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ABSTRACT: This work is a comparative study of the electrochemical performance of
crystalline and amorphous anodic iron oxide nanotube layers. These nanotube layers were
grown directly on top of an iron current collector with a vertical orientation via a simple
one-step synthesis. The crystalline structures were obtained by heat treating the as-prepared
(amorphous) iron oxide nanotube layers in ambient air environment. A detailed
morphological and compositional characterization of the resultant materials was performed
via transmission electron microscopy (TEM), field-emission scanning electron microscopy
(FE-SEM), X-ray diffraction (XRD), and Raman spectroscopy. The XRD patterns were
further analyzed using Rietveld refinements to gain in-depth information on their
quantitative phase and crystal structures after heat treatment. The results demonstrated that
the crystalline iron oxide nanotube layers exhibit better electrochemical properties than the
amorphous iron oxide nanotube layers when evaluated in terms of the areal capacity, rate
capability, and cycling performance. Such an improved electrochemical response was
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attributed to the morphology and three-dimensional framework of the crystalline nanotube layers offering short, multidirectional

transport lengths, which favor rapid Li* ions diffusivity and electron transport.
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B INTRODUCTION

Li-ion batteries (LIBs) have been widely studied as electro-
chemical energy storage devices with high energy and power
density, because of their enormous potential to power electric
vehicles and portable electronic devices." > The current
commercial LIB industry predominantly utilizes graphite as
the anode material.*> Although graphite has shown good
electrochemical performance over the years, the ever-increasing
energy demands of the industry has opened the scope to
explore other materials for the LIB anode. Transition metal
oxides (TMOs) are considered suitable replacements for
graphite due to their higher specific capacity, widespread
availability, and better safety features."”® The higher capacity
obtained for TMOs is principally based on the reversible redox
reaction between lithium and the transition metal cations. To
make this redox reaction more efficient and reversible, the
material dimensions are reduced to the nanoscale range via
proper design and engineering.” ">

Of the various synthetic techniques for nanostructured
TMOs,*™*? electrochemical anodization®*' is of particular
interest because it is comparatively inexpensive and simply
provides self-aligned nanostructures over a large surface area.
Recently, significant interest has developed in utilizing TMO
nanotube layers (NTs) grown via anodization as the LIB anode.
Ortiz and co-workers®*? used anodized TiO, NTs as the anode
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in a battery application for the first time. Such a structure is
particularly advantageous for battery performance because the
vertical alignment of the nanotubes offers enhanced kinetics for
the vectorial charge/electron transfers. Additionally, directly
growing the oxide layers on top of the metal current collector
avoids the need for a binder and conductive additives in the
structure, which simplifies the synthesis and stabilizes the
material. Although promising results have been demonstrated
using TiO, N'Ts,”**° the inherently low theoretical capacity of
TiO, (168 mAh/g for LiysTiO,) is a major concern for
achieving high energy densities. Therefore, TiO, must be
replaced with another material with a higher theoretical
capacity. Iron oxide is a potential candidate to replace TiO,
due to the high theoretical capacity of its crystalline phase
(1007 mAh/g for hematite and 926 mAh/g for magnet-
ite).”**”?® When structured as NTs grown on top of the iron
(Fe) current collector, iron oxide is expected to exhibit
excellent electrochemical performance. Recently, several studies
have reported the synthesis and application of iron oxide NTs
as battery anodes.”"*® These reports have mainly focused on
either the surface modification of the nanotubes or making
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composites with other materials. Because the iron oxide
crystalline phases are better suited to battery performance
due to their high theoretical capacities, analyzing their
electrochemical response relative to the respective amorphous
phases is important especially when they are grown through
anodization. However, to the best of our knowledge, no reports
have specifically focused on the electrochemical behaviors of
crystalline iron oxide NTs relative to their amorphous phase
while retaining the same structural morphology.

Herein, highly ordered crystalline and amorphous anodic
iron oxide NTs with high aspect ratios undergo a detailed
comparative analysis. The NTs are directly grown on the Fe foil
without any binder or conductive additives and are further heat
treated to obtain the hematite/magnetite crystalline phase. The
heat treatment conditions (time, temperature, and environ-
ment) were optimized to retain the anodized structure
morphology after annealing. Transmission electron microscopy
(TEM), field-emission scanning electron microscopy (FE-
SEM), X-ray diffraction (XRD), Raman spectroscopy, and
Rietveld analyses were used to morphologically and composi-
tionally characterize the material, while the electrochemical
responses were examined via cyclic voltammetry (CV) and
charge—discharge cycling. The results indicated a superior
electrochemical response for the crystalline iron oxide NTs
relative to the amorphous ones in terms of their areal capacity,
rate capability, and cycling performance. The improved
crystallinity, having a three-dimensional hematite/magnetite
phase framework, and traits unique to the anodized structure
were responsible for this enhanced performance.

B EXPERIMENTAL SECTION

Material Synthesis. Fe foils (0.1 mm thickness, 99.99% purity,
Nilaco Japan) cut into 1.5 cm? squares were degreased by sonicating in
acetone and then ethanol for 20 min each. The electrochemical
anodization technique was performed to synthesize the iron oxide NTs
using a DC-voltage potentiostat (OPS-22101, ODA, Korea) by
applying a constant 40 V for 60 min.*® An Fe foil was used as the
working electrode, while a platinum mesh served as the counter
electrode. The electrolyte solution was a mixture of 0.1 M NH,F, 1 M
H,O0, and ethylene glycol. A water circulating heater was used during
these experiments to maintain a bath temperature of 20 °C for the
electrolyte. After anodization, the samples were initially stored
overnight in ethanol, rinsed, and finally dried in an oven. The
amorphous samples were heat treated in a furnace at 500 °C for 1 h
under ambient air to obtain the hematite/magnetite crystalline phase
of the material using a furnace (XY-1400S, Hantech, Korea) with a
heating and cooling rate of 10 °C/min.

Material Characterization. The NT morphology was determined
via FE-SEM (Hitachi $4800). The TEM images and selected area
electron diffraction (SAED) patterns were obtained via transmission
electron microscope (Philips TF30ST). To prepare the TEM samples,
the oxide layer was scratched from the Fe foil surface and dispersed
onto a carbon grid. The crystallinity of the corresponding material
phases was confirmed via XRD analysis using an X-ray diffractometer
(Philips X’pert-MPD) with a Panalytical X'celerator detector with
graphite monochromized Cu Ka radiation (4 = 1.54056 A). The
Raman spectra were obtained using a Raman spectrometer (NTEGRA
SPECTRA NT, MDT) with a laser excitation wavelength of $32 nm.

Electrochemical Measurements. Coin half-cells were assembled
in a dry room to evaluate the electrochemical performance of the
material. Iron oxide NTs grown on top of the Fe current collector
served as the working electrode with a polypropylene membrane
(Celgard 2325, Celgard, Inc.) as a separator and Li-metal (purity
99.9%) as the counter electrode. The electrolyte was 1.2 M LiPF, in
EC/DMC (1:1, v/v). The assembled cells had an open circuit voltage
of approximately 3 V and were galvanostatically charged/discharged at

current densities ranging from 100 to 1600 yA cm™ across the
potential range from 0.005 to 3 V using a multichannel battery tester
(TOYO TOSCAT-3100U). The CV analyses were performed via an
electrochemical setup (model VMP3, Bio Logic, France) with a 0.1
mV/s scan rate across the voltage range from 0.005 to 3 V.

B RESULTS AND DISCUSSION

Figure la—c shows the FE-SEM images for iron oxide NTs
grown via electrochemical anodization. A two-step anodization
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Figure 1. SEM and TEM images of the amorphous iron oxide NTs
formed via anodization. (a) Surface morphology and (b, c) cross-
sectional views with different magnifications. (d) Current—time
transient curve for the anodization process. (¢) HR-TEM image for
a portion of the nanotube. (f) SAED pattern.

process®** was adopted to grow morphologically suitable

nanotubes. A series of anodization experiments were conducted
to determine the best NT morphology as shown in Figure S1 in
the Supporting Information. The anodization temperature and
time significantly impacted the nanotube structure as
mentioned by Roy et al. for other metal oxides.’® The
optimized anodization conditions were 40 V for 1 h at 20 °C,
which yielded a tube length of approximately S ym with a pore
diameter of approximately 60 nm. Figure 1 indicates a high
porosity, length, and vertical directionality were successfully
achieved. Such structural traits are well suited for the rapid
diffusion of the electrolyte within the pores with a high
electrode surface area and fast Li* ion/electron transport
kinetics. Figure 1d shows the typical current—time curve
associated with the growth. A close analysis of the transient
curve indicates the iron oxide NT growth mechanism resembles
that of the anodized TiO, nanotubes.”***** An abrupt fall in
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the current was initially observed due to the formation of a
compact oxide layer on the metal surface. Soon afterward, the
current begins to increase due to the etching of this surface
oxide layer by the fluoride ions. However, the current
eventually levels off, which indicates a balance between the
formation and etching of the oxide layer and hence a regular
NT formation. The HR-TEM lattice image of the as-prepared
sample shown in Figure le indicates the lack of a proper crystal
structure, which implies an amorphous material. This result was
confirmed by the SAED patterns shown in Figure 1f, which had
no clear evidence of any diffraction rings.

To obtain crystalline iron oxide NTs, the as-prepared
samples were heated to 500 °C for 1 h under ambient air.
For the material characterization, the XRD patterns of both the
amorphous and crystalline samples were obtained and refined
using the Rietveld calculations as shown in Figure 2a and b.
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Figure 2. Rietveld refined XRD results (3, b) and Raman spectral
analyses (c) for the crystalline and amorphous samples.
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The Rietveld analysis was performed to quantify the phase and
crystal structure using the GSAS package.*® The figures clearly
show the diffraction peaks corresponding to hematite and
magnetite phases of iron oxide appearing upon heat treatment.
This analysis was also supported by the energy dispersive X-ray
spectrum (Supporting Information Figure S2), where O and Fe
are the major elements with O almost doubling the atomic
percentage of Fe. Contrary to the crystalline samples, the
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amorphous samples showed no diffraction peaks for the oxide
layer other than the prominent Fe substrate peaks, which
confirms their amorphous nature. These results agree with
previously reported works.>>*® The lattice parameters calcu-
lated via Rietveld refinement for the hematite phase are a, b =
5.02 A and ¢ = 13.71 A, which confirms a hexagonal crystal
structure consistent with the literature values (JCPDS card no.
33-0664) and indexed according to the R3c space group.
Similarly, the magnetite phase had a, b, ¢ = 8.37 A, which is a
cubic crystal structure consistent with literature values (JCPDS
card no. 01-1111) and indexed according to the Fd3m space
group. The unit cell diagrams for the hexagonal hematite and
cubic magnetite are shown in Figure S3 in the Supporting
Information. To further confirm the hematite/magnetite phases
in the heat treated sample, Raman spectroscopy was performed
for the crystalline and amorphous NTs, as shown in Figure 2c.
Relative to the amorphous NTs, the crystalline NTs contained
clear Raman modes corresponding to the hematite phase with
traces of magnetite.

Although an improved crystallinity is advantageous to the
electrochemical performance of the electrode, as will be shown
shortly, it should not be achieved at the expense of the unique
NT morphology, which provides the many advantages detailed
earlier. The heat treatment can easily destroy the nanotube
morphology;37 therefore, the annealing time, temperature, and
furnace environment must be optimized.

Figure 3 shows the FE-SEM and HR-TEM images of the
NTs after the optimized heat treatment under an ambient

V 9.9mm x100KSE(M)

Figure 3. SEM and TEM images of the crystalline iron oxide NTs: (a,
b) Surface morphology with different magnifications. (¢) HR-TEM
image of a portion of nanotube. (d) SAED pattern.

environment. A color change from brown to black was
observed by the naked eye for the oxide layer after the heat
treatment as shown in Figure 4 in the Supporting Information.
Figure 3a and b shows the surface NT morphologies at different
magnification after heat treatment. When compared to Figure
1, the NT surface morphologies were well retained. Closer
inspection (Figure 3b) revealed the tube diameter had
increased to approximately 80 nm, and its shape has
transformed from roundish to more hexagonal. Such a change
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in the tube structure was possibly due to the initiation layer
removal post annealing. The initiation layer is an oxide layer
remnant frequently found on top of the tubes after anodization
that covers the ordered oxide layers.”**®** Such remnant layers
are undesirable because they hamper the tube transport
properties as the proper NT geometry is not exposed to the
lithiation/delithiation process during battery operation. The
improved material crystallinity is further evident from the HR-
TEM and SAED pattern images shown in Figure 3c and d.
Contrary to Figure le and f, clear lattice fringes and bright
diffraction rings were observed. The crystal lattice spacing was
measured as 0.37 nm, which agrees well with the d-spacing of
the (012) plane in hematite iron oxide

The electrochemical responses in terms of the Li"
intercalation and deintercalation during the first three charge/
discharge cycles for both the crystalline and amorphous
samples are presented in Figure 4. The current density was
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Figure 4. Initial galvanostatic charge/discharge curves for (a)
crystalline and (b) amorphous iron oxide NTs between 0.005 and 3
V at a current density of 100 uA/cm?

100 A/cm?, while the voltage range was between 0.00S and
3.0 V. The areal capacity was calculated by considering the
active surface area of 1.13 cm? of the anodized iron oxide layer.
For the crystalline NTs during the first discharge cycle, the
voltage plateaued at approximately 0.9 V, which was maintained
to provide a high areal capacity (2.9 mAh/cm?). During the
second and third discharge cycles, the voltage plateau shifted
from 0.9 V to approximately 1.2 V. In contrast to the crystalline
samples, no well-defined voltage plateau was observed for the
amorphous samples during the first cycle, which was mainly
due to their lack of order and the presence of random defects.
Additionally, the first discharge capacity (0.79 mAh/cm?) was
significantly lower than that for the crystalline samples. The

higher areal capacity of the crystalline NTs was attributed to
their hexagonal/cubic structure containing many open and
ordered three-dimensional channels that facilitate the insertion/
extraction of Li* ions during charge/discharge (Supporting
Information Figure S3). Furthermore, their better morphology
and crystallinity enhance the electron transport, which
contributes to their higher capacity.

Figure Sa shows the rate capability tests for the crystalline
and amorphous NTs using current densities ranging from 200
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Figure S. (a) Comparative rate capability tests for crystalline and
amorphous iron oxide NTs evaluated at various current densities from
200 to 1600 uA/cm?. (b) Cyclic performance and columbic efficiency
for the crystalline NTs obtained at a current density of 200 yA/cm?
immediately after the rate capability test.

to 1600 pA/cm?® Prior to the rate ability test, the electrodes
were cycled at 100 uA/cm? for 15 cycles for a stable formation
of the SEI layer. From the figure it is evident that compared to
the amorphous NTs the crystalline NTs exhibited superior rate
capabilities. The crystalline NTs exhibited capacities of
approximately 0.40 mAh/cm? at a current density of 200 yA/
cm? and approximately 0.155 mAh/cm?” at 1600 pA/cm? These
values were significantly higher than those of the amorphous
NTs, that is, 0.10 mAh/cm? at 200 gA/cm? and 0.02 mAh/cm?
at 1600 pA/cm? Additionally, the capacity recovery of the
crystalline NTs was approximately 90% when the current
density is reduced from 1600 to 200 uA/ cm?, which indicates a
swift response and good stability for the material at various
current densities.

To evaluate the capacity retention for the crystalline iron
oxide NTs, cyclic performance tests were performed immedi-
ately after the rate capability tests. The results are quite
remarkable and are shown in Figure Sb. For a current density of
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200 uA/cm? a capacity of approximately 280 yAh/cm* was
retained over 100 cycles. Additionally, the charge/discharge
capacity reversibility was good with an average 98% columbic
efficiency. Such a performance demonstrates the excellent
stability and integrity of the electrode material even after
cycling repeatedly at various current densities.

A CV analysis was performed to compare the Li*
intercalation reversibility and kinetics for both the amorphous
and crystalline iron oxide NTs. Figure 6 shows the 1st, Sth, and
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Figure 6. 1st, Sth, and 10th CV cycles for the (a) amorphous and (b)

crystalline iron oxide NTs using a scan rate of 0.1 mV/s across the
potential range from 0.005 to 3 V (vs Li/Li").

10th CV cycles for both types of NTs using a scan rate of 0.1
mV/s across the potential range from 0.005 to 3 V vs Li/Li".
During the first cathodic scan, the strong reduction peaks at
0.75 V for the amorphous NTs and 1 V for the crystalline NTs
were attributed to the conversion from Fe*" to Fe®, while the
additional peaks corresponded to Li* intercalated into the
structure.”® In the anodic scan, no additional peaks were
observed except for a single prominent oxidation peak at 1.5
and 1.7 V for the amorphous and crystalline NTs, respectively.
These peaks account for the oxidation from Fe’ to Fe**. This
mechanism follows the chemical reaction given below:

Fe,0, + 6Li* + 6e~ < 2Fe” + 3Li,0

The oxidation/reduction peak intensities were significantly
reduced for the amorphous NTs during the Sth and 10th CV
cycles. However, the crystalline NTs maintained well-defined
cathodic and anodic peaks with high intensities and constant
redox potentials. Such behavior clearly shows the Li* insertion/
desertion redox reactions are more active in the crystalline
structure. The plot also shows that the area under the current
density—voltage curve was significantly larger for the crystalline
structure than the amorphous structure. This result further
supports the argument made in Figure 4 about the increased
capacity from the improved crystallinity in the crystalline iron
oxide NTs.
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B CONCLUSIONS

In summary, a detailed comparison between the electro-
chemical responses for crystalline and amorphous anodic iron
oxide NTs used as the battery anode was performed. Oxide
layers with well-defined morphologies and high aspect ratios
were initially grown and then heat treated to convert into the
crystalline phase. A comprehensive morphological and
compositional characterization was performed for both the
amorphous and crystalline samples to confirm their crystallinity
and structure. The results demonstrated the superior electro-
chemical performance of crystalline iron oxide NTs over
amorphous NTs in terms of their areal capacity, rate capability,
and cycling performance. A suitable morphology and improved
crystallinity are the main material characteristics responsible for
this enhanced performance.
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Additional SEM images, EDS spectra with their quantitative
results, material unit cell diagrams, and digital images of the
samples both before and after heat treatment. This material is
available free of charge via the Internet at http://pubs.acs.org.
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