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Abstract

The formation of nanoporous anodic film on an electroformed Fe foil surface is investigated in ethylene glycol
solution containing 0.1 M NH4F and 2.5 vol % H,0 at a safety voltage of 30 V by electrochemical anodization.
A nanoporous array, whose pores are ~35 nm in size, can be formed after anodization for 30 min. The nanopores
become big and irregular with the anodization time. Structural retention of the nanoporous array is achieved
upon annealing in air at 400 °C for 1 h. The X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy
(EDS) patterns suggest that the nanoporous anodic film is amorphous and transforms to a Fe;04-Fe,O5; mixture
after annealing in air at 400 °C for 1 h. The electrochemical properties of the nanoporous Fe;O,-Fe,O4/Fe
composite anodes for Li-ion batteries are evaluated by means of cyclic voltammograms and charge/discharge
curves. The results indicate that the nanoporous FesO4-Fe,Os/Fe composite exhibited different electrochemical
performances, such as a low initial discharge voltage plateau at 0.65 V. The discharge capacity is up to 2.2 mA h
at the first cycle and 0.51 mA h at the 50 th cycle.
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1. Introduction

Nanostructural iron oxides have been widely studied as anode materials for lithium-ion batteries (LIBs) [1-14],
due to high theoretical capacity (for example Fe;0,, 926 mA h g), non-toxicity and low cost. They can be
obtained by solvothermal syntheses [12-14], template replication [15, 16] and electrochemical anodization
[17-27]. Amongst these methods, the electrochemical anodization is readily to form nanotublar [17-20] or
nanoporous [21-24] iron oxides films on Fe foils. For example, rugated porous Fe;O, films on Fe foils,
exhibiting a high cycling stability, have been synthesized by the electrochemical anodization [22]. Anodization
of Fe foils is usually carried out in ethylene glycol (EG) electrolytes containing NH,F and H,O at a higher
voltage than the safety voltage of 36 V. For examples, nanotublar iron oxides can be obtained in the EG
electrolytes at 50 V [17-20] or at 40 V if the iron surface is electropolished [19], while nanoporous iron oxides
are formed at higher voltages [21, 22]. Naturally, the transition voltage from nanotubular structure to
nanoporous structure can be affected by water and fluoride concentrations in EG electrolytes, and other
anodizing parameters (such as pH and temperature) [19, 23, 24]. Other fluoride-organic electrolytes have been
also used to fabricate nanostructured anodic films on Fe foils [25-27], but the applied voltage is still high (>36
V).

For operational safety, it is desirable for anodization of Fe foils to obtain nanostructural iron oxides at a safety
voltage (<36 V). In this study, the anodization behaviors of electroformed Fe foils are investigated in a EG
electrolyte containing 0.1 M NH,F and 2.5 vol % H,0, and a nanoporous array anodic film can be prepared at a
safety voltage of 30 V. The iron anodic films consist mainly of trivalent iron species (for example FeOOH [21,
22]) containing some impurities of fluorides and oxyhydroxides [19-24]. They can transform to Fe,O5; with the
same nanostructures of anodic films after annealing in inert, oxygenous [18, 20, 26, 28] or hydric [17, 18]
atmospheres below 550 °C. But Cheng et al [22] demonstrated that rugated porous Fe;O, films are prepared by
annealing of porous anodic films on Fe foils in an atmosphere of Ar/H, (5 vol % H,). Due to high electrical
conductivity of Fe;0,, it is regarded as one of the most promising anode materials for lithium-ion batteries [22].

However, in this study, a Fe;0,-Fe,O5 mixture is obtained after annealing in air at 400 °C for 1 h. Thereby, we
demonstrate that nanoporous Fe;0,-Fe,Os/Fe composite foils are fabricated by anodization of electroformed Fe
foils in a EG electrolyte containing 0.1 M NH4F and 2.5 vol % H,O at a safety voltage of 30 V and further
annealing in air at 400 °C for 1 h. The electrochemical performances of the nanoporous Fe;O,-Fe,Os/Fe
composite anodes for Li-ion batteries are studied.

2. Experimental
2.1 Chemicals and materials

Fe foils with a purity of 99.9 wt% and a thickness of 60 + 5 um were prepared by galvanostatic
electrodeposition (25 A dm™) in a Fe + Fe bath [28]. A structure of polygonal crystal of the Fe foils is presented

in Fig. 1 a. An EG electrolyte containing 0.1 M NH4F and 2.5 vol % H,O were prepared using analytic grade
chemicals and deionized water to study anodization of the Fe foils.

2.2 Fabrication of nanoporous Fe;O4-Fe,Os/Fe foils

The anodization of Fe foils (30 x 50 mm) was carried out at 10-30 V for 10-60 min by exposing only one
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surface to the EG electrolyte and masking the other surface using an insulating tape. A pure Ti plate (25 x 50
mm) was used as the counter electrode. The distance between Fe foils and the Ti plate was kept at 10 mm.
During anodization, the electrolyte was stirred at about 300 rpm with a 27 mm magnetic bar at ambient
temperature. After anodization, the samples were rinsed thoroughly with deionized water and ethanol, and then
dried by hot wind before further processing. Morphology of Fe foils anodized at 30V is shown in Fig. 1 b. It is
observed that the shape of crystal of Fe is retained, although grain boundaries and edges of polygonal crystals of
Fe are corroded to be many gaps. The morphology can be also retained after annealing in air at 400 °C for 1h, as
Fig.1 ¢ shown.

2.3 Characterization of nanoporous Fe;Oy4-Fe,Os/Fe foils

The surface morphologies of all samples were characterized by scanning electron microscopy (SEM, QUANTA
200, America FEI), and the elemental composition was estimated by energy dispersive X-ray spectroscopy
(EDS). The X-ray diffraction (XRD) patterns were recorded using a D/max-TTRIII diffractometer with Cu Ka
radiation over 20-range of 35-120°.

The electrochemical performance was evaluated using CR2025 coin-type cells. The Fe;0,4-Fe,O3/Fe composite
foils were cut into disks with a diameter of 1.6 cm (2.0 cm?) and regarded as working electrode. Lithium foil
was used as both counter and reference electrodes. The electrolyte was 1M LiPFg in ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1:1 by volume). Cyclic voltammetry (CV) was performed on the
electrochemical workstation (IM6ex, ZAHNER-elektrik GmbH & Co. KG, Germany) in a potential range of
0.01-3.00 V (vs. Li*/Li) at a scan rate of 0.4 mV s™. The discharge/charge measurements were carried out using
the Land battery system (CT2001) at a constant current of 0.5 mA in a potential range of 0.01-3.00 V (vs.
Li*/Li).

3. Results and discussion
3.1 Anodization of Fe foils

Fig. 2 shows the change in the surface morphology of the samples anodized for 30 min with anodizing voltage.
It is found that the pore formation gradually become a main process when the applied anodizing voltage
increases. At 30V, a nanoporous array with the pore diameter of ~35 nm is formed. However, such array needs a
voltage of over 40 V in literatures [21, 22]. At lower voltages (10 and 20 V), numerous blocks with different
shapes and sizes on the surface of polygonal crystals of Fe are presented as Fig. 2 a and b shown, due to
asymmetrical corrosion or dissolution of Fe.

The effect of anodization time on the surface morphology of the samples anodized at 30 V is shown in Fig. 3.
The color of anodic films can be visible to the naked eye, changing from orange to brown with increasing
anodization time (See Figure S1 shown in Supporting Information). The morphology of Fe foils anodized at 30
V for 10 min is shown in Fig. 3 a, while Fig. 3 b shows the morphology of a sample anodized at the same
voltage for 60 min. It can be seen from Fig. 3 a that the porous nature of the anodic film is revealed after
anodizing for 10 min, although the pores are smaller and not uniform in size than that of 30 min (Fig. 2 c). The
pores become wide to ~120 nm at 60 min as shown in Fig. 3 b, where many fine pores are observed at their
bottoms (see the inset shown in Fig. 3 b). The result should be associated with chemical dissolution of anodic
films [23] and oxygen bubble dwelling on the films during anodization.
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Fig. 4 a shows a cross section of an anodic film on Fe foil obtained at 30 V for 30 min. It is obvious to be a
bilayered structure. The thickness of the anodic film is approximated to be 2.5 um. Fig. 4 b discloses the
presence of lots of cylindrical pores, which are aligned approximately normal to the crystal surface of Fe and
consequently whose direction changes nearby grain boundaries of Fe crystals.

Fig. 5 shows a SEM image of a sample anodized at 30 V for 30 min and subsequently annealed at 400 °C for 1 h.
The surface color of the sample becomes crimson-black (see Fig. S1. e). It can be seen from Fig. 5 that the
nanoporous array has been retained. Comparing Fig. 5 a with Fig. 2 ¢ and Fig. 5 b with Fig. 4 b, it is found that
the pores become smaller (~25nm) after annealing. This phenomenon of pore filling has been also observed on
the samples with a long annealing period by Prakasam et al [26].

3.2 EDS and XRD

Fig. 6 shows the EDS spectra of the samples anodized at 30 V for 30 min before and after annealing at 400 °C
for 1 h. Fe, O and Au are main three elements. The Au element came from sputtered Au before detection. The
corresponding XRD patterns of above two samples are shown in Fig. 7. No diffraction peaks except that of Fe
(JCPDS PDF no. 06-0696) are observed from Fig. 7 a, indicating that the anodic film is amorphous. The
amorphous anodic films of Fe have been also found by many researchers [20, 26, 28]. The XRD pattern shown
in Fig. 7 b indicates that a mixture of magnetite (Fe;0,) and hematite (Fe,Os) is formed after annealing in air at
400°C for 1h. Hence, we demonstrate that nanoporous Fe;O,-Fe,Os/Fe composite foils are fabricated by
anodization and subsequent heat treatment.

3.3 Electrochemical properties of nanoporous Fe3;O4-Fe,Os/Fe composite foils

The electrochemical behavior of the nanoporous Fe;O,-Fe,Os/Fe composite foils was evaluated by cyclic
voltammetry and discharge/charge cycling. Fig. 8 a shows the galvanostatic charge/discharge curves for a
Fe;0,4-Fe,Os/Fe composite electrode at a current of 0.5 mA between 0.01 and 3.0 V. The first discharge curve
shows a short potential plateau at 0.82 V, a long potential plateau at 0.65 V and then a downward slope until
0.01 V. The discharge plateau between 0.75~0.85 V, being assigned to the formation of Fe and Li,O, and the
downward slope are commonly observed in the first discharge curve for Fe;O,4 or Fe,O3 anodes [29-33], while
the discharge plateau at 0.65 V is first observed. The discharge plateau should be ascribed to the structure and
composition of the nanoporous Fe;O4-Fe,Os/Fe composite electrode. After the first cycle, the two discharge
plateaus disappear, two slops appear at 1.4-1.0 V and 1.0-0.8V, respectively, and a large capacity loss between
the first and second discharge can be observed. The results could be attributed to the formation of a
solid-electrolyte interface (SEI) layer on the electrode surface during the first discharge step. As Fig. 8 a shown,
the discharge capacity fade from 2.2 mA h at the first cycle to 0.51 mA h at the 50" cycle, indicating that such
structural composite material possesses low capacity retention. A main reason should be the part separation
between nanoporous Fe;0,4-Fe,0O5 films and Fe foils (see Fig. 5 b), which results in peeling off of iron oxides
from Fe substrate during discharge-charge cycles. Anchoring fast to iron oxides by growing of metal or
conductive polymer nanowires in the cylindrical pores can improve the capacity retention of the nanoporous
Fe;04-Fe,03/Fe composite anodes. Indeed, the capacity retention was greatly improved when polypyrrole was
grown up on the Fe;04-Fe,03/Fe by chemical oxidation (see Fig.8 b).

Fig. 8 c shows the CVs of a sample for the initial three cycles in the voltage range from 0.01 to 3.00 V at a scan
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rate of 0.4 mV s™. A sharp reduction peak nearby 0.65 V can be clearly observed in the first cycle, which is
consistent with the long discharge plateau at Fig. 8 a. In the second cycle, many cathodic peaks between 1.0 and
0.5 V and an elevating anodic peak centered at 1.78V suggest that iron oxides discharged partly in the first cycle.
Only one wide cathodic peak presents in the potential range from 1.0 to 0.5 V in the third cycle, which is
commonly observed in CV curves after the first cycle for Fe;O,4 or Fe,O3 anodes [29-33]. The corresponding
anodic peak positively shifts to 1.83 V due to the increase of electrochemical polarization. Two anodic peaks are
usually observed between 1.5 and 2.0 V [2, 13, 31-33] even though at a rapider scan rate of 0.5 mV s* [2] ,
assigning to the oxidation of Fe® to Fe?* and Fe®* respectively. But the two anodic peaks are not observed in the
CV curves (Fig.8 b). The result suggests that the oxidization of Fe® to Fe;0, and Fe,O5 should be a one-step
reaction. It can be considered that the special structure and composition of nanoporous Fe;04-Fe,Os/Fe
composite electrodes are responsible for the different electrochemical behaviors.

4. Conclusion

In summary, nanoporous Fe;O,4-Fe,Oz/Fe composite foils have been successfully fabricated by anodization of
electroformed Fe foils at 30 V for 30 min and following heat treatment in air at 400 °C for 1h. The XRD and
EDS patterns suggest that anodic films are amorphous and transform to a Fe;0,-Fe,O3 mixture after annealing.
The nanoporous Fe;04-Fe,Oz/Fe composite exhibits different electrochemical performances, such as a lower
initial discharge voltage plateau at 0.65 V and only one anodic oxidation peak in CV curves. Its capacity
retention is not desirable, only 23.2 % after 50 cycles. Anchoring fast to iron oxides by growing of polypyrrole
can profoundly improve the capacity retention of the nanoporous Fe;O4-Fe,Os/Fe composite anodes.
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Figure 1: SEM images of iron foil (a) as-electrodeposited, (b) as-anodized and (c) as-annealed
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Figure 2
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Figure 2: SEM images of surfaces of the Fe foils anodized at (a) 10 V, (b) 20 V and (c) 30V for 30 min
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Figure 3
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Figure 3: SEM images of Fe foils anodized at 30V for (a) 10 min and (b) 60min
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Figure 4: Cross-sectional SEM images of (a) anodic film/Fe foils and (b) anodic film obtained at 30 V for 30
min
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Figure 5
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Figure 5: (a) Top view and (b) cross-sectional SEM images of a sample anodized at 30 V for 30 min and
subsequently annealed in air at 400°C for 1h
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Figure 6: EDS spectra of Fe foils (a) anodized at 30 V for min and (b) subsequently annealed at 400 °C for 1 h
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Figure 7
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Figure 7: XRD patterns of (a) as-anodized Fe foils and (b) nanoporous FesO4-Fe,Os/Fe foils
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Figure 8: (a) Discharge/charge voltage profiles of a nanoporous Fe;O4-Fe,Os/Fe composite electrode, (b)

comparison of capacity retention between with and without polypyrrole, and (c) CV curves between 0.01 and

3.0V at a scan rate of 0.4 mV s? of a nanoporous Fe;0,-Fe,0s/Fe composite electrode
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Supporting Information

Figure S1

Figure S1: Views of anodic films grown on Fe foils in an ethylene glycol electrolyte containing 0,1M NH,4F and
2.5mL H,0 at 30 V for (a) and (d) 20min, (b) and (e) 30min, and (c) and (f) 60min, where (d), (e) and (f) are the
samples annealed at 400 °C for 1h.

Highlights

1. Nanoporous anodic films on electroformed Fe foils were obtained by anodization at a safety voltage of 30 V.

2. Nanoporous Fe;0,4-Fe,0s/Fe composite foils were firstly prepared by anodizing and annealing of Fe foils.

3. Nanoporous Fe;0,-Fe,0s/Fe composite anodes for Li-ion batteries present different electrochemical
performances.

12
Copyright © scitecpub.com, all rights reserved.



Research Open Journal of Advanced Nanomaterials
Vol. 1, No. 1, October 2013, PP; 01 - 13
Available online at http://scitecpub.com/Journals.php

Graphical abstract

2.4 1
2.01

1.6+
1.2
0.8 -

Potential / V vs. Li'/Li

0.4 -

0.0+ T T T
0.0 0.5 1.0 1.5 2.0

Capacity/ mA h

Copyright © scitecpub.com, all rights reserved.



