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Design and synthesis of interconnected
hierarchically porous anatase titanium dioxide
nanofibers as high-rate and long-cycle-life anodes
for lithium-ion batteries†

Min Su Jo,‡a Gi Dae Park,‡b Yun Chan Kang *b and Jung Sang Cho*a

We suggest an efficient and simple synthetic strategy to prepare interconnected hierarchically porous

anatase TiO2 (IHP-A-TiO2) nanofibers by two synergetic effects: phase separation between polymers and

relative humidity control during electrospinning. The macro channels formed by polystyrene decompo-

sition were interconnected by numerous mesopores that were formed by evaporation of infiltrated water

vapor in the structure. The resulting IHP-A-TiO2 nanofibers showed better Li+ ion storage performances

than the TiO2 materials reported in the literature. The discharge capacity of IHP-A-TiO2 nanofibers for the

3000th cycle at 1.0 A g−1 and corresponding coulombic efficiency from the 20th cycle onward were

142 mA h g−1 and >99.0%, respectively. Well-interconnected, ultrafine TiO2 nanocrystals within the

nanofiber showed structural stability during cycling and facilitated facile charge transfer at the electrode–

electrolyte interface.

Introduction

Porous structures have attracted significant attention because
of their unique properties, which are induced by their large
surface to volume ratio; these properties are distinct from
those of their bulk counterparts.1–3 Therefore, porous nano-
materials with various compositions have been widely studied
for applications that benefit from a high porosity, such as gas
sensors, catalysts, magnetics, biomedical devices, and energy
storage devices.4–8 Accordingly, many synthesis strategies,
such as catalytic activation, electrochemical anodization,
polymer blend carbonization, freeze drying, template-assisted
approaches, and template-free Kirkendall diffusion methods,
have been examined for porous nanomaterials.9–14

One dimensional (1-D) electrode nanomaterials with
porous structures have been thoroughly researched using
electrospinning processes, particularly for applications in
lithium-ion batteries (LIBs).15–17 These porous 1-D electrodes

could provide efficient electron transport along the longitudi-
nal direction, accommodate large volume expansion
during repeated cycles, and allow fast Li+ ion diffusion upon
cycling because of the increased contact area between the elec-
trolyte and electrode.18–26 For example, Yu et al. synthesized
bamboo-like Sn–C composited nanofibers with a porous struc-
ture by encapsulating Sn@C nanoparticles in hollow C nano-
fibers. This structure showed a high reversible capacity of
737 mA h g−1 after 200 cycles at 0.5 C.24 Ji et al. also prepared
porous carbon nanofibers by carbonizing electrospun polyacry-
lonitrile (PAN)/SiO2 composite nanofiber, followed by remov-
ing SiO2 nanoparticles using HF. The porous carbon nano-
fibers provided a reversible capacity of 593 mA h g−1 at the
first cycle; the capacity decreased to 380 mA h g−1 after the
10th cycle at a current density of 50 mA g−1, which accounts for
36% of that for the first cycle.25 Additionally, Cho et al.
exploited the Kirkendall diffusion effect to prepare a 1-D nano-
structure comprising porous Fe2O3/Se composite nanorods
with numerous nanovoids. The nanofibers exhibited a dis-
charge capacity of 1456 mA h g−1 during the 400th cycle at a
high current density of 1.0 A g−1.26 However, it is relatively
difficult to produce pores that are exposed to the fiber surface
and interconnected in the structure; in most cases, these lead
to sluggish mass transport of Li+ ions, producing anodes with
a poor rate capability in LIBs. Therefore, a new strategy must
be developed to interconnect the pores and produce surface-
exposed pores for applications in devices that are improved by
highly porous materials, including LIBs.
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In this study, we suggest a new efficient and simple syn-
thetic strategy to prepare interconnected hierarchically porous
metal oxide nanofibers. Porous metal oxides have not been
synthesized using the two synergetic effects of phase separ-
ation between the polymers and relative humidity (RH) control
during electrospinning. The approach is eco-friendly because
it requires fewer steps and inexpensive, and it does not use
chemicals for etching. Anatase TiO2 was selected as the first
target material because it is the most widely studied semicon-
ducting metal oxide based on its diverse potential for many
applications, such as photocatalysis, sensors, solar cells, and
anodes for Li+ ion storage.27–34 The stacking of the zigzag
chain crystals of anatase TiO2 could facilitate intercalation/
deintercalation of Li+ ions during cycling.29,35 We added poly-
styrene (PS) as a dispersed phase in the spinning solution,
which generated channels in the structure during the heat
treatment. Additionally, electrospinning was conducted at a
high RH of 60% to induce water vapor phase separation and
form numerous mesopores to interconnect the channels
formed by PS decomposition. The formation mechanism of
the interconnected hierarchically porous anatase TiO2 (IHP-A-
TiO2) nanofibers was investigated in detail, and their electro-
chemical properties were studied for applications as anode
materials in LIBs.

Experimental section
Sample preparation

IHP-A-TiO2 nanofibers were prepared using electrospinning
and a subsequent heat treatment. First, precursor nanofibers
composited with TBT (C16H36O4Ti, Kanto Chemical Co., Inc.,
97.0%), PAN (Sigma-Aldrich, Mw: 150 000), and PS (Sigma-
Aldrich, Mw: ∼192 000) were prepared using an electrospinning
process. The spinning solution was prepared by dissolving
3.0 g of PS, 2.0 g of PAN, 2 mL of TBT, and 2 mL of acetic acid
(Daejung Chemicals and Metals, 99.7%) in 40 mL of N,N-di-
methylformamide (DMF, Samchun Chemical, 99.5%) with vig-
orous stirring overnight. The prepared solution was loaded
into a plastic syringe equipped with a 23-gauge stainless-steel
needle. The solution was subsequently delivered at a flow rate
of 2 mL h−1 and electrospun onto a drum collector covered
with aluminum foil. During the electrospinning process, the
distance between the tip and the collector was maintained at
15 cm, while the rotation of the drum was maintained at 150
rpm. The applied voltage between the collector and the needle
tip was 20 kV. To introduce pores into the nanofibers, the RH
was fixed at either 15 or 60% during the electrospinning
process. The as-spun TBT-PAN-PS composite nanofibers were
stabilized at 100 °C for 6 h and then heat-treated to 500 °C
(heating rate of 5 °C min−1) under air and maintained at that
temperature for 3 h.

Characterizations

The crystal structures of the TiO2 samples were investigated by
X-ray diffraction (XRD, Bruker AXS, D8 Discover with GADDS).

The morphologies of the samples were observed by scanning
electron microscopy (SEM, TESCAN VEGA3 SBH), field emis-
sion SEM (FE-SEM, Zeiss, ULTRA PRUS), and high-resolution
transmission electron microscopy (HR-TEM, JEOL, JEM-2100F)
at a working voltage of 200 kV. X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific, K-Alpha) was performed
using Al-Kα radiation (1486.6 eV). Thermogravimetric (TG)
analysis (TA Instruments Q600, PH407) was performed in air at
a heating rate of 10 °C min−1 to determine the carbon content
in the TiO2 nanofibers. The surface areas of the microspheres
were determined using the Brunauer–Emmett–Teller (BET)
method, where N2 was used as the adsorbate gas.

Electrochemical measurements

The electrochemical properties of the interconnected hier-
archically porous anatase TiO2 nanofibers were analyzed by
constructing a 2032-type coin cell. The anode was prepared by
mixing the active material, carbon black, and sodium carboxy-
methyl cellulose in a weight ratio of 7 : 2 : 1, respectively. Li
metal and a microporous polypropylene film were used as the
counter electrode and the separator, respectively. The electro-
lyte was 1 M LiPF6 in a 1 : 1 (vol/vol) mixture of fluoroethylene
carbonate/dimethyl carbonate. The charge/discharge charac-
teristics of the samples were determined through cycling from
1.0 to 3.0 V. Cyclic voltammograms (CVs) were measured at a
scan rate of 0.1 mV s−1. The negative electrode was 1.4 cm ×
1.4 cm, and the mass loading of the active materials was
approximately 1.4 mg cm−2. Alternating-current electro-
chemical impedance spectroscopy (EIS, ZIVE SP1) was per-
formed from 0.01 Hz to 100 kHz.

Results and discussion

IHP-A-TiO2 nanofibers were prepared by phase separation
between polymers in the spinning solution with RH control
during the electrospinning process and subsequent heat treat-
ment. Scheme 1 describes the detailed evolution process of
interconnected hierarchical pore formation in the electrospun
nanofiber. The spinning solution contained PAN, PS, and TBT
dissolved in DMF and was electrospun at a high RH of 60%.
PS and PAN do not form a compatible polymer blend because
of their different solubility parameters (PAN: 12.5 (cal cm−3)1/2,
PS: 9.1 (cal cm−3)1/2), which induces phase separation in the
spinning solution (Scheme 1-①).36 The major component
mixed with PAN and TBT forms a continuous phase, and the
subcomponent PS forms a dispersed phase as an island shape
in the solution. Therefore, the dispersed PS phase is stretched
along the fiber length direction in the continuous PAN/TBT
composite phase under electrical force during electrospinning
(Scheme 1-②). The spinning was simultaneously performed
under a high RH, and mutual diffusion and penetration of
DMF and water vapor of the nonsolvent of the polymers
occurred at the jet skin–air interface during spinning. In this
step, the DMF solvent has a low vapor pressure (0.36 kPa at
20 °C) and does not quickly solidify the jet; thus, water vapor

Paper Nanoscale

13540 | Nanoscale, 2018, 10, 13539–13547 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 2
7 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 C
H

U
N

G
B

U
K

 N
A

T
IO

N
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
7/

24
/2

01
8 

1:
52

:2
0 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8nr01666f


with a higher vapor pressure (2.34 kPa) could efficiently pene-
trate the jet.37,38 Additionally, the discharge of the jet and the
resultant charge of water vapor could provide a significant
drive for successive diffusion of water vapor into the jet.38

Thereafter, TBT in the jet was hydrolyzed to ultra-fine TiO2

nanocrystals upon contact with water vapor because TBT is
very sensitive to water and easily hydrolyzed.39,40 Subsequently,
the jet solidified to nanofibers containing water vapor because
of DMF volatilization during spinning. Water vapor-induced
phase separation between the polymers and vapor occurred in
the as-spun PS-dispersed PAN/TiO2 composited nanofibers
(Scheme 1-③). During stabilization at 100 °C, the water vapor
that infiltrated the structure evaporated and formed numerous
mesopores in the composite nanofibers (Scheme 1-④). During
the simple heat treatment at 500 °C, PAN first carbonized and
then decomposed into CO2 gas. Concurrently, numerous longi-
tudinal channels were generated from decomposition of the
dispersed PS phase stretched along the fiber length direction,
creating porous TiO2 nanofibers (Scheme 1a-⑤). The syner-
getic effects of the two kinds of phase separation caused PS
decomposition, which formed macro channels; the macro
channels were interconnected by numerous mesopores that
were formed by evaporation of the water vapor that had infil-
trated the structure. Consequently, IHP-A-TiO2 nanofibers
could be synthesized using the two synergetic phase separ-
ation effects, as described in Scheme 1.

Fig. 1 shows the morphological features of the as-stabilized
nanofibers prepared from solutions with and without the PS

under different RH conditions during the spinning process,
and subsequently heat-treated nanofibers. The synergetic
effects of polymer phase separation and RH condition during
spinning on the morphology of the nanofibers were examined
in detail to obtain IHP-A-TiO2 nanofibers. Fig. 1a shows the as-
stabilized PAN-TiO2 composite nanofibers electrospun from a
solution without the PS phase at a low RH of 15% during
electrospinning. The nanofibers were uniform in size, with a
mean diameter of 230 nm, and showed a smooth fiber surface
without any noticeable pores. The sintered nanofibers also
showed dense morphologies with large crystal grains, as
shown in Fig. 1b. However, the nanofibers electrospun from
the above solution at a high RH of 60% exhibited clear interior
and exterior pores along the fiber cross section; these pores
formed because of the high RH (Fig. 1c). The water that infil-
trated the structure during electrospinning evaporated and
generated numerous mesopores in the structure after stabiliz-
ation. As a result, porous-structured TiO2 nanofibers (P-TiO2)
were obtained after the heat treatment (Fig. 1d). In the same
manner, electrospinning was carried out using the DMF solu-
tion with PAN, TBT, and the PS phase at a low RH (Fig. 1e) to
examine the effect of adding the PS phase as a dispersed com-
ponent in the polymer blend with PAN on the fiber mor-
phology. The as-stabilized nanofibers had a smooth fiber
surface because pores did not form by water vapor-induced
phase separation. After heat-treatment, the nanofibers showed
tube-like hollow structure in Fig. 1f and S1.† During electro-
spinning, polymer phase separation between PAN and PS

Scheme 1 Formation mechanism of IHP-A-TiO2 nanofibers electrospun from the solution containing PAN, TBT, and PS at high relative humidity
condition.
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occurred because of the low compatibility of this polymer
blend in the spinning solution based on their different solubi-
lity parameters.36,41 During the heat treatment, PS in the core
decomposed into gaseous product, which resulted in the
hollow space formation at the centre in the sintered nanofiber.
At the same time, decomposition of PAN into CO2 and sinter-
ing of TiO2 occurred concurrently at the shell part, which
formed the TiO2 shell, as shown in Fig. 1f and S1.† PAN and
TBT are well blended in the DMF solvent (Fig. 2a). However,
each PS phase is dispersed as an island shape in the continu-
ous PAN/TBT mixed phase in the blend, as shown in Fig. 2b.
Therefore, the dispersed PS phase located at the core was sur-
rounded by the PAN/TiO2 composite in the stabilized
nanofibers.

Finally, IHP-A-TiO2 nanofibers could be electrospun from
the DMF solution with PAN and TBT that contained PS in the
optimum ratio at a high RH of 60%. In this study, the syner-
getic effects of two kind of phase separations produced macro
channels (formed by PS decomposition) that were intercon-
nected by numerous mesopores (formed by evaporation of

trapped water vapor in the structure). This was demonstrated
by the morphological features shown in Fig. 3 and 4. Fig. 3a
shows the stabilized PAN-TiO2-PS-composited nanofibers elec-
trospun at a high RH. As shown in Scheme 1, water vapor
could effectively penetrate the jet at the jet skin–air interface
during spinning. Therefore, evaporation of trapped water
vapor after DMF volatilization (for solidification) generated
numerous mesopores in the structure, which were clearly
observed inside and outside the nanofibers after stabilization
(Fig. 3a and b). The corresponding XRD pattern in Fig. 3c
shows broad peaks for PAN, PS, and TiO2.

42–44 TiO2 materials
could be formed easily by hydrolysis reaction of TBT in the
humid environment. However, the broad XRD peak revealed
the formation of amorphous-like TiO2. The TG curve of the
PAN-TiO2-PS composite nanofibers shown in Fig. 3d exhibited
a two-step weight loss up to 600 °C. The first weight loss began
at 300 °C because of carbonization of PAN. The second weight
loss began at 360 °C and is attributed to decomposition of the
PS phase and carbon that originated from PAN into gaseous
CO2 in the composite nanofibers. The TG analysis indicates
that PAN first carbonized, then channels formed by PS
decomposition, and finally carbon-free anatase TiO2 nano-
fibers formed.45,46

Fig. 1 Morphologies of (a, c, e) as-stabilized nanofibers and (b, d, f ) sin-
tered nanofibers electrospun from the DMF solution containing PAN,
TBT and with (e, f) and without (a–d) PS phase at (c, d) high and (a, b, e, f)
low RH conditions during spinning process.

Fig. 2 SEM images and elemental mapping images of phase mor-
phology in blends; (a) TBT/PAN, (b) TBT/PAN/PS.
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IHP-A-TiO2 nanofibers were obtained after heat treating PS-
dispersed PAN/TBT composited nanofibers at 500 °C (Fig. 4).
The resulting nanofibers had a uniform mean diameter of
380 nm, showed numerous mesopores formed by phase separ-
ation of water vapor on the nanofiber surface and intercon-
nected hierarchical pores in the cross-sectional inset images in
Fig. 4a and b. Interconnected hierarchical pores (TEM image
of Fig. 4c) formed by evaporation of trapped water vapor
during stabilization and subsequent PS decomposition during
the heat treatment. Numerous mesopores (10–20 nm) were
observed in the HR-TEM images shown in Fig. 4c and d. The
mean crystallite size of the grains that constituted the nano-
fibers was 14 nm (Fig. 4d). The HR-TEM inset image shown in
Fig. 4d revealed clear lattice fringes separated by 0.35 nm,
which correspond to the (101) crystal plane of the tetragonal
TiO2 anatase phase. The selected area diffraction and XRD pat-
terns shown in Fig. 4e and f, respectively, revealed the for-
mation of the pure TiO2 anatase phase after the heat treat-
ment. The mean crystallite size of the TiO2 nanocrystals calcu-
lated from the half-width of the (101) peak using the Scherrer
equation was 13 nm. This agrees with the size determined
from the TEM image in Fig. 4d. Complete elimination of the
PS and PAN components occurred during the heat treatment
to form IHP-A-TiO2 nanofibers, as shown in the elemental
mapping images in Fig. 4g. Ti and O elements were uniformly
distributed over the nanostructure, but the C element was neg-
ligible in the elemental mapping image. The TG curve of
IHP-A-TiO2 nanofibers also confirmed the complete elimin-
ation of PAN and PS during the heat treatment (Fig. S2†).

XPS analysis was performed to confirm the chemical state
of IHP-A-TiO2 nanofibers (Fig. 5). The measured XPS survey

spectrum (Fig. 5a) contains signals corresponding to Ti and O
elements in the structure.47 In the Ti 2p spectrum (Fig. 5b),
two peaks are located at 463.8 and 458.1 eV, which are attribu-
ted to the Ti 2p1/2 and Ti 2p3/2 binding energies of anatase
TiO2, respectively.

48,49 Two peaks were also confirmed in the
O 1s spectrum (Fig. 5c). The peak at 529.3 eV is attributed to
Ti–O binding of the anatase TiO2 crystal lattice (O–Ti–O). An
additional peak was confirmed at 531.0 eV, which is attributed
to the hydroxyl group induced by chemically adsorbed H2O on
the anatase sample.50,51 The N2 gas adsorption and desorption
isotherm and Barrett–Joyner–Halenda pore size distribution of
IHP-A-TiO2 nanofibers are shown in Fig. S3.† The BET surface
area of the sample was 43 m2 g−1, and it contained well-devel-
oped mesopores (Fig. S3a†). Therefore, IHP-A-TiO2 nanofibers
containing hierarchical pores originated from the two phase
separation process, and sizes between 10 and 120 nm could be

Fig. 3 (a, b) FE-SEM images, (c) XRD pattern, and (d) TG curve of the
PAN-TiO2-PS composite nanofibers obtained after stabilization at
100 °C.

Fig. 4 Morphologies, SAED pattern, and elemental mapping images of
IHP-A-TiO2: (a, b) FE-SEM images, (c, d) HR-TEM images, (e) SAED
pattern, (f ) XRD pattern, and (g) elemental mapping images.
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confirmed. A commercial TiO2 nanopowder (P25) was selected
to compare its electrochemical properties with those of IHP-A-
TiO2 nanofibers (Fig. S4†). Commercial TiO2 nanopowders
have a mean size of 35 nm and have a mixed crystal structure
of anatase and rutile phases (ratio of anatase to rutile is 8 : 2).

The electrochemical properties of IHP-A-TiO2 nanofibers,
P-TiO2 and commercial TiO2 nanopowders as comparative
samples are shown in Fig. 6. The CV curves of IHP-A-TiO2

nanofibers were measured from 1.0 to 3.0 V during the first 5
cycles at a scan rate of 0.1 mV s−1 (Fig. 6a). The first cathodic
scan of IHP-A-TiO2 nanofibers showed a reduction peak at 1.7
V, and the anodic scan exhibited an oxidation peak at 2.1 V,
corresponding to previous studies for anatase TiO2.

52–54 The
reduction peak at 1.7 V was attributed to Li+ intercalation into
the interstitial octahedral site of anatase TiO2. Unusually, an
extra reduction peak was observed at around 1.4 V for the first
cathodic scan, which disappeared in the subsequent cycles. It
might be attributed to the discrete phase or imperfection in
the TiO2 lattice, which could enable Li+ ion transport.55 The
initial discharge and charge curves of the two samples at a
current density of 0.5 A g−1 are shown in Fig. 6b. The obvious
discharge plateau at 1.7 V and charge plateau at 2.0 V are
characteristic of Li+ intercalation and deintercalation between
tetragonal anatase TiO2 and orthorhombic Li0.5TiO2.

56,57

IHP-A-TiO2 nanofibers showed a larger discharge capacity in

the initial intercalation step than P25. In the first discharge,
the slope below 1.7 V is a typical property of capacitive behav-
ior, which arises from the surface or interfacial storage of Li+

ions, further indicating the high surface area and smaller TiO2

crystallite size (13 nm) of IHP-A-TiO2 nanofibers compared to
that of P25 (22 nm).58,59 In addition, IHP-A-TiO2 exhibited
slightly higher discharge capacity than P-TiO2 due to the easy
penetration of the electrolyte through the interconnected pore
structure.60 P25 powders contain a mixed crystal structure of
anatase and rutile phases (ratio of anatase to rutile is 8 : 2). Li+

ion intercalation is restricted in the rutile phase because of the
large difference in the Li+ ion diffusion coefficients of rutile
along the a and c axis channels.61,62 Therefore, the rutile
phase in the P25 powders interrupted Li+ ion transport in the
intercalation and deintercalation steps and caused the poor
electrochemical performance. The initial discharge and charge
capacities of IHP-A-TiO2, P-TiO2 and P25 were 224, 204 and
168 mA h g−1, respectively, and their corresponding charge
capacities were 173, 159 and 123 mA h g−1, respectively. The
cycling performances of the three samples at a current density
of 0.5 A g−1 are shown in Fig. 6c. IHP-A-TiO2 and P-TiO2

showed similar cycling performances during 300 cycles in

Fig. 5 (a) XPS survey spectrum, (b) XPS Ti 2p spectrum, and (c) XPS O
1s spectrum of IHP-A-TiO2.

Fig. 6 Electrochemical properties of IHP-A-TiO2, P-TiO2, and P25 for
lithium ion storage: (a) CV curves of IHP-A-TiO2, (b) 1

st charge/discharge
curves at a constant current density of 0.5 A g−1, (c) cycling perform-
ances at a constant current density of 0.5 A g−1, (d) cycling performance
at a high current density of 1.0 A g−1, and (e) rate performances at
different current densities.
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current density of 0.5 A g−1. The discharge capacity of IHP-A-
TiO2 decreased slightly from 188 to 167 mA h g−1 and that of
P-TiO2 also decreased slightly from 174 to 164 mA h g−1 from
the 2nd cycle to the 300th cycle, whereas that of P25 decreased
rapidly from 132 to 76 mA h g−1; their capacity retentions
(measured from the second cycle) were 88.8, 94.3 and 57.6%,
respectively, in the same cycle range. The capacity fading of
P25 was observed because the nano-particulate anode was
thoroughly interrupted by agglomeration during cycling,
which reduced the electroactive area and deteriorated the irre-
versible cycle performance.63,64 However, the superior struc-
tural stability and higher interfacial Li+ ion storage of IHP-A-
TiO2 provided an excellent cycling performance and coulombic
efficiencies that approached near 100% after the 20th cycle.
The long-term cycling performance and coulombic efficiencies
of the IHP-A-TiO2 at a high current density of 1.0 A g−1 are
shown in Fig. 6d to demonstrate their superior cycling stabi-
lity. The discharge capacities of IHP-A-TiO2 for the 2nd and
3000th cycles were 153 and 142 mA h g−1, respectively, and
both showed a capacity retention (measured from the 2nd

cycle) of 93%. IHP-A-TiO2 showed high coulombic efficiencies
of more than 99.0% from the 20th cycle at a high current
density of 1.0 A g−1. The rate performances of IHP-A-TiO2,
P-TiO2, and P25 when the current density was increased step-
wise from 0.5 to 10.0 A g−1 are shown in Fig. 6e. Although
IHP-A-TiO2 and P-TiO2 exhibited similar cycling performance
in Fig. 6c, IHP-A-TiO2 showed higher capacities compared to
P-TiO2 at higher current densities over 1.0 A g−1. IHP-A-TiO2

showed final discharge capacities of 178, 151, 127, 104, 91, 83,
and 77 mA h g−1 at current densities of 0.5, 1.0, 2.0, 4.0, 6.0,
8.0, and 10.0 A g−1, respectively. The discharge capacity of

IHP-A-TiO2 recovered to 168 mA h g−1 as the current density
returned to 0.5 A g−1 after 40 cycles. On the other hand, P-TiO2

showed final discharge capacities of 180, 139, 106, 80, 67, 58,
and 52 mA h g−1 at current densities of 0.5, 1.0, 2.0, 4.0, 6.0,
8.0, and 10.0 A g−1, respectively. P25 had a low discharge
capacity of 34 mA h g−1 at a current density of 10.0 A g−1. The
structural merit of IHP-A-TiO2 with uniformly interconnected
mesoporous structures enabled easy penetration of the electro-
lyte and a shorter diffusion route of Li ion and it resulted in
the higher reversible capacities than those of P-TiO2 and P25,
even at high current densities.60,65 Additionally, IHP-A-TiO2

showed better electrochemical performances than those of
other reported TiO2 materials with various morphologies
(summarized in Table S1†).

EIS measurements were conducted to explain the superior
cycling performances of IHP-A-TiO2. The Nyquist plots shown
in Fig. 7 depict compressed semicircles in the medium-fre-
quency range, which describe the charge-transfer resistance
(Rct) of the electrode.66 The Nyquist impedance plots of the
two samples were obtained by deconvolution using a Randle-
type equivalent-circuit model (Fig. 7a). IHP-A-TiO2 showed
lower charge-transfer resistances than P25 before and after 50
cycles. The Rct values of IHP-A-TiO2 and P25 after 50 cycles
(Fig. 7c) were 46 and 84 Ω, respectively. The smaller Rct values
of IHP-A-TiO2 suggested that the well-interconnected ultrafine
TiO2 nanocrystals within the nanofiber were structurally
stabile during cycling and facilitated the facile charge transfer
at the electrode–electrolyte interface.67 The relationships

Fig. 7 Nyquist impedance plots and relationships between the real part
of the impedance (Zre) and ω−1/2 of IHP-A-TiO2 and commercial TiO2

nanopowders (P25); (a) equivalent circuit model used for AC impedance
fitting, Nyquist impedance plots (b) before cycling, (c) after 50 cycles,
and (d) relationships between the real part of the impedance (Zre) and
ω−1/2 after 50th cycles.

Fig. 8 SEM images of IHP-A-TiO2 after 100 cycles; (a) low-magnifi-
cation and (b) high-magnification image.
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between the real part of the impedance spectra (Zre) and ω−1/2

(where ω is the angular frequency in the low-frequency region,
given by ω = 2πf ) after 50 cycles are shown in Fig. 7d. IHP-A-
TiO2 showed a faster Li+ diffusion rate than P25 after cycling.
The structural properties of mesoporous nanofibers formed by
the synergetic effect of the two kinds of phase separations pro-
vided better charge transfer and diffusion performances for
IHP-A-TiO2 than for P25. IHP-A-TiO2 maintained their mor-
phologies, even after 100 cycles, as shown by the SEM images
in Fig. 8. Therefore, IHP-A-TiO2 that exhibited a low charge
transfer resistance and structural stability during cycling had
higher capacities and a better cycling stability than commer-
cial TiO2 nanopowders.

Conclusions

IHP-A-TiO2 nanofibers prepared by two synergetic effects of
phase separation between polymers and RH control during
electrospinning were studied as anode materials for LIBs. In
this study, PS was added as a dispersed phase in the spinning
solution, and it generated channels in the structure during the
heat treatment. Additionally, by conducting electrospinning at
a high RH of 60%, water vapor-induced phase separation
occurred and played an important role in forming numerous
mesopores, which interconnected the channels formed by PS
decomposition. This new approach is eco-friendly because it
requires fewer steps, inexpensive, and does not require chemi-
cals for etching. Well-interconnected ultrafine TiO2 nanocrys-
tals within the nanofiber provided structural stability during
cycling and facilitated the facile charge transfer at the elec-
trode–electrolyte interface as anode materials for LIBs. The
method proposed in this study is expected to be very useful for
designing and synthesizing nanomaterials that require inter-
connected and surface-exposed pores in various fields and for
various applications, including LIBs.
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