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a b s t r a c t

A simple methodology is developed for the in-situ preparation of flexible, three-dimensional ordered
macroporous (3DOM) TiO2 electrodes with greatly enhanced mass transfer. The 3DOM electrode is
fabricated using a polystyrene colloidal crystal templated carbon cloth, and provides significant im-
provements over conventional nanoparticle electrodes without the use of binder or other additive. When
evaluated as an anode in a Li-ion battery, the 3DOM electrode provides outstanding high rate perfor-
mance. The electrode provides a specific capacity of 174 mA h g�1 at a current density of 2 A g�1, which
is 2.6 times greater than that achieved with a nanoparticle electrode (68 mA h g�1). The 3DOM electrode
also achieves excellent cycling stability, with a capacity retention of 94.8% (181 mA h g�1) over 1000
cycles at 10 C (1.7 A g�1) compared to 93.7% (67 mA h g�1) for the nanoparticle electrode. To the best of
our knowledge, the performance of our 3DOM electrode is among the highest of binder-free, flexible TiO2

electrodes. We believe that this methodology is highly useful and is easily transferable to other materials
and applications

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Presently, there remains a strong desire to produce flexible
energy storage devices that can provide sufficient energy in high-
power applications for wearable technologies, automotive ve-
hicles, medical devices, and various flexible consumer products
[1,2]. Li-ion batteries (LIBs) are often used for these types of ap-
plications because their high energy density [3]. However, their
poor charge/discharge rates – specifically when compared to other
devices such as supercapacitors – prevents them from providing
energy in high-power applications [4]. It is therefore highly de-
sirable to design a flexible energy storage device that can achieve
both high energy densities and high power densities. Titanium
dioxide (TiO2) is an anode material in LIBs that shows promise in
high-power applications due to its highly reversible lithiation
process, lack of solid electrolyte interface (SEI) formation, and
relatively small volume expansion [5,6]. TiO2 is also a highly
abundant material, relatively non-toxic, and chemically stable.

Nanoparticle electrodes have been used to address the issue of
low power densities in LIBs, which is partially caused by the low
solid-state diffusion of Li-ions within the electrode material [7].
However, achieving high-power LIB performance is still a chal-
lenge due to nanoparticle aggregation and low mass transfer
within the electrode [5]. In a nanoparticle electrode (Fig. 1a), the
dense packing of particles reduces overall surface area and surface
area contact with the electrolyte. Any uneven distribution of par-
ticles and particle sizes will also reduce the uniformity of contact
with the electrolyte. Particle sizes must be sufficiently small
without aggregation in order to reduce the Li diffusion path and
ensure that complete lithiation is kinetically possible. In suffi-
ciently thick electrodes, it is possible that deeper layers of active
material will be completely inaccessible for lithiation (highlighted
in orange). Electrons in these traditional electrodes are required to
overcome interfacial resistance between particles in order to reach
the current collector. These interfacial boundaries are marked in
the figure by a yellow ‘x’. Lastly, nanoparticle electrodes require
binding agents and other additives in order to be practical, which
can further impede lithiation kinetics and complicate electrode
design.

For these reasons, it is necessary to design more functional
electrodes that can improve mass transfer and electrode–electro-
lyte interaction in a battery. An ideal, high-power electrode should
have an interconnected structure which allows for efficient mass
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Fig. 1. Diagram comparing lithiation pathways for (a) nanoparticle and (b) 3DOM electrodes. Active material (TiO2) is blue, potential inaccessible lithiation sites are
highlighted in orange, and carbon coating is brown. Interfacial boundaries in the nanoparticle film are marked with a yellow ‘x’.
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transfer, electron transfer, and contact between the electrode and
electrolyte [1,8,9]. Therefore, we have synthesized a flexible, bin-
der-free, three-dimensional ordered macroporous (3DOM) TiO2

electrode which can provide these characteristics (Fig. 1b). This
type of electrode can provide a six-fold advantage compared to
nanoparticle electrodes: First, in a 3DOM electrode the ordered
porosity of the electrode ensures an even distribution and high
surface area contact between the electrode and the electrolyte.
This in turn improves mass transfer of ions to the electrode surface
and promotes complete lithiation [9,10]. Second, smaller crystallite
sizes are easily achieved as they are defined by the colloidal crystal
template, and thin pore walls allow for short diffusion paths and
complete lithiation at nearly all surface sites [11]. Third, 3DOM
structures can allow electron conductivity through its inter-
connected structure, overcoming interfacial resistances associated
with nanoparticle electrodes [12]. Fourth, carbon-coated 3DOM
structures (Fig. 1c) can be accomplished in-situ, and can further
improve performance by providing alternative, more conductive
pathways for electrons. Carbon coating can stabilize the active
material during charging and discharging, increasing the cycling
stability of the electrode [13]. Fifth, the 3DOM electrode can be
easily fabricated using flexible current collectors such as carbon
cloth in order to form a flexible electrode. Lastly, the 3DOM elec-
trode can be fabricated without the use of binder or other additive.

This flexible, binder-free 3DOM TiO2 electrode is achieved by
depositing a polystyrene (PS) colloidal crystal template on bare
carbon cloth. The PS beads are synthesized using emulsion poly-
merization and the template is deposited on carbon cloth using a
simple dip-coating technique. The templated carbon cloth is then
infiltrated with a TiO2 sol–gel solution and heat-treated to crys-
tallize TiO2 and remove the template. When calcined in air, the
resulting TiO2 on carbon cloth has a pseudo-3DOM structure.
When heat-treated in Ar, the resulting TiO2 on carbon cloth has a
pristine 3DOM structure covered in carbonized polystyrene.
2. Experimental

2.1. Materials

Styrene, polyvinylpyrrolidone (PVP), potassium persulfate,
ethanol, hydrochloric acid, and titanium butoxide, and poly-
vinylidene difluoride were purchased from Sigma Aldrich. Carbon
black (Super P) was purchased from MTI. Carbon cloth was pur-
chased from Fuel Cell Earth. All chemicals and materials were used
as received.

2.2. 3DOM TiO2 electrode

Monodisperse polystyrene (PS) beads were synthesized using
an emulsion polymerization reaction. First, distilled de-ionized
(DDI) water was boiled for several minutes to remove O2. This
water was used for the remainder of the synthesis procedure. 2.5 g
polyvinylpyrrolidone surfactant was dissolved in 200 mL DDI
water and placed in a three-neck flask. 0.2 g potassium persulfate
was dissolved in 40 mL DDI water and placed in a separatory
funnel. The PVP solution was brought to 70 °C using an oil bath
under stirring. N2 gas was used to maintain an inert environment.
After 10 min, 24 mL styrene monomer was added to the PVP so-
lution and resulting mixture was stirred for 15 min. Lastly, the
potassium persulfate solution was added to the monomer solution
drop-wise (�1 drop/s) using the separatory funnel. This solution
was stirred for 24 h to form the final colloidal PS solution which
appears milky white. The concentration of the as-prepared PS
solution was adjusted to 30 mg/mL for further use.

Carbon cloth was punched into 12 mm diameter electrodes and
cleaned by sonicating in acetone, ethanol, and isopropanol for
20 min each. The carbon cloth electrodes were then dipped in the
PS solution and dried at room temperature for several hours to
form a PS colloidal crystal template on the surface of the carbon
cloth. This process was repeated until a certain mass loading of PS
was achieved. This material was denoted as PS-CC.

3DOM TiO2 on carbon cloth (3T-CC) was obtained by immer-
sing the PS-CC template in a sol–gel solution consisting of 10 mL
ethanol, 0.675 mL hydrochloric acid, and 1.415 mL titanium but-
oxide. The infiltrated electrode was then calcined at 300 °C for 2 h
and then 450 °C for 2 h in air using a ramp rate of 1 °C/min in
order to burn off the PS template and form anatase TiO2. 3DOM
TiO2–carbon on carbon cloth (3T-C-CC) was obtained by heat-
treating the electrode using the same heating program as for 3T-
CC but in Ar to carbonize the PS template.

For comparison, a TiO2 nanoparticle electrode was synthesized
using 25 nm anatase TiO2 particles. The TiO2 particles were mixed
with carbon black, polyvinylidene difluoride in a ratio of 80:10:10.
The slurry was then cast onto a 12 mm diameter carbon cloth
electrode and dried at 100 °C in a vacuum oven.



Fig. 2. (a) Schematic drawing of 3T-C-CC synthesis. Low-magnification SEM images
of (b) PS-CC, (c) 3T-C, and (d) 3T-C-CC, and high-magnification SEM images of
(e) PS-CC, (f) 3T-C, (g) and 3T-C-CC; (g) optical images showing (from left to right)
light transmission, bending, and twisting of the as-prepared electrode.
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2.3. Characterization

The morphology and microstructure of the synthesized
materials were obtained using field-emission scanning electron
microscopy (FESEM, Zeiss ULTRA Plus), transmission electron mi-
croscopy (TEM, JEOL 2010F), X-ray diffraction (XRD, Rigaku Mini-
flex600), and Raman spectroscopy (Bruker SENTERRA).

Electrochemical performance of the electrodes in Li-ion bat-
teries was determined by fabricating a 2032 coin-type half-cell. A
coin cell was fabricated using Li metal as the counter electrode, a
Celgard 2500 separator, and a 7:3 (v/v) ethylene carbonate and
dimethyl carbonate electrolyte solution containing 1 M LiPF6. No
binder or additive was required for the electrode, and the carbon
cloth was used as the current collector. Coin cells were assembled
in an Ar-filled glove box with O2 and H2O concentrations main-
tained below 0.5 ppm. Charge–discharge measurements were
conducted using a NEWARE BTS-5V10mA battery testing station.
3. Results and discussion

As shown schematically in Fig. 2a, after dipping the carbon
cloth in the PS solution, the PS beads self-assemble into a colloidal
crystal template along the surface of the carbon cloth fibers (PS-
CC). The number of layers of template can be controlled by the
number of dip cycles. After infiltrating the PS template with the
TiO2 sol–gel solution and calcining in air, a rough 3DOM TiO2 film
is formed on the carbon cloth fiber (3T-CC). When the templated
carbon cloth is heat-treated in Ar, a pristine 3DOM TiO2 structure
covered in carbonized polystyrene is formed on the carbon cloth
fibers. This carbonization provides an in-situ, conductive coating
for TiO2. The morphologies of the PS-CC, 3T-CC, and 3T-C-CC
electrodes were characterized by scanning electron microscopy
(SEM). After the dipping cycles, a continuous layer of PS success-
fully and uniformly grows on the surface of the carbon fiber with a
typical FCC structure (Fig. 2b and e). The PS spheres are mono-
disperse and approximately 200 nm in diameter. After calcination
in air, the 3T-CC electrode can be obtained with thin pore walls
and an average pore size of 180 nm which is consistent with the
size of PS template (Fig. 2c and f) after a slight reduction in size
due to heat treatment [14]. A small portion of broken 3DOM TiO2

can be observed, which may be attributed to the instability of the
colloidal crystal template during heat treatment as well as small
imperfections within the template prior to infiltration. By com-
parison, the 3T-C-CC electrode obtained after heat treatment in Ar
is uniformly coated on the carbon fibers (Fig. 2d). The increased
wall thickness and decreased pore size (∼160 nm) can be found,
suggesting successful carbon coating originating from the de-
composition and carbonization of the PS (Fig. 2g). Lastly, Fig. 2h
shows the stability and flexibility of the as-prepared 3T-C-CC
electrode. The carbon cloth maintains its porosity after the de-
position of 3DOM TiO2, allowing light to pass through. The elec-
trodes also retain their form under various forms of mechanical
stress – such as bending and twisting – due to the flexibility of the
carbon cloth and the strong adhesion of the 3DOM structure to the
surface of the carbon cloth. Further testing showed that the elec-
trodes maintained virtually all mass after being subject to severe
bending (180°) for 500 cycles (Fig. S4). The strong mechanical
stability of the electrode suggests that it can be used in flexible
electronic applications.

Fig. 3a and b shows TEM images of the 3T-C structure. The pore
size of the 3DOM material is consistent with that found in the SEM
images, and the selected area diffraction (SAD) pattern suggests
that the material is polycrystalline. The HRTEM image in Fig. 3b
clearly shows the amorphous structure of carbon. The image also
reveals that the TiO2 making up the pore walls of the 3DOM ma-
terial consists of nanocrystalline anatase (d101¼0.35 nm) in an
amorphous titanium oxide matrix. These anatase crystallites can
be seen to be smaller than 5 nm. An EDX map of the 3T-C structure
in Fig. 3c shows that Ti, O, and C are present and distributed within
the 3DOM structure. The presence and distribution of these ele-
ments were further confirmed using SEM energy-dispersive X-ray
spectroscopy (EDX) (Fig. S1). An EDX line map was also taken
across the pore walls of the 3DOM material (Fig. 3c). The line map
clearly shows that Ti and O make up the pore walls, while the pore
walls themselves are indeed coated in a carbon layer as shown in
the SEM images. This carbon layer can be attributed to the car-
bonization of polystyrene during the heat treatment process in Ar.

XRD was conducted using Cu Kα radiation (1.54 Å) and is
shown in Fig. 3d below. Both 3T-CC and 3T-C-CC electrodes show
similar spectra corresponding to anatase TiO2 (JCPDS no. 21-1272)
with characteristic peaks at 2θ¼25.6°, 38.1°, 48.3°, 54.1°, 55.0°,
and 62.8° [15]. The weak intensity of the anatase peaks is due to
the relatively low loading of TiO2 compared to the carbon cloth.
The broad peak centered at approximately 43.7° is due to the
presence of carbon cloth while the other characteristic carbon
peak at 26.2° is merged with the anatase peak at 25.6° [16]. In
order to estimate the true crystallite size of TiO2, the 3DOM TiO2

structures were synthesized without carbon cloth. Using the



Fig. 3. (a) TEM image of carbon-coated 3DOM structure (inset: corresponding
SAED pattern); (b) HRTEM image of pore wall; (c) EDX map and line scan of pore
walls showing distribution of C, Ti, and O; (e) XRD and (f) Raman spectra of 3T-
CC, 3T-C-CC, and plain carbon cloth.

G. Lui et al. / Nano Energy 24 (2016) 72–77 75
Scherrer equation, the approximate crystallite size of the 3DOM
TiO2 is 7.6 nm based on the characteristic (101) peak (Fig. S2). This
is slightly larger than the crystallite size estimated for the carbon-
coated 3DOM TiO2. It has been shown that crystallite size and
particle size match closely at particle sizes lower than 40 nm [17].
It has also been shown that complete lithiation is theoretically
possible in crystallites at or below 7 nm. Therefore, the small
particle size in the 3DOM TiO2, along with its highly accessible
surfaces can allow for good ion diffusion and lithiation within the
macro-structure.

Raman spectroscopy was also used to characterize the graphitic
nature of the carbon found in each electrode (Fig. 3e). The spec-
trum for 3T-CC corresponds to the carbon cloth itself, and finds
agreement in literature [18]. In this spectrum, the characteristic D
band (1344 cm�1) and G band (1590 cm�1) can be seen, along
with a small 2D peak at approximately 2679 cm�1 [19]. The
spectrum for 3T-C-CC shows a distinct change in the relative in-
tensities of the D and G bands, as well as a broadening of the 2D
band. The difference in the Raman spectra has two main con-
sequences. First, the change of D and G band peaks implies that
the graphitic nature of the carbon in the electrode has changed
due to the addition of carbonized polystyrene. Second, the de-
crease in the ratio of the D band to the G band (ID/IG) implies that
the overall degree of disorder in the graphitic structure has
decreased with the addition of carbonized polystyrene – con-
firming that the carbonized polystyrene is amorphous.

The true mass of the TiO2 active material on the carbon cloth
substrate was determined using TGA (Fig. S3). The TGA results
show that the mass of the 3T-CC electrode remains constant until
approximately 600 °C where the carbon cloth begins to burn away.
The TGA curve for 3T-C-CC shows an additional mass change re-
gion from 350 °C to 475 °C corresponding to the removal of
amorphous carbon from the electrode. In the 3T-C-CC electrode,
the amorphous carbon accounts for approximately 3.7% of the
total electrode mass. The mass loadings of active material in the
3T-CC and 3T-C-CC electrodes are 6.8% and 6.0%, respectively. This
is understandable, as the addition of amorphous carbon in 3T-C-CC
will reduce the percent contribution of TiO2.

The electrochemical behavior of the flexible electrodes was first
investigated by cyclic voltammetry using 2032 coin-type half-cells
with Li foil as the counter electrode. Fig. 4a shows the re-
presentative cyclic voltammetry (CV) curve of 3T-CC and 3T-C-CC
flexible electrodes cycled between 3.0 and 1.0 V vs. Li/Liþ at a scan
rate of 50 mV s�1. The redox peaks at 2.11 V and 1.69 V correspond
to the characteristic lithium insertion and extraction of anatase
TiO2. Two addition redox pairs at 1.55 V/1.48 V and 1.66 V/1.54 V
have been reported to correspond to trace amounts of TiO2-B [20].
However, because no main peaks corresponding to TiO2-B [21]
could be found in the XRD spectra, it is more likely that the peaks
correspond to the S-peaks which indicate the presence of amor-
phous titania in an organized crystalline composite [14,22]. This
interpretation is more consistent with the above HRTEM results.

The charge/discharge curves for both 3T-CC and 3T-C-CC at
50 mA h g�1 are shown in Fig. 4c below, and show agreement with
the obtained CV curve. The plateaus at approximately 1.75 V and
1.9 V correspond to bulk lithiation and de-lithiation processes in
TiO2. It can been seen that the majority of the capacity in both
electrodes is dominated by a sloped region which is attributed to a
surface-controlled lithium storage process [23]. This under-
standably corresponds to the highly porous structure of the 3DOM
electrode with a highly accessible surface area.

In order to determine the rate performance of the 3T-CC and 3T-C-
CC electrodes, each electrode was fabricated into a half-cell and cycled
at various charge/discharge rates (Fig. 4b). For comparison, a carbon
cloth electrode containing 25 nm anatase particles was fabricated and
cycled under the same conditions. Starting at 50 mA h g�1, each
electrode is cycled at increasing current densities in order to de-
termine their rate capability. It can be seen that at 50 mA g�1, both
3DOM electrodes have a fairly high initial capacity (401 mA h g�1 for
3T-C-CC and 312 mA h g�1 for 3T-CC) while the TiO2 NP electrode has
a capacity of 213 mA h g�1. When the current is increased to 2 A g�1,
the 3T-CC, 3T-C-CC, and TiO2 NP electrodes has a stable specific ca-
pacities of 115 mA h g�1, 174 mA h g�1, and 68 mA h g�1, respec-
tively. The capacity of the 3T-C-CC electrode finally falls to
69 mA h g�1 at a current density of 12.5 A g�1, or ∼73.5 C (using
Canatase¼170 mA h g�1). The cycling stability of the three electrodes
was determined by cycling the electrode at 10 C (1.7 A g�1) for 1000
cycles (Fig. 4d). Based on the discharge capacity of the first and last
cycles, the half-cell fabricated using the 3T-C-CC electrode has a ca-
pacity retention of 94.8% over 1000 cycles with a final capacity of
181 mA h g�1. Over the same number of cycles, the 3T-CC and TiO2
NP electrodes have a capacity retentions of 79.6% (111 mA h g�1) and
93.7% (67 mA h g�1), respectively. The large difference in stability
between 3T-CC and TiO2 NP-CC is likely due to additives (binder,
conductive agent) mixed with the TiO2 NPs in order to improve its
performance. From the cycling results, it is clear that the 3T-C-CC
electrode provides the highest cycling stability and highest capacity at
10 C. To the best of our knowledge, this half-cell performance is
among the highest found in literature for a flexible, binder-free
TiO2-based electrode [24].



Fig. 4. (a) Representative CV curve of 3DOM TiO2 material; (b) rate performance of 3T-C-CC, 3T-CC, and TiO2 NP-CC electrodes; (c) initial charge–discharge curves for 3T-C-CC
and 3T-CC electrodes; and, (e) long term cycling of 3T-C-CC, 3T-CC, and TiO2 NP-CC electrodes at 1.7 A g�1 (10 C) for 1000 cycles.
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4. Conclusion

In summary, a facile method for synthesizing a flexible, binder-
free 3DOM TiO2 electrode has been shown for the first time. This
configuration can act as a flexible, binder-free anode in Li-ion
batteries with strong high-power performance. By heat treating
the electrode in Ar, the polystyrene template can be used as a
source for carbon coating. The resulting carbon-coated 3DOM TiO2

electrode has superior high-rate performance, with a capacity of
174 mA h g�1 at a current density of 2 A g�1. The electrode also
shows highly stable performance (181 mA h g�1) with a capacity
retention of 94.8% over 1000 cycles at 10 C (1.7 A g�1). This per-
formance is due to the ordered porous structure and thin pore
walls of 3DOM TiO2, which allow for high surface area contact
with the electrolyte, and fast lithiation kinetics. This facile method
can be easily expanded to other materials and substrates, and can
have a vast range of applications in technologies such as super-
capacitors, fuel cells, solar cells, and sensors.
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