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ABSTRACT: Maghemite (γ-Fe2O3) nanocrystalline micro-
spheres (MNMs) self-assembled with 52 nm nanocrystals
bridged with FeOOH around grain boundaries were formed by
solvothermal reaction and thermal oxidation. The unique
architecture endows the MNMs with the lithium storage
behavior of a hybrid battery-supercapacitor electrode: initial
charge capacity of 1060 mAh g−1 at the 100 mA g−1 rate, stable
cyclic capacity of 1077.9 mAh g−1 at the same rate after 140
cycles, and rate capability of 538.8 mAh g−1 at 2400 mA g−1.
This outstanding performance was attributed to the nanocrystal superiority, which shortens the Li+ diffusion paths. The
mechanism of this hybrid anode material was investigated with experimental measurements and structural analysis. The results
indicate that at the first discharge, the MNM nanocrystal microsphere, whose structure can buffer the volume change that occurs
during lithiation/delithiation, goes through four stages: Li+ insertion in cation vacancies, spinel-to-rocksalt transformation, Li+

intercalation of Li1.75+xFe2O3 nanocrystals, and interfacial Li storage around nanocrystal boundaries. Only the latter two stages
were reversible at and after the second charging/discharging cycle, exhibiting the hybrid behavior of a battery-supercapacitor with
superior lithium storage.
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1. INTRODUCTION

To design advanced energy storage devices, we need electrode
materials with very high energy and high power density. One
possible path to that end is material engineering to combine the
features of supercapacitors, which offer high rate performance,
with rechargeable batteries, which offer high energy density.1−4

Ferric oxides, by virtue of their much higher theoretical
capacities and safety voltage window for avoiding formation of
lithium dendrites, have long been intensively investigated as
possible alternative electrode materials for lithium-ion batteries
and supercapacitors.5−12 However, even after decades of
research, their commercialization is still hampered because
their inherent electronic and ionic insulation, as well as large
volume changes during the lithiation/delithiation pro-
cesses,13,14 result in rapid capacity degradation and poor rate
capability. It is believed that enhancing the conductivity and the
structural stability is the best strategy to circumvent these
obstacles.5−8 To date, nanosized ferric oxides and their
carbonaceous hybrids have been intensively explored.7−9,14−16

Although the reduction in particle size could shorten the
electron transfer and Li+ transport pathway to a certain extent,5

the large exposed external surface for either nanosized crystals
or carbonaceous hybrids would lead to unwanted interfacial

reactions.17 Moreover, the lithium storage performance of the
obtained materials leaves much to be desired.
Maghemite (γ-Fe2O3) has an interesting crystal structure, in

which the iron ions in the unit cell occupy the octahedral 16d
and tetrahedral 8a sites of the space group Fd3m with different
chemical states (Figure 1a). Although various researchers have
studied the lithium storage mechanism and reversible
conversion reaction of α-Fe2O3 anode material,18−21 relatively
little is known about the specific electrochemical reduction/
oxidation processes for γ-Fe2O3 anode material, such as the
lithium intercalation and the replacement of iron in the oxide
framework. Herein, we discuss a hybrid battery-supercapacitor
consisting of maghemite nanocrystalline microspheres
(MNMs). The battery component provides reversible Li+

intercalation/deintercalation in Li1.75+xFe2O3 nanocrystals dur-
ing the lithiation/delithiation cycles, while the supercapacitor
component provides intersecting grain boundaries with
amorphous FeOOH throughout the microspheres that
contribute an extra interfacial lithium storage capacity due to
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the large internal grain boundaries. Furthermore, the micro-
sphere structures can buffer the volume change that occurs
during lithiation/delithiation and thereby maintains a stable
structure, and the nanocrystals with large boundaries could
significantly reduce the Li+ diffusion pathway and expedite the
ion transport. All these properties combine to achieve superior
electrochemical performance in terms of reversible capacity,
cycle life, and rate capability.

2. EXPERIMENTAL SECTION
2.1. Sample Synthesis. All the chemicals are of analytical grade

and were used without further purification. The maghemite (γ-Fe2O3)
nanocrystalline microspheres (MNMs) were obtained by thermal
oxidization of hierarchical structured ferroferric oxide (Fe3O4)
microspheres (FOMs), while the latter was synthesized by a
solvothermal reaction. In a typical synthesis, 9.56 g NaAc·3H2O and
2.16 g FeCl3·6H2O were gradually added into 64 mL of ethylene glycol
under vigorous stirring successively, and then 1.42 mL of polyethylene
glycol (PEG) 200 was added. The adequately dispersed suspension
was transferred into a Teflon-lined stainless steel autoclave and sealed.
After holding at 190 °C for 8 h followed by furnace cooling naturally,
the products were separated by centrifugation, repeatedly washed with
deionized water and anhydrous ethyl alcohol, and air-dried at 45 °C.
The formation mechanisms of hierarchical-structured FOMs are
generally illustrated as nucleation-oriented aggregation-recrystallization
processes.21−24 The obtained FOMs were further heated in air
atmosphere at 400 °C for 4 h to transform into MNMs.
2.2. Material Characterization. The crystallographic structures of

the samples were determined by a Bruker AXS D8 X-ray
diffractometer with Cu Kα radiation at λ = 0.15405 nm. The X-ray
diffraction (XRD) pattern for Rietveld analysis was recorded from 20
to 130° by a step-scanning method with 0.02° step width and 2 s
sampling time. The XRD pattern of MNMs was analyzed by Rietveld
method using the TOPAS3 software of Bruker AXS. Fd3m was
employed as the space group to represent the structure model.22

Electrodes with different lithiation states for XRD were prepared by
charge/discharge to the designated potentials and equilibrated at that
potential for 1 h to attain steady-state conditions, rinsed with dimethyl
carbonate, and then sealed with paraffine.
Transmission electron microscopy (TEM) images were captured on

a JEOL-2010 instrument at an acceleration voltage of 200 kV, and
scanning electron microscopy (SEM) characterizations were per-

formed on a field emission JSM-6700F instrument. The cycled
electrodes for the SEM and TEM survey were pre-equilibrated at 3.0 V
for 1 h to attain steady-state conditions. X-ray photoelectron
spectroscopy (XPS) (ESCALAB 250 Xi; Al anode X-ray source) was
used to investigate the surface chemistries of the obtained materials,
while the surface areas and porosities were measured by the standard
nitrogen adsorption isotherms at 77 K using an automated Micropore
gas analyzer ASAP 2020 (Micromeritics Instruments). Thermogravim-
etry (TG) and differential scanning calorimetry (DSC) analyses were
carried out with a simultaneous thermal analyzer (TG/DSC 1, Mettler
Toledo), in which the dried material was heated in oxygen atmosphere
at 10 °C min−1 from room temperature to 700 °C.

2.3. Electrochemical Characterization. The working electrodes
were prepared by spreading a mixture of active mass (60 wt %),
acetylene black (20 wt %), and polyvinylidene fluoride (20 wt %,
Kynar FLEX 910, Elf Atochem) binder dissolved in N-methylpyrro-
lidone (Fluka Inc., St. Louis, MO) onto a Cu foil (thickness, 20 μm)
current collector. The electrolyte consists of 1 M LiPF6 in a mixture of
isometric ethylene carbonate, dimethyl carbonate, and diethyl
carbonate (Guotai-Huarong Co., Zhangjiagang, China). The electro-
chemical characterizations were conducted in 2025-type coin cells
using Li foil (99.9%, China Energy Lithium Co., Ltd., Tianjin) as the
counter electrode. Galvanostatic charge−discharge (GCD) experi-
ments were conducted on a battery testing system (CT2001A, Land)
over a range of 0.05−3 V versus Li/Li+. The reported specific capacity
(SC) data were all normalized to the weight of active materials. Cyclic
voltammetry (CV) measurements were performed on an electro-
chemical workstation (CHI 660D) within the range of 0.05−3 V.
Before the CV tests, the electrode was preactivated for 10 GCD cycles.

3. RESULTS AND DISCUSSION
As shown in Figure 1a and Figure S1, the framework of γ-Fe2O3
is similar to that of Fe3O4. It has eight molecules per unit cell.
All of the O2− anions are located at the (32e) sites of the space
group Fd3m as a cubic close-packed array. The Fe3+ cations
occupy all of the tetrahedral (8a) and partial of the octahedral
(16d) sites, and the other octahedral (16d) sites are vacant.
Th i s ma t e r i a l i s r e p r e s en t ed by t he fo rmu l a
Fe(8a)[Fe5/3□1/3](16d)O4. The XRD results of MNM were
Rietveld analyzed using the structure model of Fe3O4 (ICSD-
1513304) in the Fd3m space group to estimate the Fe3+

occupancy in 16d sites. The real occupancy of Fe3+ in 16d
sites was calculated to be 0.8358 nm (Table S1), that is, very
close to the theoretical value (0.833 nm), and thus the
occupancy of vacancies in 16d sites was 0.1642. The calculated
unit cell dimension (a = 0.8346 nm) of MNM is smaller than
that of Fe3O4 (a = 0.840 nm). This difference is due to the
smaller layer spacing and O−O distances caused by the cation
vacancies in the γ-Fe2O3 framework,23,24 which transform
Fe3O4 to γ-Fe2O3 with thermal oxidation. The Fourier-
transform infrared (FT-IR) spectra could provide more
effective proofs to the differentiated symmetry grounds of
Fe3O4 and γ-Fe2O3. As presented in Figure S2a, the FT-IR
spectrum of the FOM displays an intense band at around 595
cm−1 with a broad shoulder up to 800 cm−1, the main band is
attributed to the Fe−O band, and the shoulder to the
amorphous FeOOH. By contrast, the FT-IR spectrum of the
MNM shows more complicated features at around 630 and 550
cm−1, indicating the disordered vacancy in Oh sites. The
vacancy ordering is reported to change the symmetry of the
spinel phase or to appear without distortion of the cubic cell,
and thus revealing the additional bands.25,26

The results from TG and DSC provided additional
information about the structural features of the samples (Figure
1b). The TG curve indicated that the greatest mass
enhancement of FOM occurs between 200 and 315 °C,

Figure 1. (a, black) Observed and (red) Rietveld calculated XRD
results and (inset) unit cell structure of MNM; (b) TG-DSC results of
(blue line) FOM and (black line) MNM; high-resolution XPS of (c) O
1s and (d) Fe 2p spectra for MNM.
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corresponding to the broad exothermic stage on the DSC
curve. We ascribed this effect to the oxidization of Fe3O4 to γ-
Fe2O3. Interestingly, Figure 1b shows exothermic peaks at
around 553 °C with the small mass loss (ca. 3%) for both
MNM and FOM. These peaks could be attributed to the
dehydroxylation process accompanied by phase transformation
from γ-Fe2O3 to α-Fe2O3, as confirmed by the XRD and TG
results (Figure S3). It was reported that hydroxyl groups could
coordinate to the underlying Fe atoms in the crystal surface,
due to its structural integrity, and thus form FeOOH.27 The
FeOOH composition is produced around the microsphere
surface and the primary grain boundaries of FOM during the
solvothermal synthesis, and is accompanied by the phase
transformation from FOM to MNM.28,29 We also confirmed
these FeOOH structures by XPS. The binding energy (BE)
data obtained by XPS (Figures 1c,d) were corrected with the C
1s reference line at 284.8 eV. The O 1s region of the
oxyhydroxide would show a doublet with one peak due to oxide
and the other hydroxide. The O 1s spectrum of the MNM gives
peak maxima at 529.3 eV along with weak peak at 531.2 eV,
suggesting the different coordinations of oxygen. The main
peak is coming from the oxide lattice of γ-Fe2O3, while the
weak peak is corresponding to the hydroxyl of FeOOH and
surface absorbed H2O of γ-Fe2O3.

7,28 The Fe 2p3/2 (lower BE)
and Fe 2p1/2 (higher BE) main peaks are clearly accompanied
by satellites on their higher BE sides. The peaks at 711.4 and
713.5 eV that arise from the Fe 2p1/3 spectrum were assigned to
the Fe3+ bond with O2− in the crystal lattice and with −OH in
the grain surface, respectively, while the other peaks at lower
bonding (709.2 and 710.1 eV) were assigned to trace Fe2+ in
MNM.30−32 In addition, the FT-IR spectrum of MNM (Figure
S2) could provide other evidence of FeOOH, the asymmetry
broad band at round 3440 and another broad shoulder at
around 800 cm−1 could be assigned to the hydrogen bonded
−OH groups of amorphous FeOOH.25 While the free bulk
FeOOH could not exist under calcination at 400 °C, the
enclosed FeOOH in the grain-boundaries of γ-Fe2O3 nano-
crystals might be maintained due to the restricted condition.
Furthermore, the surface Fe atoms may be coordinatively
unsaturated under calcination condition, which could be
coordinated with hydroxyl ions or water molecules and thus

formed FeOOH on the surface of γ-Fe2O3 nanocrystals when
the samples cooling down.
The nitrogen adsorption−desorption results (Figures S4a,b)

show no significant difference between MNM and FOM, and
the pore-size distribution (Figure S4c) indicates no apparent
pore-size distribution peak for either MNM or FOM. The BET
specific surface areas of the MNM and FOM (derived from
Figure S4d) are 9.4 and 9.9 m2 g−1, respectively. These results
indicate that the primary grains bridged with amorphous
FeOOH and are closely packed in the microspheres.
The FOM obtained directly from the solvothermal reaction

appeared as uniform microspheres with a diameter of ca. 230
nm, as shown by the transmission electron micrographs in
Figure 2 and scanning electron micrographs in Figure S5. It has
been speculated that PEG molecules used in material
fabrication make the nanocrystals self-assemble into sphere-
like aggregating entities due to the hydroxyl groups of PEG as
the structure-directing agent.33 After being heated at 400 °C for
4 h in air, the FOM is transformed into MNM, the latter
maintains the morphology of FOM. In spite of the volume
change from Fe3O4 to γ-Fe2O3 of 110% (derived from a
theoretical calculation), it is difficult to discern this change from
the electron-microscopic images. The average size of the
primary nanocrystal γ-Fe2O3 particles was calculated as ca. 52
nm from the XRD results.
The MNM was GCD cycled at a current density of 100 mA

g−1 over the voltage range of 0.05−3.0 V versus Li/Li+. As
shown in Figure 3a, the SCs for the first discharge and charge
are 1765.4 and 1060 mAh g−1, respectively. The first discharge
curve could be partitioned into four regions with voltage ranges
of 3−1.2, 1.2−0.9, 0.9−0.6, and 0.6−0.05 V, corresponding to
SCs of 48.3 (I), 256.4 (II), 784.3 (III), and 676.4 (IV) mAh
g−1, respectively. The structure evolutions of the MNM
electrode during each region were surveyed by ex situ XRD.
As shown in Figure 4, all diffraction peaks shift ca. 0.3° toward
lower angle (2θ) when the MNM electrode was discharged to
1.2 V, indicating a structural expansion of the unit cell. This
effect was attributed to Li+ insertion in 16d octahedral vacancies
and formation of Fe(8a)[Fe5/3Li1/3](16d)O4, as follows:

Figure 2. Representative TEM images of (a) FOM and (b) MNM.
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□ + +

→

+ −Fe [Fe ] O 1/3Li 1/3e

Fe [Fe Li ] O

(8a) 5/3 1/3 (16d) 4

(8a) 5/3 1/3 (16d) 4 (1)

After the electrode was discharged to 0.9 V, the relative
intensity of the (311), (220), and (422) diffraction peaks was
reduced; conversely, the relative intensity of the (400), (440),
and (222) peaks was considerably increased. The (400), (440),

and (222) planes of the γ-Fe2O3 unit cell in Fd3m space group
are constituted of closely packed 16d and 16c sites (Figure 5).
We concluded that tetrahedral 8a sites Fe3+ are displaced by
octahedral 16c sites accompanying the Li+ insertion, and this
process forms Li(8a)[FeLi](16c)[Fe5/3Li1/3](16d)O4 (represented
as Li1.75Fe2O3) according to the reaction in eq 2, which is
known as the spinel-to-rocksalt transformation.34,35 The
theoretical specific capacity according to the eq 2 is 293.6
mAh g−1, the experimental discharge capacity of the
corresponding voltage range is 256.4 mAh g−1, the little
difference of the two values might be because of the incomplete
reaction of electrode materials.

+ +

→

+ −Fe [Fe Li ] O 2Li 2e

Li [FeLi] [Fe Li ] O

(8a) 5/3 1/3 (16d) 4

(8a) (16c) 5/3 1/3 (16d) 4 (2)

After discharge to 0.6 V, a new broad XRD peak, assigned to
Li2O (JCPDF No. 12-0254), emerged at around 33° (Figure
4), corresponding to the electrochemical reduction of FeOOH
at nanocrystal boundaries. The XRD pattern at 0.05 V is
identical with that at 0.6 V. This indicates no further insertion
or conversion reaction after region III; thus, region IV could be
ascribed to interfacial lithium storage. Note that the (400) XRD
peaks during cycles can be detected consistently, and the (400),
(440), and (222) peaks can be reboosted after the first charge
(see 3.0 V charge pattern in Figure 4 and Figure S6b). We
concluded that the framework related to the (400) plane in
Li1.75+xFe2O3 (0 < x < 4.25) nanocrystals could be maintained
after further Li+ insertion in the vacancies at 8b and 48f sites,
and the Li1.75Fe2O3 can be regenerated during the charge
reaction. Consequently, the reversible reaction during the
subsequent cycles can be represented by the reaction in eq 3,
corresponding to a theoretical SC of 713 mAh g−1.

+ +

⇄

< <

+ −

−

x x

x

Li [FeLi] [Fe Li ] O Li e

Li Li [Li ] [FeLi] [Fe Li ] O

(0 5.67)

x

(8a) (16c) 5/3 1/3 (16d) 4

(8a) (8b) 1 (48f) (16c) 5/3 1/3 (16d) 4

(3)

The Li+ insertion in vacancies and the spinel-to-rocksalt
transformation during the first discharge are irreversible, with a
theoretical SC loss of 29.2%. Thus, the lower first-cycle CE
(60%) of the MNM electrode (Figure 3b) could be mainly
attributed to these irreversible reactions.5,36,37 In addition, the
electrolyte decomposition and formation of solid state interface
layers on the surface of the microspheres, as verified by the
SEM and TEM results (Figure 6), could also contribute to the
capacity loss.5

CV at different scan rates was performed to survey the
lithium storage behavior of the MNM. As shown in Figure 7, a
cathodic peak appeared at about 0.9 V at a scan rate of 1 mV
s−1. This peak gradually shifted to lower potential by increasing
the scan rate, corresponding to the Li+ intercalation as
discussed above. Large capacitive current could be distin-
guished at the potential range below 0.6 V. The detailed CV
information in the different voltage regimes was analyzed by
measuring the variation of current (I) with scan rate (v)
according to the power law I = a * vb, where a and b are
adjustable coefficients.38 A b value of 0.5 means that the
electrode reaction is controlled by semi-infinite linear diffusion
and a value of 1 indicates that the reaction is limited by surface
processes. As shown in Figure 7b, when the scan rate was
increased from 0.1 to 10 mV s−1, the b value at cathode peak

Figure 3. Electrochemical characterization of a half-cell composed of
MNM electrode over the voltage range 0.05−3.0 V at a current density
of 100 mA g−1. (a) Charge−discharge voltage profiles for the first
cycle; (b) SC and Coulombic efficiency (CE) over 140 cycles; (c)
voltage profiles for the (red) 2nd, (blue) 30th, and (purple) 140th
cycles; (d) battery capacity (BC) and capacitive capacity (CC) and
efficiency over 140 cycles.

Figure 4. Ex situ XRD patterns of MNM electrodes with different
lithiation states. L = Li2O; P = paraffine; d = discharge; c = charge.
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was determined to be 0.7, corresponding to a hybrid of
diffusion-limited current and surface-process-limited current,
whereas the b value at 0.1 V was determined to be 0.97,
indicating a pure capacitive current at lower potential.

During the long-term cycles, the discharge capacity of the
MNM electrode gradually decreased until 30th cycle and then
increased from 919.3 (30th cycle) to 1077.9 (140th cycle) mAh
g−1. Based on the analysis for CV results, the discharge capacity
above 0.6 V (vs Li/Li+) can be assigned to the BC resulting
from Li+ intercalation in Li1.75+xFe2O3, and the capacity below
0.6 V (vs Li/Li+) can be associated with the CC resulting from
the Li+ adsorption on the interfaces between Li1.75+xFe2O3 and
Li2O around the nanocrystal boundaries.39,40 As indicated in
Figure 3d, there is a reciprocal relationship between the BC and
the CC during electrochemical cycling. The BC gradually
declined from 678.4 (30th cycle) to 617.7 (140th cycle) mAh
g−1, yet the CC increased from 234.9 (30th cycle) to 460.2
(140th cycle) mAh g−1 and delivered 42.7% of the total
capacity (TC) at 140th cycle, these were in accordance with the
CV results as presented in Figure S7.

Figure 5. (a) (400), (b) (440), and (c) (222) planes of γ-Fe2O3 unit cell in Fd3m space group. Larger spheres denote 16d sites; smaller spheres
denote 16c sites.

Figure 6. SEM images of MNM electrode after (a) 30 GCD cycles and
(b) electron impact decomposed the solid-electrolyte interphase (SEI)
layer; (c) TEM and (d) high-resolution TEM images of MNM
electrode after 300 GCD cycles.

Figure 7. (a) CV curves at different scan rates for MNM electrode
from 0.1 to 10 mV s−1 over the potential range of 0.05−3 V vs Li/Li+,
and (b) b-value determination of the absolute peak and 0.1 V cathodic
current.
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The MNM rate capabilities were also investigated as shown
in Figure 8. The initial charge capacity was 942.6 mAh g−1 at a

current density of 150 mA g−1, and then decreased to 787.3,
712.3, 634.3, and 538.8 mAh g−1 at current densities of 300,
600, 1200, and 2400 mA g−1, respectively. A higher charge
capacity of 947.7 mAh g−1 was obtained when the current
density was reduced back to 150 mA g−1 after 93 cycles.
Furthermore, the MNM electrode showed impressive long-
term rate performance: stable capacities of 242.5 mAh g−1

(235th cycle) and 113.3 mAh g−1 (530th cycle) were delivered
at rates 3 and 6 A g−1, respectively, and there was no obvious
capacity fading even at the 736th cycle (Figure S6). These
superior rate capabilities are rarely reported for bare Fe2O3
materials (Table S2). We attributed it to the highly stable
structures of both the Li1.75+xFe2O3 nanocrystals and the
microspheres assembled with the nanocrystals for the anode
electrode, as shown in Figure 5 and 6. The detailed
microstructure evolution of MNM was proposed as follows
(Figure S8): fresh MNM is constructed with several γ-Fe2O3
primary grains (nanocrystals with 52 nm size), which are
densely bridged with amorphous FeOOH around the grain
boundaries; the unique structure of the polycrystal-packed
microspheres could efficiently buffer the structural strain of the
primary grains and accommodate the volume variation of the
microspheres associated with cyclic lithiation/delithiation, thus
giving a high cyclic stability; after several lithiation/delithiation
cycles, a polymeric SEI layer would coat the microsphere; this
coating would prevent further decomposition due to electrolyte
on primary grain surfaces and thus maintain an open surface
structure among different grains in a single MNM; furthermore,
the lithiation reaction would start from the grain boundaries
due to the lower energy barrier, and the resulting amorphous
Li2O intersecting the Li1.75Fe2O3 in the microsphere could form
a fast Li+ transport network and expedite ion transport;41,42

during long-term electrochemical cycling, the microsphere
would remain intact due to the support of the compact
polymeric layer.

4. CONCLUSIONS
We prepared MNM self-assembled with 52 nm nanocrystals
bridged with amorphous FeOOH around grain boundaries by
thermal oxidation of the precursor, FOM, which was
synthesized by solvothermal reaction. The resulting MNM
achieved outstanding stable performance: initial reversible
capacity of 1060 mA h g−1 at a current density rate of 100
mA g−1, stable cyclic capacity of 1077.9 mAh g−1 at the same

rate after around 140 cycles, and a rate capability of 538.8 mA h
g−1 at 2400 mA g−1. The mechanism of the high-performance
anode material is attributed to (1) the nanocrystals and
interface structure of the microsphere, which shorten the Li+

diffusion paths; (2) the microspheres buffering the volume
change during lithiation/delithiation; and (3) the reversible Li+

intercalation/deintercalation in Li1.75+xFe2O3 nanocrystals and
interfacial Li storage around nanocrystal boundaries. This
electrode material thus exhibits hybrid behavior of a battery-
supercapacitor for superior lithium storage. Hence, this work
illustrates a new strategy in designing and forming novel
electrode materials for a high-performance Li-ion battery.
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