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HIGHLIGHTS

synthesis of Fe O /C/CNT with stable electrochemical performance.
• Successful
O /C/CNT anode exhibited high discharge capacity (901 mAh·g ) after 1000 cycles at 1000 mA·g
• FeCarbon-coating
reduced Fe O particle size, which increased capacity retention.
• The CNTs intertwined
with Fe O /C nanoparticles to form a 3D network.
•
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ABSTRACT
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A synthesized Fe2O3/C composite integrated with carbon nanotubes (CNTs) is deposited via cold spraying and
used as a highly stable Li-ion battery anode. The X-ray diffraction pattern of the anode material confirms the
coexistence of CNTs and mixed Fe2O3 phases (α and γ). Morphology and elemental mapping analyses are performed using scanning electron microscopy and transmission electron microscopy, respectively. The Fe2O3/C/
CNT composite presents the high discharge capacity of 1598 mA·h·g−1 at the current density of 100 mA·g−1. The
anode exhibits excellent capacity retention values of 83% and 88% after 100 and 1000 charge–discharge cycles
under current densities of 100 and 1000 mA·g−1, respectively. The electrochemical performance of the synthesized Fe2O3/C/CNT composite is superior to that of the Fe2O3/CNT composite prepared by mixing commercially available Fe2O3 and CNTs. This is attributed to the shorter diffusion path of the Li-ions in the relatively
smaller Fe2O3 particles and faster charge transfer through the highly conductive CNTs.

1. Introduction
The integration of green sustainable energy resources into mobile
ambulances, electric vehicles, and advanced portable technologies such
as drones requires compact, low-cost, safe, and long-life energy storage
devices. Conventional Li-ion batteries (LIBs) with graphite anodes are
limited by their low theoretical capacity of 372 mA·h·g−1. [1,2] Their
long life cycles, high capacities, and high energy densities suggest that
they are promising and reliable energy storage devices. However, the
ever-increasing demands for modern portable electronic devices and
electric vehicles require batteries with much higher rate performances
and power densities. [3] Hence, several metal oxides, including TiO2,

[4,5] MnO, [6,7] SnO, [8,9] ZnO, [10,11] and FeOx, [12], bimetallic
oxides, including ZnFe2O4, [13,14] Zn2SnO4, [15,16] and Mn2SnO4
[17], composites thereof, and carbides [18–20] have been investigated
as anode materials to fulfill the higher energy demands.
Fe2O3 is a preferred LIB anode material because of its low cost, ecofriendliness, high theoretical capacity (1007 mA·h·g−1) [21,22], and
high conversion capability during lithiation and delithiation. However,
in addition to its drawback of low conductivity, Fe2O3 experiences a
volume expansion of approximately 200% upon lithiation, which leads
to pulverization during the electrochemical conversion and restoration
process. Jiang et al. reported the use of porous Fe2O3 to achieve the
capacity of ~ 239 mA·h·g−1 at the current rate of 200 mA·g−1;
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furthermore, the achieved capacity retention was 42% after ~ 40
charge–discharge cycles. [23] Sun et al. used Fe2O3 nanoparticles as an
LIB anode; they reported the first discharge capacity of 772 mA·h·g−1
and the capacity retention of ~ 39% after 50 cycles at the current rate
of 100 mA·g−1. [22] Chen et al. reported using pristine α-Fe2O3 nanoparticles as LIB anodes with the documented first discharge capacity
of 1005 mA⋅h·g−1 at the current rate of 200 mA·g−1; this decreased to
164 mA⋅h·g−1 after 50 cycles. [24] Further reports show similar rapid
capacity losses with charge–discharge cycling. [25–27] The extensively
researched metal oxides demonstrated that their capacity retentions
were limited by the two significant factors of their low conductivity and
their irreversible morphological changes, caused by volume expansion
and contraction during the insertion and extraction of Li ions, which are
also referred to as lithiation (discharging) and delithiation (charging),
respectively.
Hence, synthesizing novel composites is necessary to achieve superior capacity retention during long-term cycling. Therefore, the present study focuses on demonstrating the superior performance of a
synthesized Fe2O3/C/carbon nanotube (CNT) composite compared to
that of a composite (Fe2O3/CNT) prepared by mixing commercially
available Fe2O3 and CNTs. All samples were deposited via non-vacuum
and supersonic deposition techniques. Cold spraying is an emerging
technique for the rapid and uniform deposition of nanomaterials on
both flexible and non-flexible substrates. [28] The method is scalable
and applicable in roll-to-roll processing; it is thus economically viable.
Because of the high-speed impact of the particles onto the substrate, the
bonding energy is substantial, resulting in good adhesion between the
deposited materials and the substrate. [29–33] Fe2O3 particles smaller
than those commercially available were successfully synthesized, thus
downscaling the active material to achieve faster Li+ diffusion. Thus,
the Fe2O3/C/CNT composite presented a superior energy storage capacity and improved stable electrochemical performance as an LIB
anode.

agglomeration were restricted. After 30 min, the beaker was tightly
closed using Al foil and then heated at 80 °C for 2 h. Then, the solution
was cooled to room temperature (RT, 20 °C). The formed Fe2O3/C/CNT
was filtered via centrifugation and washed three times with DI water.
The separated Fe2O3/C/CNT particles were dried at 100 °C in a vacuum
for 1 h to ensure humidity removal.
2.3. Deposition of CNT, Fe2O3, Fe2O3/CNT and Fe2O3/C/CNT
The CNT, Fe2O3, Fe2O3/CNT, and Fe2O3/C/CNT particles were deposited on Cu foil by the cold spraying technique. We prepared eight
solutions of 40 mL DMF (solvent) and 0.3 mL 8 wt% PAN solution
(solute). Subsequently, 3 g PVP, 0.8 g of pristine CNTs, 1.2, 1.4, 1.6,
and 1.8 g Fe2O3, 0.8 g CNTs with 1.6 g Fe2O3, and 0.2 g synthesized
Fe2O3/C/CNT were added to different containers of the DMF/PAN solutions. All mixtures were stirred vigorously for 30 min followed by tip
sonication for 40 s to obtain well-dispersed mixtures, which were then
placed in syringes.
Each prepared mixture was introduced into an atomizer at a constant flow rate using the syringe pump. The fluid sprayed by the atomizer was deposited on Cu foil under the supersonic impact of the cold
spray, as illustrated in Fig. 1. The cold-spray coating unit comprised a
supersonic nozzle, x–y stage, atomizer, compressor, and an inline
heater. The cold-spray system and coating deposition process have been
described in detail in previously published papers. [34,35] The deposition conditions used in this study are summarized in Table 1. The
cold-sprayed films were annealed in Ar atmosphere at 500 °C for 60 min
at a ramp rate of 3 °C/min.
2.4. Physicochemical characterization
The crystal phases of the CNTs, Fe2O3, Fe2O3/CNT, and Fe2O3/C/
CNT particles were analyzed using a SmartLab (Rigaku) X-ray diffraction (XRD) instrument. Raman spectra were obtained using an NRS3100 (Jasco) spectrometer featuring a high-performance 532-nm laser
and an 1800-grooves/nm holographic grating. The structural
morphologies of the CNTs, Fe2O3, Fe2O3/CNT, and Fe2O3/C/CNT particles were observed using an S-5000 (Hitachi, Ltd.) field-emission
scanning electron microscopy (FE-SEM) device and a JEM 2100F (JEOL
Inc.) transmission electron microscopy (TEM) apparatus. High-angle
annular dark-field scanning transmission electron microscopy measurements were performed for elemental mapping. The presence of the
elements and their chemical states were determined using a theta probe
(Thermo Fisher Scientific Co.) X-ray photoelectron spectroscopy (XPS)
base system. The N2 adsorption and desorption isotherms of the samples were measured by a Micrometric Tristar II 3020 instrument and
Brunauer–Emmett–Teller (BET) analyses were performed to analyze the
surface areas of the fabricated films.

2. Experimental
2.1. Materials
Iron(III) chloride hexahydrate (FeCl3·6H2O), polyvinylpyrrolidone
(PVP, Mw = 40 kDa), and CNTs were purchased from Sigma-Aldrich for
the synthesis of Fe2O3/C/CNT. Fe2O3 particles (> 99%), polyacrylonitrile (PAN, Mw = 150 kDa) used as a dispersant, and N,N-dimethylformamide (DMF) as the solvent were also purchased from
Sigma-Aldrich (Korea). All chemicals were used as purchased without
further purification.
2.2. Chemical synthesis of Fe2O3/C/CNT
The steps for the synthesis of Fe2O3/C/CNT are presented in Scheme
1. First, 0.1 g of CNTs were dispersed in 50 mL deionized (DI) water
under ultrasonication for 10 min. Afterward, FeCl3·6H2O was added to
the CNT dispersion and the mixture was stirred vigorously to ensure the
proper mixing of FeCl3. The prepared solution of PVP and 2 mL of 0.5 M
KOH were added to the FeCl3–CNT mixture under continuous stirring
for 30 min. The KOH solution was used to generate Fe2O3 particles,
while the presence of PVP ensured that particle growth and

2.5. Electrochemical characterization
The annealed CNTs, Fe2O3, Fe2O3/CNT, and Fe2O3/C/CNT samples
deposited on Cu foil were punched into 1.54-cm2 discs. The electrode
was lithiated from 3 to 0.01 V and delithiated from 0.01 to 3 V under
various current densities. The current density was defined as the ratio of
the applied current [mA] to the active material mass [g]; thus, its unit is
Scheme 1. Synthesis of Fe2O3/C/CNT composite
particles from FeCl3·6H2O. Here, CNTs, DI water, and
PVP indicate carbon nanotubes, deionized water, and
polyvinylpyrrolidone, respectively.
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Fig. 1. Schematic of supersonic spray setup, film deposition on Cu foil, and morphology of Fe2O3/C/CNT film. Here, CNT and SEM denote carbon nanotube and
scanning electron microscopy, respectively.

to 0.01 Hz using a VersaSTAT-3 (Princeton Applied Research, USA)
potentiostat with a small perturbation voltage of 10 mV.

Table 1
Operating conditions of supersonic cold-spray during
coating.
Spraying parameter

Values

Pressure (P0) [bar]
Heater temperature [⁰C]
Flowrate [ml/min]
Traverse speed [mm/s]
Spraying distance [mm]
Number of passes

4
250
1.5
15
150
10

3. Results and discussion
3.1. Material properties
The XRD patterns of the pristine CNTs and Fe2O3-based composite
samples deposited via supersonic cold-spraying are illustrated in
Fig. 2a. Characteristic diffraction peaks at 25.8° and 43.5° are observed
in the XRD profile of the CNT sample. The peaks at 38°, 44°, and 50.2°
are ascribed to the Cu substrate. The XRD patterns of the Fe2O3 and
Fe2O3/CNT samples exhibit diffraction peaks at 24.2°, 33.2°, 35.5°,
40.9°, 43.6°, 49.4°, 54.1°, 57.1°, 62.5°, and 71.9°, corresponding to αFe2O3 (hematite), while the peaks at 30.1°, 43.2°, 64.0°, and 74.1° represent γ-Fe2O3 (maghemite). Similarly, mixed γ-Fe2O3 and α-Fe2O3
phases are observed in the XRD pattern of the synthesized Fe2O3/C/
CNT composite sample. The peaks at 33.2°, 35.3°, 39.4°, and 43.4° are
attributed to the (1 0 4), (1 1 0), (0 0 6), and (2 0 2) planes of α-Fe2O3,
respectively, whereas the peaks at 14.0°, 18.3°, 26.8°, 56.2°, 61.2°,
64.4°, and 74.2° corresponded to the (1 1 0), (1 1 1), (2 1 1), (5 1 1),
(5 2 1), (4 4 1), and (5 3 3) planes of γ-Fe2O3, respectively. The diffraction peaks of α-Fe2O3 and γ-Fe2O3 matched the JCPDS cards
24–0072 and 39–1346, respectively, and are marked using “●” and “▾”
symbols in Fig. 2a. [37,38] By using the Scherrer equation of τ = K⋅λ/
(β⋅θ) and the peak values from the XRD pattern, the crystallite size τ can
be determined. The dimensionless constant of K = 0.9 is used. λ is the
X-ray wavelength. β is the full-width half maximum of line-broadening.
θ is the Bragg angle. Thus, the estimated crystallite sizes of the Fe2O3,
Fe2O3/CNT, and Fe2O3/C/CNT samples are 52.3, 62.3, and 10.7 nm,
respectively. The γ-Fe2O3 phase presents Fe2+ vacancies at the octahedral sites, which are beneficial for the insertion of Li-ions.
The Raman spectra of the CNT, Fe2O3, Fe2O3/CNT, and Fe2O3/C/
CNT samples are presented in Fig. 2b. The peaks at 1347, 1596, and
2692 cm−1 correspond to the carbon defect band (D), graphitic carbon
(G) band, and the 2D band of the CNTs. These bands are not observed in

[mA⋅g−1]. The specific capacity is the product of the specific current
and the time required for charging or discharging; thus, its unit is
[mA⋅h⋅g−1]. The active material mass was estimated by subtracting the
current collector mass (0.0341 g) from the total electrode mass (the
active material and the current collector mass). The active material
mass for the CNT sample was 1 mg while that for the Fe2O3, Fe2O3/
CNT, and Fe2O3/C/CNT samples was 1.4 mg. The punched discs were
used as the working electrodes, and 16-mm-diameter Li foil discs were
used as the reference electrodes in CR2032-type coin cells. The electrodes were electrically insulated using Celgard 2400 polymer membranes (Celgard, Chungbuk, South Korea) as separators. In addition, 1M LiPF6 solution in ethylene carbonate, dimethyl carbonate, and ethyl
methyl carbonate (1:1:1 v/v/v) (PuriEL, Soulbrain, Seongnam, South
Korea) was used as the electrolyte. The open-circuit voltage of the assembled half-cells for all the samples was measured as 3 V. Therefore,
considering the open-circuit voltage and the deintercalation/oxidation
process, the galvanostatic measurements were performed in the potential window of 0.01–3 V at 25 °C because the deintercalation or
oxidation of Li-ions relative to Fe2O3 is completed between 2 and 2.5 V.
[24,36] The galvanostatic measurements were performed using a
WBCS3000 (WonATech, Seoul, South Korea) battery cycler system for
long cycles at the constant current densities of 100 and 1000 mA⋅g−1.
Half-cells were subjected to current rate tests at 100, 200, 500, and
1000 mA⋅g−1. Furthermore, electrochemical impedance spectroscopy
(EIS) measurements were performed in the frequency range of 100 kHz
3
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Fig. 2. (a) X-ray diffraction patterns and (b) Raman spectra of carbon nanotubes (CNTs), Fe2O3, Fe2O3/CNT, and Fe2O3/C/CNT.

the spectrum of the Fe2O3 sample because this sample lacks CNTs. For
the pristine CNT sample, the G band is more prominent than the D
band, and the 2D band is sharp and distinct. However, the D bands are
predominant in the spectra of Fe2O3/CNT and Fe2O3/C/CNT, indicating
that the CNT walls achieve good adhesion with the Fe2O3 particles. The
ID/IG ratios for the CNT, Fe2O3/CNT and Fe2O3/C/CNT samples are
estimated as 0.68, 1.43, and 1.4, respectively, according to Fig. 2b. The
G band is absent in the Raman spectrum for Fe2O3; therefore, its ID/IG
ratio cannot be estimated. The linkage between the CNTs and Fe2O3
particles in the Fe2O3/CNT sample can be attributed to the supersonic
impact during deposition, which may reduce the graphitic state of the
CNTs, thus yielding a strong D band in the spectrum. However, the
adhesion of CNTs and Fe2O3/C/CNT begin during the particle synthesis
process; therefore, the defects occurring in the CNT structure are milder
than those observed in the structure of the Fe2O3/CNT sample. The
Raman spectra of Fe2O3 and Fe2O3/CNT exhibit five phonon modes
related to the α- and γ-Fe2O3 phases in the wavenumber range
100–800 cm−1: two A1g modes corresponding to the peaks at 216 and
493 cm−1, and three Eg modes indicated by peaks at 282, 399, and
594 cm−1. [39,40] However, the intensity of the Fe2O3 peaks in the
spectrum of the Fe2O3/C/CNT sample is lower, which is attributed to
the C coating from the carbonization of PVP. The two peaks of Fe2O3 at
217 and 284 cm−1 correspond to the A1g and Eg modes, respectively.
Furthermore, the Raman spectrum of Fe2O3/C/CNT presents a broad
hump at approximately 720 cm−1, which is attributed to the local Fe–O
structures around the cation vacancies in γ-Fe2O3; this is consistent with
the XRD data.
Fig. 3 depicts the scanning electron microscopy (SEM) images of the
annealed CNT, Fe2O3, Fe2O3/CNT, and Fe2O3/C/CNT samples at different magnifications. The presences of CNTs, mixed Fe2O3 phases,
intertwined CNTs, and Fe2O3 in the structure of Fe2O3/CNT and Fe2O3/
C/CNT are already confirmed using XRD analysis (Fig. 2a). The CNT
and Fe2O3 particles are well distributed over the Cu foil, along with
voids, which may facilitate better interfacing between the electrode and
electrolyte surface (Fig. 3a and c). The agglomeration and large size of
the Fe2O3 particles can be observed in Fig. 3d-i. The larger Fe2O3

particles undergo consistent pulverization during electrochemical reactions, such as the lithiation and delithiation processes because of the
volume expansion and contraction of the Fe2O3 particles. The breakage
of Fe2O3 particles caused by volume expansion and contraction not only
deteriorates the performance of the Fe2O3 anode but also breaks the
solid electrolyte interface (SEI) layer, which causes more irreversible
reactions and consequently reduces the effect of the intertwined CNTs.
Thus, it is necessary to control the size of the Fe2O3 particles. Consequently, the Fe2O3/C/CNT sample is synthesized via precipitation using
PVP as a capping agent. The synthesized Fe2O3 particles adhering to the
CNTs are smaller (Fig. 3j-l) than the pristine Fe2O3 particles (Fig. 3d-i).
The agglomeration of the Fe2O3 particles is significantly decreased by
the presence of C from the carbonized PVP deposited on their surfaces
(Fig. 3j-l). The average thicknesses of the CNT, Fe2O3, Fe2O3/CNT, and
Fe2O3/C/CNT films are 4.5, 7.2, 11.7, and 4.5 μm, respectively, based
on the cross-sectional views shown in Fig. S1. The concentrations of the
elements (Fe, O, C and N) for all samples are determined using energydispersive X-ray spectroscopy and SEM data, and the results are summarized in Table 2.
We used TEM analysis to confirm the morphology of the Fe2O3/C/
CNT particles (Fig. 4). The low-magnification TEM image (Fig. 4a) indicates that the CNTs and Fe2O3/C particles are intertwined. The
characteristic lattice fringes of Fe2O3/C/CNT are observed in the highresolution TEM image in Fig. 4b. The Fe2O3/C nanoparticles are welladhered to the CNTs. Fig. 4c illustrates the selected-area electron diffraction (SAED) pattern, showing the diffraction rings for the (1 1 6),
(3 1 1), and (1 0 4) planes of the α-Fe2O3 phase. Furthermore, the
elemental mapping images (see Fig. 4d) of Fe2O3/C/CNT confirm the
presences of C, Fe, and O in the sample. Fig. S2a illustrates the highmagnification TEM image of the Fe2O3/C/CNT sample, in which the
CNT and Fe2O3 particles are marked. Moreover, Fig. S2a shows the C
coating over the Fe2O3 particles. Thus, the presence of C restricts the
size of the Fe2O3 particles and significantly reduces agglomeration
compared to the Fe2O3/CNT sample (see Fig. 3). The overlapped elemental mapping images of C and Fe are presented in Fig. S2b and indicate that the Fe2O3 particles are well coated with C. Moreover, the
4
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Fig. 3. Scanning electron microscopy images of (a)-(c) carbon nanotubes (CNTs), (d)-(f) Fe2O3, (g)-(i) Fe2O3/CNT, and (j)-(l) Fe2O3/C/CNT.

peaks at 284.6 and 286.5 eV. The peak at 284.6 eV is assigned to the
C–C (sp2) bonds of the CNTs; that at 286.5 eV is ascribed to the C–O
bonds. The intensity of the C–O peak is lower than that of the C–C one,
suggesting that the O-containing functional groups are removed during
annealing. The high-resolution Fe 2p spectrum (Fig. 5c) presents two
apparent peaks at 710.4 and 724.1 eV, which are attributed to Fe 2p3/2
and Fe 2p1/2, respectively, and their binding energy separation is
~13.7 eV. This implies the presence of the Fe3+ state, which is consistent with the presence of the Fe2O3 phase. The peak at 710.8 eV is
deconvoluted into two peaks at 710.5 and 712.5 eV plus a satellite peak
at 717.5 eV, which also confirm the presence of Fe3+ ions. The highresolution O 1 s spectrum (Fig. 5d) can be deconvoluted into two O
contributions. The peaks at 529.6 and 532 eV correspond to Fe–O and
Fe–O–H, respectively; the O–H groups originate from the moisture
chemisorbed on the surface of the Fe2O3/C/CNT composite.

Table 2
Element weight percentages of Fe-based composite films.
Element Case

CNT
Fe2O3
Fe2O3/CNT
Fe2O3/C/CNT

Fe

C

O

N

wt%

wt%

wt%

wt%

–
48.12
42.19
7.36

89.75
15.10
38.81
71.93

7.48
36.34
19.00
12.28

2.77
0.44
–
8.42

adherence of Fe2O3/C to the CNTs is observed.
The oxidation states and chemical composition of the Fe2O3/C/CNT
composite were identified using XPS analysis. The XPS survey profile of
Fe2O3/C/CNT (Fig. 5a) confirms the presences of Fe, O, and C in the
sample. The deconvoluted C 1 s core spectrum (Fig. 5b) exhibits two
5
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Fig. 4. (a) Transmission electron microscopy image, (b) high-resolution transmission electron microscopy image, and (c) selected-area electron diffraction pattern of
Fe2O3/C/CNT. (d) High-angle annular dark-field imaging scanning transmission electron microscopy image of mapping area and elemental mapping images of Fe, C,
and O.

Fig. 5. (a) X-ray photoelectron spectroscopy (XPS) survey profile of Fe2O3/C/CNT and core XPS profiles of (b) C, (c) Fe, and (d) O. Here CNTs are carbon nanotubes.
6
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Fig. 6. Discharge–charge profiles of (a) CNT, (b) Fe2O3, (c) Fe2O3/CNT, and (d) Fe2O3/C/CNT anodes at the 1st, 2nd, and 70th cycles; the current rate is 100 mA·g−1.

3.2. Electrochemical performance

samples, respectively. Note that these capacity values are from N = 1
after the first discharge/charge cycle; see Fig. 6. The irreversible capacity loss of the Fe2O3 sample was 238 mA⋅h·g−1, attributed to the SEI
layer formation alone. However, in the presence of CNTs, the effect of
Li+ trapping within the CNT cores also contributes to capacity loss, as
in the pure CNT, Fe2O3/CNT, and Fe2O3/C/CNT samples. The irreversible capacity losses of the Fe2O3/CNT and Fe2O3/C/CNT samples at
N = 1 are 229 and 208 mA⋅h⋅g−1, respectively.
The first reversible discharge capacity and retained capacity values
are illustrated in Fig. 6 for all samples. The differences between the CNT
and Fe2O3 samples are observed in Fig. 6a and b, and it can be inferred
that C, as the active material, prevents a decrease in the retained capacity. However, because Fe2O3 undergoes consistent volume expansion and contraction, which causes its pulverization, its reversible discharge capacity after 70 cycles is significantly smaller (by ~ 88%) than
that after the first cycle. The retained capacity of the Fe2O3/CNT sample
(981 mA⋅h·g−1, Fig. 6c) is significantly higher than that of Fe2O3
(121 mA⋅h⋅g−1, Fig. 6b). Moreover, the capacity of Fe2O3/CNT is
higher than that of the CNT sample (Fig. 6a). However, the first reversible discharge capacities of CNT and Fe2O3 both include larger irreversible capacities. The capacity losses can be attributed to the irreversible formation of the LixCy complex and Li2O product for the CNT
and Fe2O3 samples, respectively. The capacity loss of the Fe2O3 sample
can also be attributed to the thick SEI that covers the pulverized Fe2O3
particles. The discharge curves for the CNT and Fe2O3/C/CNT samples
indicate that their specific capacity values are gradually increased as
the voltage is decreased. For the CNT sample, only intercalation occurs;
therefore, no plateau region is observed. However, a negligible hump is
observed at approximately 0.7 V (Fig. 6a), which can be attributed to
the formation of the SEI layer. However, no plateau or hump is

The discharge–charge profiles of CNT, Fe2O3, Fe2O3/CNT, and
Fe2O3/C/CNT for the 1st, 2nd, and 70th cycles at the current rate of
100 mA·g−1 are presented in Fig. 6. The coulombic efficiency (CE)
values of CNT, Fe2O3, Fe2O3/CNT, and Fe2O3/C/CNT for the first cycle
are 63%, 77%, 78%, and 87%, respectively. The level of N2 adsorption
at P/P0 = 1 for the CNTs was approximately 800 cm3·g−1, as shown in
Fig. S3a. The corresponding surface area of the CNT film was
223 m2⋅g−1 based on BET analysis. This high surface area promotes
rapid Li+ diffusion. In contrast, an electrolyte readily permeates the
nanosized cavities of the CNTs, which leads to SEI formation, yielding
the relatively high irreversible capacity loss of 292 mA⋅h·g−1. This high
loss is attributed to both the SEI layer formation and the trapping of Li+
within the CNT core. Note that the measured discharge capacity comprises the charge capacity and the irreversible capacity loss. For the
CNT case in Fig. 6a, the measured discharge capacity is 790 mA⋅h⋅g−1,
which is the sum of the charge capacity of 498 mA⋅h⋅g−1 and the irreversible capacity loss of 292 mA⋅h⋅g−1. Because the CE is defined as
the ratio of the charge to discharge capacity, the charge capacity is
estimated as (0.63)⋅(790) = 498 mA⋅h⋅g−1 for the CNT case. Then the
irreversible capacity loss is the difference between the discharge and
charge capacity, which is 292 mA⋅h⋅g−1. [41–43] This high loss level
for the CNT case is attributed to the CNTs’ inability to achieve Li+ deintercalation from the inner cores of the CNTs, related to the high
surface areas of the CNTs. [44] Based on the BET analysis, the surface
areas of the Fe2O3, Fe2O3/CNT, and Fe2O3/C/CNT samples are 6, 44,
and 86 m2⋅g−1, respectively, which are significantly lower than that of
the CNT sample. Therefore, relatively higher CE values of 77, 78, and
87% are observed for the Fe2O3, Fe2O3/CNT, and Fe2O3/C/CNT
7
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Fig. 7. Differential capacity curves of (a) CNT, (b) Fe2O3, (c) Fe2O3/CNT, and (d) Fe2O3/C/CNT samples during discharge (lithiation). Here N is the number of cycles.

observed in the discharge/charge profile of the Fe2O3/C/CNT sample
(Fig. 6d). This may indicate the formation of a thin SEI layer and the
very slow reduction of Fe2O3, which suggests that the Fe2O3 particles
are well covered by C. This suggestion is consistent with the morphological characterization performed using TEM and elemental mapping
analysis (Fig. S1a and b). The Fe2O3 and Fe2O3/CNT samples contain
the as-purchased Fe2O3 particles. At the voltage of ~ 0.86 V, the Fe3+
ions in these samples are rapidly reduced to Fe2+, as indicated by the
very flat plateau regions in Fig. 6b and c. However, the crystalline
structure of Fe2O3 changes after the first cycle, and the plateau is
shifted to ~ 1.1 V. [45] The almost overlapping discharge profiles for
the 2nd and 70th cycles indicates the stable electrochemical performances of the CNT, Fe2O3/CNT, and Fe2O3/C/CNT samples. [36]
The differential capacities of the CNT, Fe2O3, Fe2O3/CNT, and
Fe2O3/C/CNT samples are analyzed, and the results are presented in
Fig. 7. The changes in the differential capacity indicate the phase
changes experienced by Fe2O3 and its composites during the discharge
or lithiation electrochemical reactions of the anode (for the half-cell).
The peaks at 0.32 and 0.76 V marked in Fig. 7a are ascribed to the
intercalation of Li+ into the CNTs and the formation of the SEI layer,
respectively. [46] Fig. 7b and c depict two sharp peaks at 0.86 and
0.83 V, which correspond to the conversion of the α- and γ-Fe2O3
phases to LixFe2O3 and the subsequent conversion of LixFe2O3 to Fe and
Li2O at the low voltage of ~ 0.2 V. The presence of these two close
peaks confirms the presence of mixed α- and γ-Fe2O3 phases, in
agreement with the XRD pattern of the starting material. The conversion of α- and γ-Fe2O3 to LixFe2O3 at ~ 0.86 V is consistent with the
discharge profiles illustrated in Fig. 6b and c. The peak of the

differential capacity curves of Fe2O3 and Fe2O3/CNT for N = 2 (N is the
number of cycles) is shifted to ~ 1.07 V and is maintained until N = 70.
Four peaks are observed in the differential capacity curve of Fe2O3/C/
CNT for N = 1: two broad peaks at 0.97 and 0.63 V and two smaller
peaks at 0.80 and 0.86 V, with slightly varying intensities (Fig. 7d). The
low intensity of the peaks in the differential capacity curve of Fe2O3/C/
CNT contrasts with the sharp and high-intensity peaks observed for
Fe2O3 and Fe2O3/CNT. At a lower voltage, the differential capacity
values of Fe2O3 and Fe2O3/CNT are smaller and stable, while that of
Fe2O3/C/CNT presents a sudden increase in magnitude. These results
are consistent with the discharge profiles of Fe2O3 and Fe2O3/CNT,
which present flat plateau regions at 0.83 and 0.87 V owing to rapid
conversion and Li-ion storage, respectively. Thereafter, a sharp decrease in voltage is observed, which yields a small capacity (see Fig. 6bc). Moreover, the voltage is gradually decreased for the Fe2O3/C/CNT
sample, and a significant increase in capacity is observed between 0.5
and 0.01 V (see Fig. 6d).
A pure carbon sample was prepared by annealing a PVP film in an
Ar environment. The initial concentration of Fe2O3 was varied from 1.2
to 1.4 and 1.8 g. These various Fe2O3 concentrations in 40 mL of the
DMF/PAN solution were used to prepare LIB electrodes. The electrochemical tests of the four samples (i.e., pure carbon, 1.2-Fe2O3, 1.4Fe2O3, and 1.8-Fe2O3) were performed at the current rates of 100, 200,
500, and 1000 mA·g−1. The current rate was increased every N = 10
cycles until reaching 1000 mA·g−1, as shown in Fig. S4. The comparison of Fig. S4 and Fig. 8a indicates that the pure carbon electrode had a
lower specific capacity than that of pure CNT. The first discharge capacity of the pure carbon anode was 554 mA⋅h⋅g−1 at a current rate of
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Fig. 8. Electrochemical performances of various samples: (a) rate capability, long-term cycling at (b) low current density (100 mA·g−1) and (c) high current density
(1000 mA·g−1). Capacity retention (%) at (d) low current density (100 mA·g−1) and (e) high current density (1000 mA·g−1). The dashed and solid column bars
indicate the retained capacities for the first and second cycles, respectively. Here, CE is the coulombic efficiency.

100 mA·g−1. After N = 30 cycles, the current density was increased to
1000 mA·g−1, at which the capacity was reduced to 172 mA⋅h⋅g−1. Fig.
S4 also shows that the first discharge capacities of 570, 706, and
776 mA⋅h⋅g−1 for the 1.2-Fe2O3, 1.4-Fe2O3, and 1.8-Fe2O3 samples,
respectively, were greatly reduced after a few cycles. This rapid deterioration in capacity was attributed to the relatively large Fe2O3 particles because the Li-ion insertion/extraction processes were relatively
slower for larger particles. The larger particles were also more easily
pulverized because the expansion and contraction processes occurred
over greater bulk volumes. In addition, the larger Fe2O3 particles were
subjected to more frequent pulverization because of the greater volume
change during the discharging/charging cycles. In such cases, the pulverized particles were more likely to agglomerate during the electrochemical reactions, eventually leading to cracks in the SEI layer, as
shown in Fig. S5f. [47]
The specific capacities of the CNT, Fe2O3, Fe2O3/CNT, and Fe2O3/
C/CNT samples are determined at the current rates of 100, 200, 500,
and 1000 mA·g−1. The current rate was increased every 10 cycles until
reaching 1000 mA·g−1. Afterward, the current rate was decreased again
to 100 mA·g−1, as illustrated in Fig. 8a, and was then maintained until
the N = 100th cycle. The specific capacities of the CNT, Fe2O3, Fe2O3/
CNT, and Fe2O3/C/CNT samples are 854, 923, 1101, and
2115 mA⋅h⋅g−1, respectively, at the current rate of 100 mA·g−1. In
addition, the discharge capacities of the CNT, Fe2O3, Fe2O3/CNT, and
Fe2O3/C/CNT samples are 223, 11, 426, and 1035 mA⋅h⋅g−1, respectively, at the current rate of 1000 mA·g−1 after 40 cycles. The corresponding capacities of Fe2O3/C/CNT at the N = 11th, 21st, and 31st
cycles (current rates of 200, 500, and 1000 mA·g−1, respectively) are
1451, 1261, and 1090 mA⋅h⋅g−1. Furthermore, the retained capacities
of Fe2O3/C/CNT after the 40th, 50th, and 60th cycles (corresponding to

the current rates of 1000, 500 and 200 mA⋅g−1) are 1035, 1214, and
1372 mA⋅h⋅g−1, respectively, which indicates the superior current
capability of Fe2O3/C/CNT compared to those of Fe2O3 and Fe2O3/
CNT. This is because the Fe2O3 particles are smaller than the as-purchased ones, surrounded by C, and decorated on CNTs. Hence, we
further tested the long-term cycling performances of these samples at a
low constant current and the high constant current rates of 100 and
1000 mA·g−1, as illustrated in Fig. 8b and c, respectively. The CE values
of CNT, Fe2O3/CNT, and Fe2O3/C/CNT are initially small but quickly
reach approximately 100% (Fig. 8a). However, the CE of Fe2O3 fluctuates significantly with almost every change in the current rate. This is
attributed to the breaking and reformation of the SEI layers. The generation of cracks is attributed to the pulverization of Fe2O3 particles
and/or an increase in the insertion or extraction of Li-ions (owing to the
changes in current rate).
The excellent stability of the CNT sample is confirmed by the longterm cycling performance data: 76% of the capacity recorded for the
first reversible cycle is retained after N = 100 cycles (Fig. 8b). However, the capacity of the Fe2O3 sample is decreased significantly: the
capacity is reduced to ~ 15% of its initial value within N = 31 cycles at
the lower current rate of 100 mA·g−1. Furthermore, at the higher current rate of 1000 mA·g−1, the capacity of the Fe2O3 sample is decreased
by 80% within 20 cycles. This is expected and attributed to the low
conductivity, volume expansion/contraction, and pulverization occurring during the lithiation/delithiation of the Fe2O3 particles. Conversely, the Fe2O3/CNT sample exhibits the capacity retention rates of
60% and 65% at the current values of 100 and 1000 mA·g−1, respectively (Fig. 8d and e). However, the retention is attributed to the
breaking of the larger Fe2O3 particles during the Fe2O3 → metallic Fe
and metallic Fe → Fe2O3 conversion processes. Such an increase in the
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capacity after several cycles could cause instability and unpredictability
in the electrochemical performance of the battery. Hence, we synthesized Fe2O3/C/CNT particles using Fe2O3, PVP, and CNTs, as described
in Section 2.2, and consequently, we were able to control the unpredictability and instability seen in the Fe2O3/CNT composite case.
The electrochemical performance of the Fe2O3/C/CNT sample is stable
(Fig. 8b and c). In addition, the capacity retention rates of the Fe2O3/C/
CNT sample relative to the first cycle and first reversible discharge cycle
are almost equal after long-term cycling for the low and high current
values of 100 and 1000 mA·g−1 (Fig. 8d and e, respectively). The CNT,
Fe2O3, Fe2O3/CNT, and Fe2O3/C/CNT samples retain 65%, 9%, 52%,
and 77%, respectively, of their capacities for N = 1 and 76%, 12%,
60%, and 83%, respectively of the first reversible capacity (N = 2) at
the low current value of 100 mA·g−1 (Fig. 8d). Therefore, the capacity
retention is improved for all samples as the significant irreversible
losses attributed to the formation of the SEI layer are eliminated after
the first discharge/charge cycle. The N = 1000 discharge/charge cycles
are performed to demonstrate the electrochemical stabilities of the
samples at the severe current rate of 1000 mA·g−1. The long-term cycling performance is shown in Fig. 8c, and the capacity retention values
are presented in Fig. 8e. The CNT, Fe2O3/CNT, and Fe2O3/C/CNT
samples retained 39%, 56%, and 87% of their N = 1 capacities and
50%, 65%, and 88% of their N = 2 first reversible capacity. However,
the long-term cycle for the Fe2O3 sample was carried out only up to
N = 500 because its retention was reduced to 1.1% of the capacity at
N = 1 and 1.5% of the capacity at N = 2 (see Fig. 8e). The relatively
smaller crystallite size of the Fe2O3/C/CNT sample reduces the degree
of pulverization and volume expansion/contraction processes. Thus, the
relatively smaller crystallite size of the Fe2O3/C/CNT sample prevents
the disintegration of the SEI layer (see Fig. S5) and provides excellent
electrochemical stability during long-term cycling, as demonstrated in
Fig. 8b and c.
The specific capacities of CNT and pure carbon, C, at a current rate
of 100 mA·g−1 are 790 and 554 mA⋅h⋅g−1, respectively. The first discharge capacity of the Fe2O3 anode is 1034 mA⋅h⋅g−1 at a current
density of 100 mA·g−1. The Fe2O3/C/CNT sample was prepared using a
precipitation method with PVP as a capping agent. As previously
mentioned, the crystallite sizes of Fe2O3 and Fe2O3/C/CNT are 52.3 and
10.7 nm, respectively. In general, a smaller crystallite size provides a
shorter pathway for Li-ion diffusion, facilitating rapid charge transfer
through both carbon and CNT. Therefore, the capacity contribution by
the presence of Fe2O3/C/CNT with a relatively smaller crystallite size is
more significant than that by pure Fe2O3 with a larger crystallite size;
the smaller crystallites are embedded in the Fe2O3/C/CNT sample.
Regarding the estimation of the specific capacity contribution by
carbon in the samples, elemental concentrations in Table 2 can be
utilized, as suggested by Koo et al. [47]. These estimations are detailed
in Eq. (S1), (S2), and (S3). From Fig. 6, the first total discharge capacities of the CNT, Fe2O3, Fe2O3/CNT and Fe2O3/C/CNT samples were
790, 1034, 1056, and 1598 mA⋅h⋅g−1, respectively. While assuming
that the first discharge capacity of the CNT sample is the carbon content
contribution, the carbon content of 15% in the Fe2O3 sample indicates
the
maximum
capacity
contribution
of
(0.15)⋅
(790 mA⋅h⋅g−1) = 119 mA⋅h⋅g−1. Similarly, the carbon contents of
39% and 72% in the Fe2O3/CNT and Fe2O3/C/CNT samples can contribute the maximum capacities of 307 and 568 mA⋅h⋅g−1, respectively.
Subtracting these maximum capacities contributed by carbon from the
total capacity, the capacity shares attributed to the Fe2O3 can be estimated as 915, 749 and 1030 mA⋅h⋅g−1 for the Fe2O3, Fe2O3/CNT, and
Fe2O3/C/CNT samples, respectively.
Fig. S5 compares the morphology of the samples before and after
the cyclic testing. While the SEI layer sporadically appears as a smooth
surface, rather than a spot of aggregated particles, the SEI layers are
visibly shown, particularly in the Fe2O3, Fe2O3/CNT and Fe2O3/C/CNT
samples in Fig. S5. The first column of images in Fig. S5 represents the
surface morphology of the film before the cyclic test. These films were

deposited and annealed before electrochemical testing. In Fig. S5b and
c, the SEI layer on the CNT film does not show any sign of cracks even
after N = 1000 discharging/charging cycles, which confirms the highly
stable operation of the CNT film shown in Fig. 8b and c. Pulverization
was less prevalent in the pure CNT case, which in turn prevented the
disintegration of the SEI layer. As a result, the SEI layer suppressed
lithium dendrite formation and protected the separator from damage
inflicted by the whiskers, which are “needle-like” projectiles from the
dendrites. In addition, the carbonaceous nature of the CNTs facilitates
the chemisorption of Li-ions over CNT and the intercalation of Li-ions
within the CNTs through sidewall openings, open ends, and between
layers of the multi-walled CNTs. The high mechanical strength of the
CNTs ensures their structural stability even during chemisorption and
intercalation during the lithiation and delithiation processes, respectively [48].
In contrast, the Fe2O3 film after N = 500 cycles showed evidence of
pulverization. Fig. S5f shows the disintegration of the SEI layer, inflicted by the repeated volume expansion and contraction processes.
The cross-sectional SEM image (not shown) confirms that the Fe2O3
film had a thicker SEI layer the CNT film did. Once the film was disintegrated, SEI layer formation occurred again to fill the cracks; more
time was required to fill larger cracks. Consequently, the Li-ion insertion/extraction processes were again slowed. Overall, the pulverization
and agglomeration phenomena appeared to be prevalent in the Fe2O3
case. As a result, the capacity of the Fe2O3 sample was deteriorated, as
shown in Fig. 8c and e.
However, by adding CNTs to the Fe2O3, the pulverization and agglomeration processes were substantially reduced; see Fig. S5. Fe2O3
particles intermingled with CNTs and thus were protected from pulverization and subsequent agglomeration. The CNT network physically
and chemically protected the Fe2O3 particles from disintegration, although not perfectly. As in Fig. S5i, disintegrations or cracks still appeared in the Fe2O3/CNT sample. Agglomeration was significantly reduced in the Fe2O3/CNT sample; compare Fig. S5e and h. Therefore, the
capacity was sustained for long-term cycling, as evidently shown in
Fig. 8c.
As for the Fe2O3/C/CNT sample, the capacity stability was further
improved as compared to the other samples; see Fig. 8b and c. The
after-cycling SEM images of the Fe2O3/C/CNT sample in Fig. S5k and l
show no sign of cracks. Adding carbon via PVP as a capping agent
during the synthesis illustrated in Scheme 1 produced smaller Fe2O3
particles in the Fe2O3/C/CNT sample, which in turn improved both the
capacity performance and stability. In summary, the gradual improvement in the capacity retention from Fe2O3 to CNT, Fe2O3/CNT, and
Fe2O3/C/CNT, as shown in Fig. 8e, is consistent with the SEM images
shown in Fig S5.
We have also confirmed the electrochemical stability of the Fe2O3/
C/CNT sample based on the XRD and TEM data. The XRD data in Fig.
S6a indicates that the crystallinity of Fe2O3 is retained even after
N = 1000 discharging/charging cycles under the high current density
of 1000 mA·g−1. The XRD peaks marked with black circles in Fig. S6a
arise from Fe2O3, matching well with JCPDS card no. 87-1164. The
peaks at 2θ = 20° and 25° indicate the presence of carbon. The two
peaks at 2θ = 50° and 75° represent copper. In Fig. S6b, the TEM image
of the Fe2O3/C/CNT sample after N = 1000 cycles is shown. The red
circle indicates the focused area for the HR-TEM and SAED pattern. The
HR-TEM image shows the (1 1 0) plane in Fig. S6c while the SAED
pattern indicates the (0 2 4) plane of Fe2O3 in Fig. S6d.
Electrochemical impedance spectroscopy (EIS) testing was performed in a potentiostatic mode for all the samples in a half-cell configuration. The open-circuit voltage of the assembled half-cell with 24 h
aging was ~ 3 V vs. Li/Li+. The Nyquist spectra for various samples
were obtained against Li/Li+ as a reference/counter electrode. During
the EIS analysis (a non-destructive analysis method), a sinusoidal potential wave with the amplitude of 10 mV as minimal perturbation was
applied, and the frequency was varied from 100 kHz to 0.01 Hz. The
10

Chemical Engineering Journal 395 (2020) 125018

C. Park, et al.

Fig. 9. Electrochemical impedance spectroscopy analysis: (a) Nyquist plot (inset: equivalent circuit). (b) Nyquist plot for pristine carbon nanotube (CNT) sample.
Schematic mechanism of lithiation/delithiation for Fe2O3/C/CNT: (c) just-assembled, (d) lithiated, and (e) delithiated half-cell. Here SEI is the solid electrolyte
interface.

impedance and frequency relationship was well established and expressed as:
2
Z ( ) = |Z| ei and |Z| = Zre2 + Zim
,where Z ( ) is the impedance of
the electrochemical system (half-cell), |Z| is the modulus of the impedance, θ is the phase corresponding to the frequency, and Zre and Zim
are the real and imaginary components of the impedance, respectively.
Although a direct relationship existed between the impedance and
frequency, the characteristic semicircles and slopes of the Nyquist plots
indicated the relationship between Zim and Zre for the specific electrochemical reaction in the system.
The Nyquist plots in Fig. 9a illustrate the charge transfer and diffusion of Li+ for various samples. The initial values of the semicircles in
the high-frequency region represent the surface resistance (Rs) values at
the electrode/electrolyte interfaces of the samples, and the diameters of
the semicircles represent the charge-transfer resistance (Rct) values of
the samples. The ascending lines following the semicircles in the low- to
medium-frequency values represent the diffusion of Li+. The Rs and Rct
values for each sample are determined after fitting the Nyquist plot data
using Randle equivalent circuits (inset of Fig. 9a) and the results are
summarized in Table S1. The dotted lines in Fig. 9a represent the fittings for each sample. The Nyquist plot of the pristine CNT sample is
also presented separately in Fig. 9b, as it is not distinguishable in Fig. 9a
because of the overlap with the data for the other samples. The semicircle in the plot for the CNT sample is the smallest, confirming its
excellent conductivity. Conversely, the diameter of the semicircle of the
Fe2O3 sample (or its Rct value) is larger than those of all other samples
because it has the lowest conductivity, which is attributed to its negligible carbon content. The charge transfer capability of Fe2O3/CNT is
higher than that of Fe2O3 because of the CNT incorporation; therefore,
the diameter of the semicircle of the Fe2O3/CNT sample is smaller than
that of Fe2O3. Furthermore, the semicircle of the synthesized Fe2O3/C/

CNT sample is even smaller than that of the Fe2O3/CNT sample because
C covers the Fe2O3 particles (Fig. S1a and b).
Fig. 9c depicts the just-assembled half-cell, in which the Li foil and
Fe2O3/C/CNT electrodes are electrically insulated using the polymer
separator (Celgard 2400). The electrolyte and Li foil provide the required Li+ for energy storage. After several hours of aging, the assembled half-cell attains the maximum voltage of ~ 3 V. During the
discharging of the cell, the electrode is lithiated and electrochemical
reactions occur. Li+ is intercalated with the CNTs, while Fe2O3 is
converted to Fe2+ and Fe3+ and lastly to metallic Fe0, as illustrated in
Fig. 9d and discussed in Section 3 (Figs. 6 and 7). The SEI layer is also
formed during lithiation, covering the CNT and Fe2O3 particles. The
reduction reaction involving the conversion of Fe2O3 to metallic Fe0
and the formation of Fe2O3 during the oxidation reaction (see Fig. 9e)
can be described as follows: [49]

Fe2 O3 + xLi+ + xe
Li x Fe2 O3 + (2

x ) Li+ + (2

Li2 Fe2 O3 + 4Li+ + 4e

2Fe0 + 2Li2 O

(1)

Li x Fe2 O3
x)e

2Fe 0 + Li2 O

Li2 Fe2 O3

(2)
(3)

2Fe II O + 4Li+ + 4e

(4)

Fe2 O3 + 2Li+ + 2e

(5)

and

2Fe II O + Li2 O

The total reversible reaction, involving six Li-ions altogether, can be
summarized as follows:

Fe2 O3 + 6Li+ + 6e

3Li2 O + 2Fe

(6)

Six C atoms react with one Li-ion during the reduction reaction, and
the total redox reaction that occurs during the intercalation/deintercalation of Li-ions in C/CNT can be expressed as follows [50]:
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Appendix A. Supplementary data

Table 3
Comparison of reversible capacity, charge capacity, and discharge capacity of
various Fe–C composite-based Li-ion battery anodes reported in the literature
with those of the anodes analyzed in this study.
Material

Freestanding

CC/DC
[mAh·g−1]

RC [mAh·g−1]
/rate [mA·g−1]

CN

Refs.

Fe2O3/SWNT600
Fe2O3
γ-Fe2O3/CNTs
γ-Fe2O3/CNTs
CNT
Fe3O4/carbon
CNTs/ γFe2O3/C
CNT/αFe2O3/C
α-Fe2O3
Fe2O3/C/CNT

No

670/692

1007/200

100

[51]

No
No
No
Yes
No
No

995/1423
709/972
633/913
397/899
999/1795
890/981

1176/100
1187/200
860/500
248/50
1317/100
919/100

200
400
400
372
130
50

[27]
[52]
[53]
[54]
[55]
[56]

No

1201/1773

1213/100

60

[57]

No
No

927/1306
1390/1598

968/100
1230/100

100
100

[26]
present

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cej.2020.125018.
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