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Highly integrated and interconnected CNT hybrid nanofibers
decorated with o-iron oxide as freestanding anodes for flexible
lithium polymer batteries

Describing highly integrated and interconnected carbon
nanotubes (CNTs) in the a-Fe,O3/CNT composite nanofiber
conducted as an electron transfer pathway during repeated
cycling in the flexible rechargeable lithium ion batteries.
Numerous nanovoids between the CNTs facilitated the
penetration of electrolyte which promoted Li* ion diffusion
into the structure for flexible batteries.
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Highly integrated and interconnected carbon nanotube (CNT) hybrid nanofibers decorated with a-Fe,O3
(denoted hereafter as HI-CNT/Fe,Oz nanofibers) were first introduced for potential use as freestanding
anodes in flexible lithium polymer batteries. CNTs were modified to have a carboxyl group attached.
Polyacrylonitrile (PAN) was also hydrolyzed, forming sulfonated polyacrylamide. Dipole-dipole
interactions and hydrogen bonding between CNTs and PAN can form Fe(acac)s—PAN-CNT complexes,

thus allowing for the formation of highly integrated CNTs in a stable jet without being aggregated during

iiﬁ:;i%ét;rfizfiyzﬁég electrospinning. The discharge capacity of a freestanding HI-CNT/Fe,Oz nanofiber anode after 100
cycles at 100 mA g~* was 651 mA h g~1 The specific capacity of a flexible full-cell combined with

DOI: 10.1039/c9ta01374a a LiFePO, cathode was maintained at 148.5 mA h g~ (cathode-based) even after bending for 10 cycles
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Introduction

With the rapid growth of the market for flexible and wearable
electronic devices, improved properties of batteries have
attracted much attention to supply high power for devices.'*
Lithium polymer batteries are the most suitable power sources
for flexible and wearable electronic devices because of their
higher energy density, higher output voltage, longer cycle life,
and environmentally benign operation compared to other
batteries such as alkaline batteries and supercapacitors.>™
However, lithium polymer batteries that are currently in use
require enhancement of many electrochemical properties such
as energy density, rate characteristics, and stability. Moreover,
graphite-based conventional lithium ion batteries are unsuit-
able for high-energy density flexible polymer batteries because
they are limited by their theoretical capacity of
372 mA h g o

Transition metal oxides (TMOs) could serve as alternatives
for flexible lithium polymer batteries. They have been widely
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as compared with 148.9 mA h g~* before bending.

studied for decades.”™® Specifically, iron oxide materials that
can store Li' ions via a conversion reaction have recently
attracted increased attention as promising anode materials
because of their high theoretical capacity (1007 mA h g ),
nontoxicity, low cost, and safety.>* These properties made
them significantly important in applications such as flexible
lithium polymer batteries. However, the large volume expansion
during electrochemical reactions and the low electrical
conductivity of a-Fe,O; have led to a rapid capacity drop and
large cell resistance as well as rigid inherent properties of a-
Fe, 03, all of which hindered their practical application in flex-
ible lithium polymer batteries. Therefore, a novel strategy is
needed for a-Fe,O; anode materials to be applied in flexible
lithium polymer batteries with high energy density.>*>*

Based on these viewpoints, highly integrated and inter-
connected CNT hybrid nanofibers decorated with a-Fe,O3 could
be a tactic to solve these problems. CNTs in the composite
functioned as an electron transfer pathway during repeated
cycling. Numerous nanovoids between CNTs also facilitated the
penetration of electrolyte which promoted Li" ion diffusion into
the structure. Moreover, the CNT framework successfully
reduced stress induced by volume variation of a-Fe,O; particles
by surrounding the particles and flexible system during cycling.
Therefore, studies for synthesizing CNT composites with Fe,O3
prepared by diverse processes have been introduced. Gao et al.*”
prepared an Fe,O3/CNT composite, in which CNTs are in situ
attached to Fe,O; submicron spheres, by a hydrothermal
process. Further, Yu et al.”® filled Fe,O; nanoparticles into the

This journal is © The Royal Society of Chemistry 2019
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hollow core of high aspect ratio CNTs via a chemical vapor
deposition process. Bak et al.** deposited Fe,O; nanoparticles
on functionalized CNTs through a two-step process. Zhao et al.>®
produced Fe,Oz-decorated CNTs with a “nanohorn”
morphology by a hydrothermal method. Yan et al.*' produced
a hybrid nanostructure by coating Fe,O; nanoparticles with
multi-walled CNTs. However, to date, highly integrated and
interconnected CNT hybrid nanofibers decorated with Fe,O;
nanoparticles have been scarcely studied. This is due to the
agglomeration of CNTs in solutions caused by van der Waals
forces, which impeded the synthesis of highly integrated CNT
composites.

In this study, highly integrated and interconnected CNT
hybrid nanofibers decorated with o-Fe,O; were successfully
prepared for flexible lithium polymer batteries. For this, CNTs
were modified by having carboxyl groups attached using
a HNO3/H,SO, solution. PAN was also hydrolyzed, forming
sulfonated polyacrylamide. Therefore, dipole-dipole interac-
tions and hydrogen bonding between CNTs and PAN can form
Fe(acac);—~PAN-CNT complexes which allows for the formation
of a stable jet containing highly integrated CNTs without being
aggregated during the electrospinning process. Highly inte-
grated CNT hybrid nanofibers decorated with o-Fe,O; showed
superior cycle performance and rate performance as free-
standing anodes for flexible Li" ion batteries due to the syner-
getic effects of their unique one-dimensional nanostructure and
the highly integrated and interconnected CNTs. The formation
mechanism of such unique hybrid nanofibers and their elec-
trochemical properties as freestanding anodes for flexible
lithium polymer batteries were investigated in detail.

Experimental
Sample preparation

Highly integrated and interconnected CNT hybrid nanofibers
decorated with a-Fe,O; were prepared by the electrospinning
process with a subsequent simple heat-treatment. In particular,
a colloidal solution for electrospinning was prepared by dis-
solving 3.0 g of iron(m) acetylacetonate [Fe(acac)s;, Junsei,
98.0%] and 1.5 g of sulfonated polyacrylonitrile [PAN, M:
150 000, Sigma-Aldrich] in a mixed solution containing 20 mL
of dimethylformamide [DMF, Samchun, 99.8%] and 1.0 g of
acid-treated CNTs. For this purpose, CNTs (MWCNTs, Cheap
Tubes Inc., Cambridgeport, USA; OD: 20-30 nm, length: 10-30
pm, purity: >95.0 wt%) were modified using a HNO3/H,SO,
(1 : 3 vol%) acid solution at 80 °C and washed with a solution of
distilled water and ethyl alcohol. Subsequently, these acid-
treated CNTs were freeze-dried. In order to prepare the spin-
ning solution, PAN was also sulfonated beforehand with
a H,S0, acid solution at 80 °C. The prepared colloidal solution
was loaded into a plastic syringe equipped with a 21-gauge
stainless steel nozzle. The loaded solution was ejected at a flow
rate of 2 mL h™". The rotation speed of the drum collector was
set at 150 rpm. The distance between the tip and the collector
was fixed at 15 cm. The voltage applied between the collector
and the syringe tip was maintained at 25 kV. Precursor Fe(acac)/
PAN/CNT composite nanofibers obtained after electrospinning
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were stabilized at 100 °C for 3 h in air. Finally, highly integrated
and interconnected CNT hybrid nanofibers decorated with a-
Fe,O; were obtained after heat-treatment at 350 °C for 3 h in air.
For simplicity, highly integrated CNT hybrid nanofibers deco-
rated with a-Fe,O; are referred to as “HI-CNT/Fe,O; nanofibers”
hereafter.

Gel-polymer electrolyte (GPE) preparation

A polyimide (PI)-based gel-polymer electrolyte (GPE) was
prepared by electrospinning followed by subsequent imidiza-
tion.*” In order to obtain a poly (amic acid) (PAA) solution,
1,2,4,5-benzenetetracarboxylic dianhydride (PMDA) and 4,40-
oxydianiline (ODA) were mixed together. A PAA matrix was then
prepared by electrospinning. The as-prepared PAA matrix was
converted into a PI matrix through a five-step heat treatment-
induced imidization (at 70 °C for 30 min, 120 °C for 30 min,
200 °C for 60 min, 300 °C for 30 min, and 400 °C for 1 h) under
nitrogen atmosphere. The gel-polymer electrolyte was prepared
by soaking the electrospun PI matrix for 3 min in a solution of
1 M LiPF in ethylene carbonate (EC)/dimethyl carbonate (DMC)
(1 : 1 by vol.) (PanaX. Etec Co.).

Characterization techniques

Morphologies of HI-CNT/Fe,O; nanofibers were examined by
field-emission scanning electron microscopy (FE-SEM, ULTRA
PLUS, ZEISS) and field-emission transmission electron
microscopy (FE-TEM, JEOL, JEM-2100F). Phases were analyzed
by X-ray diffractometry (XRD, D8 Discover with GADDS, Bruker)
using Cu K, radiation (A = 1.5418 A). Structures of carbona-
ceous materials in the composite were characterized at room
temperature via Raman spectroscopy (Jobin Yvon LabRam,
HR800, excitation source = 514 nm He-Ne laser). X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha) with
focused monochromatic Al K, radiation at 12 kV and 20 mA was
used to analyze the composition of these nanofibers. The
surface area of the sample was measured using the Brunauer-
Emmett-Teller (BET) method with N, as the adsorbate gas.
Thermogravimetric (TG) analysis was performed using a Pyris 1
TGA (Perkin Elmer) within the temperature range of 25-700 °C
at a heating rate of 10 °C min ' in air.

Electrochemical measurements

Electrochemical properties of self-supported HI-CNT/Fe,O3
nanofibers were analyzed by constructing pouch-type flexible-
cells using the PI-based gel-polymer electrolyte without a sepa-
rator. For a half-cell, lithium metal was used as the counter
electrode. The gel-polymer electrolyte was prepared by soaking
the PI matrix in a solution of 1 M LiPF, in ethylene carbonate
(EC)/dimethyl carbonate (DMC) (1 : 1 by vol.). The anode was
prepared by mixing HI-CNT/Fe,O; nanofibers, carbon black,
and poly vinylidene fluoride (PVDF) in a weight ratioof 8 : 1 : 1.
Charge/discharge characteristics of samples were measured at
various current densities in the voltage range of 0.001-3.0 V.
Cyclic voltammograms (CVs) were recorded at a scan rate of
0.01 mV s~ ', The size of the negative electrode containing the
sample was 0.95 cm” and the mass loading was approximately
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2.5 mg cm” %, A pouch-type flexible full-cell was also fabricated
using an anode of HI-CNT/Fe,O; nanofibers and a LiFePO,
cathode. Each electrode was prepared by mixing active material,
carbon black, and PVDF in a weight ratio of 8 : 1 : 1. The loading
mass of the LiFePO, cathode was 6.1 mg cm ™ > while that of the
anode was kept at 1.9 mg cm 2. Constant current tests were
carried out in a voltage window of 2.5-4.0 V. Rate performances
were investigated at different current densities ranging from
0.5C (0.23 mA cm 2) to 1C (0.46 mA cm ?). The electrode
capacity of the full-cell was calculated according to the weight of
the cathode material.

Results and discussion

The synthetic strategy for the highly integrated and inter-
connected CNT hybrid nanofibers decorated with o-Fe,O;
nanoparticles (HI-CNT/Fe,O; nanofibers) as freestanding
anodes for flexible lithium polymer batteries is described in
Scheme 1. In this study, efficient dispersion of Fe(acac);, PAN,
and acid-treated CNTs in the spinning solution prevented the
aggregation of CNTs, a key factor for the formation of these
highly integrated and interconnected CNT hybrid nanofibers. In
the colloidal spinning solution, aggregation of CNTs induced by
van der Waals forces was effectively prevented by the formation
of homogeneous complexes of Fe(acac);-PAN-CNTs in DMF. By
modifying CNTs using a HNO3/H,SO, acid solution, a carboxylic
group (-COOH) was attached onto CNTs.**** Subsequently,
acid-treated CNTs were added into a DMF solution containing
both modified PAN and Fe(acac); salt. PAN was also pre-
sulfonated. The electrophilic nitrile (-C=N) group of PAN was
hydrolyzed to form a sulfonated polyacrylamide (-SO3H, O=C-
NH,) group.**?*® The attachment of carboxylic groups on CNTs

.

1oy

] .
Fe(acac) ;-PAN-CNTs h

Formation

in DMF Sulfonated PAN
SOH T of Stable Jet
| !
Ti T Evaporation
H ﬁ— NH, of DMF
o n ;
@ Fe(acac) 3
@ a-Fe,0;
PAN Removal

B

HI-CNT/Fe,0; Fe(acac) /PAN/CNTs

Scheme 1 Detailed formation mechanism of HI-CNT/Fe,Os nano-
fibers by electrospinning and subsequent heat-treatment.
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and sulfonated polyacrylamide groups on PAN after acid-
treatment were directly proven by FT-IR results (Fig. S17).
Carboxylic groups of acid-treated CNTs have dipole-dipole
interactions and hydrogen bonding with sulfonated poly-
acrylamide groups of PAN.** Additionally, the Fe(acac);
precursor could be adsorbed onto both acid-treated CNTs and
sulfonated polyacrylamide, resulting in the formation of
a uniform complex of Fe(acac);-PAN-CNTs.**** Thus, a stable
jet containing highly integrated CNTs was generated without
being agglomerated during the electrospinning process.
Subsequently, the jet was solidified into nanofibers by DMF
evaporation from the nanofiber surface. As a result, Fe(acac)s/
PAN/CNT composite precursor nanofibers were obtained
following the spinning process. Subsequently, a-Fe,O; nano-
particles were formed around CNTs by the conversion of the
precursor Fe(acac); during a simple heat-treatment process at
350 °C. Concurrently, modified PAN in the composite was
selectively removed by carbonization and subsequent decom-
position into CO, gas, leading to the formation of numerous
mesopores around CNTs. Through a series of procedures,
highly integrated and interconnected CNT hybrid nanofibers
decorated with a-Fe,O; nanoparticles were finally obtained, as
described in Scheme 1.

The synthetic strategy for HI-CNT/Fe,O; nanofibers was
determined by examining morphological and phase changes of
nanofiber structures induced by each step. Nanofiber
morphologies, the FT-IR spectrum, and the XRD pattern of the
as-spun Fe(acac);/PAN/CNT composite nanofibers are shown in
Fig. 1. After spinning, the composite nanofibers exhibited
a uniform diameter of 500 nm and a rough nanofiber surface as
shown in Fig. 1a and b. CNTs were highly integrated and
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Fig. 1 (a and b) FE-SEM images, (c) FT-IR spectrum, and (d) XRD

pattern of the as-spun Fe(acac)s/PAN/CNT composite nanofibers
obtained after electrospinning.
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interconnected as a bundle in the as-spun nanofiber structure
as indicated by the cross-sectional FE-SEM image shown in
Fig. 1b. Acid-treated CNTs with a carboxylic group (-COOH)
have dipole-dipole interactions and hydrogen bonding with
sulfonated polyacrylamide groups (-SO;H, O=C-NH,) of
modified PAN. Related functional groups were verified in FT-IR
results shown in Fig. 1c. The functional group of sulfonated-
polyacrylamide for sulfonated PAN was determined by the
amide group (NH,-C=O0) and sulfonic acid group (SOz;H)
characterized by five peaks of N-H, C-N, C=0, O=S=0, and
C-S. Therefore, 588 cm™* (N-H), 1214 cm ™ * (C-N), 1580 cm ™"
(C=0), 1197 ecm ! (0=S=0), and 1040 cm ' (C-S) were defi-
nitely confirmed in Fig. 1c.>**> Peaks located at 1640 cm ™' (C=
0) and 3400 cm ™' (O-H) corresponding to the carboxylic acid
group (-COOH) attached onto surfaces of the acid-treated CNTs
were also confirmed.*»** The as-spun nanofibers were
composed of the precursor Fe(acac);, modified PAN, and acid-
treated CNTs, in which the phase of Fe(acac); was confirmed
in the XRD pattern as shown in Fig. 1d.** The TG curve of the as-
spun nanofibers shown in Fig. S2t exhibited a three-step weight
loss up to 600 °C. The first weight loss of 10% up to 250 °C was
caused by evaporation of adsorbed water in the structure. The
second weight loss of 62% between 250 °C and 300 °C was
attributed to decomposition of modified PAN in composite
nanofibers. CNTs constituting the nanofibers were decomposed
at temperatures above 500 °C. Therefore, appropriate heat-
treatment temperature of the resulting nanofibers should be
below 500 °C to maintain the CNT framework.

HI-CNT/Fe,0; nanofibers were obtained after heat-treating
the as-spun Fe(acac);/PAN/CNT composite nanofibers at
350 °C in an air atmosphere. A heat-treatment temperature of
350 °C was suitable for selectively removing modified PAN in the
as-spun Fe(acac);/PAN/CNT composite. At this temperature,
CNTs were not decomposed as confirmed by TGA results of the
as-spun Fe(acac);/PAN/CNT composite nanofibers shown in
Fig. S2a.f The resulting HI-CNT/Fe,O; nanofibers showed
much rougher nanofiber surfaces than the as-spun nanofibers
as shown in Fig. 2a. During heat-treatment, the PAN content in
the composite was decomposed into gaseous CO, and then
removed, leading to CNT exposure on the nanofiber surface.
These highly integrated CNTs (as indicated by arrows) and the
CNT bundle constituting these nanofibers are shown in the
fractured FE-SEM image (Fig. 2b). These CNTs were connected
to provide a conductive path for electrons for a fast discharge/
charge process during repeated cycles. Highly integrated and
interconnected CNTs in the structure were further verified by
TEM images shown in Fig. 2c and d. In particular, numerous
mesopores formed by PAN decomposition in the composite
around CNTs during heat-treatment were observed in Fig. 2c.
Mesopores in the composite could provide additional contact
surfaces between active materials and the electrolyte which
could promote fast ionic/electronic diffusion, resulting in
improved rate properties of the electrode. Numerous inter-
connected CNTs with lattice fringes separated by 0.34 nm
corresponding to the (002) plane of CNTs were observed in the
high-resolution TEM (HR-TEM) image shown in Fig. 2d.
Additionally, o-Fe,O3; nanocrystals (as indicated by stars)
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Fig.2 Morphologies, SAED pattern, and elemental mapping images of
HI-CNT/Fe,O3 nanofibers obtained after heat-treatment at 350 °C: (a
and b) FE-SEM images, (c) TEM image, (d and e) HR-TEM images, (f)
SAED pattern, and (g) elemental mapping images.

formed by conversion from the precursor Fe(acac); during
heat-treatment were decorated around CNTs as shown in
Fig. 2e. As shown in Fig. 2e, lattice fringes displaying an
interplanar spacing of 0.25 nm matching well with the (311)
plane of a-Fe,O3; were confirmed.*>*® The growth of a-Fe,0O;
nanocrystals in the composite was effectively interrupted when
surrounded by carbon decomposed from PAN and CNTs
during heat-treatment at a low temperature of 350 °C, leading
to small crystallite sized a-Fe,O; nanoparticles of around
5 nm. Nano-sized a-Fe,O; could ensure short transport length
for Li" ions and electrons during the charge/discharge process,
resulting in enhanced rate -capability. Additionally, it
decreases stress induced by the severe volume variation of a-
Fe,03 upon cycling, leading to improved capacity retention.
The selected area diffraction (SAED) pattern shown in Fig. 2f
further proved the formation of a-Fe,O; nanocrystals around
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the CNT framework. Elemental mapping images shown in
Fig. 2g confirmed the homogeneous distribution of Fe, O, and
C elements, implying that ultrafine a-Fe,O; nanocrystals were
uniformly adorned on the highly integrated CNT framework.
Characteristics of the resulting HI-CNT/Fe,O; nanofibers are
shown in Fig. 3. Both low-crystalline a-Fe,O; and CNT phases
were confirmed from XRD results of HI-CNT/Fe,O; nanofibers
shown in Fig. 3a. The presence of a-Fe,O; was later confirmed
more clearly by Raman spectroscopy. Chemical information of
HI-CNT/Fe,0; nanofibers was investigated by analyzing the XPS
spectra shown in Fig. 3b-d. The spectrum was deconvoluted by
Gaussian curve fitting to estimate the proportions of phases. In
Fig. 3b, the survey XPS spectrum revealed the presence of the
elements Fe, C, and O in the structure. The high-resolution Fe
2p XPS spectrum (Fig. 3c) clearly showed both Fe®" peaks at
710.3 and 723.8 eV and Fe*" peaks at 712.2 and 725.6 €V along
with their satellite peaks at 719.3 and 733.2 €V, in good agree-
ment with results previously reported in the literature for o-
Fe,03.*** In the C 1s XPS spectrum shown in Fig. 3d, intense
peaks located at 246.3, 285.7, and 286.5 eV corresponded to C-
C/C=C, C-0, and C=O0, respectively.*** The C-O and C=0
peaks originated from general heat-treated CNTs with oxygen-
containing groups formed during treatment at 350 °C. Raman
spectroscopy was also employed to investigate the electronic
structure and degree of graphitization of HI-CNT/Fe,O; nano-
fibers as shown in Fig. 3e and f. Five strong resonance peaks at
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221, 287, 405, 497, and 609 cm ™ in the range of 100-700 cm ™"
were observed as shown in Fig. 3e, consistent with typical
frequencies observed for o-Fe,05;.°%** In addition, D-
(1345 ecm ') and G-bands (1593 cm™') generally used as
measures of structural disorder in graphitic materials were
detected in Fig. 3f.”* The relative intensity ratio of D to G bands
(Ip/Ig) of HI-CNT/Fe,O3; nanofibers was approximately 1.28.
The disorder of CNTs might be attributed to the presence of
substitutional heteroatom vacancies and other defects on
nanotube-walls formed by both acid-treatment of CNTs using
the HNO;/H,SO, solution and heat-treatment at 350 °C.>*** In
the same context, the D’ band at 1620 cm ™' suggesting high
defect densities in the CNTs was also confirmed in Fig. 3f.>¢
The Brunauer-Emmett-Teller (BET) surface area of HI-CNT/
Fe,0; nanofibers was 160 m” g~ *, which is much higher than
that of the as-spun Fe(acac);/PAN/CNT nanofibers (20 m* g~ ')
as shown in Fig. S3.f This high BET value was due to the
following factors: (1) the existence of CNTs, (2) mesopores
formed by PAN decomposition around CNTs, and (3) defects
formed by both acid- and heat-treatment of CNTs. The Barrett-
Joyner-Halenda (BJH) and density functional theory (DFT)
pore size distributions of HI-CNT/Fe,O; nanofibers in Fig. S3
and S4t showed micropores with diameters under 2 nm due to
CNTs and mesopores around 20 nm attributed to pores
between CNTs and pores formed by PAN decomposition. The
CNT content in the structure of HI-CNT/Fe,O; nanofibers was
estimated by TGA as shown in Fig. S2b.T The 10% weight loss
up to 200 °C is attributed to evaporation of adsorbed water.
Additionally, a small amount of residual C decomposed from
PAN in the as-spun nanofibers during heat-treatment at 350 °C
was decomposed into CO, gas, resulting in a weight loss of 5%
between 350 and 450 °C. The 38% weight loss over 450 °C
proved that a large amount of CNTs (38 wt%) were included in
HI-CNT/Fe,O; nanofibers. In order to apply the resulting HI-
CNT/Fe,O; nanofibers as self-supported anodes for flexible
lithium polymer batteries, HI-CNT/Fe,O; nanofibers were
finally prepared in the form of a sheet as shown in Fig. 4a. The
self-supported working electrode showed excellent flexibility
and robustness as it could be bent back and forth. The sheet of
HI-CNT/Fe,O; nanofibers was composed of thorny-bush-
shaped nanofibers interconnected with each other. The free-
standing PI matrix as a gel polymer electrolyte (GPE) was also
fabricated by electrospinning for the flexible battery as shown
in Fig. 4b. PAA nanofibers were transformed into PI nanofibers
with high thermal and mechanical stability by imidization.
Fig. 4b shows the FE-SEM image of the freestanding PI matrix
that consists of a well-connected porous structure with
a diameter of 400-800 nm, similar to the overall morphology.
The interconnected nanofiber network of the PI matrix
provided good impregnation of the electrolyte to obtain high
ionic conductivity. The yellow colored PI matrix had a high
thermal stability of 550 °C and a high mechanical strength of
37 MPa.*

CV curves of HI-CNT/Fe,O; nanofibers for the first five cycles
at a scan rate of 0.1 mV s " in the 0.001-3.0 V range are shown
in Fig. 5a. A distinct reduction peak at around 0.7 V was
observed in the first cathodic sweep. This was attributed to the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Photographs of (a) a HI-CNT/Fe,O3 nanofiber sheet as a self-
supported anode and (b) the Pl matrix as a gel polymer electrolyte.

reduction of o-Fe,O; to metallic Fe and the formation of
amorphous Li,O as well as the decomposition of organic elec-
trolyte to form a solid electrolyte interphase (SEI) layer.***¢*”
The peak at 0.05 V was associated with Li* ion intercalation into
CNTs in the composite.”®* Additionally, the reductive peak at
around 1.5 Vwas due to the reaction between functional groups
of CNTs and lithium metal.>*** In order to prove this, pure CNTs
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Fig.5 Electrochemical properties of the free-standing HI-CNT/Fe,O3
nanofiber electrode using the Pl electrolyte: (a) CV curve, (b) charge—
discharge profile, (c) cycling performance at a current density of
100 mA g%, and (d) rate performance.
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were acid-treated and subsequently heat-treated at 350 °C and
the CV curve of the treated CNTs was shown in Fig. S5.1 A broad
peak at around 1.5 V was observed, which is attributed to the
reaction between functional groups of CNTs and lithium metal.
The peak became very weak upon subsequent cycles, indicating
that an irreversible reaction happened only during the first
cycle. During the charging process, oxidation of Fe to Fe;0, and
Fe;0, to Fe,O; occurred at around 1.6 and 1.8 V, respec-
tively.*>***” The anodic peak at 0.25 V was attributed to de-
intercalation of Li" ions from CNTs. Another peak at around
1.0 V was attributed to partial decomposition of the SEI
layer.*®**® The main reduction peak at around 0.7 V shifted to
a slightly higher potential after the first cycle due to the
formation of ultrafine nanocrystals during the first cycle. The
good overlapping of the CV curves from the third cycle onward
revealed good reversibility of electrochemical reactions.*>**
Discharge-charge curves of HI-CNT/Fe,O; nanofibers as free-
standing anodes for the first, third, and fifth cycles at 0.1C are
shown in Fig. 5b. During the discharge process in the first cycle,
two flat sections were observed (at 1.5 V due to the reaction
between CNTs and lithium metal, and at 0.7 V due to the
reduction of «-Fe,O; to metallic Fe and the formation of
amorphous Li,0). Charge profiles showed a plateau from 1.0 to
1.8 V, corresponding to the oxidation of Fe nanocrystals. The
first discharge capacity was 1007 mA h ¢~ and the subsequent
charge capacity was 791 mA h g™, resulting in an irreversible
capacity loss of 20%. This irreversible capacity loss was due to
electrolyte decomposition and formation of the SEI on the
surface of HI-CNT/Fe,O; nanofibers. In the second cycle, the
capacity decreased to 792 mA h g~ It then remained stable in
the following cycles. Considering the theoretical specific
capacity of Fe,O; (1007 mA h ¢ ') and C (372 mA h g™ %), the
theoretical capacity of HI-CNT/Fe,O; nanofibers is about
766 mA h g~'. The extra capacity of HI-CNT/Fe,O; nanofibers
may be due to the partially reversible formation and decom-
position of the gel-like SEI film on the surface of the electrode
and pseudo capacitance.®* The high capacity of HI-CNT/Fe,03
nanofibers was attributed to the unique structure combining
the following advantages: high capacity contributed by a-Fe,O3,
fast ionic/electronic transport within the interconnected CNT
framework, and large contact area of a-Fe,O; with the electro-
Iyte. These provided fast lithium ion transport into the flexible
electrode.

The cycling performance of the freestanding HI-CNT/Fe,O3
nanofiber cell was further evaluated. As shown in Fig. 5c, even
after 100 cycles, the discharge capacity of HI-CNT/Fe,O; nano-
fibers remained at 651 mA h g '. Its capacity retention
measured from the fifth cycle was 94%. Although the
Coulombic efficiency during the first cycle was 80%, it quickly
increased to 91.7% during the third cycle and then further
increased to 99% during the 100™ cycle. Mesopores in the
composite and constituent CNT framework allow for a degree of
buffering against volume changes of o-Fe,O3 particles associ-
ated with phase transitions occurring during repeated cycles,
staving off the pulverization and agglomeration of the electrode,
thereby improving the cycling life of freestanding anodes. In
order to calculate the capacity contribution of the CNT
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framework to the HI-CNT/Fe,O; nanofiber electrode, HI-CNT/
Fe,O; nanofibers were etched with HCI solution, thus
obtaining pure CNT fibers as shown in Fig. S6.1f Complete
removal of a-Fe,O; from the structure was proven by EDS as
shown in Fig. Séb.f The first discharge-charge profile
confirmed that the CNT framework was pure carbon with
discharge and charge capacities of 828 and 343 mA h g *,
respectively, as shown in Fig. S6c.T The pure CNT framework
exhibited a reversible discharge capacity of 248 mA h g * at
a current density of 100 mA g~* for the 100" cycle as shown in
Fig. S6d.7 Therefore, the contribution of the CNT framework
to the discharge capacity of the HI-CNT/Fe,O; nanofiber
electrode could be estimated to be 13.7%. The rate perfor-
mance of freestanding HI-CNT/Fe,O; nanofibers is shown in
Fig. 5d in which the current density is increased step-wise
from 0.5 to 10.0 A g '. These highly integrated and inter-
connected CNTs in the composite resulted in good rate
performance. HI-CNT/Fe,O; nanofibers had final discharge
capacities of 608, 503, 420, 369, and 299 mA h g ' at current
densities of 0.5, 1.0, 2.0, 3.0, 5.0, 7.0, and 10.0 A g’l, respec-
tively. When the current density decreased to 0.5 A g ", the
capacity of HI-CNT/Fe,O; nanofibers nearly recovered to
540 mA h g7, even after cycling at high current densities.
These results indicate that the Li" ion storage performance of
HI-CNT/Fe,O; nanofibers is not degraded, even at high
current densities. The morphology of HI-CNT/Fe,O; nano-
fibers obtained after 100 cycles for anodes are shown in Fig. 6.
HI-CNT/Fe,O; nanofibers maintained their original
morphologies well even after repeated lithium insertion and
desertion processes. Their unique structure could effectively
accommodate severe volume variations of «-Fe,Oj;, thus
enhancing the structural stability of HI-CNT/Fe,O; nanofibers
and leading to improved Li" ion storage properties. Moreover,
the interfacial resistance as shown in Fig. S7{ is much
increased after the first cycle due to the formation of the SEI
layer but it is decreased and stabilized with cycling due to the
unique structure.

In order to prepare a freestanding flexible full Li* ion cell, an
anode of HI-CNT/Fe,O; nanofibers was combined with
a LiFePO, fiber cathode. The discharge-charge profile of the

Fig. 6 FE-SEM image of the free-standing HI-CNT/Fe,O3 nanofiber
electrode after 100 cycles.
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flexible LiFePO, cathode in a half-cell is shown in Fig. S81 along
with its cycle performance at a current density of 0.2 A g~ .
Charge-discharge profiles of the freestanding flexible HI-CNT/
Fe,O; nanofiber@GPE@LiFePO, full-cell at 0.5C are shown in
Fig. 7a.

The process provided a first discharge capacity of
152.5 mA h g ' and a subsequent charge capacity of
155.4 mA h g, resulting in an irreversible capacity loss of 2%.
The discharge capacity reached 89% of the theoretical capacity
of the LiFePO, cathode. In addition, in the second and fifth
cycles, both discharge capacities were 151 mA h g~ *. Their cor-
responding charge capacities were 150.4 mA h g ' and
150.0 mA h g7, respectively. Moreover, Coulombic efficiencies
in the second and fifth cycles were 99%. The increased
Coulombic efficiency with cycling is due to interfacial instabil-
ities and improved penetration of ions. The high capacity and
Coulombic efficiency are due to the outstanding ability of the
flexible HI-CNT/Fe,O; nanofiber electrode and the PI-based gel
polymer electrolyte to rapidly transfer electrons and ions.
Optical images of the freestanding flexible full-cell battery con-
nected to a red light-emitting diode (LED) are shown in Fig. 7b.
The battery continuously powered the LED after flexing ten
times to a bend with 90°. The brightness of the LED remained
constant during this period. Fig. 7c shows the cycle properties of
the flexible HI-CNT/Fe,O; nanofiber@GPE@LiFePO, full-cell in
bent (90°) and flat states. The specific capacity was maintained
at 146 mA h g~ * even after 10 cycles of bending as compared with
144 mA h ¢! before bending (i.e., only a slight decrease of
1.3%). In addition, their capacities well recovered to
148.5 mA h g~ " when the full-cell was re-flattened. In commer-
cial lithium ion cells, bending can lead to delamination or
cracking-swelling of the electrode or membrane, inducing
a rapid capacity drop. However, the capacity of the flexible HI-
CNT/Fe,O; nanofiber@GPE@LiFePO, battery did not drop
significantly even after 90° bending.
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Fig.7 Electrochemical properties of the freestanding flexible HI-CNT/
Fe,Oz nanofiber@GPE@LiFePO, full-cell: (a) charge/discharge profile,
(b) digital photographic image of a light-emitting diode, and (c) cycling
performance in bent (90°) and flat states at a current density of 0.5C.
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Conclusions

In this study, highly integrated and interconnected CNT hybrid
nanofibers decorated with a-Fe,O; nanoparticles were prepared
for the first time by electrospinning with subsequent heat-
treatment as freestanding anodes for flexible lithium polymer
batteries. The efficient dispersion of Fe(acac)s;, PAN, and acid-
treated CNTs in the spinning solution prevented the aggrega-
tion of CNTs, a key factor for the formation of HI-CNT/Fe,O;
nanofibers. Carboxylic groups of acid-treated CNTs have dipole-
dipole interactions and hydrogen bonding with sulfonated
polyacrylamide groups of PAN. In addition, the Fe(acac);
precursor could be adsorbed onto both acid-treated CNTs and
sulfonated polyacrylamide, resulting in the formation of
a complex of Fe(acac);~PAN-CNTs. The complete conversion of
the precursor Fe(acac); into a-Fe,O; and the decomposition of
PAN in the composite during heat-treatment resulted in the
formation of HI-CNT/Fe,O; nanofibers which showed excellent
Li" ion storage properties as freestanding flexible anodes. The
synthetic strategy introduced in this study can be applied to the
preparation of highly integrated and interconnected CNT
hybrid nanofibers decorated with various transition-metal
compounds for a wide variety of applications, including
energy storage.
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