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Influence of carbonization temperature and press
processing on the electrochemical characteristics
of self-standing iron oxide/carbon composite
electrospun nanofibers+
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Lithium ion batteries (LIBs) are popular energy storage devices used in various fields such as electronics,
mobilities, and power devices. In recent years, LIBs have been used in applications that require high
energy densities to improve device performance metrics such as weight saving and miniaturization, as
well as for reducing the cost. In this study, we propose two solutions for meeting the high energy
density demands of these applications, namely (i) the use of active materials with high energy density
and (i) reduction of non-active materials such as the conductive agent, binder, separator, and electrolyte
in the battery systems. In this study, we investigate the role of carbonization temperature and press
processing of iron oxide/carbon composite nanofibers in improving the electrochemical characteristics
of these electrode materials. The results of the study indicate that increasing the carbonization
temperature improves the energy density per unit weight and unit volume as well as the rate capabilities,
whereas press processing improves the energy density per unit volume, but reduces the rate capabilities.
The investigation is useful for improving the performance of iron oxide/carbon composite nanofibers as

rsc.li/rsc-advances the anode for LIBs.

Introduction

Development of energy storage technologies is one of the major
topics of interest in the 21° century. Among the various battery
systems developed so far, lithium ion batteries (LIBs) exhibit
superior performance compared to other rechargeable battery
systems such as nickel metal hydride (NiMH), nickel-cadmium
(NiCd), and lead acid batteries from the points of view of
voltage, energy density, and cycle capability.”* Therefore, LIBs
have been very popular in various fields such as electronics,
mobilities, and power devices for several decades. In recent
years, LIB use has expanded to the areas of drones, wearable
devices, electrical vehicles, and so on. In these applications,
high energy densities are required for achieving improved
performance metrics such as weight saving, miniaturization,
and low cost. In this study, we propose two battery design
solutions for meeting these demands.

The first solution involves the use of active materials with
high energy density. Currently, lithium metal oxide and carbon
are used as the typical cathode and anode materials, respec-
tively, in LIBs. This combination has remained unchanged from
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that used in the first commercial LIB manufactured by Sony
Corporation in the early 1990s,® owing to problems such as cycle
capability and cost when used with other material combina-
tions. If conventional active materials are replaced with new
materials with higher energy densities, it is possible to signifi-
cantly improve the energy density of the LIBs. Therefore, in this
study, we have examined the use of iron oxide as a high-energy
density anode material. While iron oxides are abundant, inex-
pensive, and environmentally friendly, they are fraught with
several problems, the most important of which is cycle deteri-
oration. Cycle deterioration is caused by several factors such as
the decomposition of the electrolyte solution and loss of the
conductive path owing to electrode collapse.* In particular,
large volume change of the anode material during cycling cau-
ses the destruction of the solid electrolyte interface (SEI)* and
loss of the conductive path.® Reducing the extent of volume
change would suppress these problems; nano-scale processing
of active material particles has been studied for this purpose.”™
Although the volume change ratio depends on material-specific
quantities, it is possible to control the extent of volume change
by controlling the particle size of the active material. Further,
nano-scale processing decreases the chemical reaction resis-
tance owing to the short ion diffusion distance. However, there
are various other problems with using nano-sized active mate-
rial particles such as poor dispersibility owing to an increase in
the van der Waals force, low initial coulombic efficiency owing

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustration of self-standing active material

composite carbon nanofibrous electrodes for lithium ion battery
applications.

to high specific surface area, and low safety owing to high
chemical activity. In order to solve these problems, electrodes
prepared using composites of nano-scale active materials and
carbon have been proposed in a previous study,’ since the
interfacial area between the electrolyte and active material is
reduced by the composite effect. This suppresses the SEI
growth, which improves the coulombic efficiency.

The second solution for achieving superior performance
metrics in batteries is reduction in the amount of non-active
materials such as conductive agents, binders, separators, and
electrolyte. In general, reducing the amounts of these materials
causes some performance degradation owing to poor strength
and poor adhesion to the collector. Hence, non-woven carbon
electrodes have been proposed as self-standing electrodes in
previous studies.'® These electrodes do not need a current
collector and binder because they are free-standing and exhibit
good conductivity. Non-woven carbon anodes also act as active
materials.

Electrospinning has been proposed as a method for fabri-
cating non-woven carbon electrodes with high specific surface
area. It is a facile method for fabricating nanofibrous non-woven
polymer membranes, which are used in various applications such
as anti-fouling™* as well as in the electronics,"** tissue engi-
neering,'*"” and filtration field."®* The electrospun nanofiber
membranes possess high specific surface area, high porosity, and
low weight, and are self-standing and are prepared by the
carbonization of electrospun PAN nanofibers. They exhibit high
specific surface area and high conductivity. Self-standing metal
oxide/carbon composite nanofibers prepared by electrospinning
using a polymer containing a metal precursor followed by
carbonization have also been proposed,**** as shown in Fig. 1.

In this study, we investigate the influence of carbonization
temperature and press processing on the electrical character-
istics of iron oxide/carbon composite nanofibers.

Experimental
Materials

Polyacrylonitrile (PAN, average M,, ~150 000) was purchased
from Sigma-Aldrich (USA). N,N-dimethylformamide (DMF;
99.5%) was purchased from Tokyo Chemical Industry Co. Inc.
(Tokyo, Japan). Iron(m) nitrate nonahydrate (Fe(NOs);-9H,0)
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was purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo,
Japan). Plastic syringes and needles (21G 1/2) were purchased
from Terumo (Tokyo, Japan). LiPFg (1 mol L™') in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1 : 1 v/v%) solution
was purchased from Kishida Chemical (Osaka, Japan).

Electrospinning of PAN/Fe(NOs);-9H,0 composite nanofibers

PAN (10 wt%) was dissolved in DMF containing 15 wt%
Fe(NO3);-9H,0 with stirring for at least 48 h at 60 °C. The
solution was loaded into a plastic syringe and Al substrates were
mounted on a metal collector. The applied voltage was set to 10
kv, the distance between the needle tip and collector was set to
20 cm, the solution flow rate was 1.0 mL h™', and humidity was
maintained at 30-40% by silica gel. After electrospinning, the
as-spun membranes were removed from the Al collector and cut
into 3 cm X 3 cm pieces. The membranes were then sand-
wiched between flat metal plates covered by a PTFE film and
placed in a hot press set at zero pressure until the temperature
of the plates reached 110 °C. Then, 2 MPa pressure was applied
between the plates for 3 min. Next, the pressure was released
completely, and the sample was allowed to cool to room
temperature.

Carbonization of electrospun nanofibers

The PAN/Fe(NO3);-9H,O component nanofibers were first
stabilized in air at 280 °C for 2 h (heating rate: 1 °C min~") and
then carbonized in N, atmosphere at 600, 700, and 800 °C for
1 h (heating rate: 5 °C min~ "), as shown in Fig. 2.

Characterization of composite nanofibers

The surface morphology of the self-standing iron oxide carbon
composite nanofibers was determined with a field emission
scanning electron microscope (S-4700, Hitachi, Tokyo, Japan)
and accelerated surface area and porosimetry system (ASAP,
shimadzu, Kyoto, Japan). The carbon microstructure of these
nanofibers was measured using Raman spectroscopy (inVia
confocal Raman microscope, Renishaw, Gloucestershire,
United Kingdom), whereas the thickness of the nanofibers was
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Fig. 2 Schematic illustration of the electrospun carbon nanofiber
fabrication process.
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measured using a Digimatic Outside Micrometer (MDE-25M],
Mitutoyo, Kanagawa, Japan).

The electrochemical properties of the self-standing iron
oxide/carbon composite nanofibers were characterized using
2032 coin cells with a lithium metal foil as the anode. Copper
foil collector and poly (vinylidene fluoride) binder were not used
in the preparation of the working electrodes for these 2032 coin
cells. The separator consisted of a 25 um microporous mono-
layer membrane (Celgard 2500, Celgard, Charlotte, North Car-
olina, USA), whereas the electrolyte was 1 mol L™ LiPF4 in EC/
DMC (1 :1 v/v%). The cells were assembled in a dry air-filled
glove box (Galaxy, Matsuura Manufactory Corporation, Tokyo,
Japan) and cycled in the voltage range of 3.0-0.05 V with a multi-
channel charge-discharge device (H]J-1001SMB, Hokuto Denko
Corporation, Tokyo, Japan). The current value for the 1% to 5™
charge-discharge cycles was 100 mA g~ '. The current was then
increased to 250, 500, 1000, and 2500 mA g~ * every three cycles
for examining the current load characteristics. Finally, the
current value reverted to 100 mA g~ '. We calculated the direct
current resistance from the IR drop after 1 s at 1000 mA g~ .

Results and discussion

FE-SEM images of the surface morphology of the iron oxide/
carbon composite nanofibers are shown in Fig. 3. Under iden-
tical carbonization conditions, a larger number of pores form
on the surface of the iron oxide/carbon composite nanofibers
subjected to press processing compared to those not subjected
to press processing. These differences are attributed to the
reactivity differences between iron oxide and the carbon nano-
fibers. We believe that two factors cause reactivity differences in
this reaction. The first is the influx of atmospheric oxygen into
the experimental system, whereas the second factor is the
presence of oxygen-containing materials in the reaction system.
In this study, we think that the second factor is crucial. Oxygen
present in iron oxide likely reacts with the carbon nanofibers
and nano-scale processing promotes the reaction owing to
increased specific surface area. Thus, nano-sized iron oxide
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decomposes the carbon nanofibers to carbon dioxide during
carbonization. This decomposition reaction was confirmed by
the weight retention measurements obtained at various
carbonization temperatures as shown in Fig. S1.7 These results
show that while the presence of iron oxide and increase in
carbonization temperature promote carbon decomposition,
press processing does not promote carbon decomposition. On
the other hand, under identical press processing conditions,
the number of pores increases with increase in the carboniza-
tion temperature. While the iron oxide/carbon composite
nanofibers subjected to press processing exhibit pores, regard-
less of the carbonization temperature, the self-standing iron
oxide/carbon composite electrospun nanofibers not subjected
to press processing exhibit pores at a carbonization tempera-
ture of 800 °C. Press processing is found to promote oxidation
degradation by iron oxide. Fig. S21 shows that the density of the
nanofibers increases with decreasing thickness at all carbon-
ization temperatures. The increasing density enhances the
interactions between the iron oxide and electrospun carbon
nanofibers.

Raman spectra of the self-standing iron oxide/carbon
composite electrospun nanofibers under various preparation
conditions are shown in Fig. S3.1 The extent of graphitization of
the samples was estimated by considering the ratio between the
D-band (disorder-induced phonon mode; 1250 and 1450 cm )
and G-band (graphite band; 1550 and 1660 cm™') intensities.
The former can be attributed to defects and disordered portions
of carbon (sp*-coordinated), whereas the latter can be attributed
to ordered graphitic crystallites of carbon (sp*-coordinated).
The ratio between the D-band and G-band intensities (Ip/I;) can
be used to analyze the number of carbon defects in the self-
standing iron oxide/carbon composite electrospun nanofibers.
A low Ip/Ig ratio indicates a large amount of sp>-coordinated
carbon. The Iy/I; ratios of self-standing iron oxide/carbon
composite electrospun nanofibers under various preparation
conditions are shown in Fig. 4.

The Ip/I; ratio decreases as the carbonization temperature
increases from 600 to 800 °C. From these results, it may be

Fig.3 FE-SEMimages of self-standing iron oxide/carbon composite electrospun nanofibers: (a) before carbonization, without press processing;
(b) carbonization at 600 °C, without press processing; (c) carbonization at 700 °C, without press processing; (e) carbonization at 800 °C, without
press processing; (e) before carbonization, with press processing; (f) carbonization at 600 °C, with press processing; (g) carbonization at 700 °C,
with press processing; (h) carbonization at 800 °C, with press processing.
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Fig. 4 Raman spectra of self-standing iron oxide/carbon composite
electrospun nanofibers; (red) carbonization at 600, 700, and 800 °C
without press treatment; (blue) carbonization at 600, 700, and 800 °C
with press treatment.

concluded that increasing the carbonization temperature
promotes graphitization, with the Ip/I ratio decreasing as the
carbonization temperature increases from 600 to 800 °C.

Fig. 5 shows the 1°' to 3™ charge/discharge curves of the self-
standing iron oxide/carbon composite nanofibers prepared
under various conditions. The initial discharge capacity is
observed during the 1°* discharge for all the samples owing to
the initial SEI generation at the surface and the presence of
mesopores in the carbon nanofibers.”® On the other hand, the
2" and 3™ charge/discharge curves for the nanofibers overlap,
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suggesting that the SEI is formed during initial discharge and
becomes stable after the 1°° cycle. The capacity after stabiliza-
tion is the sum of the electrode capacities of the carbon nano-
fibers and iron oxide. The iron oxide reaction is represented by
the following equation:

Fe,O; + 6Li* + 6e~ — 2Fe + 3Li,O (1)
or

Fe;04 + 8Li" + 8¢~ — 3Fe + 4Li,0 (2)

The theoretical reversible capacity of Fe,O; and Fe;O, are
1007 and 926 mA h g, respectively. On the other hand, the
theoretical reversible capacity of carbon nanofiber is about 400
mA h g7, as shown in Fig. S4.F In the past paper, type of iron
oxide was referred to as Fe;04.>**® The self-standing iron oxide/
carbon composite nanofibers subjected to carbonization at
600 °C and press processing exhibit the lowest capacity during
the 1% discharge cycle owing to the poor conductivity of the
fibers, as shown in Fig. S5.1 These conductivity differences can be
observed from the change in the position of the initial discharge
plateau due to ohmic drop. The pores caused by the presence of
iron oxide and the disordered portions of carbon caused by low-
temperature carbonization reduce the conductivity of the nano-
fibers. Thus, the total capacity of carbon nanofibers and iron
oxide decreases at low carbonization temperatures and press
treatment. The results indicate that a certain level of graphitiza-
tion is necessary to achieve a certain capacity.
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Fig.5 1% to 3™ charge—discharge curves of self-standing iron oxide/carbon composite electrospun nanofibers at 100 mA g~*; (a) carbonization
at 600 °C, without press treatment; (b) carbonization at 700 °C, without press treatment; (c) carbonization at 800 °C, without press treatment; (d)
carbonization at 600 °C, with press treatment; (e) carbonization at 700 °C, with press treatment; and (f) carbonization at 800 °C, with press

treatment.
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Fig. 6 Capacity of self-standing iron oxide/carbon composite electrospun nanofibers carbonized at 600, 700, and 800 °C, with and without
press treatment expressed in (a) per unit weight and (b) per unit volume.

Fig. 6 shows the capacity per unit weight and volume of the
self-standing iron oxide/carbon composite electrospun nano-
fibers under all the preparation conditions. The results indicate
that carbonization and press processing increase the capacity
per unit volume of the nanofibers. Carbonization shrinks the
nanofibers, whereas press processing increases the nanofiber
density, owing to improved electrode density as shown in
Fig. S2.} In addition, Fig. S2} also indicates that the nanofiber

electrodes exhibit low electrode density and consequently, low
energy density, in general. This fact has not been discussed in
most of the previous reports. Therefore, research into nanofiber
electrodes requires investigation into techniques for electrode
density enhancement, such as press processing.

Fig. 7 shows that self-standing iron oxide/carbon composite
electrospun nanofibers prepared by carbonization at 800 °C
without press processing exhibit the highest capacity retention
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Fig. 7 Rate capabilities of self-standing iron oxide/carbon composite nanofibers: (a) carbonization at 600 °C, without press treatment; (b)
carbonization at 700 °C, without press treatment; (c) carbonization at 800 °C, without press treatment; (d) carbonization at 600 °C, with press
treatment; (e) carbonization at 700 °C, with press treatment; (f) carbonization at 800 °C, with press treatment.
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Fig. 8 Direct current resistance of self-standing iron oxide/carbon
composite electrospun nanofibers: carbonization at 600, 700, and
800 °C with and without press treatment.

of 61% at 2500 mA g~ '. Increasing the carbonization tempera-
ture increases the capacity retention, whereas press processing
decreases the retention of rate capability. These differences in
rate capability retention are caused by differences in electrode
resistance, as can be observed from direct current resistance in
Fig. 8. These can be attributed to change of the pore structure in
Fig. S7.7 The pore structure of self-standing iron oxide/carbon
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composite nanofiber carbonized at 800 °C, with press treat-
ment changes from type II to type IV.

Fig. 9 shows the discharge curves measured during the cycle
tests. In general, a high-capacity electrode has lower cycle
durability owing to the higher volume change as compared to
that of graphite.”**”

These results indicate that all the samples exhibit high cycle
durability, regardless of calcination and press conditions. Such
high cycle durability is thought to suppress electrode destruction
by the nano-iron oxide and carbon nanofiber composites. It is
difficult to achieve cycle durability in conventional electrode
structures in the absence of a binder and current collector. In
addition, it can be seen that the resistance increases only slightly
since the discharge cycle curves overlap. If there is a large increase
in resistance, a voltage peak is expected to appear on the discharge
curve. This would suppress the destruction of the conductivity path
between the nano-iron oxide and carbon nanofiber composite.
Thus, the nano-iron oxide and carbon nanofiber composite
suppresses the increase in resistance due to cycling.

Increase in the carbonization temperature increases the rate
capabilities. This causes more ordered graphitic crystallite
growth when the carbonization temperature is increased.”® On
the other hand, press treatment significantly improves the
volumetric energy density. Further, nanofibers exhibit high
cycle durability under all the preparation conditions. Knowl-
edge of such processing parameters is important for the
development of electrode materials in the future.
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Fig. 9 Cycle test discharge curves of self-standing iron oxide/carbon composite nanofibers; (a) carbonization at 600 °C, without press treat-
ment; (b) carbonization at 700 °C, without press treatment; (c) carbonization at 800 °C, without press treatment; (d) carbonization at 600 °C,
with press treatment; (e) carbonization at 700 °C, with press treatment; (f) carbonization at 800 °C, with press treatment at 100 mA g%,
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Conclusions

We fabricated the iron oxide/carbon composite nanofibrous
electrode with excellent cycle characteristics. Some electrodes
showed the capacity of about 600 mA h g~ without using non-
active materials such as conductive agents, binders, and sepa-
rators. The results of the rate capabilities indicate that
increasing the carbonization temperature improves the elec-
trical characteristics of the electrode such as capacity and rate
capabilities. On the other hand, press processing improves the
capacity density per unit volume, whereas it reduces the rate
capabilities of the electrode. It is found that the nano-iron oxide
in the electrode oxidizes carbon nanofibers with press pro-
cessing. In the future, we plan to propose a fabrication method
in which such oxidation does not occur. Such investigations are
useful for improving the performance of iron oxide/carbon
composite nanofibers for LIB anodes.
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