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ABSTRACT: By coupling the self-assembly of polystyrene-block-poly(ethylene oxide) (PS-b-
PEO) containing titanium precursors with the electrospinning technique, novel cigarlike
nanofibers with an outer-shell and inner-continuous-pore structure and resultant fabrics were
fabricated. Different from typical porous metal oxides, the prepared high-surface-area nonwoven
fabrics show excellent mechanical properties. Not only are these fabrics self-supporting over a large
area, but they can also be cut using scissors, which is important for large-scale applications.
Furthermore, as electrode materials in Li-ion batteries, these fabrics exhibit much higher charge/
discharge capacity and cycle stability compared with the commercially available nanosized TiO,
(P2S). The improved mechanical and electrochemical performances are attributed to the presence
of an outer-shell, inner-bicontinuous structures (including continuous TiO, frame and continuous
nanopores) and hierarchical pores from the cigarlike nanofibers.
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1. INTRODUCTION

Titanium dioxide has captured the interest of scientists and
engineers for its applications in areas of photocatalysis, Li-ion
batteries, and dye-sensitized solar cells (DSSCs) because of its
unique physical and chemical properties.' > The ability to
produce this type of material with a high specific surface area is
highly desirable for optimizing its efficiency such as in Li-ion
batteries.” To this end, the strategy of utilizing porosity,
especially hierarchical porosity, has been well-established and
widely employed. In general, there are two major approaches
for fabricating porous structures: “top-down” is well-known as
the templating method, whereas “bottom-up” takes advantage
of self-assembly.” For example, Stein et al. developed the
Colloidal Crystal Templating (CCT) method that allows for
the formation of three-dimensional porous structures.*'® The
evaporation-induced self-assembly (EISA) process of block
copolymer pioneered by Brinker and his co-workers presented
another route for this purpose.'’ A significant number of
porous materials with controllable structures and tunable pore
sizes are available by the aid of the development of synthetic
approaches discussed above. In these reported materials,
however, most of the pores are not connected with one
another, leading to low performance in many applications.'>~"
In addition, the strategy of fabricating porosity leads to an
increase in the specific surface area but also a notable decrease
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in the mechanical properties. For example, the generalized
mixture rule (GMR) results indicate that Young’s modulus,
hardness and y1eld strength significantly decrease with
increasing porosity. 1617 As a result, almost all of the reported
porous materials are too brittle to be prepared into a self-
supporting, large area film or membrane, which significantly
limits their applicability.

To simultaneously improve the mechanical properties and
specific surface area, we will synthesize novel TiO, fibers by a
combination of “top-down” and “bottom-up” strategies in this
work. Fibers will be prepared by electrospinning a blend
solution of polystyrene-block-poly(ethylene oxide) (PS-b-
PEO) and titanium tetraisopropoxide (the precursor of
TiO,). Herein, the electrospinning serves as the template
(top-down) for generating fibers with diameters ranging from
the submicrometer to the micrometer scale, whereas the self-
assembly (bottom-up) of PS-b-PEO leads to the micro-
structures on the order of several tens of nanometers.'®>°
On the one hand, it is possible to obtain a bicontinuous
structure, ie, a continuous PEO-rich phase containing the
TiO, precursors and a continuous PS-rich phase in the fibers at
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certain volume fraction of the two blocks.”! On the other hand,
one can expect a compact shell-like structure around the surface
of the thin fiber due to the spontaneous surface enrichment of
one phase in PS-b-PEO, which is caused by a surface energy
difference between the two blocks. Upon calcination, novel
cigarlike TiO, nanofibers with an outer-shell and inner-
continuous-pore structure can be fabricated, which will lead
to drastically improved mechanical properties and electro-
chemical performance in Li-ion battery.

2. EXPERIMENTAL SECTION

2.1. Synthesis Procedure. The procedure used to fabricate TiO,
nanofibers is provided in Scheme 1. Polystyrene-block-poly(ethylene

Scheme 1. Fabrication of TiO, Fibers Prepared by
Electrospinning a Blend Solution of Polystyrene-block-
poly(ethylene oxide) (PS-b-PEO) and Titanium-

tetraisopropoxide
Electrospinning V
450°C
—
—
Thermal annealing EEGEG_—— ) |,urs

Mixed PS, PEO and TiO, precursor PEO+TiO, precursor PS B Tio,

oxide) (M,, &~ 5$9000-b-31000, PDI ~ 1.0S, purchased from Aldrich)
and titanium-tetraisopropoxide mixed at a 1/2 weight ratio in
chloroform (0.3 g/mL) and stirred for 10 h. The polymer solution
was electrospun from a 5 mL syringe with at a feeding rate of 0.4 mL/
h by a syringe pump (KDS 200, KD Scientific, USA) by applying a
12—15 kV voltage to the needle. The as-spun fibers were collected by a
collector, i.e,, a copper-plate electrode covered with a polished silicon
wafer, which was placed 10—15 cm away from the needle. As-spun
fibers were annealed at 120 °C for 48 h in vacuum, followed by
calcinations at 450 °C for 2 h to remove PS-b-PEO.

2.2, Characterization. A Hitachi S-4800 Field Emission Scanning
Electron Microscopy (FESEM) was used for morphology measure-
ments at an accelerating voltage of 5.0 KV. EDX measurement was
performed at accelerating voltages of 0—8KeV. FEI Tecnai G2 F20 s-
twin D573 transmission electron microscope (TEM) was employed at
operated at 200 kV. A HELIOS NanoLab 600i (FEI, USA) Focused
Ion Beam (FIB) that provides 30 keV Ga+ ion beam with intensities
ranging from 1 pA to 30 pA was adopted to “cut” and scan profile and
surface of fibers. The XRD data were collected from 26 = 5—80° at a
scanning speed of 2°/min with a step interval of 0.02°. The instrument
(XRD, Bruker-D8) was operated at a 35 kV voltage and 30 mA
current. Surface chemical composition of the films was determined on
a Thermo ESCALAB 250 X-ray photoelectron spectrometer (XPS)
using monochromatic Al X-ray source (1486.6 eV). The binding
energy peaks were charge-referenced to the C—C/C—H peak at 284.6
eV. The thermal behaviors of as-spun fibers were measured under N,
using a thermogravimetric analyzer (TGA, TA-Q2000) with increasing
temperature from 30 to 950 °C by 10 K/min. Differential scanning
calorimetry (DSC) was performed (DSC, TA-Q2000) at variable
heating (or cooling) rates as well as at isothermal conditions. Before
sample scan, the heat flow and temperature were calibrated with
sapphires and pure indium, respectively.

The surface area was measured using Brunauer—Emmet—Teller
(BET) method using nitrogen adsorption at 77 K. The Barret—
Joyner—Halenda (BJH) method was used to obtain pore size
distribution of TiO, nanofiber. The samples were degassed at 300
°C for 2 h before the measurements. The as-prepared TiO, nanofiber,
acetylene black, and binder (PVDF) were mixed together homoge-
neously in a weight ratio of 4:1:1. After being blended in several drops
of N-methylpymolidinone (NMP), the mixture was spread uniformly

on a 10-um thick copper foil with a diameter of 18 mm. The
electrodes were dried in an oven at 120 °C for 20 h. The electrolyte
used was 1 M LiPF6 dissolved in the mixture of ethyl carbonate (EC)
and dimethyl carbonate (DMC) with the volume ratio of 1:1. The coin
cells were assembled in an argon-filled glovebox. With a Voltalab PGP
201 cell test system (Radiometer analytical, Copenhagen), the
discharge/charge measurements were taken at 36 and 360 mA g_1
with cutoff voltages of 2.7 and 1.0 V.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the scanning electron microscope (SEM)
images of the as-spun and as-annealed fibers. It is clear that we

S

Figure 1. SEM images of (A) as-spun and (B) as-annealed nanofibers.
Scale bars are 5 ym.

can obtain uniform nanofibers by coupling the self-assembly of
PS-b-PEO containing titanium precursors with the electro-
spinning technique. The diameter of these fibers can be varied
from 150 to 900 nm by tuning the electrospinning parameters
such as the concentration of blend solution, spinning voltage
and distance between the needle and the collector. Calcination
at 450 °C for 2 h leads to a weight loss of 68%, as determined
by thermogravimetric analysis (TGA) in Figure S1 in the
Supporting Information, which is caused by the degradation of
the polymer and the transition from titanium tetraisopropoxide
to titanium dioxide. Energy-dispersive X-ray (EDX) spectrum
of the scanned area indicates only the presence of Ti and O
elements in the sample, confirming the complete degradation of
PS-b-PEO (see Figure S2 in the Supporting Information). To
investigate the structure formation and evolution in detail, X-
ray photoelectron spectroscopy (XPS) measurements were
performed to examine the surface composition and the results
are displayed in Figure 2. There are three peaks at 284.6, 286.4,
and 291.3 eV corresponding to C—C, C—O—C in PEO, and
the aromatic 7—7* shakeup in PS, respectively.”>** There is a
stronger peak at 286.4 eV in the as-spun fibers compared with
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Figure 2. Cls region of the XPS spectra of neat PS-PEO, as-spun
(with TiO, precursors) and as-annealed (with TiO, precursors) fibers.
Inset is local enlargement part of the spectra.
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that of neat PS-PEO, indicating that more PEO-rich phases are
on the fiber surface. Annealing at 120 °C for 48 h leads to the
noticeable intensity decrease of this peak, which is caused by
the increase of PS-rich phase (ie., the decrease of PEO-rich
phase). Then, we can describe the formation of the cigarlike
structures in the following manner: due to its higher solubility
in chloroform compared with PS, PEO tends to remain in
solution longer during the electrospinning process, which
results in an excess of the PEO-rich phase on the surface of
fibers. As a consequence of the covalent-bond between the two
blocks,**** this PEO-rich phase is accompanied by a
neighboring PEO dissipated layer, i.e., PS-rich layer. Annealing
at 120 °C, above glass transition temperature of both PS and
PEOQ, leads to a surface enrichment of PS block due to its lower
surface free energy relative to PEO.***” This assessment is
supported by the evolution of the peak at 291.3 eV, that is to
say, the increase of peak intensity upon annealing. Con-
currently, the microphase separation produces bicontinuous
structures of PS-rich and PEO-rich phases inside the fibers.
During the whole process described above, the PEO phase is
accompanied by the TiO, precursors,”® which can be validated
by differential scanning calorimetry (DSC) result. In Figure 3,
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Figure 3. A typical DSC scan for as-spun fibers with and without TiO,
precursors. Inset is local enlargement part of the spectra.

the sharp and obvious peaks (at ~39 °C in cooling and ~63 °C
in heating process) in red line represent the crystallization and
melting of PEO-rich phase. Glass transition of PS-rich phase (at
~107 °C) is also clear due to the poor miscibility of PS and
PEO. In the black curve, however, crystallization and melting
peak of PEO disappears, whereas the glass transition peak of PS
is still observed. This result indicates that TiO, precursors swell
PEO domains and suppress their crystallization and subsequent
melting, but have no remarkable effect on the glass transition of
PS. Namely, TiO, precursors have better miscibility with PEO
(relative to PS) before calcinations. Therefore, there are
complex structures in the nanofibers before calcination, that
is, PS shell accompanied by PEO sublayer (with TiO,
precursors) and microphase separated PS and PEO (with
TiO, precursors) domains in the fibers. Upon calcinations on
450 °C for 2 h, PS block is removed as well as PEO block.
Then, titanium tetraisopropoxide, with the same distribution
with PEO before calcination, is transferred into titanium
dioxide and exposed as the “new” shell. Furthermore,
nanopores resulted from the degradation of PS and continuous
TiO, from PEO can be obtained inside the shell of fibers.
Consequently, the migration of PS and PEO, better miscibility
between TiO, precursors with PEO and microphase separation
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in block copolymer produce fibers with novel cigarlike
structures shown in Figure 4. Both the SEM images (Figure
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Figure 4. (A—D) SEM and (E) TEM images and (F) XRD of TiO,
fibers prepared by electrospinning. Scale bars are S ym, 2000, 500, 400,
and 200 nm in A—E, respectively.

4A—D) and the transmission electron microscope (TEM)
image (Figure 4E) of a nanofiber demonstrate that the
calcinated TiO, fibers have an inner bicontinuous structure
(including continuous TiO, and continuous pores) and a
compact shell around the fibers. The size of the bicontinuous
structure (~30 nm) is close to the size of the microphase
separated domains in the bulky PS-b-PEO. The thickness of
fiber shell is ~40 nm, as determined by TEM.**° In addition,
the X-ray diffraction (XRD) pattern of nanofibers obtained by
electrospinning is provided in Figure 4F, and reveals strong
diffraction peaks at 25, 38, and 48°. This result indicates that
the TiO, is in the anatase phase.’> Furthermore, this novel
structure can be validated by SEM images along the radial and
axial directions (cut by FIB). These images present an excellent
juncture between the outer-shell and inner-continuous TiO,,
reconfirming the absence of the PS-rich phase in neighboring
layer of gyroid in fibers prior to calcination (Figure S3). This is
in good agreement with XPS result.

We note the synergism between the copolymer and the
inorganic material that allows for the formation of the cigarlike
structure: the PS-b-PEO serves as the medium for the TiO,
precursor during the electrospinning, whereas the latter acts as
the backbone that maintains the shape of the fibers during
annealing at 120 °C (Figure 1). As shown in Figure S4 in the
Supporting Information, upon annealing, the fibers prepared
without the TiO, precursor become droplets because of the
poor thermal stability of the neat PS-b-PEO fibers and its poor
wettability on the silicon wafer.>® Therefore, the presence of a
block copolymer provides a medium for the electrospinning
process, a template for the cigar, and a possible structure- and
size- controlling agent (including the gyroid inside and the shell
around the fiber surface, we will discuss the structure control in
our further publications), whereas the TiO, precursor provides
control over the shape of the fiber during the annealing and
calcination processes.
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Figure S. Photos of fabrics from TiO, fibers trimmed by scissors. Scale bar in A is 0.5 cm.

To investigate the pore size distribution of the obtained
fibers, N, adsorption isothermal tests were performed using the
Brunauer—Emmett—Teller (BET) and Barrett—Joyner—Halen-
da (BJH) techniques. The specific surface area and pore volume
were determined to be 384 m® ¢! and 0.64 cm’ g7,
respectively. Figure SS in the Supporting Information
demonstrates the existence of pores resulting from both the
removal of the PS-rich phase in microphase separated
bicontinuous structures and the voids among individual fibers.>*
Furthermore, the pore size is predominantly distributed
between 10 to 430 nm with two peaks at 32 and 300 nm,
indicating the presence of hierarchical pores in the fabricated
materials. This is in accord with the SEM (Figure 4A, B,
corresponding to submicrometer scale pores among fibers) and
TEM (Figure 4E corresponding to ~30 nm scale pores in
fibers) results.

In general, the mechanical properties decrease with
increasing pore density and volume. A positive effect is
expected due to the formation of a shell around the fiber and
the presence of a continuous TiO, frame in the cigarlike
structures. In this work, therefore, large-area nonwoven fabric
from TiO, fibers, which can be easily obtained after
calcinations, presents exceptional mechanical performance
(Figure SA). All nonwoven fabrics are self-supporting over a
large area and can be easily handled. Moreover, it is exciting
that fabrics from cigarlike nanofibers can be cut using a scissors
and reverted to their original shape by putting trimmed pieces
together (shown in Figure SB—F). According to the above
results, the presence of a fiber shell and a continuous TiO,
frame inside the fiber do increase the strength and toughness of
our fabrics remarkably.

Nanostructured TiO, has been used as an electrode for Li-
ion batteries due to its excellent properties including safety
against overcharging, chemical stability and low production
cost.®™* Herein, panels A and B in Figure 6 provide a
comparison between the charge/discharge curves of commer-
cial nanoparticles (P25) and cigarlike TiO, nanofibers in a Li-
ion battery, respectively.® Plateaus are observed at approx-
imately 1.76 V (discharge process) and 1.90 V (charge process)
for both curves at a constant current rate of C/10. The first
cycle discharge capacity and the corresponding charge capacity
for our fibers are 336 and 208 mA h g™/, respectively, which are
similar to the values obtained for P25. From the second cycle
on, both discharge and charge capacity in our fibers has a higher
value compared to P2S. Furthermore, the change in the specific
charge/discharge capacity as a function of the cycle number at a
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Figure 6. Early stage of charge/discharge of (A) P25, (B) nonwoven
fabrics from cigarlike TiO, fibers, and (C) discharge capacity as a
function of cycle number.

constant current density (1C) is shown in Figure 6C. On the
one hand, the charge/discharge capacity of nanofibers is much
higher than that of P2S. On the other hand, the decrease in the
capacity after 100 charge/discharge cycles is approximately 22%
for the nanofibers exhibit improved performance in both

charge/discharge capacity and cycling stability in comparison

dx.doi.org/10.1021/am4003099 | ACS Appl. Mater. Interfaces 2013, 5, 2278—2282
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with P25, which are important parameters for Li-ion batteries.
It is reasonable to attribute these improvements to the
enhancement of the specific surface area and pore volume,
which create connected and accessible pores for Li ions in the
bicontinuous structures resulting from the microphase
separation.

4. CONCLUSION

In summary, the electrospinning of a blend solution of block
copolymer and TiO, precursor is a feasible method for
fabricating hierarchically porous materials with a combination
of “top-down” and “bottom-up” strategies. Nanofibers prepared
using this approach exhibit a novel cigarlike structure with an
outer-shell and inner-continuous pore. Surface enrichment
resulting from selective migration of them during the
electrospinning and the subsequent thermal annealing process
account for the formation outer-shell. On the other hand,
microphase separation of PS-b-PEO in the confined geometry
environment is response for the inner-bicontinuous structures
including continuous TiO, frame and continuous pores.
Furthermore, fabrics from these nanofibers exhibit improved
mechanical properties and enhanced performance in Li-ion
batteries in comparison with P25 as expected. Existence of
outer-shell and inner-bincontinuous structures plays a key role
in these improvements. Our results not only serve as an
important starting point for generating a connected, hierarchi-
cally porous material with control over the structure but also
provide the possibility for mass production in view of the
widespread application of electrospinning on the industrial
scale.
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