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ABSTRACT: Despite remarkable development in high
capacity iron oxide-based electrodes for lithium-ion batteries
(LIBs), the low mass loading and poor areal capacity still
impede their practical applications. In this report, novel FeOx
nanoarrays were directly constructed on three-dimensional
(3D) copper foam current collector (denoted as CF@FeOx
NAs) via facile hydrothermal growth followed by a
postannealing process. The nanoarrays were stacked by
numerous FeOx porous nanoblocks, exhibiting a unique
hierarchical structure. The loading density of FeOx in the
CF@FeOx NAs reached 2.5 mg cm−2 owing to the
hierarchical structure of the novel 3D nanoarray electrode. When tested as an anode for LIBs, the 3D integrated electrode
delivered high areal capacities of 3.33 and 2.61 mAh cm−2 at 0.25 and 1.25 mA cm−2, respectively. A high areal capacity of 2.12
mAh cm−2 was retained at 2.5 mA cm−2 after 500 cycles, which is the best electrochemical performance in terms of areal
capacity for the iron oxide-based electrodes reported so far. Even at a higher current density of 12.5 mA cm−2, the areal capacity
was still maintained at 0.96 mAh cm−2, demonstrating good rate capability. A lithium full cell test was also conducted using
LiNi0.8Co0.05Al0.15 (NCA) as a cathode and the CF@FeOx NAs as an anode, which exhibited a good areal capacity of 0.94 mAh
cm−2 at 2.5 mA cm−2 after 50 cycles. This work oﬀers a promising pathway to greatly enhance the loading density and areal
capacity of metal oxide-based electrodes for electrochemical energy storage.
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1. INTRODUCTION
To meet the development of rapidly upgrading new energy
vehicles, lithium ion batteries (LIBs) with large energy density,
high power density, and long lifespan are of great technological
importance.1−3 However, the current commercialized graphite
anode suﬀers from low theoretical capacity (372 mAh g−1) and
poor rate performance, which hinders their practical utilization
in large-scale devices.4 Transition metal oxides (TMOs) have
been considered as promising anode materials in LIBs for more
than a decade, since they can provide much higher capacities
based on the conversion reaction mechanism compared with
graphite.5,6 As a typical kind of TMOs, iron oxides, such as
Fe2O3 and Fe3O4, have long been investigated as promising
candidates for next-generation LIB anodes because of their
natural abundance, nontoxicity, low cost, and high theoretical
capacities.7,8 Nevertheless, several general obstacles still exist
for iron oxides as anode materials for LIBs and greatly
compromise their electrochemical performance.9−12 First, the
drastic volume expansion and contraction during lithiation and
delithiation processes cause pulverization and aggregation of
iron oxides, which results in the capacity decay and short cycle
life. Second, the inferior electron transport and lithium ion
diﬀusion eﬃciency arising from poor intrinsic charge transfer
abilities of iron oxides are harmful for the rate capability.
Beyond that, the lack of continuous conductive network inside
© 2018 American Chemical Society

the electrode often leads to the low utilization of active
materials. Therefore, there is an urgent demand for rational
design and fabrication of high-performance iron oxide-based
electrodes.
To solve these problems, two reasonable strategies have
been successfully employed to develop novel iron oxide
electrodes. The ﬁrst is constructing a variety of hierarchical
micro- and nanostructures, which has been frequently
employed for iron oxides13−19 as well as other electrode
materials.20−29 With rational designs, the lithium ion transport
can be accelerated because of the reduced diﬀusion lengths.
Besides, the empty space inside the hierarchical skeleton is
beneﬁcial to alleviate the huge volume change to maintain the
structural integrity of electrodes. For example, Lou and coworkers synthesized highly uniform hierarchical Fe3O4 hollow
spheres consisting of ultrathin porous nanosheets, leading to an
LIB anode with a high capacity of 1046 mAh g−1 achieved after
100 cycles at 0.5 A g−1.30 The second eﬃcient approach is
ﬁlling iron oxides into a 3D conductive carbonaceous
framework,31−36 similar to the incorporation of other active
materials into carbonaceous frameworks.37 During the charge−
Received: June 24, 2018
Accepted: September 12, 2018
Published: September 12, 2018
5417

DOI: 10.1021/acsaem.8b01024
ACS Appl. Energy Mater. 2018, 1, 5417−5427

Article

ACS Applied Energy Materials

capacities of 3.33 and 2.61 mAh cm−2 at current densities of
0.25 and 1.25 mA cm−2, respectively. Impressively, a stable
areal capacity of 2.12 mAh cm−2 at a current density of 2.5 mA
cm−2 was delivered after 500 cycles, indicating excellent cycling
performance. Besides, an areal capacity of 0.96 mAh cm−2 was
achieved at a high current density of 12.5 mA cm−2, indicating
a good rate capability. To evaluate the potential for practical
utilization, a lithium full cell test was also conducted using
LiNi0.8Co0.05Al0.15 (NCA) as a cathode and the 3D CF@FeOx
NAs as an anode. A high areal capacity of 0.94 mAh cm−2 was
achieved after 50 cycles at 2.5 mA cm−2, demonstrating
favorable potential for practical applications.

discharge processes, the carbon materials not only act as a
conductive matrix to enhance the conductivity, but also act as a
buﬀer material to relieve the pulverization. As a typical
example, Jiang et al. produced a 3D graphene/Fe2O3 aerogel
with porous Fe2O3 nanoframeworks well encapsulated within
graphene skeleton, which delivered a capacity of 523.5 mAh
g−1 after 1200 cycles at 5 A g−1, demonstrating superior
electrochemical properties.38
Despite improved performance of iron oxide electrodes in
terms of gravimetric capacity, it remains a challenge to achieve
practical applications. In particular, the mass loading of iron
oxides is an indispensable factor that should be seriously taken
into consideration. Although high gravimetric capacities have
been reported for a variety of iron oxide electrodes, their areal
capacities, which have close relation to the whole energy of the
batteries, are still insuﬃcient due to the low mass loading of
active materials.17,18,30,39−43 Generally, a basic method to
enhance the areal capacity of an electrode is to increase the
thickness of the iron oxide ﬁlm tapping cast on the current
collector. Nevertheless, the electron transport resistance is in
turn greatly enhanced due to the increased transportation
lengths and the number of grain boundaries, leading to the
recession of the electrochemical performance.44 Hence, it is of
great signiﬁcance to increase the loading density of active
materials without signiﬁcantly enhancing electron transport
resistance. To this end, constructing active materials directly
on current collector to form a binder-free nanoarray electrode
represents an eﬀective approach toward high areal capacity,
because the good contact between active materials and current
collector and the lack of binders oﬀer direct pathways for
electron transport, generating a high electron transport
eﬃciency and improved electrochemical performance.43,45−49
For instance, we fabricated self-supported α-Fe2O3 nanorod
arrays made of mesocrystalline nanorod bundles through
hydrothermal growth followed by chemical etching.50 The
optimized α-Fe2O3 nanorod arrays exhibited excellent rate
capability with a capacity of 970 mAh g−1 retained after 130
cycles at 5 C, and a good capacity of 350 mAh g−1 at a high
current density of 30 C was maintained. It is noteworthy that
hierarchical porous α-Fe2O3 nanosheet arrays were fabricated
on copper foil and directly used as a binder-free anode for
LIBs.51 As a result, a much enhanced cycling stability with
minimal capacity decaying (1001 mAh g−1 after 320 cycles at 1
C) and excellent rate capability (338.9 mAh g−1 at 20 C) were
achieved. However, the low loading density of active material
(0.35 mg cm−2) arising from the limited growth sites oﬀered
by 2D plane copper foil resulted in a low areal capacity (0.355
mAh cm−2 after 320 cycles). In this regard, it is challenging to
achieve iron oxide electrode with high loading density and
desirable areal capacity via deliberate design of electrode
architecture. For this purpose, constructing self-supported
nanoarrays on 3D conductive substrates46 provides an eﬀective
strategy to attain iron oxide electrodes with high loading
density and enhanced areal capacity.
In this work, hierarchical porous iron oxide nanoarrays were
directly fabricated on 3D copper foam (denoted as CF@FeOx
NAs) via facile hydrothermal growth and a postannealing
process. In contrast to 2D plane copper foil, 3D copper foam
with a considerably higher speciﬁc area provides more growth
sites for active materials. As a consequence, the loading density
of FeOx in the CF@FeOx NAs can be largely increased to 2.5
mg cm−2. When tested as a binder-free anode for LIBs, the 3D
CF@FeOx NAs electrode demonstrated much enhanced areal

2. EXPERIMENTAL SECTION
2.1. Materials. Copper foam (0.5 mm in thickness) was purchased
from Suzhou Taili Foam Metal Factory. FeSO4·7H2O (99.0%) was
obtained from Sinopharm Chemical Reagent Co., Ltd. Urea
(≥99.0%), NH4F (≥99.0%) and hydrochloric acid (36.0−38.0%)
were from Xilong Chemical Co., Ltd. Ethanol (99.7%) was from
Beijing Tongguang Fine Chemicals Company. The hydroiodic acid
(55.0−58.0%) was purchased from Aladdin. Deionized (DI) water
was used.
2.2. Synthesis of 3D CF@precursor NAs. The copper foam was
cut to a size of 1 cm × 2.5 cm, rinsed by sonication in 1 M HCl, water,
and ethanol, and ﬁnally dried in air before reaction. FeSO4·7H2O (0.6
g), urea (0.2 g), and NH4F (0.05 g) were dissolved in 10 mL of water
under stirring in an ice−water bath for 10 min, giving a deep yellow
solution. The solution was then transferred into a Teﬂon-lined
stainless steel autoclave (25 mL), where the pretreated copper foam
was ﬁxed at an angle (typically ∼30°) against the inner wall. After it
was kept at 100 °C for 14 h, the autoclave was cooled to room
temperature. The obtained copper foam was rinsed with water and
ethanol successively and dried at 70 °C overnight.
2.3. Synthesis of 3D CF@FeOx NAs. The as-prepared 3D CF@
precursor NAs was put in the center of a tube furnace (SK2-2.5-13A,
Tianjin Zhonghuan Electronic and information Co., Ltd.) and
annealed at 450 °C with a temperature rise rate of 5 °C min−1 in
Ar for 2 h to obtain 3D CF@FeOx NAs. For the investigation of the
eﬀects of the annealing time, 3D CF@FeOx NAs-1 and 3D CF@FeOx
NAs-3 were obtained when the annealing time was changed to 1 and
3 h, respectively. For comparison purposes, FeOx precursor powder
was fabricated via a similar hydrothermal process without the addition
of 3D copper foam substrate in the autoclave. The resultant powder
was separated by centrifugation, washed with water and ethanol
several times. The ﬁnal FeOx powder was obtained after annealing at
450 °C in Ar for 2 h with a temperature rise rate of 5 °C min−1. The
mass loading of FeOx for 3D CF@FeOx NAs was measured by
immersing the electrode into an aqueous HI solution with a 1:10
volume ratio of HI and H2O to dissolve the FeOx. By measuring the
mass change of the electrode before and after the dissolution, the
loading density of FeOx was calculated to be 2.5 mg cm−2.
2.4. Characterizations. X-ray diﬀraction (XRD) measurements
were conducted with a Rigaku Dmax-2000 diﬀractometer using Cu
Kα radiation. Raman spectra were obtained with a Horiba HR800
spectrometer. Scanning electron microscopy (SEM) was conducted
on a Hitachi S4800 microscope equipped with energy-dispersive
spectroscopy (EDS), and transmission electron microscopy (TEM)
was performed on an FEI Tecnai F30 microscope. Inductively
Coupled Plasma-Atomic Emission Spectrometer (ICP-AES, Leeman,
Proﬁle Spec) was used to measure the concentration of iron and
copper ions in solutions. Nitrogen adsorption−desorption measurements were performed on a Quadrasorb SI-MP instrument. The
speciﬁc surface area was calculated by the Brunauer−Emmett−Teller
(BET) method, and the pore-size distribution curve was determined
from the desorption isotherm using the Barrett−Joyner−Halenda
(BJH) method.
2.5. Electrochemical Measurements. The 3D CF@FeOx NAs,
together with CF@FeOx NAs-1 and CF@FeOx NAs-3, were cut into
5418

DOI: 10.1021/acsaem.8b01024
ACS Appl. Energy Mater. 2018, 1, 5417−5427

Article

ACS Applied Energy Materials

Figure 1. Schematic illustration of the fabrication process of 3D CF@FeOx NAs electrode.
1 cm × 1 cm, which were directly used as anodes and assembled in a
2032 coin cell with pure lithium foil as the counter electrode in an
argon-ﬁlled glovebox. One molar lithium hexaﬂuorophosphate
(LiPF6) in mixed solvents of ethylene carbonate, ethyl methyl
carbonate, and dimethyl carbonate (1:1:1 in volume ratio) was used
as electrolyte and Celgard 2400 was employed as the separator. For
comparison purposes, a FeOx powder electrode with a loading density
of 2.5 mg cm−2 was fabricated by casting the FeOx powder mixed with
poly(vinylidene ﬂuoride) (PVDF) binder and conductive carbon
black (8:1:1, weight ratio) on Cu foil, which was dried in a vacuum
oven for 12 h. The electrochemical performance was tested by using
LAND CT2001A battery test system at room temperature (25 °C).
The coin cells were discharged and charged between 3.0 and 0.05 V at
a constant current. The cyclic voltammetry (CV) study was carried
out on a CV autolab (Eco Chemie, PGSTAT302N). The electrochemical impedance spectroscopy (EIS) measurements were
performed with an electrochemical workstation (CHI 660D, Shanghai
Chenhua) in the frequency range 10−2−105 Hz. For the full cell test,
homemade LiNi0.8Co0.15Al0.05 (NCA) mixed with PVDF binder and
conductive carbon black (8:1:1, weight ratio) was coated on Al foil as
cathode.52 The mass ratio of the cathode to anode was controlled to
be 10:1 in the full cell. The NCA electrode was fabricated into 2032
coin cell as the cathode with 3D CF@FeOx NAs as the anode. The
voltage window of the full cell is 1.0−3.75 V.

3. RESULTS AND DISCUSSION
The synthetic route toward 3D CF@FeOx NAs is schematically illustrated in Figure 1, which includes the hydrothermal
growth of FeOx precursor nanoarrays on CF to form 3D CF@
precursor NAs, and the subsequent conversion into 3D CF@
FeOx NAs. Typically, a piece of 3D CF was placed in 10 mL of
aqueous solution containing FeSO4·7H2O (0.6 g), urea (0.2 g),
and NH4F (0.05 g) to undergo hydrothermal growth for 14 h.
The resultant 3D CF@precursor NAs were annealed at 450 °C
in Ar for 2 h, leading to the formation of the 3D CF@FeOx
NAs. The morphology and microstructure of the obtained 3D
CF@precursor NAs were characterized by SEM and TEM
(Figure 2). As shown in Figure 2a, the hydrothermal growth of
the FeOx precursor nanoarrays did not destroy the pristine
structure of the CF made of macroporous skeleton. After the
hydrothermal process, the surface of the CF is coated
uniformly with densely aligned granules ∼5 μm in size, as
shown in Figure 2b. The enlarged images displayed in Figure
2c and 2d suggest that each granule is stacked by numerous
ordered nanoblocks with a thickness of ∼150 nm, and each
nanoblock has smooth surfaces and sharp edges, indicating a
hierarchical nanoarray structure. Figure 2e shows a typical

Figure 2. (a−d) SEM images of 3D CF@precursor NAs at diﬀerent
magniﬁcations. TEM (e) and HRTEM (f) images of precursor
nanoblocks. Inset shows the corresponding SAED pattern. The
diﬀraction spots in (e) and the lattice fringes in (f) are indexed based
on the Fe3O4 phase.

TEM image of a scraped nanoblock, and the related selected
area electron diﬀraction (SAED) pattern exhibits sharp spots,
which belong to the (11̅1), (220), and (311) planes of Fe3O4
with a face-centered cubic structure (JCPDS card no. 653107), indicating that the precursor block is mainly composed
of a number of Fe3O4 subunit crystals with diﬀerent
orientations. The measured interlayer spacings of 0.25 and
0.48 nm corresponding to the (311) and (111) planes of the
Fe3O4 phase can be observed from the HRTEM image in
Figure 2f. However, the XRD pattern of the 3D CF@FeOx
NAs was dominated by the sharp reﬂections from the copper
foam substrate owing to the small content of the nanoarrays in
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Figure 3. (a−d) SEM images of 3D CF@FeOx NAs at diﬀerent magniﬁcations. TEM image (e) and the related SAED pattern (f) of a cracked
FeOx nanoblock. (g, h) HRTEM images of FeOx nanoblocks.

was shown that the CF@FeOx NAs had a speciﬁc surface area
of 10.7 m2 g−1 with the total mass of the active material, similar
to that of the reported 3D porous Ni−Co layered double
hydroxide nanosheets grown on Cu foam.53 Moreover, the
CF@FeOx NAs showed a relatively narrow distribution of pore
sizes about 2−5 nm, conﬁrming their mesoporous structure.
The SAED pattern of the FeOx nanoblock shown in Figure
3e is presented in Figure 3f, which shows the diﬀraction spots
that can be indexed to the (012), (110), and (024) planes of αFe2O3 and the (220), (400), and (422) planes of Fe3O4,
indicating a mixed phases of α-Fe2O3 and Fe3O4. The HRTEM
image in Figure 3g shows clear lattice fringes with interlayer
spacings of 0.37 and 0.27 nm, which correspond to the (012)
and (104) planes of α-Fe2O3 (JCPDS card no. 33-0664). In
addition, the lattice fringes with interlayer spacings of 0.29 and
0.25 nm, which are assigned to the (220) and (311) planes of
Fe3O4 (JCPDS card no. 65-3107), respectively, can also be
observed (Figure 3h), indicating that the Fe3O4 phase was
preserved during the annealing process. As a consequence, the
obtained FeOx nanoarrays adopt a mixed iron oxide phases
composed of α-Fe2O3 and Fe3O4. The XRD pattern of the
FeOx powder converted from the precursor powder synthesized without CF under otherwise identical conditions (Figure
S2b) suggests that the FeOx powder contains both α-Fe2O3
and Fe3O4 phases, as shown in Figure S1b. However, the
characteristic peaks of α-Fe2O3 and Fe3O4 cannot be well
resolved from the XRD pattern of the 3D CF@FeOx NAs
because of the strong reﬂections of copper foam, which overlap
the characteristic peaks of FeOx.
The chemical composition of the 3D CF@FeOx NAs was
further characterized by Raman spectroscopy and SEM-EDS
analysis, which are presented in Figure 4. As shown in Figure
4a, the Raman bands at 223 and 493 cm−1 correspond to the
A1g vibration modes of α-Fe2O3, and the four bands at 245,
292, 405, and 615 cm−1 can be ascribed to Eg vibration modes
of α-Fe2O3,54 indicating the existence of α-Fe2O3 in the 3D
CF@FeOx NAs. In addition, the appearance of the Raman
bands at 531 and 687 cm−1 can be assigned to the vibration
modes of Fe3O4,55,56 conﬁrming the coexistence of Fe3O4. The
SEM image and the corresponding EDS element mapping of
the 3D CF@FeOx NAs are presented in Figure 4b−e, which
suggest that the 3D CF@FeOx NAs actually made of Fe and O

the CF@FeOx NAs (Figure S1a). Therefore, the precursor
powder prepared in the absence of the copper foam under
otherwise identical synthesis conditions (Figure S2a) was used
for the XRD measurement to determine the chemical
composition of the precursor. It is revealed that besides the
Fe3O4 phase, the precursor powder also contains a mixed
FeOOH phases made of the tetragonal phase (JCPDS card no.
75-1594) and the orthorhombic phase (JCPDS card no. 81462), as shown in Figure S1a. It may be noted that the
diﬀraction spots from the FeOOH phases were hardly
observed from the SAED pattern shown in Figure 2e, which
could be attributed to the relatively weak diﬀraction intensity
and signiﬁcant overlap with the diﬀractions from the Fe3O4
crystals. Therefore, it may be reasonably inferred that the 3D
CF@precursor NAs are mainly composed of one iron oxide
phase (i.e., Fe3O4) resulting from the partial oxidation of
Fe(II) in the reaction solution, and two diﬀerent oxyhydroxide
phases (namely, tetragonal and orthorhombic FeOOH)
resulting from the thorough oxidation of Fe(II).51 It is worth
noting that there was no noticeable oxidation of copper
substrate during the hydrothermal synthesis since FeSO4 was
employed as the Fe source in the solution.
After annealing at 450 °C in Ar atmosphere, the transformation from 3D CF@precursor NAs to 3D CF@FeOx NAs
occurred accompanying the loss of water. SEM and TEM
characterizations of 3D CF@FeOx NAs are shown in Figure 3.
The structural integrity of the individual FeOx granules is well
preserved without crack and aggregation after the annealing
process (Figure 3a and b), and each FeOx granule is made of
stacked nanoblocks, similar to the hierarchical nanoarray
structure of the initial 3D CF@precursor NAs. Notably, Figure
3c exhibits that the FeOx nanoblocks become highly porous,
and each FeO x nanoblock is composed of numerous
nanoparticles ranging from tens to hundreds of nanometers
in size. This may be attributed to the release of water during
the annealing process. Figure 3d shows an SEM image of a
cracked nanoblock, conﬁrming that the interior of the FeOx
nanoblocks is also porous. The TEM image shown in Figure 3e
also exhibits the highly porous structure of an individual FeOx
nanoblock. Nitrogen adsorption/desorption isotherm measurements were performed to investigate the surface area and
porosity of the obtained 3D CF@FeOx NAs (Figure S3). It
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was ∼50 μg/mL whereas the Cu ion concentration was only
∼0.04 μg/mL, which was less than 0.1% of the Fe
concentration, conﬁrming that there was neglectable dissolution of Cu foam in the HI solution and there was
essentially no copper oxide existing in the FeOx NAs. This
result strongly indicated that the active materials in the 3D
CF@FeOx NAs were made of α-Fe2O3 and Fe3O4, and the
oxidation of copper foam was neglectable and would not
contribute to the capacity if the 3D CF@FeOx NAs were used
as an anode for LIBs. Actually, our preliminary measurement of
the electrochemical performance of pure copper foam as an
anode for LIBs conﬁrmed that its capacity was neglectable (less
than 1 mAh g−1), which is not unexpected since copper foam
has been frequently employed as a reliable 3D hierarchical
current collector.57
To better understand the roles played by diﬀerent reactants
during the hydrothermal process, the eﬀects of the
concentrations of FeSO4, urea, and NH4F in the reactant
solutions on the morphology of the annealed products were
examined (Figure S5). When the added amount of FeSO4·
7H2O was decreased from 0.6 to 0.3 g, only few FeOx granules
were observed on the surface of copper foam, indicating
insuﬃcient Fe source supply (Figure S5a). On the contrary,
when the amount of FeSO4·7H2O was increased to 1.2 g, the
size of the FeOx granules was increased to ∼20 μm (Figure
S5b). The amount of urea also played a signiﬁcant role in the
morphology of the ﬁnal product. When the amount of urea was
reduced from x to 0.1 g, only few FeOx granules were grown
on the surface of copper foam (Figure S5c). When the amount
of urea was increased to 0.4 g, the size of the FeOx granules
was increased to ∼20 μm, and there was a signiﬁcant
coalescence between the granules (Figure S 5d). Moreover,
the added amount of NH4F also exhibited signiﬁcant inﬂuence
on the growth process. When no NH4F was added to the
reactant solution, there were hardly any FeOx granules grown
on the copper foam (Figure S3e). Nevertheless, if we added a
double amount (0.1 g) of NH4F compared with the typical
synthesis conditions, some large spheres appear (Figure S5f).
The addition of NH4F is necessary because F−1 ions are
beneﬁcial to the adhesion of the precursor to the substrate, as
reported previously.51,58
It is noteworthy that the annealing time is another import
factor that aﬀects the ﬁnal character of the product. While the
typical 3D CF@FeOx NAs shown in Figure 3 were produced
after calcination at 450 °C in Ar atmosphere for 2 h, 3D CF@
FeOx NAs-1 and 3D CF@FeOx NAs-3 were obtained after
annealing for 1 and 3 h, respectively (Figure S6). In contrast to
the typical 3D CF@FeOx NAs, the 3D CF@FeOx NAs-1 with
a less annealing time shows much less pores, indicating
incomplete transformation of the precursor to the ﬁnal FeOx.
However, when the annealing time was extended to 3 h,
considerable sintering of nanoparticles constituting the porous
FeOx nanoblocks occurred, leading to the collapse of the
porous structure.
The unique structure of the 3D CF@FeOx NAs may oﬀer
direct pathways for electron transport and lithium ion diﬀusion
without the additional binders in addition to enhanced mass
loading of the active materials. Accordingly, the obtained 3D
CF@FeOx NAs were used directly as an integrated anode in
LIBs and its electrochemical performance was investigated.
Figure 5a shows the typical cyclic voltammetric (CV) curves of
the 3D CF@FeOx NAs electrode in the potential window of
0.05−3.0 V with a constant scan rate of 0.1 mV s−1. In the ﬁrst

Figure 4. (a) Raman spectrum of 3D CF@FeOx NAs (the excitation
wavelength is 633 nm). SEM image (b) and the corresponding EDS
element mappings (c−e) of 3D CF@FeOx NAs.

together with Cu from the copper foam skeleton. Therefore, it
can be concluded that the hierarchical 3D CF@FeOx NAs
consist of porous nanoblock arrays of FeOx with a mixed αFe2O3 and Fe3O4 phases grown uniformly on the copper foam
skeleton.
To determine the contents of α-Fe2O3 and Fe3O4 in the
mixed phases, a piece of the 3D CF@FeOx NAs plate (0.5 cm
× 0.5 cm) was immersed in an aqueous HI solution to dissolve
the FeOx NAs without dissolving the Cu substrate. The mass
of the dissolved Fe element was measured using ICP, and the
mass of the dissolved FeOx was calculated by carefully
measuring the weight of the 3D CF@FeOx NAs plate before
and after the dissolution. The molar ratio between α-Fe2O3
and Fe3O4 was calculated to be approximately 1:1, namely, the
mass content of α-Fe2O3 and Fe3O4 in the 3D CF@FeOx was
∼40% and ∼60%, respectively. The bare Cu skeleton obtained
after dissolving the FeOx in the 3D CF@FeOx NAs exhibited
rather smooth surfaces and the corresponding EDS spectrum
demonstrated the absence of Fe element (Figure S4),
conﬁrming that there were no remaining active materials on
the copper foam after the dissolution. Furthermore, both the
concentrations of the Fe and Cu ions in the dissolved solution
were measured by ICP. The measured Fe ion concentration
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reversible formation processes of SEI and LixFeOx, respectively, which have similar electrochemical processes and peak
positions for α-Fe2O3 and Fe3O4.51,59−62
The charge−discharge voltage proﬁles of the 3D CF@FeOx
NAs electrode at the current density of 0.25 mA cm−2 (i.e., 0.1
A g−1) in the ﬁrst three cycles and 2.5 mA cm−2 (i.e., 1 A g−1)
in the following cycles from 0.05 to 3.0 V are shown in Figure
5b. At the ﬁrst cycle, the discharge and charge capacities are
5.72 and 3.64 mAh cm−2, respectively, indicating a limited
initial Coulombic eﬃciency of 63.6%. However, the
Coulombic eﬃciency was increased to 98% and 99% in the
following second and third cycles. The relatively low initial
Coulombic eﬃciency could be related to the irreversible
reactions involved in the inevitable formation of the SEI layer
and the degradation of electrolyte, which is a rather common
phenomenon for nanostructured electrodes based on porous
iron oxide materials.38,51 During the subsequent cycles, the 3D
CF@FeOx NAs electrode exhibits good cycling performance
and maintains a discharge capacity of 2.12 mAh cm−2 (i.e.,
850.2 mAh g−1) after 500 cycles.
Figure 6a illustrates the rate capability of the 3D CF@FeOx
NAs and FeO x powder electrodes, which is another
indispensable parameter to evaluate an electrode for practical
application, especially for high-power energy storage devices.62
The discharge capacities of the 3D CF@FeOx NAs electrode
are 2.16, 1.59, 1.44, 1.23 mAh cm−2 at the current densities of
2.5, 5, 7.5, 10 mA cm−2, respectively. Even at a high current
density of 12.5 mA cm−2 (i.e., 5 A g−1), the electrode still
manifests a discharge capacity of 0.96 mAh cm−2, much higher
than that for the FeOx powder (0.28 mAh cm−2). When the
current density returns to 2.5 mA cm−2, the discharge capacity
is maintained at 1.77 mAh cm−2, which is superior to the rate
capability of the FeOx powder electrode. The rate capability is
closely associated with the charge transfer ability of the
electrode. Figure 6b presents the comparative EIS spectra of
the 3D CF@FeOx NAs and FeOx powder electrodes before
cycling. Each plot consists of a sloping line and a semicircle,
the diameter of which is associated with the charge transfer
resistance on electrode/electrolyte interface (Rct).51,63 The Rct
of the 3D CF@FeOx NAs electrode (69 Ω) is smaller than that
for the FeOx powder electrode (99 Ω) based on the equivalent
circuit model in the inset of Figure 6b, demonstrating better
electronic conductivity. Two semicircles appear in the Nyquist
plot of the 3D CF@FeOx NAs after 100 cycles because of the
formation of the SEI ﬁlm (Figure S7). The high frequency one
is associated with the resistance caused by the SEI ﬁlm (Rf),
and the adjacent mid frequency one is assigned to Rct. A slight
decrease of the Rct from 69 Ω to 65 Ω after cycling may be
ascribed to the activation of electrode materials and the full
penetration of electrolyte into electrode materials.63
The cycling performance of the 3D CF@ FeOx NAs at 0.25
and 1.25 mA cm−2 were shown in Figure 6c. The electrode
delivered a high initial discharge areal capacity of 5.75 mAh
cm−2 at 0.25 mA cm−2. Besides, the areal capacities retained
3.33 mAh cm−2 at 0.25 mA cm−2 and 2.61 mAh cm−2 at 1.25
mA cm−2 after 50 cycles, respectively. The corresponding
gravimetric capacities are 1332 mAh g−1 and 1044 mAh g−1,
respectively, which are higher than the theoretical capacities for
both α-Fe2O3 and Fe3O4. This result could be ascribed to the
reversible formation of a polymetric/gel-like layer, where
excess lithium ions are accommodated at the interfacial sites,
which is a common phenomenon for many metal oxides with
large exposed surfaces.49,60,64,65 Comparative investigation of

Figure 5. (a) Cyclic voltammetry curves of 3D CF@FeOx NAs (the
scan rate in the initial three cycles is 0.5 mV s−1). (b) Galvanostatic
charge−discharge proﬁles of 3D CF@FeOx NAs of 1st, 2nd, 3rd, and
500th cycles.

cathodic sweep process, a small reduction peak can be
observed at 0.93 V, corresponding to the structural transition
induced by lithium ion intercalation to form the LiyFeOx (0 < y
< 2) phase. The sharp peak at 0.62 V is due to the complete
reduction of Fe(III) to Fe(0) and the formation of solid
electrolyte interphase (SEI).51 During the anodic sweep
process, the broad peaks can be observed at 1.72 V, which
are associated with the reversible multiple oxidations of Fe(0)
to Fe(II) and Fe(III).50 Apparently, the CV curves of the
second cycle resembled the third one, indicating excellent
cycling stability. The shift of the related peaks (reduction peaks
at 0.80 V and oxidation peaks at 1.66−1.90 V) to higher
potentials (reduction peaks of 0.90 V and oxidation peaks at
1.79 V) in the following two cycles is probably caused by the
enhanced charge transfer kinetics resulting from the structural
change during the ﬁrst cycle. Although FeOx is composed of αFe2O3 and Fe3O4, which have diﬀerent electrochemical
reactions with lithium ions, it is hard to distinguish the peaks
arising from α-Fe2O3 and Fe3O4. The oxidation peak of αFe2O3 or Fe3O4 is usually broad within a voltage window of
1.5−2.0 V, which can be overlapped easily by each other.51,59
On the other hand, the reduction peaks of α-Fe2O3 or Fe3O4
are diﬃcult to be ﬁgured out because the reduction peaks
located at 0.62 and 0.93 V represent the irreversible and
5422

DOI: 10.1021/acsaem.8b01024
ACS Appl. Energy Mater. 2018, 1, 5417−5427

Article

ACS Applied Energy Materials

Figure 6. (a) Rate capability of 3D CF@FeOx NAs at diﬀerent discharge current densities. The unit of the current density is mA cm−2. (b) EIS
spectra of 3D CF@FeOx NAs and FeOx powder in range of 10−2−105 Hz. The inset is the equivalent circuit used to interpret the data. (c) Cycling
performance of 3D CF@FeOx NAs at 0.25 and 1.25 mA cm−2 (the current density is 0.25 mA cm−2 in the initial ﬁve cycles for activation). (d)
Cycling performance of 3D CF@FeOx NAs-1, 3D CF@FeOx NAs-3, and FeOx powder electrodes at 0.25 mA cm−2 in the initial ﬁve cycles and 2.5
mA cm−2 at the following cycles.

considering that the FeOx granules with larger diameters are
unfavorable for the lithium ion transport, and the lack of
interspaces between FeOx granules tend to cause the
pulverization of the electrode (Figure S5). Beyond that, the
3D CF@FeOx NAs-1 and 3D CF@ FeOx NAs-3 electrodes
also show inferior cycling performance. The incomplete
transformation of the precursor and the less pores for the
3D CF@ FeOx NAs-1 electrode could result in relatively less
active materials and less eﬃcient penetration of the electrolyte
into the interior of FeOx, leading to a lower capacity (0.88
mAh cm−2, 200 cycles). Similarly, the collapse of the porous
structure in the 3D CF@FeOx NAs-3 electrode due to
considerable sintering gives rise to blocked electrolyte
penetration and poor cycling stability (0.36 mAh cm−2, 200
cycles).
Figure 7 shows the morphology and structure of the fully
discharged 3D CF@FeOx NAs electrode after 500 cycles. On
the basis of the SEM image in Figure 7a, the integrity of the
FeOx granules is maintained without structural collapse and
crack. However, the original FeOx nanoblocks became
nanoparticle agglomerates without regular shapes and sharp
edges (Figure 7b). Figure 7c is the TEM image, the measured

the long-term cycling stability of the 3D CF@ FeOx NAs was
carried out, which is shown in Figure 6d. For comparison, the
3D CF@ FeOx NAs-1, 3D CF@ FeOx NAs-3, and FeOx
powder electrodes as control examples were also tested.
Impressively, the 3D CF@FeOx NAs electrode can cycle
steadily for 500 cycles with an areal capacity as high as 2.12
mAh cm−2 at 2.5 mA cm−2 (i.e., 1 A g−1), corresponding to a
capacity retention ratio of 58.2%. To the best of our
knowledge, the electrochemical performance of the 3D CF@
FeOx NAs is the best for the iron oxide-based electrodes in
terms of areal capacity (Table S1). Particularly, the areal
capacity of the 3D CF@FeOx NAs is better than those
reported for the α-Fe2O3 multishelled hollow microspheres
(1.02 mAh cm−2 at 0.03 mA cm−2),17 α-Fe2O3/carbon
nanotube-graphene foam (1.2 mAh cm−2 at 0.24 mA
cm−2),42 and graphene paper@Fe3O4 nanorod array@
graphene (1.81 mAh cm−2 at 0.75 mA cm−2).41 In contrast,
the FeOx powder electrode shows severe capacity decay with a
low areal capacity of 0.15 mAh cm−2 retained only after 200
cycles under the same current density. Besides, the electrodes
fabricated with double amounts of FeSO4 and urea show poor
cycling performance (Figure S8), which can be rationalized by
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a cathode52 and 3D CF@FeOx NAs as an anode, as shown in
Figure 8a. Considering that the capacity of the 3D CF@FeOx
NAs anode after 50 cycles at 0.1 A g−1 (1332 mAh g−1) is ∼8
times higher than that of the NCA cathode after 50 cycles
under the similar current density (∼165 mAh g−1),52 the active
material mass ratio of the anode to cathode was ﬁxed to be
1:10 with a slightly increased cathode/anode weight ratio to
make up the irreversible Li+ loss for forming SEI ﬁlm on 3D
CF@FeOx NAs electrode. The full cell was cycled at 2.5 mA
cm−2 for 50 cycles in the voltage window of 1.0−3.75 V. The
1st, 2nd, 3rd, and 50th charge−discharge proﬁles are presented
in Figure 8b, which shows that the initial charge and discharge
capacities are 4.20 and 2.20 mAh cm−2, respectively. As shown
in Figure 8c, the 3D CF@FeOx NAs electrode of the full cell
maintained discharge capacities of 1.06 mAh cm−2 (capacity
retention ∼ 48.2%) after 30 cycles and 0.94 mAh cm−2
(capacity retention ∼ 42.7%) after 50 cycles. A continuous
capacity loss with cycling occurred, and the capacity was
decreased gradually to 0.38 mAh cm−2 (capacity retention ∼
17.3%) after 200 cycles (Figure S9). Compared with the
lithium full cell assembled by using 3D hierarchical porous αFe2O3 nanosheets on copper foil as the anode, which
maintained a discharge capacity of ∼0.15 mAh cm−2 (capacity
retention ∼ 52.7%) after 30 cycles,50 the current full cell
assembled using the 3D CF@FeOx NAs as the anode exhibited
comparable cycling stability and a signiﬁcantly enhanced areal
capacity. The capacity fading with cycling may be ascribed to a
variety of factors, such as the selected voltage window,
electrolyte, cathode, and mass ratio of active materials between
the cathode and the anode. Although the cyclability is still far
from the requirements for practical applications, it may
represent a beneﬁcial attempt toward practicality. Undoubtedly, further eﬀorts are needed to optimize the cell parameters
to achieve high-performance full cells with high areal capacity
and high cyclability.

Figure 7. SEM (a, b) and TEM (c, d) images of 3D CF@FeOx NAs
electrode after 500 cycles. 0.25 mA cm−2 in the initial ﬁve cycles and
2.5 mA cm−2 at the following cycles.

interlayer spacings are 0.21 nm from the HRTEM image
shown in Figure 7d, which can be assigned to the (111) planes
of metallic Fe (JCPDS card no. 65-4150), indicating
homogeneous distribution of Fe in amorphous Li2O to form
a continuous conductive metallic network, which is beneﬁcial
for the electron transport. The improved cycling stability of the
3D CF@FeOx NAs electrode may be attributed to the
following aspects: First, the tight contact between the FeOx
granules and the copper foam current collector oﬀers the direct
electron pathways for electrons with high transport eﬃciency.
Second, the unique hierarchical porous structure of FeOx
nanoarrays allows for eﬃcient penetration of electrolyte with
enhanced lithium ion diﬀusion rate, and the leisure space
between neighboring nanoparticles is beneﬁcial to alleviate the
huge volume expansion of FeOx during charge and discharge
processes. Third, the 3D CF skeleton supplies more growth
sites for loading FeOx with a high loading mass, leading to
improved whole energy of the electrode. Last but not least, the
absence of insulating binders and the formation of metal Fe
continuous conductive network guarantee the high electrical
conductivity of the electrode.
To better estimate the potential for real world utilization, we
assembled a lithium full cell with LiNi0.8Co0.15Al0.05 (NCA) as

4. CONCLUSIONS
In summary, hierarchical porous FeOx nanoarrays were directly
constructed on 3D copper foam through facile hydrothermal
growth followed by postannealing processes. The resultant 3D
CF@FeOx NAs with a high FeOx loading density of 2.5 mg
cm−2 were tested as a novel integrated anode for LIBs, which
demonstrated a high areal capacity of 2.12 mAh cm−2 after 500
cycles at 2.5 mA cm−2. A remarkable rate capability of the 3D
CF@FeOx NAs was achieved with an areal capacity of 0.96

Figure 8. (a) Schematic illustration of a 3D CF@FeOx NAs//Al@NCA LIB device. (b) Galvanostatic charge−discharge voltage proﬁles and (c)
cycling performance of a 3D CF@FeOx NAs//Al@NCA lithium ion full cell at 2.5 mA cm−2. The voltage window is 1.0−3.75 V.
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mAh cm−2 at a higher current density of 12.5 mA cm−2 (i.e., 5
A g−1). To our knowledge, the 3D CF@FeOx NAs exhibited
the best electrochemical performance with respect to the areal
capacity among the iron oxide-based electrodes. The excellent
electrochemical performance can be attributed to the unique
merits of the 3D electrode with hierarchical nanoarrays of
FeOx: (1) the good contact between FeOx nanoarrays and CF,
as well as the absence of binder provides direct pathways for
electrons transport; (2) the hierarchical FeOx nanostructures
with porous structure oﬀer suﬃcient penetration of the
electrolyte with reduced lithium ions diﬀusion lengths, as
well as alleviates the volume expansion of FeOx; and (3) the
more growth sites supplied by 3D CF ensure a high loading
mass of FeOx, leading to enhanced areal capacity. The lithium
full cell test manifests the promising potential of 3D CF@FeOx
NAs for practical utilization. The fabrication method provides
a promising way to construct high-areal-capacity electrodes for
the next-generation energy storage devices.
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