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14 Depending on different preparation methods, two samples of nano α- Fe2O3, in addition to the commercial one, having different
15 structural properties were successfully synthesized. All samples were characterized using different techniques such as X-ray
16 diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), infra-red spectroscopy (IR), scanning electron microscopy
17 (SEM), Brunauer – Emmett – Teller (BET) nitrogen adsorption-desorption isotherm, and a vibrating sample magnetometer. All
18 structural characterization parameters exhibited that the EDTA-prepared sample has the best textural structure, which support the
19 electrochemical properties concerning the charge-discharge processes for the high rate performance of lithium-ion batteries. All
20 results showed good anode electrochemical performance of EDTA-prepared sample at the high rates of 1 C and 2 C, especially
21 the first electrochemical cycles of charge-discharge processes. A comparison with other recent previous related studies was
22 performed to confirm the novelty and efficiency of EDTA-prepared sample for the high rate performance of lithium-ion batteries
23 applications.
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26 Introduction

27 Many studies were recently devoted to nanostructured mate-
28 rials with different morphologies in the field of lithium-ion
29 batteries (LIBs). Due to their high Li+ diffusion coefficients
30 and also the large contact area between the electrode and elec-
31 trolyte, they can quickly absorb and store vast numbers of
32 lithium ions without causing any deterioration in the elec-
33 trode, and have better rate capability than conventional
34 micron-scale materials [1–4]. Because of its low cost and
35 raw materials abundance in nature, Fe2O3 has been used in
36 many application fields such as lithium ion storage, gas sen-
37 sors, catalysts, and magnetic applications [5–10]. The Fe2O3

38 crystal lattice can store six Li+ per formula unit, and the

39theoretical capacity of Fe2O3 is as high as 1005 mAh/g, which
40is much higher than that of commercial graphite anode mate-
41rials (372 mAh/g). Thus, the investigation of Fe2O3 as a lith-
42ium ion storage material should be potentially important in the
43search for new anode materials with high capacity for lithium-
44ion batteries [11–15]. Great efforts have been focused on the
45properties and preparation of hematite nanomaterials with
46controllable size and shape [16], such as nanocrystals [17],
47nanoparticles [18], nanocuboids [19], nanospindles [20],
48nanoflakes [21], nanorods [22], nanowires [23], nanobelts
49[24], and nanotubes [25]. Several methods, such as a template
50method [26], a sol-gel strategy [22], gas-solid reaction tech-
51niques [27], and a hydrothermal approach [25, 28], have been
52developed for the synthesis of hematite nanostructures.
53However, and till now, the rapid capacity fading, especially
54the initial capacity cycles and low cycle life stability behavior
55at high rates, attributed to the kinetic limitation and large vol-
56ume change of α-Fe2O3 during the charge/discharge process
57present great challenge to the practical application of this ma-
58terial [29–31]. There are issues associated with the wet-
59chemistry methods for synthesizing these nanostructured ma-
60terials, such as complex time consuming steps, high energy
61consumption, and difficulties in scaling up. In this paper, a
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62 new trial to find a suitable and simple method giving nano-
63 structured α- Fe2O3 particles and achieving the good initial
64 capacity and cycle life stability at high rates, to resolve the
65 problems of this material. In this vein, two simple methods
66 were used to synthesizeα- Fe2O3, in addition to a commercial
67 sample, to study the effect of structural properties on the initial
68 capacities through charge-discharge processes of this material
69 at 1 C rate.

70 Experimental

71 Synthesis

72 Ferric chloride (99.9%, Sigma-Aldrich), ferric nitrate
73 nonahydrate (99.9%, Sigma-Aldrich), EDTA (99.9%,
74 Sigma-Aldrich), and urea (99.9%, Sigma-Aldrich) were used
75 as starting materials, and as received without further purifica-
76 tion for the two samples synthesis.
77 For the first method, α- Fe2O3 was synthesized via a hy-
78 drothermal process. Appropriate amounts of iron chloride and
79 urea were dissolved in distilled water. The solution was sealed
80 in a 30-ml Teflon-lined stainless steel autoclave and kept at
81 120 °C for 10 h. The precipitate was washed three times with
82 distilled water and ethanol, and then dried in vacuum oven at
83 50 °C overnight. Following, the dried sample was calcined at
84 500 °C for 2 h.
85 For the second method, appropriate amount of ferric nitrate
86 was dissolved in distilled water and mixed with aqueous so-
87 lution of EDTA. The resulting mixture was stirred for 1 h at
88 room temperature. Following, the mixture was evaporated on
89 a hot plate, and a dark brown fluffy precursor was formed.
90 After that, the precursor was grinded and calcined, in air, at
91 450 °C for 3 h at a heating rate of 2 °C/min.
92 The two synthesized samples, in addition to a commercial
93 one, were denoted as S0, S1, and S2 for the commercial, urea-
94 prepared (first method), and EDTA-prepared (second method)
95 samples, respectively.

96Characterization

97X-ray diffraction analysis was performed on a Diano (made by
98Diano Corporation, USA) with Cu-filtered CuKα radiation (λ
99═ 1.5418 Å) energized at 45 kV, and 10 mA. The sample was
100measured at room temperature in the range from 2θ ═ 10 to
10170o. The XRD phases present in the sample were identified
102with the help of ASTM Powder Data Files. The infrared spec-
103tra of the sample were recorded in the range of 300–3900 cm-1

104using a Brucker-FTIR. The morphology of samples was ex-
105amined using field emission scanning electron microscope
106(SEM, JEOL) operated at an accelerating voltage of 200
107KV. The energy dispersive X-ray spectra (EDX) acquired
108during the SEM imaging. Surface area and porosity of the
109sample was determined by measuring Brunauer – Emmett –
110Teller (BET) nitrogen adsorption-desorption isotherm using
111volumetric method with a Micrometrics ASAP2020 appara-
112tus. The magnetic properties were measured using a vibrating
113sample magnetometer (VSM; Lake Shore 7404).

114Electrochemical measurements

115For setting up the experimental cell of each sample, Fe2O3

116powder (75 wt.%) was mixed with carbon black (10 wt.%),
117graphite (10 wt.%), and PVDF (5 wt.%) in presence of n-
118methylpyrrolidinone to make the mixture homogeneous and
119then the mixture was left on a hot plate for 3 h to evaporate the
120homogeneity material. After that, a certain weight of the pow-
121der was coated onto a cupper foil and some drops of n-
122methylpyrrolidinone were added again and then the powder
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Fig. 1 XRD patterns of S0, S1, and S2 samples

t1:1Table 1 Wave number values of the two basic stretching vibrational
modes bands of Fe-O

t1:2Sample Wave number values (cm-1) of the two basic
stretching vibrational modes bands of Fe-O

t1:3S0 469 544

t1:4S1 470 556

t1:5S2 450 531

Fig. 2 FT-IR patterns of S0, S1, and S2 samples
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123 was dried under vacuum for 30 min at 120 °C. In a glove box
124 under argon atmosphere, the cell was constructed as Swagelok
125 cells. A porous polypropylene filmwas used for separating the
126 cathode and a lithium metal anode, and a mixture of 1M

127LiPF6-ethylene carbonate/dimethyl carbonate (1:1, v/v,
128Merck) was used as the electrolyte. The cells were
129galvanostatically charged and discharged using EG&G
130Electrochemical analyzer (Model – 6310) in the scan rate of

S0

S1

S2

500 nm

500 nm

500 nm

S2

S1

S0

a b

Fig. 3 a SEM and b EDX patterns of S0, S1, and S2Q3 samples

t2:1 Table 2 Parameters values of N2

adsorption/desorption isotherms
and NLDFT/GCMC pore size
distribution analysis of S0, S1,
and S2 samples

t2:2 Sample Total pore volume (cm3/g) Mean pore diameter (nm) W, peak (area) (nm) Vp (cm
3/g)

t2:3 S0 0.17 33.6 14.9 0.14

t2:4 S1 0.11 77.6 24.6 0.095

t2:5 S2 0.22 59.1 22.9 0.23
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131 1 mVs-1 to perform charge-discharge processes for the assem-
132 bled battery. The charge-discharge processes were performed
133 at a voltage between 0 and 3 V and a rate of 1 C.

134 Results and discussion

135 The XRD patterns of S0, S1, and S2 are shown in Fig. 1. All
136 patterns confirmed the crystal structure presence of standard
137 hematite (a-Fe2O3) structure, JCPDS card No. 33-0664. Also,
138 no impurity was detected indicating that all samples have a
139 single-phase rhombohedral crystal structure. The particle size
140 of all samples was calculated using the Scherer equation [32].
141 The S2 sample showed the smallest particle size (32 nm)
142 compared to the other two ones that showed 230 nm and
143 70 nm for S0 and S1, respectively.
144 Figure 2 shows the FT-IR patterns of S0, S1, and S2 sam-
145 ples. The figure shows two strong bands in a region of 450–
146 556 cm-1. These bands relate to Fe-O stretching vibrational
147 modes of α-Fe2O3 [33]. Other three small bands at around

1483421 (for S0 sample), 1632 and 944 cm−1 (for all samples)
149can be assigned to stretching, wagging, and twisting vibra-
150tions of water molecules [34]. Moreover, some shifts of the
151two basic stretching vibrational modes bands of Fe-O were
152observed, Table 1. This shift can be attributed to particle size
153value difference of each sample which depends on the prepa-
154ration method.
155The SEMmorphology of all samples is shown in Fig. 3a. It
156can be seen that the particle shape of S0 and S2 is not regular
157with high particles agglomeration. In contrast, the S1 sample
158showed a regular nanorods shape with low particles agglom-
159eration. The nanorods diameters are in the range of 60–80 nm
160with a length of around 300–500 nm. The EDX spectra of all
161samples are also shown in Fig. 3b. All spectra confirmed the
162composition of nano α-Fe2O3.
163The porous nanostructure of the S0, S1, and S2 samples
164was investigated using the N2 adsorption-desorption measure-
165ment, Fig. 4(a, b). Figure 4a showed that all samples exhibit a
166typical type IV isotherm, indicating the existence of porous
167structure. The S2 sample showed the highest value of a total

Fig. 4 a N2 adsorption-
desorption isotherms and b pore
size distributions of S0, S1, and
S2 samples
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Fig. 5 Charge-discharge curves for S0, S1, and S2 samples between 0
and 3 V at 1 C rate

Fig. 6 Discharge capacity against cycle number for S0, S1, and S2
samples at 1 C rate

Fig. 7 Cycle number dependence of efficiency for S0, S1, and S2
samples at 1 C rate

Fig. 8 Time dependence of current for S0, S1, and S2 sample at 1 C rate
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F168 pore volume compared to the others ones, Table 2. In addition,

169 the mean pore diameter of S1 sample showed the highest
170 value compared to the others ones. In contrast, as shown in
171 Fig. 4b (pore size distribution), the S2 sample showed the
172 highest value of mesoporous diameter (22.9 nm) volume
173 (0.23 cm3/g) compared to the other ones. Overall, the results
174 show that S2 sample has the best porous structure compared to
175 the other ones. The mesoporous structure of S2 sample can be
176 expected to possess the ability of liquid electrolyte holding
177 and prevent the process of over-flooding through capillary
178 force [35]. Thus, the mesoporous structure of S2 sample will
179 play an important role in the electrochemical performance
180 improvement of nano α-Fe2O3, specially for the high rates.
181 Moreover, this porous structure can also decrease the volume
182 variation of active material during electrochemical cycling,
183 which is advantageous for the high performance rates.
184 Additionally, from X-ray diffraction results, the same S2 sam-
185 ple showed the smallest particle size value (32 nm) which also
186 will play a good role in reducing the mean Li ion diffusion
187 pathways and increasing the contact surface area between the
188 anode and the electrolyte as well [36]. These features of S2
189 sample will promote fast ionic transport and contribute to

190faster charge-discharge processes, especially for the initial
191discharge processes of the high rates [37]. Figure 5 shows
192the charge-discharge curve for all cycles of S0, S1, and S2
193samples at 1 C rate. The initial discharge curve of each sample
194shows a potential plateau at around 0.8 V (Li/Li+1) followed
195by a sloping curve, which corresponds to the reduction reac-
196tion of nano α-Fe2O3. The sloping part, at the end of the
197discharge curve (between 0.4 and 0 V), is corresponding to
198the formation of a solid electrolyte interface layer [38, 39]. At
199the same time, the initial charge curve of each sample exhibits
200two slops a round 1.6 and 2.3 V in each charge curve which
201corresponding to the dissolution of the organic solid electro-
202lyte interface layer [40, 41] and the charge reaction of nano α-
203Fe2O3, respectively. The observed main difference between
204the three samples is that the features of the charge-discharge
205curves of S0 and S1 samples starting from the 7th cycle are
206different about what was observed for S2 sample. This differ-
207ence can be attributed to the decrease of the capacity values
208which is due to oxidation-reduction reaction low efficiency for
209the two samples compared to the other one. In order to show
210and prove this difference, values of discharge capacity against
211number of cycles for all samples were studied and shown in
212Fig. 6. The figure showed that the three samples have high
213initial discharge capacity values (1133 mAh/g for S0, 1610
214mAh/g for S1, 1212 mAh/g for S2), but do not have the same
215decrease rate. The last discharge capacity values (174 mAh/g
216for S0, 128 mAh/g for S1, 520 mAh/g for S2) exhibited that
217S2 sample has the highest cyclability behavior compared to
218the other ones. The difference between initial and last dis-
219charge capacity values of the three samples reflects the

Fig. 9 Charge-discharge curves for S2 sample at 2 C rate

Fig. 10 Cycle number dependence of discharge capacity and efficiency
for S2 sample at 2 C rate

t3:1Table 3 Magnetic properties of prepared samples at 298 K

t3:2Sample Ms (emu/g) Hc (G) Mr ( emu/g)

t3:3S0 0.91 72.6 22.79 × 10-3

t3:4S1 0.62 550.3 99.42 × 10-3

t3:5S2 1.15 538.8 0.215

Fig. 11 Magnetic properties of S0, S1, and S2 samples
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220 difference of the curves features discussed above. The S2
221 sample, as expected above, showed the good cyclability be-
222 havior at 1 C rate compared to the other ones. The textural
223 properties of this sample which demonstrate that pores ratio,
224 mesoporous structure, and small particle size play a big role in
225 enhancing the oxidation-reduction reactions of charge-
226 discharge processes as discussed before. The coulomb effi-
227 ciency behavior of S0, S1, and S2 samples through charge-
228 discharge processes at 1 C rate were studied, Fig. 7. The figure
229 exhibited that samples have the following order of initial cycle
230 coulomb efficiency values [S2 (77%) > S1 (68%) > S0
231 (63%)], while the following order of last cycle ones [S0
232 (97%) > S1 (94%) > S2 (91%)]. This also shows that S2
233 sample has a good coulomb efficiency value through charge-
234 discharge processes. The extra capacities can be attributed to
235 the decomposition of non-aqueous electrolyte during the dis-
236 charge process [40]. Figure 8 shows the charge-discharge cur-
237 rent versus time for nano α-Fe2O3/ Li cell of all samples. The

238figures reflected the regular behavior of each sample for cur-
239rent change with time through all charge-discharge cycles.
240The area under lines of figures depicts the capacity retention,
241which reflects that S2 sample has the highest one compared to
242the others. For more investigation about the good performance
243of S2 sample at high rates, the charge-discharge curve for the
244first 10 cycles at 2 C rate was studied, Fig. 9. The figure
245showed the same behaviors observed before for the sample
246at 1 C rate. The discharge capacity values and the coulomb
247efficiency behavior of those cycles were shown in Fig. 10. The
248sample exhibited an initial discharge capacity of 915 mAh/g,
249and a last one of 450 mAh/g. This indicating that this sample
250also exhibits good capacity retention at this high rate and
251ensuring that it is a promised anode for the high rate perfor-
252mance of lithium ion batteries. The figure also exhibited that
253the sample has a coulomb efficiency of 70% for the first cycle,
254and 95% for the last one. This also ensure the good perfor-
255mance of S2 sample.
256As magnetic properties are one of the most important ones
257that reflect the electrical and electrochemical behaviors, the
258magnetic curves of all prepared sampled were studied, Fig.
25911. The various parameters (saturation magnetization (Ms),
260remanent (Mr), and coercivity (Hc)) were determined,
261Table 3. The observed results indicated that all samples have
262a ferromagnetic behavior with different values of magnetic
263parameters. The S2 sample showed the highest value of Ms
264compared to the others with the following order [S2 (Ms =
2651.15 emu/g) > S0 (Ms = 0.91 emu/g) > S1 (Ms = 0.62 emu/g)],
266Fig. 12. In general, the difference of magnetic parameters
267values of all prepared samples can be attributed to the different
268preparation methods, which result in different particle size and
269morphology (as mentioned in details of structural characteri-
270zation part). The highest value of Ms for S2 sample can be

Fig. 12 Saturation magnetization (Ms) values of S0, S1, and S2 samples

t4:1 Table 4 Comparison of the electrochemical properties of S2 sample with other previous studies

t4:2 Sample Particle size (nm) Current density
(C), (mA/g)

Potential
range (V)

Initial discharge
capacity (mAhg-1)

Capacity retention
(mAhg-1)

References

t4:3 S2 32 nm 1 C 0–3 1212 833 after 10 cycles This work

t4:4 2 C 0–3 920 450 after 10 cycles This work

t4:5 Nano rods α-Fe2O3/40%
conductive carbon

60-80 nm 0.1 C 0.01–3 1320 850 after 10 cycles [43]

t4:6 Nano α-Fe2O3 synthesized
using PEG-600

700 nm (thickness) 20 mA/g 0.01–3 1248.1 750 after 10 cycles [44]

t4:7 Nano α-Fe2O3 Average diameter of
200 nm

1 C 0.01–3 1000 750 after 10 cycles [45]

t4:8 Ni-Co-doped Fe2O3 Microsphe-res 200 mA/g 0.01–3 1050 580 After 10 cycles [46]

t4:9 Fe2O3/CF 10 nm 50 mA/g 0.01–3 1680 780 After 10 cycles [47]

t4:10 Fe2O3 – 1 C 0.01–2.5 1200 200 After 10 cycles [48]

t4:11 α-Fe2O3 Sphere-like
diameter 500 nm

0.1 C 0.01–3 920 720 After 10 cycles [49]

t4:12 α-Fe2O3/carbon aerogel – 100 mA/g 0.1–3 850 600 After 10 cycles [50]

t4:13 α-Fe2O3 – 100 mA/g 0.1–3 1250 700 After 10 cycles [50]
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271 attributed to the small particle size of this sample [42] com-
272 pared to the others.
273 To confirm the novelty and efficiency of nano α-Fe2O3

274 synthesized using EDTA-aqueous solution for the high rate
275 performance of lithium ion batteries, a comparison with other
276 previous studies of the samematerial at low and high rates was
277 established and tabulated, Table 4. All results showed that
278 nano α-Fe2O3 synthesized using EDTA-aqueous solution is
279 a promised material for the lithium ion batteries application at
280 high rates.

281 Conclusions

282 Urea-prepared (S1) and EDTA-prepared (S2) samples of
283 nano α-Fe2O3 were synthesized, in addition to a com-
284 mercial (S0) one. Different structural properties were
285 obtained depending on the preparation method. The
286 EDTA-prepared sample (S2) of nano α-Fe2O3 exhibited
287 the smallest particle size compared to other samples,
288 with high agglomeration irregular shape. The sample
289 also showed the highest value of mesoporous diameter
290 (22.9 nm) volume (0.23 cm3/g) compared to the other
291 ones. The electrochemical results of charge-discharge
292 processes showed that the three samples have high ini-
293 tial discharge capacity values (1133 mAh/g for S0, 1610
294 mAh/g for S1, 1212 mAh/g for S2), but do not have the
295 same decrease rate. The last discharge capacity values
296 (174 mAh/g for S0, 128 mAh/g for S1, 520 mAh/g for
297 S2) exhibited that S2 sample has the highest cyclability
298 behavior compared to the other ones. Also, the samples
299 exhibited the following order of initial cycle coulomb
300 efficiency values [S2 (77 %) > S1 (68 %) > S0 (63
301 %)], while the following order of last cycle ones [S0
302 (97 %) > S1 (94 %) > S2 (91 %)]. This shows that S2
303 sample has a good coulomb efficiency value through
304 charge-discharge processes. The good performance of
305 S2 sample was also observed at 2 C rate. The magnetic
306 properties showed the highest saturation magnetization
307 (Ms) of S2 sample compared to the others. The novelty
308 and efficiency of EDTA-prepared sample were also con-
309 firmed by a comparison with other related previous
310 studies for the same material. All results exhibited that
311 EDTA-prepared sample is a promised anode material for
312 the high rate performance of lithium-ion batteries
313 applications.

314
315 Acknowledgements I would like to thank the Science and Technology
316 Development Fund (STDF), Egypt, (http://www.stdf.org.eg/index.php/
317 en/) for the financial support of this scientific research work through
318 Short –Term Fellowship (STF) project. Also, my sincere thanks to Prof.
319 Dr. Xiangwu Zhang (College of textiles, North Carolina State University,
320 USA) for his acceptance to perform a part of this work in his lab.

321References

3221. Mai L, Hu B, Chen W, Qi Y, Lao C, Yang R, Dai Y, Wang ZL
323(2007) Lithiated MoO3 Nanobelts with greatly improved perfor-
324mance for lithium batteries. Adv Mater 19:3712–3716
3252. Maier J (2005) Nanoionics: ion transport and electrochemical stor-
326age in confined systems. Nat Mater 4:805–815
3273. Hu YS, Kienle L, Guo YG, Maier J (2006) High lithium
328electroactivity of nanometer-sized rutile TiO2. Adv Mater 18:
3291421–1426
3304. Mai LQ, Chen W, Xu Q, Peng JF, Zhu QY (2003) Mo doped
331vanadium oxide nanotubes: microstructure and electrochemistry.
332Chem Phys Lett 382:307–312
3335. Gou XL, Wang GX, Park JS, Liu H, Yang J (2008) Monodisperse
334hematite porous nanospheres: synthesis, characterization, and ap-
335plications for gas sensors. Nanotechnology 19:125606
3366. Teranishi T, Wachi A, KaneharaM, Shoji T, Sakuma N, NakayaM
337(2008) Conversion of anisotropically phase-segregated Pd/γ-
338Fe2O3 nanoparticles into exchange-coupled fct-FePd/α-Fe
339Nanocomposite Magnets. J Am Chem Soc 130:4210–4211
3407. Karunakaran C, Senthilvelan S (2006) Fe2O3-photocatalysis with
341sunlight and UV light: oxidation of aniline. Electrochem Commun
3428:95–101
3438. Wu CZ, Yin P, Zhu X, OuYang CZ, Xie Y (2006) Synthesis of
344hematite (α-Fe2O3) nanorods: diameter-size and shape effects on
345their applications in magnetism, lithium ion battery, and gas sen-
346sors. J Phys Chem B 110:17806–17812
3479. Shekhah O, Ranke W, Schule A, Kolios G, Schlogl R (2003)
348Styrene synthesis: high conversion over unpromoted iron oxide
349catalysts under practical working conditions. Angew Chem Int Ed
35042:5760–5763
35110. Teng XW, Liang XY, Rahman S, Yang H (2005) Porous nanopar-
352ticle membranes: synthesis and application as fuel-cell catalysts.
353Adv Mater 17:2237–2241
35411. Wang PC, Ding HP, Bark T, Chen CH (2007) Nanosized α-Fe2O3

355and Li–Fe composite oxide electrodes for lithium-ion batteries.
356Electrochim Acta 52:6650–6655
35712. Larcher D, BonninD, Cortes R, Rivals I, Personnaz L, Tarascon JM
358(2003) Combined XRD, EXAFS, and Mössbauer studies of the
359reduction by lithium of α Fe2O3 with various particle sizes. J
360Electrochem Soc 150:A1643
36113. Larcher D, Masquelier C, Bonnin D, Chabre Y, Masson V, Leriche
362JB, Tarascon JM (2003) Effect of particle size on lithium intercala-
363tion into α Fe2O3. J Electrochem Soc 150:A133
36414. Hibino M, Terashima J, Yao T (2007) Reversible and rapid
365discharge–charge performance of γ–Fe2O3 prepared by aqueous
366solution method as the cathode for lithium-ion battery. J
367Electrochem Soc 154:A1107
36815. Zhou WW, Tang KB, Zeng SA, Qi YX (2008) Room temperature
369synthesis of rod-like FeC2O4· 2H2O and its transition tomaghemite,
370magnetite and hematite nanorods through controlled thermal de-
371composition. Nanotechnology 19:065602
37216. Sugimoto T, Sakata K (1992) Preparation of monodisperse
373pseudocubic α-Fe2O3 particles from condensed ferric hydroxide
374gel. J Colloid Interface Sci 152:587–590
37517. Sun SH, Zeng H, Robinson DB, Raoux S, Rice PM, Wang SX, Li
376GX (2004) Monodisperse MFe2O4 (M = Fe, Co, Mn)
377Nanoparticles. J Am Chem Soc 126:273–279
37818. Fadeev M, Kozlovskiy A, Korolkov I, Egizbek K, Nazarova A,
379Chudoba D, Rusakov V, Zdorovets M (2020) Iron oxide@ gold
380nanoparticles: synthesis, properties and potential use as anode ma-
381terials for lithium-ion batteries. Colloids Surf A Physicochem Eng
382Asp 603:125178
38319. Hamada S, Matijivic E (1981) Ferric hydrous oxide sols. IV.
384Preparation of uniform cubic hematite particles by hydrolysis of

Ionics

JrnlID 11581_ArtID 4075_Proof# 1 - 30/04/2021

http://www.stdf.org.eg/index.php/en/
http://www.stdf.org.eg/index.php/en/


AUTHOR'S PROOF!

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

385 ferric chloride in alcohol—water solutions. J Colloid Interface Sci
386 84:274–277
387 20. Ozaki M, Kratohvil S, Matijevic E (1984) Formation of
388 monodispersed spindle-type hematite particles. J Colloid Interface
389 Sci 102:146–151
390 21. Zhu YW, Yu T, Sow CH, Liu YJ, Wee ATS, Xu XJ, Lim CT,
391 Thong JTL (2005) Efficient field emission from α-Fe2O3

392 nanoflakes on an atomic force microscope tip. Appl Phys Lett 87:
393 023103
394 22. Woo K, Lee HJ, Ahn JP, Park YS (2003) Sol–gel mediated synthe-
395 sis of Fe2O3 nanorods. Adv Mater 15:1761–1764
396 23. Wang RM, Chen YF, Fu YY, Zhang H, Kisielowski C (2005)
397 Bicrystalline hematite nanowires. J Phys Chem B 109:12245–
398 12249
399 24. Wen XG, Wang SH, Ding Y, Wang ZL, Yang SH (2005)
400 Controlled growth of large-area, uniform, vertically aligned arrays
401 of α-Fe2O3 nanobelts and nanowires. J Phys ChemB 109:215–220
402 25. Liu H, Luo S h, Yan S x, Wang Q, Hu D b, Wang Y l, Feng J,
403 FengYi T (2019) High-performance α-Fe2O3/C composite anodes
404 for lithium-ion batteries synthesized by hydrothermal carbonization
405 glucose method used pickled iron oxide red as raw material.
406 Compos Part B 164:576–582
407 26. Chen J, Xu LN, LiWY, Gou XL (2005) α-Fe2O3 Nanotubes in gas
408 sensor and lithium-ion battery applications. Adv Mater 17:582
409 27. Liu L, Kou HZ, Mo WL, Liu HJ, Wang YQ (2006) Surfactant-
410 assisted synthesis of α-Fe2O3 nanotubes and nanorods with
411 shape-dependent magnetic properties. J Phys Chem B 110:
412 15218–15223
413 28. Wan J, ChenX,Wang Z, Yang X, Qian YT (2005) A soft-template-
414 assisted hydrothermal approach to single-crystal Fe3O4 nanorods. J
415 Cryst Growth 276:571–576
416 29. Wang Z, Luan D, Madhavi S, Hu Y, Lou XWD (2012) Assembling
417 carbon-coated α-Fe2O3 hollow nanohorns on the CNT backbone
418 for superior lithium storage capability. Energy Environ Sci 5:5252–
419 5256
420 30. Wang B, Chen JS, Wu HB, Wang ZY, Lou XW (2011)
421 Quasiemulsion-templated formation of α-Fe2O3 hollow spheres
422 with enhanced lithium storage properties. J Am Chem Soc 133:
423 17146–17148
424 31. Wang ZY, Luan DY,Madhavi S, Li CM, Lou XW (2011)α-Fe2O3

425 nanotubes with superior lithium storage capability. Chem Commun
426 47:8061–8063
427 32. Mahmoud WE, El-Mallah H (2009) Synthesis and characterization
428 of PVP-capped CdSe nanoparticles embedded in PVA matrix for
429 photovoltaic application. J Phys D Appl Phys 42:035502
430 33. Adegoke HI, AmooAdekola F, Fatoki OS, Ximba BJ (2013)
431 Adsorption of Cr (VI) on synthetic hematite (α-Fe2O3) nanoparti-
432 cles of different morphologies. Korean J Chem Eng 31:142–154
433 34. Barakat NAM, KhilMS, Sheikh FA, KimHY (2008) Synthesis and
434 optical properties of two cobalt oxides (CoO and Co3O4) nanofibers
435 produced by electrospinning process. J Phys Chem C 112:12225–
436 12233
437 35. Wu XH, Wu WW, Zhou Y, Huang XS, Chen W, Wang Q (2015)
438 Synthesis and electrochemical performance of SnO2–Fe2O3 com-
439 posite as an anode material for Na-ion and Li-ion batteries. Powder
440 Technol 280:119–123

44136. Choi SH, Son JW, Yoon YS, Kim J (2006) Particle size effects on
442temperature-dependent performance of LiCoO2 in lithium batteries.
443Power Sour 158:1419
44437. Tarascon JM, Armand M (2001) Issues and challenges facing re-
445chargeable lithium batteries. Nature 414:359–367
44638. Liu H, Wang GX, Liu J, Qiao SZ, Ahn H (2011) Highly ordered
447mesoporous NiO anode material for lithium ion batteries with an
448excellent electrochemical performance. J Mater Chem 21:3046
44939. Kavitha T, Yuvaraj H (2011) A facile approach to the synthesis of
450high-quality NiO nanorods: electrochemical and antibacterial prop-
451erties. J Mater Chem 21:15686
45240. Grugeon S, Laruelle S, Herrera-Urbina R, Dupont L, Poizot P,
453Tarascon JM (2001) Particle size effects on the electrochemical
454performance of copper oxides toward lithium. J Electrochem Soc
455148:A285
45641. Debart A, Dupont L, Poizot P, Leriche J-B, Tarascon JM (2001) A
457transmission electronmicroscopy study of the reactivitymechanism
458of tailor-made CuO particles toward lithium. J Electrochem Soc
459148:A1266
46042. Lassoued A, Lassoued M, Dkhil B, Ammar S, Gadri A (2018)
461Synthesis, photoluminescence and magnetic properties of iron ox-
462ide (α-Fe2O3) nanoparticles through precipitation or hydrothermal
463methods. Phys E Low-dim Syst Nanostruct 101:212–219
46443. Liu H, Wang G, Park J, Wang J, Liu H, Zhang C (2009)
465Electrochemical performance of α-Fe2O3 nanorods as anode mate-
466rial for lithium-ion cells. Electrochim Acta 54:1733–1736
46744. Li YN, Zeng R, Zhang P, Guo Z, Liu H (2008) Controlled synthesis
468of α-Fe2O3 nanostructures and their size-dependent electrochemi-
469cal properties for lithium-ion batteries. J Power Sources 184:456–
470461
47145. Liu R, Zhang C,Wang Q, Shen C,Wang Y, Dong Y, Zhang N,Wu
472M (2018) Facile synthesis of α-Fe2O3@ C hollow spheres as ultra-
473long cycle performance anode materials for lithium ion battery. J
474Alloys Compd 742:490–496
47546. Qi X, Yan Z, Liu Y, Li X, He G, Komarneni S (2018) Ni and Co
476doped yolk-shell type Fe2O3 hollow microspheres as anode mate-
477rials for lithium-ion batteries. Mater Chem Phys 211:452–461
47847. Sun C, Chen S, Li Z (2018) Controllable synthesis of Fe2O3-carbon
479fiber composites via a facile sol-gel route as anode materials for
480lithium ion batteries. Appl Surf Sci 427:476–484
48148. Li H, Zhu X, Sitinamaluw H, Wasalathilak K, Xu L, Zhang S, Yan
482C (2017) Graphene oxide wrapped Fe2O3 as a durable anode ma-
483terial for high-performance lithium-ion batteries. J Alloys Compd
484714:425–432
48549. Yan Y, Tang H, Wu F, Xie Z, Xu S, Qu D, Wang R,Wu F, Pan M,
486Qu D (2017) Facile synthesis of Fe2O3@ graphite nanoparticle
487composite as the anode for lithium ion batteries with high cyclic
488stability. Electrochim Acta 253:104–113
48950. Luo D, Lin F, Xiao W (2017) Wenjun Zhu, Synthesis and electro-
490chemical performance of α-Fe2O3@ carbon aerogel composite as
491an anode material for Li-ion batteries. Ceram Int 43:2051–2056

492Publisher’s note Springer Nature remains neutral with regard to jurisdic-
493tional claims in published maps and institutional affiliations.

494

495

Ionics

JrnlID 11581_ArtID 4075_Proof# 1 - 30/04/2021



AUTHOR'S PROOF!

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES.

Q1. The article title was slightly modified. Please check if appropriate.
Q2. Please check if the author details and the corresponding affiliations are presented correctly.
Q3. Figures 3, contains poor quality of text in image. Otherwise, please provide replacement figure

file.


	Nano...
	Abstract
	Introduction
	Experimental
	Synthesis
	Characterization
	Electrochemical measurements

	Results and discussion
	Conclusions
	References


