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Abstract 

 Recently, Fe2O3 has been considered as an alternative anode material for lithium-ion batteries 

(LIBs) owing to its high theoretical capacity (approximately 1000 mAh g-1), low cost, and 

nontoxicity. However, its rate performance remains poor relative to that of the conventional 

graphite anode. In this study, Fe2O3-based anodes were prepared through the annealing of 

biogenous Fe2O3 (L-BIOX) samples produced by an aquatic Fe-oxidizing bacteria. The effect of 

the annealing temperature on the performance of the synthesized Fe2O3-based material as the 

anode of an LIB was investigated. Electrochemical measurements revealed that the annealed L-

BIOX samples at 300–700 °C exhibited higher rate performances than the unannealed material. 

Particularly, the sample annealed at 700 °C exhibited the highest capacity among the synthesized 

materials and showed a higher performance than those of the previously reported Fe2O3-based 

anodes. It exhibited a capacity of 923 mAh g-1 even at a high current density of 2 A g-1. After 

annealing at 700 °C and discharging, the synthesized biogenous material had a uniform 

nanocomposite structure composed of α‑Fe2O3 nanoparticles dispersed in an amorphous matrix of 

Li–Si–P oxide. To form this uniform nanostructure reduced the solid-state diffusion resistance of 

the Li+ ions in the active material, which consequently improved the rate performance of the 

electrode. Therefore, this study provides substantial insights to the development and improvement 

of the performance of novel Fe2O3-based nanomaterials as the anode of LIBs. 

 

KEYWORDS : high rate, biogenous iron oxide, nanocomposite structure, conversion anodes, 

lithium ion battery. 
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Introduction 

Lithium-ion batteries (LIBs) have been used as power sources for portable electronics and 

electric vehicles.1–4 Owing to their high energy densities, LIBs are also considered as potential 

energy devices in grid-level energy storage applications.  For applying to these applications, LIBs 

require to further improve the battery performance. LIBs are mainly composed of an anode, a 

cathode, a nonaqueous electrolyte, and a separator.5 Among these components, the active materials 

on the anode and cathode directly influence the capacity and rate performance of the battery.4,6 

Carbon-based materials, such as graphene, activated carbon, and graphite, are among the best-

performing anode active materials.7,8 Particularly, graphite is the most widely used anode for LIBs 

owing to its low cost, low electrochemical potential against the Li+/Li electrode (0.2 V), and good 

charge–discharge properties.9,10 However, commercially available graphite-based electrodes have 

already reached the specific theoretical capacity (372 mAh g-1).9,11 Therefore, the development of 

alternative anode materials with high capacities, good rate capabilities, and excellent cycling 

stabilities is important to further improve the performance of LIBs. 

Recently, Fe2O3 has attracted considerable research attention and has been developed as the 

active anode material for LIBs owing to its high theoretical capacity (approximately 1000 mAh g-

1), low cost, and nontoxicity.12,13 However, the cycle and rate performances of bulk Fe2O3 does not 

measure up to those of the conventional anode materials, because bulk Fe2O3 occur the chemo-

mechanical breakage by large volume change during charge-discharge process and show low 

conductivity.12,13 To improve the electrochemical storage properties, nanostructured Fe2O3 have 

been used instead of bulk Fe2O3. Similarly, the morphology of Fe2O3 can be engineered to enhance 

its rate performance.14–23 For instance, spindle-like mesoporous α‑Fe2O3 and hierarchical flower-

like mesoporous Fe2O3 nanosheets exhibited excellent rate performances; at a high current density 

of 2 A g-1, the discharge capacities recorded were approximately 780 and 910 mAh g-1, respectively. 
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These were much higher than that of the bulk Fe2O3 (approximately 500 mAh g-1).17,20,23 Therefore, 

the design of new Fe2O3 nanostructures is a feasible approach to improve its performance as an 

anode material for LIBs. 

In our previous studies, biogenous Fe2O3 (L-BIOX) produced by an aquatic Fe-oxidizing bacteria, 

Leptothrix ochracea, showed a better rate and cycle performance than its bulk counterpart owing 

to a characteristic nanocomposite structure, which formed during the first discharging step.24,25 L-

BIOX was composed of Fe, Si, and P in a molar ratio of 73:22:5. It exhibited a microcylindrical 

morphology and a hierarchical structure composed of amorphous nanoparticles with an average 

diameter of 3 nm.26 During the initial discharge process, the amorphous structure of L-BIOX 

changed into a nanocomposite structure consisting of dispersed Fe nanoparticles with an average 

diameter of 2 nm in an amorphous Li–Si–P oxide matrix.24 Therefore, the high rate performance 

of L-BIOX was possibly due to this unique nanocomposite structure, which provided conduction 

paths for the transfer of Li+ ions during the charge–discharge processes.24 In other previous study, 

the annealing of L-BIOX caused to remove a water in the material, thereby reducing irreversible 

capacity and improving cycle performance.27 In addition, nanocomposite P containing iron 

oxide/Si oxide nanocomposite structure was also produced after the annealing of the biogenous L-

BIOX sample.28,29  

Considering the merits of these previous studies, the nanocomposite structure of L-BIOX and its 

structural modification by annealing caused to improve and optimize its rate performance as the 

anode of LIBs. In this study, L-BIOX annealed at various temperatures was reviewed for further 

optimization of its nanocomposite structure to improve its rate performance. In addition, the charge 

transfer resistance and solid-state diffusion resistance of the Li+ ions in the active material were 

evaluated using electrochemical impedance spectroscopy (EIS) measurements and cyclic 
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voltammetry. From these results, the effect of the nanocomposite structure of the unannealed and 

annealed L-BIOX electrodes on the rate performance was studied.  

 

Experiment 

Preparation and characterization of the L-BIOX samples 

The L-BIOX samples were collected from a water-purifying tank at the Okayama University, 

Japan. Thereafter, the samples were uniformly dispersed in H2O. The pH of the suspension was 

adjusted to 10.5 by adding NH4OH(28%, Nacalai Tesque, Japan). The suspension was left to stand 

for 40 min, and the settled powder was removed. Subsequently, the dispersed L-BIOX particles in 

the solution were collected through suction filtration and washed using ion-exchanged water. The 

collected L-BIOX samples were dried at 100 °C for overnight and then annealed at 300–900 °C 

for 2 h in air at 10 °C min-1. 

The crystal structures of the samples were evaluated through X-ray diffraction (XRD) 

measurements using a RINT-2000 (Rigaku, Japan) diffractometer with a Cu–Kα radiation (λ = 

0.154 nm). The morphologies of the samples were determined through the scanning transmission 

electron microscopy (STEM) and the high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) with a CEOS CS-corrector (JEM-2100F, JEOL, Japan). Lastly, the 

chemical bonding states were evaluated through Fourier transform infrared (FT-IR) analysis 

(Nicolet 6700, Thermo Scientific, USA).  

 

Electrochemical measurements 

A slurry was prepared by mixing 70 wt% the L-BIOX active material, 14 wt% Ketjenblack ECP, 

6 wt% vapor grown carbon fibers, and 10 wt% KF polymer in an appropriate amount of N-methyl-
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2-pyrolidone. The slurry was applied on Cu foil substrates using doctor blade method. Thereafter, 

the coated Cu substrates were dried at 120 °C for 30 min in a vacuum to form the anode. The dried 

anode was punched and roll-pressed to have a 16 mm diameter. Thereafter, a coin cell was 

assembled using the L-BIOX-coated Cu substrate, a metal Li foil, and a fiber filter paper as the 

anode, counter electrode, and separator, respectively. The electrolyte used was 1 M LiPF6 in an 

ethylene carbonate/dimethyl carbonate solution with a volume ratio of 3:7. The cycle 

characteristics of the samples were evaluated through 30 cycles of galvanostatic charge–discharge 

(GCD) tests from 0.01–3 V at a current density of 0.6 A g-1. The rate characteristics were evaluated 

through 5 cycles of GCD measurements from 0.01–3 V at current densities from 0.1 to 2 A g-1. 

Lastly, EIS measurements were recorded from 7.0 MHz to 0.1 Hz with an amplitude of 10 mV at 

open circuit volage before and after 1st or 5th cycles of GCD measurements from 0.01–3 V at a 

current density of 0.1 A g-1. The cyclic voltammetry was carried out using a three-electrode cell at 

room temperature. The three-electrode cell was assembled using L-BIOX-coated Cu substrate, 

metal Li foil, a fiber filter paper, and 1 M LiPF6 in an ethylene carbonate/dimethyl carbonate 

solution (volume ratio of 3:7) as the anode, counter and reference electrodes, separator, and 

electrolyte, respectively. The cyclic voltammetry was performed from 0.01–3 V at scan rate from 

0.2 to 1.0 mV s-1. 

 

Results and discussion 

First, we describe the previous results reported on the effect of annealing temperature on the 

structure and morphology of L-BIOX.29 Figure 1(a) shows the XRD patterns of the unannealed 

and annealed L-BIOX samples at various temperatures. The broad peaks at 2θ = 34° and 62° 

observed in the XRD patterns of the unannealed and annealed L-BIOX samples at 300 and 500 °C 
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can be well indexed to amorphous Fe oxyhydroxide.30 The intensities of these broad peaks 

increased with the increasing annealing temperature. Apart from the peaks corresponding to Fe 

oxyhydroxide, weak diffraction peaks attributable to α-Fe2O3 were also observed in the XRD 

spectrum of the sample annealed at 700 °C. However, the diffraction peaks observed in the XRD 

spectrum of the sample annealed at 800 °C correspond only to α-Fe2O3. No diffraction peaks 

attributed to other phases, such as Si and P oxides, were observed in the XRD spectra of all the L-

BIOX samples. These results suggest that the crystallization of the L-BIOX sample to α-Fe2O3 

progressed at 700-800 °C. This temperature is higher than the crystallization temperature to 

α‑Fe2O3 of the common iron oxyhydroxides, which is 200-340 °C. The high crystallization 

temperature of L-BIOX originated from that Si and P in L-BIOX suppress by ion rearrangement 

during the annealing process. 

Figure 1(b) shows the FT-IR spectra of the unannealed and annealed L-BIOX samples at various 

temperatures. The peaks at approximately 1000, 1620, and 3400 cm-1, which can be attributed to 

the stretching mode of Si–O–Fe and P–O–Fe bonds and the bending and stretching modes of the 

O–H bond, respectively, were observed in the FT-IR spectrum of the unannealed sample.30–33 The 

peaks corresponding to the O–H bond were observed owing to the adsorption of –OH groups and 

H2O molecules on the sample surface. The peak at approximately 1000 cm-1 shifted toward higher 

wave numbers with the increasing annealing temperature. For instance, after annealing at 800 °C, 

this peak was recorded at 1100 cm-1, which could be attributed to the stretching mode of the Si–

O–Si bond in SiO2.34 Therefore, it revealed that the phase separation of Fe oxide and Si oxide 

proceeded with increase of annealing temperature. 

Figure 1(c)–(g) show the STEM images of the unannealed and annealed L-BIOX samples at 

various temperatures. The unannealed and the annealed L-BIOX samples at 300–700 °C had 
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porous, nanofiber morphologies [Figure 1(c)–(f)]. In contrast, the nanofiber structure was retained 

after annealing at 800 °C although the nanofibers aggregated [Figure 1(g)]. Furthermore, the L-

BIOX sample produced at this annealing temperature had a small pore structure. To investigate 

further the changes in the morphology of the samples after annealing, the HAADF-STEM images 

of the unannealed and annealed L-BIOX samples at various temperatures are shown in Figure 

1(h)–(l). Figure 1(h) confirms that the unannealed L-BIOX nanofibers were composed of 

interconnected nanoparticles. The L-BIOX samples annealed at 300–800 ºC exhibited 

nanocomposite structures composed of bright primary particles embedded in dark matrices [Figure 

1(i)–(l)]. The size of the bright primary particles increased with the increasing annealing 

temperature. From the FT-IR and XRD results, the bright primary particles and the dark matrix 

observed in the annealed L-BIOX samples at 300–800 ºC were possibly the iron oxide and 

amorphous Si oxide phases, respectively. In the previous study of our group29, the P K-edge X-ray 

absorption near edge structure spectra of both pristine and annealed L-BIOX had the same profiles 

as FePO4·4H2O regardless of the annealing temperature. It is considered that P is not phase-

separated by annealing.  It is considered that P is not phase-separated by annealing and exists in 

solid solution in iron oxide. Therefore, during annealing, phase separation proceeded to form the 

nanocomposite structure comprising the dispersed P containing iron oxide nanoparticles in the 

amorphous Si oxide matrix. 
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Figure 1. (a) XRD patterns and (b) FT-IR spectra of L-BIOX annealed at various temperatures for 

2 hours. (c)-(g) STEM images and (h)-(l) HAADF-STEM images of L-BIOX annealed at various 

temperatures for 2 hours. (c) and (h), (d) and (i), (e) and (j), (f) and (k), (g) and (l) represent the 

unannealed, 300, 500, 700, 800 °C of annealing temperature, respectively. These results were 

reported at 2015 Elsevier.29 

Figure 2(a) shows the first discharge–charge voltage profiles of the L-BIOX samples measured 

from 0.01–3.0 V at a current density of 0.1 A g-1. Voltage plateaus at approximately 0.8 and 1.5 V 

were observed in the discharge curves of all the samples. The voltage plateau observed at 

approximately 0.8 V corresponds to the transformation of the Fe2+ ions to Fe0 .13,17 In addition, 

when Si was doped into ferrihydrite, the transformation of the Fe3+ ions to Fe2+ ions reduction 
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reaction occurred at approximately 1.5 V.35,36 The first discharge capacities of the unannealed and 

annealed L-BIOX samples at 300, 500, 700, 750, 800 and 900 °C were 1427, 1521, 1546, 1493, 

1421, 1336 and 1055 mAh g-1, respectively. Correspondingly, the first charge capacities were 964, 

1041, 1075, 1040, 970, 886 and 710 mAh g-1. The loss of capacity between the charge/discharge 

processes in the L-BIOX annealed at 700 °C or less was lower than that of unannealed L-BIOX. 

The observed loss of capacity between the charge/discharge processes is possibly due to the 

irreversible storage to form the Li–Si–P oxide matrix24,35,36 and a solid electrolyte interphase (SEI) 

layer at the electrode/electrolyte interface.13 The solid solution of Si and P in iron oxide was phase-

separated during the charge-discharge process to form the Si–P amorphous oxide matrix. At the 

same time, Li+ ions irreversibly stored in that oxide matrix, resulting in irreversible capacity. 24,35,36 

It is reported in previous study that the adsorbed water on the surface increased irreversible 

capacity derived from the SEI formation.27 Therefore, the irreversible capacity decreased by 

annealing at low temperature due to the removal of adsorbed water on the surface. The 

experimental reversible capacities of the samples exceeded the theoretical capacity. Moreover, the 

capacity of samples increased with increase of annealing temperature from 300 to 500 °C, while it 

decreased with increase of annealing temperature above 700 °C (Figure S1).  The observation of 

exceeded the theoretical capacity corresponds well to those of the previous reports on Fe2O3-based 

anode materials.37–41 The experimental capacity was higher than the theoretical value because of 

the storage of Li+ ions on the surface and kinks of α-Fe2O3, which were not accounted for in the 

theoretical calculations.39,41 The decrease of capacity when the L-BIOX annealed at over 700 °C 

is due to the particle enlargement. From HADDF-STEM images, the rapidly enlargement of iron 

oxide in L-BIOX was observed in case of the L-BIOX annealed at 800 °C. In addition, the STEM 

and HAADF-STEM images of the L-BIOX annealed at 900 °C shown in Figure S2 revealed that 
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the particle size of α‑Fe2O3 in the L-BIOX annealed at 900 °C is about 10 times larger than that at 

800 °C. The enlargement of the particles reduced a surface area, resulting the decrease of the 

storage of Li+ ions on the surface and kinks. Therefore, the capacity is considered to have 

dramatically decreased when annealing at over 700 °C.  

Figure 2(b) shows the cycle performances of the unannealed and annealed L-BIOX samples at 

various temperatures evaluated through GCD tests from 0.01–3.0 V at a current density of 0.6 A 

g-1. Figure S3 shows the discharge–charge profiles of the samples. The discharge capacities of the 

samples unannealed and annealed at 300-800 °C were >90% even after 30 cycles of GCD tests. In 

addition, some samples showed the higher capacity at 30th cycle test than that of 2nd cycle. On the 

other hand, the capacity of the L-BIOX annealed at 900 °C decreased with increase of a number 

of GCD test. During the discharge–charge processes, α-Fe2O3 typically undergoes a large volume 

change. This led to the chemo-mechanical breakage of the electrode material, which reduces the 

electrical contact between the active material and the current collector.38,42 However, pores in the 

anode materials can suppress the chemo-mechanical destruction of the active material, thereby 

mitigating the effects of the volume expansion of α-Fe2O3.22,39 Therefore, the capacities of the 

samples unannealed and annealed at 300-800 °C were well maintained owing to their porous 

structures as observed in the STEM images. In other side, the STEM and HAADF-STEM images 

of the L-BIOX annealed at 900 °C as shown in Figure S2 revealed that the porous structure was 

disappeared. As a result, the degradation due to volume expansion could not be suppressed, and 

the battery capacity decreased with a number of GCD tests. The tendency of increasing capacity 

with increase of a number of cycles has been reported in a number of metal oxide anode in LIBs. 

43–46 The reasons of increasing capacity are improving utilization of the conversion reaction47,48, 

optimization of the electrolyte-derived surface layer49,50, and changes in morphology. 43 The reason 
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of increased capacity with increasing number of cycles in this study may also be related to these 

factors, but it is difficult to determine the factors in this study.  

Figure 2(c) shows the rate performances of the unannealed and annealed L-BIOX samples at 

various temperatures evaluated through GCD measurements from 0.01–3.0 V at current densities 

from 0.1 to 2 A g-1; GCD profiles of the all samples are shown in Figure S4. The L-BIOX samples 

annealed at 300–700 ºC showed a higher rate performance than the unannealed sample; the rate 

performance increased with the increasing annealing temperature. In contrast, the sample produced 

after the annealing at over 750 °C exhibited a lower rate performance than that of 700 °C. Among 

the tested samples, the L-BIOX annealed at 700 °C showed the best rate performance. As the 

particle size of the anode material decreases, the rate performance improves owing to the 

shortening of the diffusion distance of the Li+ ions.13,42 Therefore, the sample annealed at over 

750 °C had a poor rate performance because of its large particle size. However, the rate 

performance of the samples annealed at 300–700 ºC improved even though their particle size 

increased with the increasing annealing temperature. In these samples, nanocomposite structures 

were formed after annealing, as observed from the HADDF-STEM images. Therefore, the 

improvement in the rate performance of the annealed samples at 300–700 ºC is possibly due to the 

formation of the nanocomposite. Table 1 summarizes the capacities at 0.1 and 2.0 A g-1 and the 

capacity retention of the L-BIOX sample annealed at 700 ºC and of previously reported Fe2O3-

based anode materials. At 2.0 A g-1, the L-BIOX sample exhibited a higher capacity than the bulk 

and spindle-like mesoporous Fe2O3 materials and a comparable performance to that of the 

hierarchical flower-like Fe2O3 mesoporous nanosheets. Additionally, the capacity retention on the 

L-BIOX annealed at 700 ºC was higher than those on the previously reported Fe2O3-based anode 
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materials. These observations reveal the higher performance of the L-BIOX sample synthesized in 

this study than those of the previously reported Fe2O3-based anode materials.  

 

Figure 2. (a) First discharge/charge voltage profiles at a current density of 0.1 A g-1, (b) cyclic 

performances at a current density of 0.6 A g-1 and (c) rate performances of the L-BIOX unannealed 

and annealed at various temperature. 
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Table 1. Capacities at 0.1 A g-1 and 2.0 A g-1 and the capacity retention of bulk Fe2O3, spindle-like 

mesoporous α‑Fe2O3
23, hierarchical flower-like Fe2O3 mesoporous nanosheets17 and L-BIOX 

annealed at 700 °C. 

 
Capacity / mAh g-1 

Capacity retention / % 
at 0.1 A g-1 at 2.0 A g-1 

Fe2O3 (bulk)23 893 500 56.0 

spindle-like mesoporous 

α‑Fe2O3
 23 

993 780 78.5 

hierarchical flower-like  

Fe2O3 mesoporous nanosheets17 
1970 910 46.2 

L-BIOX annealed at 700 °C 1055 923 87.5 

 

The charge transfer and solid-state diffusion resistances of the Li+ ions in the active material, 

which are factors that determine the rate performance,51–53 were then evaluated using EIS 

measurement and cyclic voltammetry. Figure S5 showed the Nyquist plots of the L-BIOX 

unannealed and annealed at 700 and 900 °C before and after 1st and 5th cycles of GCD 

measurements from 0.01–3.0 V at a current density of 0.1 A g-1. Figure 3 shows the summary of 

Nyquist plots of the unannealed and annealed L-BIOX samples at 700 and 900 °C recorded by EIS 

measurements after 5 cycles of GCD measurements. Semicircles in the high- and medium-

frequency regions and a line in the low-frequency region were observed in the Nyquist plots of the 

L-BIOX samples annealed at 700 and 900 °C. In contrast, for the unannealed L-BIOX sample, the 

straight line recorded in the low-frequency region was composed of two connected straight lines. 

The semicircles observed in the high- and medium-frequency regions can be attributed to the 

charge-transfer impedance on the SEI layer (RSEI) and on the electrode–electrolyte interface (Rct), 

respectively.54 The line obtained in the low-frequency region corresponds to the Warburg 

impedance. From shape of these lines, it suggested that there were two diffusion paths in the 
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unannealed L-BIOX sample, whereas only one was observed in the sample annealed at 700 and 

900 °C.55 The charge-transfer resistance at OCV state of unannealed L-BIOX was higher than that 

of annealed at 700 and 900 °C. In addition, the charge-transfer resistances of these samples reduced 

after 1st cycle and then increased after 5th cycles. The charge-transfer resistance at OCV state of L-

BIOX annealed at 700 and 900 °C was lower than that of unannealed L-BIOX. The reason is the 

formation of α-Fe2O3, which exhibits higher electronic conductivity than amorphous iron oxide. 

The charge-transfer resistances at the 1st and 5th cycles were similar for the L-BIOX unannealed 

and annealed at 700 °C. In other hand, the charge-transfer resistances of L-BIOX annealed at 

900 °C at the 1st and 5th cycles were higher than that of unannealed. To quantitatively evaluate 

charge transfer resistance of these samples, fitting impedance spectrum at 5th cycles was performed. 

Figure S5 (a) shows the equivalent circuit diagrams of the impedance spectra of these samples. 

The fitting results are shown in Figure S5 (b) - (d). Table 2 summarizes the obtained RSEI and Rct 

values. The RSEI and the Rct of the annealed sample at 700 and 900 °C were smaller and larger than 

those of the unannealed L-BIOX material, respectively. The particle size of the L-BIOX sample 

increased after annealing, which decreased the surface area of the active material. Consequently, 

the area of the SEI layer and the contact area between the electrolyte and the active material 

decreased, leading to the observed decrease in the RSEI and increase in the Rct values of the L-BIOX 

sample with increase of annealing temperature. The L-BIOX sample annealed at 700 °C showed a 

better rate performance even though its whole charge-transfer resistance was larger than that of 

the unannealed sample. From this, the improvement in the rate performance was not due to the 

enhancement of the charge transfer characteristics in the electrode interface.  
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Figure 3. Nyquist plots of the L-BIOX unannealed and annealed at 700 °C after 5 cycles of GCD 

measurements from 0.01–3.0 V at a current density of 0.1 A g-1. 

 

Table 2. Impedance parameters of the L-BIOX unannealed and annealed at 700 °C after 5 cycles 

of GCD measurements from 0.01–3.0 V at a current density of 0.1 A g-1. 

 RSEI / Ω Rct / Ω RSEI + Rct / Ω 

unannealed 14.2 17.2 31.4 

annealed at 700 ºC 7.2 26.5 33.7 

annealed at 900 ºC 2.3 61.3 63.6 

 

Accordingly, the diffusion coefficient of the Li+ ions in the active materials were then evaluated 

by cyclic voltammetry. Figure 4 (a)-(c) was shown cyclic voltammograms from 0.01–3 V vs. 

Li+/Li at scan rate from 0.2 to 1.0 mV s-1 for the L-BIOX unannealed and annealed at 700 and 

900 °C. In these samples, anodic peaks were observed at approximately 1.6 V and 1.8 V 

corresponding to the transformation of the Fe0 to Fe2+ and Fe2+ to Fe3+.56 In addition, cathodic 

peaks were observed at approximately 0.7 V and 1.4 V corresponds to the transformation of the 



 17

Fe3+ ions to Fe0,13,17 and the transformation of the Fe3+ ions to Fe2+ reduction reaction in Si doped 

ferrihydrite, respectively.35,36  Currents of these peaks were increased with increase of scan rate.  

The linear relationship between current of the anodic peak at approximately 1.6 V and the square 

root of the scan rates was obtained, as shown in Figure 4(d). Then, the diffusion coefficients of L-

BIOX unannealed and annealed at 700 and 900 °C calculated from these slopes were 5.72 × 10-11 

cm2 s-1, 1.99 × 10-10 cm2 s-1 and 2.69 × 10-11 cm2 s-1, respectively. The diffusion coefficient of the 

L-BIOX annealed at 900 °C was 2.12 times lower than that of unannealed. In other side, the 

diffusion coefficient of L-BIOX annealed at 700 °C was 3.48 times higher than that of unannealed. 

The low diffusion coefficient of the L-BIOX annealed at 900 °C was caused by increasing diffusion 

distance resulting from the significant particle growth by annealing at high temperature. The fast 

diffusion of the Li+ ions in the L-BIOX annealed at 700 °C can be attributed to the uniform 

formation of nanocomposite structure composed of the dispersed Fe2O3 nanoparticles in the 

amorphous Li–Si–P oxide matrix by the annealing and first discharging. Amorphous Li–Si–P 

oxides are often used as solid electrolytes in LIBs owing to their high Li+ ion conductivity.57–60 

Therefore, the amorphous Li–Si–P oxide layer between the Fe2O3 nanoparticles promoted the fast 

diffusion of the Li+ ions in the active material. For the unannealed sample, the nanocomposite 

structure was formed through the insertion reaction of Li+ ions during the discharge processes.35 

However, owing to the nonuniform electrode reaction occurring in the LIBs, the nanocomposite 

structure formed in the unannealed sample was possibly nonuniform; some L-BIOX particles may 

have retained their original structures even after the initial discharging process. Therefore, 

unannealed L-BIOX was confirmed two diffusion pathways from the Warburg impedance, and 

showed slow lithium-ion diffusion. In contrast, the phase-separation reaction by annealing 

proceeds more uniformly than the electrode reaction in LIBs. Therefore, the annealed L-BIOX 
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samples formed more uniform nanocomposite structures than the unannealed material. Hence, the 

L-BIOX sample annealed at 700 °C exhibited an excellent rate performance owing to its uniform 

nanocomposite structure, which consequently reduced the diffusion resistance of Li+ ions. 

 

Figure 4. Cyclic voltammograms from 0.01–3 V vs. Li+/Li at scan rate from 0.2 to 1.0 mV s-1 for 

the L-BIOX (a) unannealed and annealed at (b) 700 °C and (c) 900 °C. (d) The linear fitting of 

the peak current to square root of the scan rate for the L-BIOX unannealed and annealed at 700 °C. 
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Conclusion 

In this study, the effect of nanocomposite structure of the L-BIOX samples formed by annealing 

at various temperature to the battery performance was revealed. The annealed L-BIOX samples at 

300–700 °C exhibited higher rate performances than the unannealed material. In particular, the L-

BIOX sample annealed at 700 °C exhibited a higher rate performance than the previously reported 

Fe2O3-based anode materials. From the analysis of the cyclic voltammograms, the calculated 

diffusion coefficient of the L-BIOX sample annealed at 700 °C was 3.48 times of that the 

unannealed material. The nanocomposite structure allowed the fast diffusion of Li+ ions because 

the Li–Si–P oxide matrix functioned as fast diffusion path. The low diffusion coefficient in the 

unannealed L-BIOX sample was possibly due to the retention of its initial structure even after the 

discharge process. The nanocomposite structure in the unannealed L-BIOX sample was formed 

through the insertion reaction of Li+ ions. However, the structure produced after the discharging 

process was possibly nonuniform because electrochemical reactions proceed in a nonuniform 

manner. This is in sharp contrast with the phase separation reaction achieved through annealing. 

Consequently, the nanocomposite structure of the L-BIOX sample annealed at 700 °C was more 

homogeneous than that of the unannealed material. The formation of a uniform nanocomposite 

structure led to the reduction in the diffusion resistance of the Li+ ions in the active material, which 

consequently improved the rate performance of the electrode. This study provides significant 

insights to the development of novel Fe2O3-based anode nanomaterials for LIBs. 
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