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Abstract: An industrial submicron-sized Fe2O3 with no special shape was decorated by a multi-layer
coating of oxygen-deficient TiO2−x and conducting polymer PEDOT (poly 3,4-ethylenedioxythiophene).
A facile sol–gel method followed by an EDOT polymerization process was adopted to synthesize the
hierarchical coating composite. The microstructure and phase composition were characterized using
an X-ray diffraction analysis (XRD), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). In particular, the existence state of PEDOT was determined using Fourier transform
infrared (FT-IR) and a thermogravimetric (TG) analysis. The characterization results indicated the dual
phase was well-coated on the Fe2O3 and its thickness was nano scale. Electrochemical characterization
indicated that the multi-layer coating was helpful for significantly enhancing the cycle stability of the
Fe2O3, and its electrochemical performance was even better than that of the single-layer coating samples.
The synergistic effects of the ceramic phase and conducting polymer were demonstrated to be useful
for improving electrochemical properties. The obtained FTP-24 sample exhibited a specific discharge
capacity of 588.9 mAh/g after 360 cycles at a current density of 100 mA/g, which effectively improved
the intrinsic cycling performance of the Fe2O3, with a corresponding discharge capacity of 50 mAh/g
after 30 cycles.

Keywords: Fe2O3; TiO2−x-PEDOT; multi-layer coating; anode material; high stability; Li-ion batteries

1. Introduction

Rapid development in the field of energy storage has posed higher demands on new
materials, leading to the development of multiple energy storage devices and materials [1–5],
such as lithium-, sodium-, and potassium-ion batteries [6–9]. Lithium-ion batteries have been
widely applied on power grids, electric vehicles, and portable devices in recent years, which
is due to their high energy density, cycle stability, and environmentally friendly features
compared to some traditional energy storage devices [10–13]. To meet the demand of the high
energy storage of Li-ion batteries, a large number of anode materials, such as silicon [14,15]
and transition metal oxides [16–18] etc., have been developed to substitute graphite. Iron oxide
(Fe2O3) has been demonstrated to be one of the most promising candidates due to its low
cost, considerable specific capacity (~1000 mAh/g), and environmental friendliness [19–22].
However, the anode faces the problem of rapid capacity decay and a low Coulombic efficiency,

Batteries 2023, 9, 481. https://doi.org/10.3390/batteries9090481 https://www.mdpi.com/journal/batteries

https://doi.org/10.3390/batteries9090481
https://doi.org/10.3390/batteries9090481
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-3429-1312
https://orcid.org/0000-0002-4228-6874
https://doi.org/10.3390/batteries9090481
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9090481?type=check_update&version=2


Batteries 2023, 9, 481 2 of 12

which is due to its large volume expansion during cycling, particle agglomeration, and the
inherently low electrical conductivity of the metal oxide.

Coating is the most direct and effective strategy for overcoming these problems [23–26].
Buffered and high-ionic/electronic-conductivity materials can be introduced on the surfaces
of Fe2O3 particles to prolong their cycling life, inhibit particle agglomeration, and ensure fast
Li-ion diffusion [27–30]. Carbon, metal oxides, and conductive polymers, as the most frequent
coating materials, have been introduced to Fe2O3-based composites. All coating materials
should be modified for better application as anode materials, for example, Fe2O3 nanoparticles
anchored on N-doped carbon remained at 496 mAh g−1 after 1000 cycles at 500 mA g−1, which
effectively suppressed the electrode pulverization [31]. Multi-layer, yolk-shell structured
Fe2O3@carbon was designed to prolong the cycle life, which possessed a high charge capacity
of 800.6 mAh g−1 after 300 cycles at 4 A g−1. Meanwhile, the phase and structural evolution
was uncovered by in situ TEM measurements, and the improved structural properties of
multiple layers contributed to the enhancement of battery performance [32]. Oxides are more
likely to be used as coating materials due to their better Li-ion conductivity. TiO2 has attracted
much attention among various oxide candidates due to it having a higher ionic conductivity
than amorphous carbon and an excellent electrochemical stability. The Fe2O3@TiO2 core–shell
structure has been demonstrated to be beneficial to electrochemical performance. Zeng et al.
reported core–shell nanospheres with a high reversible specific capacity of 497.3 mAh g−1 up
to 100 cycles [33]. We introduced oxygen defects into a TiO2 coating layer to further improve its
conductivity, and obtained TiO2-coated α-Fe2O3 composites with a high cycling performance
in our previous work [34]. Some flexible materials were adopted to be added into the
Fe2O3-TiO2 composites to inhibit the pulverization issue in the charge/discharge process. Fu
et al. chose CNTs as the core supporting material, and coated with Fe2O3-TiO2. The composites
remained at a specific capacity of 770 mAh g−1 after 200 cycles under a current density of
200 mA g−1 [35]. Conductive polymers, such as polypyrrole (PPY) [36,37], polyaniline
(PANI), and poly 3,4-ethylenedioxythiophene (PEDOT) [38,39] etc., were applied in energy
storage devices for a long time for their long cycling performance. Jeong et al. [40] designed
a hierarchical hollow spheres structure with PANI as a coating layer, and the composites
exhibited an excellent rate performance and cycling stability during 100 cycles, remaining at
732 mAh g−1. The electrical conductivity of the entire electrodes was increased significantly
by the introduction of conductive polymers.

PEDOT possesses a better stability of ion-doped states compared to other conductive
polymers [41]. It has been demonstrated that the incorporation of PEDOT can enhance the
electrochemical performance of Fe2O3 [42]. Based on our previous work of oxygen-deficient
TiO2-coated Fe2O3 composites, we adopted a PEDOT coating on the composites to further
improve their electrical conductivity. The hierarchical structure was helpful for improving
the α-Fe2O3 anode cycling stability.

2. Materials and Methods
2.1. Synthesis of Fe2O3/TiO2−x/PEDOT Composites

The composites were synthesized via a simple polymerization method for Fe2O3/TiO2−x
composites reported in our previous study [34]. A certain amount of precursor particles,
Fe2O3/TiO2 with oxygen defects, were stirred and suspended in deionized water. The
thickness of the PEDOT coated on the particles was regulated by the polymerization time.
The EDOT monomer at 100 µL was dropped in the suspension liquid and then 0.1 g of
camphorsulfonic acid (HCSA) was introduced into the mixture as a dopant. The stirring times
were set as 8 h, 24 h, 40 h, and 56 h after 0.5 g of ammonium persulfate was added into the
liquid. The final products were obtained with the washing and drying process, labeled as
FTP-8, FTP-24, FTP-40, and FTP-56. The full synthesis process is briefly illustrated in Figure 1.
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Figure 1. Schematic illustration of the preparation process of Fe2O3/TiO2−x/PEDOT anode materials.

2.2. Characterization

The compounds’ surface morphologies and distributions of elements were examined
using a combination of FESEM (Field Emission Scanning Electron Microscopy; NANO
SEM 430) and EDS (Energy Dispersive X-ray Spectroscopy). The composites’ coating layers
and lattice structures were characterized using TEM (Transmission Electron Microscopy;
JEM-2100, JOEL). The powder’s structural information was detected using an XRD (X-ray
Diffraction) analyzer (Bruke D8), utilizing Cu-Kα radiation (λ = 1.5406 Å) within the 2θ
range of 10−80◦. The compounds’ compositions and oxidation states were determined
through XPS (X-ray Photoelectron Spectroscopy, Thermo K-Alpha+, Al Kα 1486.6 eV). The
characteristic peaks of PEDOT were identified using FT-IR (Fourier Transform Infrared
Spectrum) performed on a Nicolet 6700 spectrophotometer. The content of PEDOT in
the mixture was quantified via a TG (Thermogravimetric) analysis conducted under air,
ranging from room temperature to 900 ◦C, employing a DTG-60H model from Shimadzu,
Kyoto, Japan.

2.3. Electrochemical Measurement

The working electrodes consisted of 80 wt% active materials, 10 wt% acetylene black,
and 10 wt% CMC + citric acid mixture in deionized water, ensuring a homogeneous slurry.
This slurry was then evenly applied onto a copper foil and dried in a vacuum oven at
60 ◦C for 24 h. Afterward, the coated electrodes were cut into disks with a diameter of
14 mm. The average mass loading of the active material in each electrode was 1.6 mg. The
specific capacity calculation was based on the total mass of all the active materials present
on the electrodes. To assemble the CR2016-type half-cell, a thin Li plate was utilized as the
anode electrode, while Celgard 2400 served as the separator. The entire assembly process
was carried out in an argon glove box (MBRAUN Unilab), with the water and oxygen levels
being maintained below 0.1 ppm. Galvanostatic charge/discharge characterization was
performed at room temperature using a Neware battery test system (Neware Technology
Co., Ltd., Shenzhen, China). The cut-off voltage was set at 0.01−2.5 V. In order to assess the
coating effect, electrochemical impedance spectroscopy (EIS) was conducted prior to the
cycling test. This analysis evaluated the electronic resistance and ion diffusion rate within
a frequency range from 10 mHz to 10 MHz, with a 10 mV bias. The measurements were
conducted using a CS310H electrochemical workstation system (Corrtest, Co. Ltd., Wuhan,
China). Furthermore, cyclic voltammetry (CV) measurements were performed with a scan
rate of 0.1 mV·s−1 between 0.01 and 3.0 V in order to gather additional information.
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3. Results
3.1. Structural and Physicochemical Analysis of the FTP Powders

The XRD results of the Fe2O3/TiO2−x/PEDOT composites with various EDOT poly-
merization durations are shown in Figure 2a. For each sample, most of the high-intensity
diffraction peaks indicated a Hematite α-Fe2O3 phase (ICDD#01-073-2234), which meant
that the main component of the composites was the commercial Fe2O3. It was noted that
some tiny peaks appeared at 30.2◦ and 57.3◦, manifesting a Maghemite γ-Fe2O3 phase
(ICDD#00-039-1346). This phase, which benefited the cycling performance, was formed
along with the reduction process of the TiO2 coating. The characteristic peaks of TiO2 and
PEDOT cannot be detected clearly in the curves; thus, the TIO2 and PEDOT coating layer
may exist in the composites as an amorphous phase, and the PEDOT-coating process had
no effect on the phase structure of the Fe2O3/TiO2 composites.

Figure 2. (a) XRD patterns, (b) FT-IR results, and (c) TG curves of Fe2O3/TiO2−x/PEDOT composites
with multiple polymerization times, and (d) FT-IR results of Fe2O3 and Fe2O3/TiO2−x as control groups.

In order to confirm the existence of PEDOT in the final composites, FT-IR was per-
formed for all the composites with multiple polymerization durations. It can be seen
that the characteristic peaks of Fe2O3 were shown at 470 cm−1 (Fe-O), 2871 cm−1 (C-H),
3400 cm−1, and 1640 cm−1 (O-H). Meanwhile, the characteristic peaks corresponding to
PEDOT were detected at 1315 cm−1 (C-C), 1515 cm−1 (C=C), 1048 cm−1 (C-O-C), and
674 cm−1 (C-S-C). It can be demonstrated that the EDOT was well polymerized and de-
posited in the composites. In addition, the FTP-56 and FTP-40 samples had higher-intensity
peaks at 674 cm−1 due to longer polymerization durations, leading to more polymer being
produced. Further evidence to verify the existence of PEDOT is the FT-IR results of the
pure Fe2O3 and Fe2O3 coated with TiO2, which are illustrated in Figure 2d. The charac-
teristic peaks corresponding to PEDOT cannot be found in the spectrum; instead, some
detected peaks only corresponded to the Fe2O3. Thus, the PEDOT was well-added into
the composites.
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Figure 2c shows the TG results of the Fe2O3/TiO2−x/PEDOT composites. The weight
loss below 100 ◦C was due to the moisture and some oligomer in the composites. When the
temperature was increased to above 350 ◦C, the PEDOT started combustion and the weight
loss became quite significant. The weight residuals of FTP-8 to FTP-56 were 53.2%, 50.3%,
44.2%, and 45.3%, respectively. The thickness of the polymer coating layer had a positive
correlation with the polymerization duration. As the polymerization duration increased,
the polymerization rate slowed down. When the duration exceeded 40 h, the EDOT in the
solution was used up. The content of PEDOT in FTP-40 and FTP-56 was almost the same,
which led to similar electrochemical performances.

The morphology and structure information is illustrated in Figure 3. The SEM image
of raw commercial Fe2O3 is shown in Figure 3a. The mean particle size was 2–4 µm
and possessed an irregular shape. The TiO2−x-coating process had slight effect on the
particle size in our previous investigation [34]. However, with the PEDOT layer added
into the composites, the process had a significant influence on the particle size, as shown
in Figure 3b. For each PEDOT coating, the composites had a similar morphology. FTP-24
was chosen as a representative of all the FTP samples. It can be seen that the particle size
increased to 10–15 µm and some secondary small particles were distributed randomly
around the main particle. This can be attributed to the Fe2O3 particle aggregation in
the EDOT polymerization process. This intricate process often begins with monomer
adsorption onto the surface of iron oxide particles, followed by subsequent chemical
reactions that lead to the formation of polymer chains. As a result, small particles are
interconnected, giving rise to larger particles, and, consequently, an increase in particle
size. Thus, the PEDOT intertwined on the Fe2O3 particles had a confinement effect on
the particles to inhibit the expansion in the Li insertion process, which helped to improve
the cycle performance. The corresponding EDS mapping results of FTP-24 are shown in
Figure 3c. The main observable elements of Fe, O, and Ti were uniformly distributed, which
meant the composite had no local segregation.

Figure 3. The morphology and structure characterization of the composites. (a) SEM image of raw
commercial Fe2O3. (b) SEM image of FTP-24 as a representative of the PEDOT-coated composites.
(c) The corresponding EDS mapping analysis of FTP-24. (d,e) TEM images of FTP-8 and FTP-24 with
the lattice fringes in the insert.

Figure 3d,e illustrates the TEM images of FTP-8 and FTP-24. It can be seen that the
amorphous layer was uniformly covered on the crystalline phase. The interplanar spacing
of intra particles was 2.69 Å, corresponding to the (112) plane of Hematite Fe2O3. The
thickness of the amorphous coating layer of FTP-8 was about 1–3 nm; however, the thickness
increased to 5–8 nm in the FTP-24 sample, which was due to its longer polymerization
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duration. Moreover, a double-layer coating structure is observed in Figure 3e, which may
be attributed to the TiO2−x and PEDOT layer.

3.2. Electrochemical Performance of the Compounds

The cyclic voltammogram results are shown in Figure 4. For the FTP samples, the first
distinct cathodic peak with a high current density appeared at about 0 to 0.4 V, corresponding
to the SEI film formation and irreversible lithiation reaction [43]. The reversible conversion
reaction from Fe2O3 to the cubic Li2(Fe2O3) and further to Fe0 took place as well in the first
cathodic scanning process. The anodic board peaks, appearing at 1.06 and 1.53 V, can be
ascribed to the Fe0 two-step oxidation to Fe2+ and to Fe3+. All the first-cycle curves are
illustrated in Figure 4e. As the polymerization duration increased, especially for the FTP-56
sample, the cathodic peaks at 0.4 V became more distinct, indicating a greater irreversible
lithiation reaction and more lithium loss occurring in the first cycle. After the first cycle, as
shown in Figure 4a–d, the CV curves became stable. The cathodic peak shifted to 0.75 V
and the current density was slightly weaker, indicating the reversible lithiation process. The
CV curves of bare Fe2O3 are shown in Figure 4f. It can be seen that the irreversible reaction
peak at 0.61 V was much sharper, signifying more lithium loss in the first cycles for the SEI
formation. After the first cycle, the capacity loss was significant, as shown by observing the
current density decrease in the first three cycles. Thus, in comparison to the PEDOT-coated
samples, the bare Fe2O3 exhibited a quite unstable state in the electrochemical process.

Figure 4. First three cycles of cyclic voltammograms of (a) FTP-8, (b) FTP-24, (c) FTP-40, (d) FTP-56,
(e) first cycle of CV results of all the FTP samples, and (f) first three cycles of CV results of bare Fe2O3.

The constant current charge–discharge curves (current density, 100 mA/g) of the first
three cycles of the obtained samples are illustrated in Figure 5. The optimal one of the FTP
samples, FTP-24, was chosen to study the PEDOT coating’s effects on the electrochemical
performance. The first specific discharge and charge capacities were 1543.4 and 1062.1 mAh/g,
respectively, and the corresponding initial coulombic efficiency (ICE) was 68.81%. The results
were well-matched to the CV analysis, in which the low ICE was caused by the irreversible
lithiation process and the formation of SEI film. In the following cycles, the capacity decay
became less noticeable and the electrode exhibited a quite stable charge–discharge plateau. In
order to further understand the PEDOT and TiO2 coatings’ synergistic effects on the electro-
chemical performance, samples without PEDOT (FT), without TiO2 (FP-24), and without both
(Fe2O3) were prepared, and their corresponding results are shown in Figure 5b–d, respectively.
In the first three cycles of the three samples, the capacity decay was significant, rather than
the FTP-24 sample only being significant in the first cycle. In the initial discharge process,
there were two typical plateaus at about 1.7 and 0.75 V in the Fe2O3@PEDOT-24h and Fe2O3
samples, conforming to the CV results. Meanwhile, the plateau at 1.7 V disappeared in the
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Fe2O3@TiO2 sample. It is worth noting that the PEDOT coating effectively inhibited the rapid
capacity decay, and the stable plateau at 0.75 V remained in the discharge process as well. The
initial specific discharge, charge capacity, and Coulombic efficiency of all the FTP samples
and control groups are listed in Table 1. It can be seen that the TiO2 coating was the key factor
leading to the decrease in ICE, and PEDOT had a slight positive effect on enhancing the ICE.
All the FTP samples possessed a similar ICE, however, FTP-24 showed the highest initial
charge–discharge specific capacity. In comparison to the other FTP samples, FTP-24 exhibited
a higher capacity retention as well.

Figure 5. The constant current charge–discharge curves (current density, 100 mA/g) of first three
cycles of FTP-24 (a), Fe2O3@TiO2 (b), Fe2O3@PEDOT-24h (c), and Fe2O3 (d).

Table 1. The charge–discharge specific capacity of the initial cycle and the initial coulombic efficiency
of all the FTP samples and the control groups at a current of 100 mA/g.

Sample
Initial Charge

Specific Capacity
(mAh/g)

Initial Discharge
Specific Capacity

(mAh/g)

Initial Coulombic
Efficiency (%)

Charge Capacity
after 150 Cycles

(mAh/g)

Discharge Capacity
after 150 Cycles

(mAh/g)

FTP-8 731.1 1107.0 66.04 513.6 518.4

FTP-24 1062.1 1543.4 68.81 623.4 628.2

FTP-40 761.4 1180.1 64.52 433.3 437.6

FTP-56 659.7 986.7 66.86 358.6 356.9

FT 833.6 1269.3 65.67 230.0 228.6

FP-24 1062.5 1318.2 80.60 97.1 97.5

Fe2O3 1033.3 1313.8 78.65 75.87 76.0

The cycle performances and impedance spectra are illustrated in Figure 6. The FTP
samples, especially FTP-24, exhibited a better cycle performance at 100 mA/g than those
without dual-hierarchical decoration, as shown in Figure 6a. This phenomenon was due
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to the synergistic effect of the TiO2 and PEDOT coating on inhibiting the Fe2O3 volume
change in the charge–discharge process. As a good Li-ion conductor, TiO2 isolated the direct
contact between the Fe2O3 and the electrolyte, meanwhile, PEDOT relieved the particle
pulverization issue, owing to its flexibility. It was noticed that the FT sample exhibited a
lower specific capacity than in our previous report, which was due to the change in the
binder. The sodium alginate was proven ineffective when we introduced PEDOT into
the samples.

Figure 6. The electrochemical performance of the FTP, FT, FP, and bare Fe2O3 samples. (a) Cycle
performance at a current density of 100 mA/g, (b) rate performance, (c,d) impedance spectra, and
(e) long cycle performance comparison of FTP-24 and Fe2O3, 360 cycles at 100 mA/g.

The rate performance is shown in Figure 6b and current densities of 25, 50, 100, 200, 400,
200, 100, 50, and 25 mA/g were selected. It can be seen that the specific capacity decreased
more slightly with an increase in the current density of the FTP samples, especially FTP-24,
in comparison to that of the non-FTP samples. The specific capacity recovered to the
initial value when the current density was back. The non-FTP samples exhibited fast decay
with increasing the current density, even to zero under 400 mA/g. This inferred the dual
hierarchical decoration availably improved the ionic and electronic conductivity of the
commercial Fe2O3 materials.

To further understand the enhancement effect on the ionic and electronic conductivity
of the TiO2 and PEDOT decoration, impedance spectra were performed, as shown in
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Figure 6c,d. By comparing the Nyquist plots at a high frequency in Figure 6c, the FTP
samples exhibited a low charge transfer resistance (Rct, ~80 Ω), except FTP-40 (~140 Ω),
which inferred that more PEDOT coating did not determinately lead to a decrease in
transfer resistance. This phenomenon was confirmed by the FP-24 sample, which possessed
the highest Rct value (shown in Figure 6d). The results explained that the FTP-40 sample
showed a poor cycle performance out of all the FTP samples. In the low-frequency region,
the slopes of the spectra were similar to each other, which meant the double-layer coating
had slight inhibiting effect on the Li-ion diffusion. In Figure 6d, the FTP sample showed
great advantage in reducing the Rct, compared to the single-layer or bare Fe2O3, and
even the resistance had a significant increase in the single PEDOT-coated sample, which
demonstrated that the synergistic effect of the dual coating was quite important. The
primary factor contributing to the higher Rct was the interface formed between the PEDOT
and Fe2O3, imposing constraints on the electron transport. However, by introducing
TiO2 with oxygen defects as an intermediary, we managed to significantly enhance the
interfacial contact.

The long cycle performance of the FTP-24 sample is illustrated in Figure 6e. It can
be seen that the specific capacity and cycle stability were enhanced significantly by the
dual hierarchical decoration, compared to the bare Fe2O3.The discharge specific capacity
remained at 588.9 mAh/g after 360 cycles at a current density of 100 mA/g. To emphasize
the significance of our Fe2O3 composites, we include a comparison with other outstanding
reported anodes in Table 2. As evident from the table and its long cycle performance,
the modified industrial Fe2O3 exhibited substantial promise as an anode material for
Li-ion batteries.

Table 2. A comparison between our study and previously reported data for reference.

Materials Current Density
(mA/h)

Initial Discharge
Specific Capacity

(mAh/g)

Reversible
Capacity (mAh/g)

Capacity
Retention (%) Ref.

0.2rGO/Fe2O3
−175 ◦C 100 1372 435 (50 Cycles) 31.7 [44]

Fe3O4@graphene 100 1625 849 (100 Cycles) 52.2 [45]
Silicon-Carbon 100 1090 200 (100 Cycles) 18.3 [46]

10%-SC 100 1227 800 (100 Cycles) 65.2 [47]
CuO-NiO/rGO 100 990 680 (50 Cycles) 68.7 [48]

Carbon@SnS2 core–shell
microspheres 100 1611 500 (50 Cycles) 31.0 [49]

FTP-24 100 1543 588.9 (360 Cycles) 40.7 This work

4. Conclusions

A facile polymerization method was applied to decorate industrial Fe2O3 with a
TiO2 and PEDOT dual coating for application as an anode material in Li-ion batteries.
The synergistic effect of the hierarchical layer on the enhancement of cycle stability was
demonstrated by the structural and electrochemical characterization. The ceramic-phase
TiO2 isolated the direct contact between the Fe2O3 and the electrolyte, meanwhile, PEDOT
relieved the particle pulverization issue, owing to its flexibility. The optimum FTP-24
sample, corresponding to a polymerization duration of 24 h, exhibited the most excellent
specific capacity and cycle performance. Too long of a polymerization duration would
affect the electronic conductivity and Li-ion transportation in the electrode. Due to the
dual hierarchical decoration, the composites based on the industrial Fe2O3 possessed
588.9 mAh/g after 360 cycles at a current density of 100 mA/g, which could make them
excellent candidates as commercial anode materials.
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