured in the voltage range 0.9–0.2 V are qualitatively similar,
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with R(sf+ct) values lying in the range (47 ± 5–53 ± 5) X (Ta-
ble 1). On the other hand, the spectrum recorded at 0.005 V,
the deep discharge limit, shows a large-diameter semicircle and
the fitted value of R(sf+ct) is (108 ± 5) X, which is almost twice
the value obtained at 0.2 V. The CPE(sf+dl) values remain in the
range (22 ± 5–30 ± 5) lF for the applied voltages of 0.9–0.005 V.
The extracted values of a are between 0.81–0.91 during the first
discharge, and indicate the nonideal nature of the electrode be-
cause of porosity and the nonuniform charge-transfer proper-
ties of the oxide electrode.[24,32,37]

The impedance spectra during the first charge cycle are qual-
itatively similar and are shown in Figure 7b. The calculated
values of R(sf+ct) and CPE(sf+dl) go through a minimum of
(71 ± 5) X, and (14 ± 5) lF, respectively, whereas a goes through
a maximum (0.94) at 1.5 V (Table 1).

Figure 8 shows the impedance spectra of Fe2O3 nanoflakes
at selected voltages during the 42nd discharge–charge cycle,

and the derived parameters are given in Table 1. The spectra
during the discharge cycle as well as charge cycle are qualita-
tively similar, indicating good reversibility of the electrode. As
can be seen from Table 1, the R(sf+ct) value monotonically de-
creases during the 42nd discharge cycle from (170 ± 5) to
(112 ± 5) X, and increases during the corresponding charge cy-
cle from (119 ± 5 to (199 ± 5) X (Table 1) in the voltage range
0.005 to 2.5 V. The corresponding CPE(sf+dl) values are in the
range (13 ± 5–19 ± 5) lF and do not show any systematic varia-
tion. Similarly, the a values are almost constant at (0.84 ± 0.02).
Thus, the impedance data corroborate the galvanostatic cycling
data. The resistance value of the electrolyte and cell compo-
nents (Re) was (5 ± 1) X, and the intercalation capacitance Cint

was in the range 0.15–5.0 (± 0.1) F at all voltages during the first
and 42nd discharge–charge cycles. These values are reasonable
and are encountered in studies on other oxide anode and cath-
ode materials.[24,32,36,38]

3. Conclusions

We prepared Fe2O3 nanoflakes on copper substrates by a
simple hotplate technique and characterized the material by
XRD, SEM, HR-TEM, and Raman spectroscopy techniques.
The electrochemical Li-cycling behavior of the nanoflakes has
been tested by galvanostatic discharge–charge cycling, CV, and
impedance methods. Results show that the a-Fe2O3 nanoflakes
exhibit stable capacity of (680 ± 20) mA h g–1, with no notice-
able capacity fading up to 80 cycles, when cycled in the range
of 0.005–3.0 V at 65 mA g–1 (0.1 C rate). This value corre-
sponds to the theoretical capacity of (4.05 ± 0.05) moles of Li,
as per Equation 3. A coulombic efficiency (g) of > 98 % is
shown after the 15th cycle. The average discharge and charge
voltage values are 1.2 and 2.1 V, respectively. Impedance stud-
ies were carried out at various voltages during the 1st dis-
charge–charge cycle and the 42nd cycle, and the derived im-
pedance parameters were interpreted. The performance of the
a-Fe2O3 nanoflake material has been compared with the re-
ported data on nanoparticle Fe2O3 and nanotube Fe2O3, which
both showed capacity fading on cycling. In a very recent report,
the group of Yamaki[39] also observed drastic capacity fading
after 20 cycles with nanoparticles of Fe2O3 loaded with acety-
lene black. These results, combined with the fact that iron ox-
ides are cheap, abundant, and environmentally compatible,
make the Fe2O3 nanoflakes an alternative anode material to
replace the presently used graphite in LIBs.

4. Experimental

Preparation: A thin Fe film was deposited on Cu foil (16 mm in di-
ameter and 50 lm thick circular disks; purity, 99 %) by using radio fre-
quency (rf) magnetron sputtering (Denton Vacuum Discovery 18 sys-
tem). The deposition conditions used were: rf power, 150 W; total
pressure, 10 mtorr (1 torr = 133.3 Pa); deposition time, 90 min; sub-
strate temperature, 25 °C. Several films were prepared with a thickness
of about 700 nm. Subsequently, the Fe-coated Cu foils were heated on
a hotplate at 300 °C for 5 h in air to form the nanoflakes. Details of the
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Figure 8. Nyquist plots (Z′ vs. –Z″) of a-Fe2O3 nanoflakes during the 42nd
cycle. a) Discharge cycle. b) Charge cycle. Symbols represent experimental
spectra and continuous lines represent fitted data using the equivalent
electrical circuit of Figure 7c. Voltage range: 0.005–3.0 V (vs. Li). The volt-
age values and selected frequencies are shown. Geometrical area of the
electrode is 2.0 cm × 2.0 cm.

FU
LL

P
A
P
ER

M. V. Reddy et al./a-Fe2O3 Nanoflakes as an Anode Material for Li-Ion Batteries



preparation of a-Fe2O3 nanoflakes on a wide variety of substrates have
been described elsewhere [13].

Characterization: The a-Fe2O3 nanoflakes were characterized
by field-emission scanning electron microscopy (FE-SEM; JEOL
GSM 6700F) and high-resolution TEM (HR-TEM, JEOL JEM-2010F,
200 kV) for morphology and lattice images. Micro-Raman spectrosco-
py (ISA T640000 Triple grating system, Ar laser, k= 514.5 nm) and
X-ray diffraction (D8 Bruker) were employed for phase identification.

Electrochemical Measurements: The working electrode consisted of
nanoflakes of a-Fe2O3 on Cu foil used as the current collector (thick-
ness ca. 700 nm). We note that no conducting carbon or binder was
used for the fabrication of the above thin-film electrode. The geometri-
cal area of the electrode was 2.0 cm × 2.0 cm and the amount of
active material was ca. 0.7 mg. Coin-type test cells (size 2016) were as-
sembled by using an electrode consisting of a-Fe2O3 nanoflakes, Li-me-
tal foil (0.59 mm thick; Kyokuto Metal Co., Japan) as both the counter
(anode) and reference electrodes, 1 M solution of LiPF6 in ethylene car-
bonate (EC) and diethyl carbonate (DEC) (1:1 by volume; Merck) as
the electrolyte, and polypropylene foil (Celgard) as the separator. The
cells were fabricated in an argon-filled glove box (M. Braun, Ger-
many). Other details of cell fabrication have been described elsewhere
[28,32,38,40]. The cells were aged for 12 h before measurement. The
cyclic voltammetry and charge–discharge cycling were carried out
at ambient temperature (RT = 24 °C) by using a Macpile II system
(Biologic, France) and multichannel battery tester (model SCN, Bi-
trode, USA), respectively. Electrochemical impedance measurements
were carried out with a Solartron impedance/phase-gain analyzer
(model SI 1255) coupled with a battery test unit (model 1470). The fre-
quency range was from 0.35 MHz to 3 mHz with an ac signal amplitude
of 5 mV. Data were analyzed using Z-plot and Z-view software (Ver-
sion 2.2, Scribner Associates, USA) to obtain the Nyquist plots.
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