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I
ron oxides (Fe2O3) have attracted much
attention as one of the most promising
candidates as anode materials for lith-

ium ion batteries (LIBs) owing to large capa-
cities, low cost, ease of fabrication and low
toxicity.1�3 The electrochemical process of
Fe2O3 in LIBs is the conversion mechanism
involving the reduction and oxidation reac-
tion between iron oxide and lithium. A large
specific volume change commonly occurs
in the host matrix of iron oxides during the
electrochemical conversion processes, re-
sulting in pulverization of the electrodes
and subsequent loss of electrical contacts
between the active material and current
collector.4,5 To circumvent these obstacles,
previous reports show that a stable cycling
can be achieved by fabricating nanostruc-
tured iron oxides,6 or incorporating iron

oxide nanoparticles with carbon materials.7

In well-designed electrodes, carbon materi-
als not only act as a buffer to accommodate
the strain associated with the volume
change during the lithium insertion/extrac-
tion processes, but also improve the lithium
diffusion in electrodes and increase the elec-
tric conductivity, leading to significantly im-
proved electrochemical performance.8�11

Although the electrochemical perfor-
mances of Fe2O3 have been greatly en-
hanced by various techniques, a few of the
fundamental questions concerning the re-
action process remain unclear. Nano-sized
transition-metal oxides as anode materials
for LIBs were first reported by Tarascon
et al.;12 they demonstrated that the electro-
chemical process of CoO is CoO þ 2Li T
Li2O þ Co by ex situ TEM. Subsequently,
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ABSTRACT Transition metal oxides have attracted tremendous

attention as anode materials for lithium ion batteries (LIBs) recently.

However, their electrochemical processes and fundamental mecha-

nisms remain unclear. Here we report the direct observation of the

dynamic behaviors and the conversion mechanism of Fe2O3/

graphene in LIBs by in situ transmission electron microscopy

(TEM). Upon lithiation, the Fe2O3 nanoparticles showed obvious

volume expansion and morphological changes, and the surfaces of

the electrode were covered by a nanocrystalline Li2O layer. Single-

crystalline Fe2O3 nanoparticles were found to transform to multicrystalline nanoparticles consisting of many Fe nanograins embedded in Li2O matrix.

Surprisingly, the delithiated product was not Fe2O3 but FeO, accounting for the irreversible electrochemical process and the large capacity fading of the

anode material in the first cycle. The charge�discharge processes of Fe2O3 in LIBs are different from previously recognized mechanism, and are found to be

a fully reversible electrochemical phase conversion between Fe and FeO nanograins accompanying the formation and disappearance of the Li2O layer. The

macroscopic electrochemical performance of Fe2O3/graphene was further correlated with the microcosmic in situ TEM results.
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other transition-metal oxides as anode materials for
LIBs have been extensively studied and their electro-
chemical processes have been proposed according
to the conversion mechanisms.13�15 As for Fe2O3, its
electrochemical reaction in LIBs was referred to as
Fe2O3 þ 6Li T 2Fe þ 3Li2O with the absence of
experimental evidence in many literatures.2,3 It is
well-known that there exists a large capacity fading
in the first charge�discharge cycle, which is generally
attributed to the irreversible electrochemical process
such as the solid electrolyte interphase (SEI) layer
formation and electrode pulverization. In fact, the
nature of irreversible electrochemical process and its
influence on the conversion mechanism are still not
fully understood. In particular, the microscopic con-
versation process of transitionmetal oxide in LIBs is in a
black box.
In situ TEM studies on the lithiation�delithiation of

electrode materials in LIBs have been reported re-
cently, permitting an electrochemical reaction to be
observed inside a TEM.16�21 In this paper, we con-
structed an all-solid nano-LIB using an individual
Fe2O3/graphene as anode inside a high-resolution
TEM; the Fe2O3 nanoparticles were well dispersed on
an individual graphene sheet to enable direct real-time
visualization of the electrochemical processes. The
evolution of Fe2O3 nanoparticles was monitored by
simultaneous determination of themicrostructurewith
high-resolution TEM, electron diffraction (ED), and

electron energy-loss spectroscopy (EELS). A deep un-
derstanding on the electrochemical behavior and con-
version mechanism of Fe2O3 has been achieved.

RESULTS AND DISCUSSION

The nanoscale electrochemical LIB device to enable
direct observation is schematically illustrated in
Figure 1a. The Fe2O3/graphene composite was attached
to a gold wire and used as the working electrode. A Li
metal attached to a tungsten wire was served as the
counter electrode and lithium source, and the naturally
grown Li2O layer on the surface of Li metal was used as a
solid-state electrolyte to allow the transport of Liþ ions.
Both the Fe2O3/graphene and lithium electrodes were
mounted onto a Nanofactory STM-TEM holder to
realize the electrochemical reaction in TEM. Figure 1b
is a TEM image of the nano-LIB constructed inside
the TEM. The initial width of the graphene sheet was
1.66 μm. A typical lithiation experiment was conducted
by applying a constant potential of�1 V to the Fe2O3/
graphene with respect to the Li counter electrode to
drive the electrons and Liþ ions flow across the circuit
after the two electrodes were contacted (Figure 1c). It
was found that the width of the graphene sheet
increased to 1.90 μm after lithiation. Actually, the
observed lateral size change was not a real lattice
expansion but resulted from the tilting and expanding
from corrugated graphene to a flat one due to the large
stress caused by the lithium intercalation into the

Figure 1. (a) Schematic illustration of the in situ experimental setup. (b) The corresponding TEM image of the nano-LIB
constructed inside the TEM. (c) Fe2O3/graphene electrode after lithiation with a potential of �1 V. (d�f) Electrochemical
lithiation of individual Fe2O3 nanoparticles anchored on graphene nanosheet showing obvious volume expansion as a
function of time. The scale bars are 20 nm.
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(0002) planes.19 Movies have been captured to reveal
the dynamic reaction process of individual Fe2O3

nanoparticles (see Supporting Information for the
movies). Figure 1d�f shows a time sequence of TEM
video images of a few nanoparticles in the lithiation
process. A rhombic Fe2O3 nanoparticle in Figure 1d
was fully lithiated within 16 s, and its size ex-
panded from 56 nm to about 68.2 nm after lithiation
(Figure 1d3). As the lithium diffused on graphene, the
lithiation of three neighboring nanoparticles occurred
(Figure 1e). Similarly, the rhombic particle showed a
size expansion from 47.6 to 57.2 nm in the lithiation
process. The morphological expansion during the
lithiation exhibits slightly anisotropic, as can be re-
vealed by the lithiated nanoparticles in Figure 1d3,e3).
Figure 1f show the lithiation process of a spherical
Fe2O3 nanoparticle, which displays a size expansion
from 39.6 to 48.1 nm within 30 s. The lithiation ratio of
these three Fe2O3 nanoparticles is about 1.75, 0.74, and
0.66 nm/s, respectively, which should be dependent on
the local Liþ concentration around the particles. The
volume expansion of the three particles is estimated to
be 80.6%, 73.5%, and 79.7%, respectively, based on
their size increases. We further checked eight spherical
nanoparticles, and their volume expansions range
from70% to 83.3%with amean value of 74.7%. Besides
the obvious morphology and volume changes, the
microstructure of each Fe2O3 nanoparticle has evolved
from a single crystal to a particle with numerous Fe
nanograins embedded in the Li2O matrix during the
lithiation process. Interestingly, all the Fe2O3 nanopar-
ticles have no cracking or fracture in the lithiation
process, which is different from the lithiation of Si
particles.20

Figure 2a,b is the TEM images of a Fe2O3/graphene
electrode after the first lithiation. We can clearly see
that the surfaces and edges of the Fe2O3/graphene
were coated by a uniform layer of crystallites with a
thickness around 3�10 nm, which was identified to be
Li2O from the ED pattern in Figure 2f. The TEM images
of individual Fe2O3 nanoparticles with different shapes
after the first lithiation are displayed in Figure 2c,d.
Obviously, the Li2O shells with a uniform thickness of
∼5 nm were formed on the surface of the lithiated
nanoparticles irrespective of their shapes. Figure 2e,f
shows the detailed structure information on the lithi-
ated electrode. In the HRTEM image of a lithiated Fe2O3

nanoparticle in Figure 2e, the lattice spacing is mea-
sured to be 0.26 nm, which is consistent with the lattice
spacing of (111) plane of Li2O (JCPDS no. 77-2144). The
lattice fringes of the circled nanograins are in agree-
ment with the (110) plane of body-centered cubic (bcc)
Fe (JCPDS no. 87-0722). The ED pattern of the lithiated
Fe2O3 also demonstrates the lithiation reaction in-
volves the formation of Li2O accompanying the reduc-
tion of Fe2O3 nanoparticles to bcc Fe nanograins
(Figure 2f). Therefore, the first lithiation of Fe2O3 nano-
particles as anode can be expressed as the electro-
chemical process: Fe2O3 þ 6Liþ þ 6e� f 2Fe þ 3Li2O.
After the first full lithiation process, a potential of

þ2.5 V was applied to the lithiated electrode with
respect to the Li counter electrode to initiate the
delithiation, and the results are shown in Figure 3.
Figure 3a is a representative TEM image of the de-
lithiated electrode. It can be clearly seen that the thin
Li2O layers almost disappeared. However, a thin layer
of Li2O still remained on the surface of the graphene
after delithiation due to irreversible reaction. The
HRTEM image of a delithiated nanoparticle is shown
in Figure 3b. The corresponding fast Fourier transform
(FFT) pattern of the marked nanograin in the HRTEM
image is given in the inset, which can be indexed as
the cubic FeO (JCPDS no. 89-2468) and indicates
the possible formation of FeO nanograins in the

Figure 2. (a and b) TEM images of Fe2O3/graphene elec-
trode after the first lithiation. (c and d) TEM images of
lithiated nanoparticles showing the formation of Li2O layer.
(e) HRTEM image of a lithiated nanoparticle. The white
circles denote the Fe nanograins. (f) ED pattern of the
lithiated electrode.

Figure 3. (a) TEM image of a Fe2O3/graphene electrode
after the first delithiation process. (b) HRTEM image of a
delithiated nanoparticle. Inset of (b) is the FFT pattern of the
nanograin marked by red circle. (c) ED pattern and (d) EELS
spectrum of the delithiated electrode.
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delithiated process. This conjecture is confirmed by the
ED pattern of the delithiated Fe2O3/graphene elec-
trode as shown in Figure 3c; the diffraction rings can
be perfectly indexed as a mixture of face-centered
cubic (fcc) FeO and fcc Li2O (JCPDS no. 77-2144). It is
surprising that no Fe2O3 phase is detected after the
delithiation. EELS spectrum is widely used to investi-
gate the valence states since the L2,3 edges from the 3d
transition elements exhibit structures that are sensi-
tive to the valence state of the metals. Here, the EELS
spectrum of a delithiated nanoparticle is shown in
Figure 3(d). The L3/L2 intensity ratio of Fe elements at
delithiated state is 4.1, corresponding to the valence
state of 2þ,22,23 in good agreement with the HRTEM
and ED results. Based on the analysis, we conclude that
the delithiation process can not convert the oxide
electrode to its original state, namely Fe2O3. It indicates
that the Fe2O3 anode undergoes irreversible structural
changes during the first lithiation/delithiation process.
Noticeably, Li2O was still detected in the delithiated
electrode, which suggested the existence of a certain
number of Liþ ions in the form of Li2O after delithiation.
Li2O has been reported to be electrochemically inac-
tive, which was confirmed by failed attempts to elec-
trochemically decompose Li2O powders even when
mechanically milled with Co powders in previous
work.12 The electrochemically driven size confinement
of the metal particles was thus believed to enhance
their electrochemical activity toward the formation/
decomposition of Li2O.

12 As for Fe2O3 electrode in our
experiments, the decomposition of Li2O can be attrib-
uted to the electrocatalysis of Fe nanograins within the
Li2O matrix. FeO nanograins form when the delithia-
tion reaction proceeds. We propose that the electro-
catalytic activity of FeO ismuchweaker as compared to
Fe nanograins so that the electrochemical reaction
ceases after full conversion from Fe to FeO in the
electrode. So the inactive Li2O remains as a result of
the irreversible electrochemical conversion.
To understand the electrochemical charge�

discharge process of Fe2O3/graphene anode during
cycling, in situ TEM experiments were conducted to
reveal the continual lithiation�delithiation induced
microstructure evolution in an individual Fe2O3/
graphene electrode. In the experiments, the potentials
of�1 andþ3 V were alternately applied to the Fe2O3/
graphene anode against the Li counter electrode to
initiate the lithiation and delithiation reaction. The
morphology and phase changes during the first two
charge�discharge cycles are displayed in Figure 4.
Figure 4a is a TEM image of the pristine Fe2O3/
graphene and shows the Fe2O3 nanoparticles with
sizes around 20�50 nm were anchored on graphene.
The ED pattern of the pristine electrode is shown in
Figure 4a1. It can be indexed as the rhomb-centered
crystal structure of Fe2O3 (JCPDS no. 89-2810). After the
first lithiation process (Figure 4b), the pristine Fe2O3

nanoparticles were inflated and expanded in size, and
a thin layer of Li2O crystallites was formed on the Fe2O3

nanoparticles and graphene sheet. A typically lithiated
Fe2O3 nanoparticle with a size of 146 nmwas anchored
on the graphene. The corresponding ED pattern of the
lithiated electrode is shown in Figure 4b1; the diffrac-
tion rings can be well indexed to bcc Fe and fcc Li2O,
suggesting the conversion of Fe2O3 to Fe in the first
lithiation process. The delithiation process was in-
itiated by applying a þ3 V potential to the Fe2O3/
graphene electrode. The marked nanoparticles shrank
from 146 to 138 nm in size, and the Li2O layer gradually
shrank and almost disappeared after full delithiation
(Figure 4c). Figure 4c1 displays the ED pattern of the
delithiated electrode, which can be well indexed to
cubic FeO and cubic Li2O. The ED pattern revealed the
remains of Li2O after delithiation, which can account
for the irreversibility in the first cycle. The second
lithiation process proceeded with the �1 V potential
again (Figure 4d). The marked particle expanded to
about 141 nm, and the Li2O layer thickened and
continued to cover the electrode like the first lithiation.
The ED pattern of the second lithiated electrode is
shown in Figure 4d1 and can be indexed as bcc Fe and
cubic Li2O. The Li2O layer thinned again in the second

Figure 4. Morphology and structure evolution of Fe2O3/
graphene electrode upon cycling with the potential of�1 V
for lithiation and þ3 V for delithiation. (a) The pristine
Fe2O3/graphene electrode. The electrode after the first
lithiation (b), the first delithiation (c), the second lithiation
(c), and the second delithiation (d). (a1�e1) are the corre-
sponding ED patterns of the electrode in (a�e).
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delithiation process (Figure 4e), showing the revers-
ible change. The denoted nanoparticle shrank from
75 to 55 nm, and the ED pattern showed the resultant
Fe nanograins transformed to FeO nanograins again in
the second delithiation process. We also examined the
phase transformation of a single Fe2O3 nanoparticle
during the lithiation and delithiation cycles as shown
in Figure S1 in Supporting Information, which reveals
the same conversion as we discussed above. A notice-
able phenomenon is that a few extremely strong
spots can be observed in the Fe (110) diffraction ring
(Figure S1(b1)); the nonuniform intensity suggests the
presence of preferentially orientated Fe nanograins in
the first lithiated particle. The feature of orientated
array still persists for the subsequently formed FeO
nanograins in the first delithiated particle, and it be-
comes weak since the second cycle. All the TEM results
imply the reversible conversion from Fe to FeO rather
than Fe2O3 after the first lithiation process. This can
account for the large capacity fading during the first
cycle due to the lower theoretical capacity of FeO
as compared to Fe2O3. These cycles indicate that the
reversible electrochemical conversion between Fe and
FeO takes place after the first cycle, and the electro-
chemical reaction can be expressed as Fe þ Li2O T

FeO þ 2Liþ þ 2e�.
EELS technique is ideally suited for studying core-

loss edges below energy loss of 2 keV. The L2,3 “white
lines” which arise from dipole transitions to unoccu-
pied d states show valence-specific structures and can
be used as valence fingerprints. Here, the white-line
intensity ratio (L3/L2) has been analyzed to correlate
EELS features with the oxidation states of Fe in the
lithiated and delithiated products. EELS experiments
were performed in the electrochemical process during
the first two cycles to reveal the change of chemical
valence of Fe elements (as shown in Figure 5). Figure 5a
displays the EELS spectrum of Fe in the electrode at
the initial state, and the L3/L2 intensity ratio was 5.1,
corresponding to the valence state of 3þ.22 After the
first lithiation reaction, the L3/L2 intensity ratio reduced
to 2.8 in Figure 5b, which indicated the oxide state
transition of Fe from 3þ to zero.23 Figure 5c show the
Fe L2,3 edge peaks of the electrode after the first
delithiation process, and the L3/L2 intensity ratio in-
creased to 4.3, corresponding to the valence state of
2þ. It confirmed that the delithiated product was
not Fe2O3 but FeO. In the second cycle of lithiation/
delithiation process, the similar reversal of L3/L2 inten-
sity ratio was also observed. The repeated changes in
the intensity ratio suggest that Fe underwent a rever-
sible transition between Fe0 and Fe2þ in the electro-
chemical process. Combining with the ED results
shown in Figure 4a1�e1, we conclude that the rever-
sible electrochemical reaction of the electrode in the
lithiation�delithiation process is a phase transition
between bcc Fe nanograins and fcc FeO nanograins.

Therefore, the electrochemical cycling of Fe2O3 elec-
trode in LIBs can be expressed as:

Fe2O3 þ 6Liþ þ 6e� f 2Feþ 3Li2O (first lithiation)

Feþ Li2O T FeOþ 2Liþ þ 2e�

(subsequent delithiation=lithiation)

According to the above electrochemical process,
there is a large discharge/charge capacity fading in
the first cycle due to the lower theoretical capacity of
FeO (744mAh g�1) than that of Fe2O3 (1005 mAh g�1).
We can obtain that the theoretical capacity loss is
about 335 mAh g�1 due to the irreversible phase
conversion. Galvanostatic cycling was performed on
coin-type half cells to correlate the macroscopic elec-
trochemical properties of Fe2O3/graphene with the
microcosmic in situ TEM results. As shown in Figure 6,
the Fe2O3/graphene electrode delivers an initial
discharge capacity of 1369 mAh g�1 and a charge
capacity of 899mAhg�1 with a Coulombic efficiency of

Figure 5. EELS spectra of Fe-L2, 3 edges of the electrode dur-
ing the lithiation and delithiation cycles. (a) The initial stage,
(b) after the first lithiation and (c) delithiation process, and (d)
after the second lithiation and (e) delithiation process.

Figure 6. Cycling performance of Fe2O3/graphene as anode
in LIBs at a current density of 50 mA g�1.
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65.7% in the first cycle. The discharge/charge capaci-
ties are almost the same in each cyclewith a Coulombic
efficiency of >95% during the subsequent cycles,
indicating an excellent cycling performance after the
first cycle. The initial capacity fading of Fe2O3/
grapheneelectrode is 469mAhg�1. To exclude the effect
of graphene, we also checked other reports on the
capacity fading of pure Fe2O3 as anode in the first cycle,
and it is found to be 398mAh g�1 for porous Fe2O3 mi-
crospheres,24 420mAhg�1 for Fe2O3mesoporousnano-
particles25 and hollow microcubes,26 and 405 mAh g�1

for hollow a-Fe2O3 spheres.
27 The average initial capac-

ity loss for pure Fe2O3 is 411 mAh g�1. The initial
capacity loss of the electrodes in LIBs is generally
attributed to the electrode pulverization, the irrever-
sible electrochemical decomposition of electrolyte
and the subsequent formation of a SEI layer on the
surface.28 Our result reveals that the nature of the initial
capacity fading of Fe2O3 is the irreversible phase con-
version, which is responsible for around 82% of the
total capacity loss; about 18%of the capacity loss can be
caused by other irreversible electrochemical processes.

CONCLUSION

We have studied the electrochemical lithiation�
delithiation process of Fe2O3 using in situ TEM. Direct
observation on the structure and phase evolution of

the electrode during electrochemical cycles has been
achieved. The results reveal that single-crystalline
Fe2O3 nanoparticles transform to multicrystalline
nanoparticles consisting of many BCC Fe nanograins
embedded in Li2O matrix during the first lithiation.
Typically, a uniform layer of Li2O can be observed on
the lithiated electrode, which almost disappears after
delithiation. The remains of Li2O after delithiation
indicate the irreversible electrochemical reaction in
the charge�discharge process. Moreover, the de-
lithiated product is found to be FeO instead of Fe2O3.
The irreversible phase conversion could be caused
by the weak electrocatalytic activity of FeO as com-
pared to Fe nanograins. The electrochemical charge�
discharge processes of Fe2O3 nanoparticles as anode
in LIBs are revealed to be reversible phase transitions
between bcc Fe nanograins and fcc FeO nanograins.
The irreversible changes of the Fe2O3 electrode in the
first charge�discharge process consist of the irrevers-
ible phase conversion and other irreversible electro-
chemical process, while the former is responsible for
about 82% of the initial capacity loss. The electro-
chemical mechanism could also be applied to other
metal oxide, e.g., Co3O4 andMn3O4. Our study provides
direct evidence and profound insight into the reaction
mechanism governing the metal oxide anode perfor-
mance in LIBs.

EXPERIMENTAL SECTION
Preparation of Fe2O3/Graphene. Graphite oxidewas prepared by

a modified Hummer's method.29 To synthesize the Fe2O3/
graphene, graphene oxide (69 mg), FeCl3 3 6H2O (2 mmol), and
CH3COONa (6 mmol) were added to 40 mL of deionized water.
After sonication for several hours, the solution was transferred
to a Teflon-lined stainless steel autoclave (50 mL) and heated in
an oven at 160 �C for 18 h, and then cooled to room tempera-
ture naturally. The obtained product was subsequently sepa-
rated by centrifugation, washed with distilled water and
ethanol, and dried at 60 �C for 12 h. TEM analysis revealed
that the as-prepared graphene sheets have 3�6 layers with a
thickness of 1�2 nm.

In Situ Electrochemical Experiments. The in situ nanoscale elec-
trochemical experiments were carried out using a Nanofactory
TEM-scanning tunneling microscopy (STM) holder in a JEOL
JEM-2100F TEM. Briefly, the electrochemical setup consisted of
an individual Fe2O3/graphene nanosheet as the working elec-
trode, a layer of Li2O solid electrolyte, and a bulk Li metal as
the counter electrode. The detailed procedures are as follows: a
0.25 mm-thick gold rod was cut to produce a clean and
fresh cross section; then Fe2O3/graphene was glued to the
pretreated gold rod with conductive epoxy as the working
electrode. A sharp tungsten STM tip was used to scratch Li
metal surface to fetch some fresh Li inside a glovebox filled with
argon. The layer of Li on the tip of the W rod was served as the
counter electrode and lithium source. Both the Fe2O3/graphene
and lithium electrodes were mounted onto a Nanofactory
STM-TEM holder inside the same glovebox. The holder was
quickly transferred into the TEM column; a native Li2O layer
formed on the surface of Li metal due to the exposure to air,
which was served as the solid-state electrolyte to allow the
transport of Liþ ions. The Li2O/Li electrode was mounted on
the mobile STM probe, which could be driven to contact the
Fe2O3/graphene electrode inside the TEM. Lithiation took place

after a negative bias was applied on the Fe2O3/graphene with
respect to the lithium metal to drive Liþ transport through the
solid-state Li2O layer, and the bias was then reversed to positive
to facilitate delithiation.

Half Cell Measurement. The electrochemical cycling experi-
ments were performed at a CT2001A Land battery tester at
room temperature. To prepare the LIB anode, the electrode
slurry was made by mixing the active material, acetylene black,
and polyvinylidene fluoride (PVDF) in a weight ratio of 75:15:10
in N-methyl pyrrolidone with stirring for 2 h. The working
electrodes were made by spreading the slurry onto a Ni foam
current collector and drying at 120 �C under vacuum overnight.
The electrolyte solution was 1 M LiPF6 dissolved in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1:1, v/v). Pure Li foil
(Aldrich) was used as the counter electrode. The cells were
charged and discharged between 0.01 and 3 V (vs Li/Liþ) at a
current density of 50 mA g�1.
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