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Abstract The evolution of morphology has been a

key parameter to modify electronic and physical

properties of functional materials. For anatase titania,

most research has been focused on tubular and/or

mesoporous shapes. In this report, we note our findings

of cone-shaped anatase titania self-assemblies grown

by anodic oxidation. These individual anatase TiO2

cones are constructed from numerous titania nano-

spheres. The variation in morphology (base diameter

and height) is controlled by varying the electrolyte, the

concentration of fluoride, and the applied voltage. The

crystallization of the anatase phase and the enlarged

surface area is confirmed by various spectroscopic

methods (FE-SEM, EDS, and TEM). Through con-

trolling the enhanced surface area and the well-

ordered ion passage, the Li? diffusion rate signifi-

cantly increases and leads to reversibility (charge–

discharge cycle). The CV and EIS results imply

structurally modified titania conic self-assemblies

which can be a potential lithium intercalation

template.
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Introduction

The titania has attracted special attention due to its

scientific and engineering aspects (self-cleaning (Fu-

jishima and Honda 1972; Ng et al. 2008), photocat-

alyst (Sosnowchik et al. 2010; Castro et al. 2008), dye-

sensitized solar cells (DSSCs) (Boercker et al. 2008;

Pan et al. 2011; Chen et al. 2010), and energy storage

(Poizot et al. 2000; Wang et al. 2008). These potential

applications are arise from the unique physical and

chemical properties of TiO2, which are influenced by

its crystal phase as well as morphology. Among the

three crystal phases, anatase, rutile, and brookite,

anatase is the only one found in nature and has the

most efficient crystallographic structure to intercalate

cations. The particle size and the shape of TiO2

determine optical and electronic properties. There

have been various uniquely-shaped structures: nano-

tubes (NTs) (Štengl et al. 2007; Kim et al. 2009, 2011;

Albu et al. 2008; Mahajan et al. 2008), nanoparticles

(NPs) (Wang et al. 2012; Meng et al. 2012; Kavan

et al. 1995; Wei et al. 2007), nanoflower (Yang et al.

2011), and nanospheres (NSs) (Yu et al. 2011).

In respect of synthesis of the titania thin films,

interdisciplinary approaches have been incorporated:
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chemical vapor deposition (CVD) (Taylor et al. 1999;

Krumdiek and Raj 1999), RF sputtering (Akl et al.

2006), sol–gel synthesis (Wang and Hu 1999; Verma

and Agnihotry 2007), and anodizing (Albu et al. 2008;

Kim et al. 2009). The anodic oxidation process has

been considered as the most versatile technique

because it is suitable for mass production and is

capable of yielding large surface areas. Herein, we

investigate an approach to form conical-shaped ana-

tase TiO2. This structure is composed of self-assem-

bled anatase TiO2 NPs and shows unique

electrochemical properties (Reddy and Ramaprabhu

2007; Jung et al. 2010; Lu et al. 2010).

Experimental section

TiO2 nano conic structure preparation

and characterization

Titanium foil was obtained from Sigma-Aldrich

(99.7 %, 0.127 mm thick) and used as it was received

without further surface treatment. The Ti foil was cut

into 1 cm 9 4 cm and chemically cleaned in acetone

and ethanol (1:1 by vol) under ultrasonication for ten

minutes. Aqueous 1.0 M H3PO4 with 0.5 wt% NH4F

electrolytes was prepared. After the addition of the

fluoride source to the solution, the mixture was stirred

for 2 h to fully dissolve the salt at room temperature.

The Ti specimen was then anodized in potentiostatic

mode (10–100 V) at room temperature in the electro-

lytes. An Agilent N5771A DC power supply was used

for all tests. After the anodization, specimens were

thoroughly rinsed with ethanol followed by de-ionized

water. Individual specimens were fully dried in the

oven at 95 �C overnight. The microscopic morphol-

ogy and structure observation were carried out using a

field-emission scanning electron microscope (FE-

SEM, Hitachi S-4700). Chemical elements were

analyzed by electron dispersive spectroscopy (EDS,

INCA Energy oxford instruments) on a scanning

electron microscope. For cross-sectional view analy-

sis, SEM images were taken using focused ion beam

(FIB) milling technique. The dual beam FIB system

was allowed for SEM images of the milled sample in

the process chamber.

Electrochemical properties of TiO2 nano conic

structures

A typical three electrode (test sample, reference, counter

electrode) system was used to determine the electro-

chemical impedance spectroscopy (EIS) and cyclic

voltammetry (CV) measurements. A carbon rod and a

saturated calomel electrode (SCE) were used for counter

and reference electrodes, respectively. Working elec-

trodes were prepared using Titanium foil (4 cm 9

1 cm, thickness 0.127 mm). Anodized titanium foils

described in ‘‘TiO2 nano conic structure preparation and

characterization’’ section were masked using an epoxy

resin except for the exposed area (1 cm2). Working

electrodes were oven-dried at 95 �C for 24 h. An 1.0 M

LiClO4 solution was prepared for the electrolyte. A

potentiostat (Voltalab 40 PCZ, Radiometer Copenha-

gen) was used for EIS and CV data acquisition. Before

data acquisition, an individual test specimen was

equilibrated in the electrolyte for 5 min. The scan

frequency range of EIS was 105–102 Hz at a rate of

100 mV/s. The obtained EIS data were shown as

Nyquist and Bode plots. For CV, the potential scan

range was varied from -1.5 to ?1.5 V (vs. SCE) with

scan rates of 5–200 mV/s.

Results and discussion

Morphology and structure evolution of the TiO2

nano cones

The titania nanospheres-decorated cones (TNC) were

characterized by field-emission scanning electron

microscopy (FE-SEM). Micrographs of FE-SEM in

Fig. 1a show a tilted view of a single TNC. The TNC is

tapered and consists of multitudinous ruffles. The

TNC is vertically grown with respect to the substrate.

Higher magnification of Fig. 1a reveals that numerous

titania nano spheres (TNPs) are clearly observed on

the individual ruffles as shown in Fig. 1b and it is

assumed that the TNC is made of TNPs.

In order to elucidate the bottom-up growth of the

TNC, series of time-elapsed morphology evolution

micrographs using FE-SEM were taken over a period of

8 h under the following condition: anodizination at

20 V in 1.0 M H3PO4 with 0.5 wt% NH4F. Figure 2
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shows (a) the measured cone-diameter, (defined as the

base diameter) versus the anodizing reaction time, and

(b) the measured cone-diameter versus applied voltage,

V. As illustrated in Fig. 2, the morphology evolution

can be described as a two-step process. In the first phase

(0.5 h), numerous TNSs, which are nucleated from a

titanium substrate during the anodic oxidation process,

are observed. The diameter of each TNS is approxi-

mately 20 nm (see Fig. 2, 0.5 h). In the second phase,

the TNSs begin to form aggregates (1.0 h) as the

anodizing process continues. Once these aggregates

form, the individual TNSs build up the TNCs through a

ruffle-layering phenomenon. After 2 h, the diameter

reaches a plateau at approximately 1 lm while the

individual TNCs continue to grow with an increase in

the population density over the course of 8 h.

Other parameters were varied to observe if the

structure of TiO2 could be preferentially based on

three structures, NTs, NPs, and NSs. The type of

electrolytes (e.g., organic and aqueous), fluoride

sources (NH4F and HF), and voltage applied (Zhang

and Kim 2012; Li et al. 1998) were varied. For an

aqueous 1.0 M H3PO4 electrolyte with limited amount

of fluoride (0.5 wt% NH4F) added, the TiO2 did not

form NTs, but instead, NCs were constructed with NS

aggregates formed on the substrate. The growth of the

cone-diameter shows a linear proportionality to the

applied voltage as seen in Fig. 2b. At 20 V, the

diameter and height of the TNC (TNC20) are *1.2

and *3 lm, respectively. The population density of

the TNC20 is *1.1/lm2. As the voltage increases, the

size of the TNCs linearly increases, Fig. 2b, and the

population density relatively decreases. At 60 V, the

diameter and height of the TNC (TNC60) are *15 and

*15 lm, respectively. The population density of the

TNC60 decreases less than *0.06/lm2.

One thing to note in Fig. 2b is that TNC was not

observed above 90 V. It should be pointed out that the

amount of fluoride in the electrolyte has been previ-

ously shown to influence TNC formation (Zhang and

Kim 2012; Li et al. 1998). In order to observe the

influence of the catalytic amount of fluoride, TNC

formation was tested over a wide fluoride concentra-

tion range (0.1–1.0 wt%), summarized in Table 1.

These data supports the theory that TNC growth is

stimulated by a fluoride-rich environment, which

assists in the formation of the intermediate [TiF6]-

complex (Li et al. 1998). However, an excessive

amount of fluoride is detrimental to the TNC growth at

higher voltage regimes, causing accelerated chemical

etching as shown in Table 1 (Zhang and Kim 2012; Li

et al. 1998).

The chemical structure of the TNC is anodized at

20 V in an aqueous 1.0 M H3PO4 electrolyte solution

with 0.5 % wt NH4F (TNC20). The structure can be

controlled by various methods such as FIB milling,

transmission electron microscopy (TEM), and energy

dispersive X-ray spectroscopy (EDS). Figure 3a

shows an EDS analysis of the elemental composition

of TNC20. EDS result in Fig. 3a reveals that there are

an intensive titanium peak (ka 4.51 keV) and oxygen

peak (ka 0.53 keV) at given surface area. The

presence of TiO2 is confirmed (Ti:O = 61:39 by

wt%, 34:66 by at.%) by integrating peak area.

Fig. 1 FE-SEM images of titania nano cone (TNC) anodized at 40 V in 1.0 M H3PO4 with 0.5 wt% NH4F: a Tilted view of TNC and

b higher magnification of TNC ruffles represented in square in Fig. 1a decorated with titania nano sphere (TNS)
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Fig. 2 a The measured

cone-diameter versus

anodizing reaction time and

FE-SEM images and

schematic illustration of the

time-lapsed TNC evolutions

from TNS: anodized at 20 V

in 1.0 M H3PO4 with

0.5 wt% NH4F for 8 h and

b the measured cone-

diameter versus anodizing

voltage applied and FE-

SEM images of TNC

anodized at 20 and 60 V in

1.0 M H3PO4 with 0.5 wt%

NH4F for 8 h
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Figure 3b shows a FE-SEM image of the cross-section

of the TNC20, which is prepared by FIB milling. The

image reveals that the inside of the conic structure is

hollow and corrugated. The ruffles are clearly visible

having a thickness of *236 nm.

Figure 4a shows high resolution TEM (HR-TEM)

images of the TNC20. A magnified image shows the

polycrystalline of TiO2. Inset of Fig. 4a shows lattice

fringes separated by *3.6 Å. In HR-TEM images, the

lattice planes of anatase TiO2 are oriented nearly

perpendicular to the local nano cone axis. Careful

examination of the angle between the lattice planes

reveals that angle varies from *90� to *60�.

Figure 4b shows the ring pattern from selected area

electron diffraction (SAED). The electron diffraction

pattern of the TNC20 (see Table 2) could be indexed

to the anatase phase of TiO2 (JCPDS-21-1272).

Electrochemical properties of TiO2 nano cones

In order to understand the electrochemical nature of

the TNC, CV was performed in 1.0 M LiClO4 at room

temperature with a potentiostat (Voltalab 40 PCZ,

Copenhagen). The potential scan range was from -1.5

to ?1.5 V (vs. SCE) with scan rates of 5–200 mV/s.

The TNC specimens grown at 20 and 60 V were

scanned at 200 mV/s. As seen in Fig. 5, the cyclic

voltammograms show similar trends as the previous

studies (Janáky et al. 2010; Dong et al. 2010; Kim et al.

2010) but a more significant peak and area difference

between oxidation and reduction. The smooth curves

in the cyclic voltammogram indicate that the TNC

electrode layer is well-attached to the substrate. Both

TNC specimens (TNC20/60) show a reasonably stable

electrochemical reaction with the electroactive probe

molecule, LiClO4, in the electrolyte. Thus, TNCs

Fig. 3 TNC20 (anodized at

20 V in 1.0 M H3PO4 with

0.5 wt% NH4F)

spectroscopic structure

analysis: a EDS elemental

analysis. Ti:O = 61:39 by

wt%, 66:34 by at.% and

b FE-SEM image of the

focused ion beam (FIB)

milled specimen. Inset

shows cross-section of TNC

20

Table 1 Anodizing results at different conditions (voltage/

time/electrolyte)

Electrolyte Fluoride

concentration

Voltage

(V)

Reaction

time/h

Morphology

1.0 M

H3PO4

0.1 wt%

NH4F

20 15 Cone

40 15 Cone

60 15 Cone

80 15 Cone

0.5 wt%

NH4F

20 15 Cone

40 15 Cone

60 15 Cone

80 15 None

1.0 wt%

NH4F

20 15 Cone

40 15 Cone

60 15 None

80 15 None
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properly function as an effective host matrix for the

intercalation of Li?. The integrated area of the cyclic

voltammogram of the TNC60 is 49 % larger than that

of TNC20 (Fig. 5). This finding indicates that larger

electron transfer (ET) rates and electrochemical

activity occur due to the larger exposed surface area

(Verma and Agnihotry 2007). Each conic structure,

which is decorated with a large number of the NPs, can

facilitate lithium adsorption on the surface. This

adsorption is probably due to the formation of the

continuous and well-ordered pathway of Li?.

In order to confirm adhesion strength of the TNC,

electrode bending test was also performed. As shown

in Fig. 5a, the TNC electrode surface remains intact

even at extreme bending. On the contrary, the titania

NT (TNT) electrode, anodized at 30 V in glycerol with

3 wt% NH4F, shows not only flaking along the edge

(arrowed area), but also a large area delamination on

the back in Fig. 5b. For a quantitative analysis of the

adhesion strength of the TNC electrode to the

substrate, a cross-cut adhesion test (ASTM D 3359)

was carried out. As shown in Fig. 6, TNC60

(1.5 9 1.5 cm2) electrode, anodized at 60 V in an

aqueous 1.0 M H3PO4 electrolyte solution with

0.5 wt% NH4F was prepared. The electrode surface

was cut and extracted using adhesive tape. In general,

the adhesion test results are categorized into six

different levels based on the detached surface area (6:

no failure—0: greater than 65 % area). As shown in

Fig. 6a, there is no significant adhesion failure

observed with bare eyes. In order to confirm adhesion

strength at microscale, the electrode surface was

magnified by a digital microscope (Keyence VHX-

2000). Even at higher magnification (200 times

magnification), no significant delamination and/or no

adhesion failure was observed even at edge in Fig. 6b.

In order to understand the diffusion behavior of

lithium cations (Li?) in the TNC, cyclic voltammo-

grams of the TNC20 and the TNC60 were measured in

1.0 M LiClO4 at different scan rates (5–200 mV/s) in

Fig. 7a, b. The peak current densities, ip, of the TNCs at

each scan rate were plotted using the Randles–Sevcik

Fig. 4 TNC20 (anodized at

20 V in 1.0 M H3PO4 with

0.5 wt% NH4F)

spectroscopic structure

analysis: a HR-TEM image.

Inset shows polycrystalline

TiO2 nano cone and b SAED

pattern from TiO2 nano

cones which can be indexed

to anatase TiO2. See d-

spacing instead in Table 2

which corresponds to

individual labels in Fig. 4b

Table 2 d-Spacing measurements by using TEM

Layer 1/nm d-spacing (nm)

1 5.534 0.361402

2 8.278 0.241604

3 10.341 0.193405

Page 6 of 11 J Nanopart Res (2013) 15:1837

123



equation shown in Eq. (1), which can be use to compare

the diffusion rates of the lithium cation in the TNCs

(Chen et al. 2011):

ip ¼ ð2:69� 105Þm1=2n3=2AD1=2
a C ð1Þ

where ip is the peak current density, m is scan rate, n is

the number of electrons in the reaction, A is the

electrode area, and C is concentration.

The results are shown in Fig. 7a, b insets. Observ-

ing the plot in Fig. 7a, the peak current density at

lower scan rate region (\56.5 mV/s) seems to be

linearly proportional to the scan rate for TNC20 (Bard

et al. 1980). This finding indicates that the relative

diffusion rate, with respect to that of mass transport, is

sufficient to maintain the Nernstian equilibrium at the

electrode surface. Therefore this suggests that the Li?

intercalation is reversible reactions with the TNC20

electrode subjected to charge–discharge cycles (Yang

et al. 2011; Brett and Brett 1993; Meekins and Kamat

2009). On the contrary, for TNC60, the linearity is

limited to lower scan rate (reversible). As scan rate

increases, peak current density deviates from linearity.

The diffusion coefficient, Da, at different scan rates

is tabulated in Table 3 using the Randles–Sevcik

equation (Wei et al. 2007). At a lower scan rate

(\56.5 mV/s), Da of TNC60 is almost twice the

Fig. 5 Cyclic

voltammograms of the

TNC20 (anodized at 20 V)

and the TNC60 (anodized at

60 V) in 1.0 M LiO4. Scan

rate 200 mV/s. Bending test:

a the TNC electrode and

b the TNT electrode. Metal

substrate (indicated by the

arrow) is shown along the

edge of the electrode
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number of the TNC20. The significantly enhanced

diffusion rate of the TNC60 is presumably due to its

structural uniqueness. The TNC60 shows a greatly

enhanced hollow surface area with an evenly distrib-

uted wall thickness of *150 nm. This thickness

enables the Li? to diffuse in and out with greater ease

than TNC20. On the contrary, the TNC20, in Fig. 3b

inset, shows a partially filled cone shape with a wall

thickness of *256 nm, hampering Li? diffusion due

to the longer passage way.

Furthermore, EIS was carried out with LiClO4 as the

electrolyte at room temperature because EIS has been

regarded as powerful technique to examine charge

carrier transport and recombination process in DSSCs.

The frequency was swept from 10 mHz to 100 kHz

with an applied voltage of 0.18 V (vs. SCE). Figure 8a,

b shows the Nyquist plots (Pan et al. 2011) at the

different frequency regimes (Fabregat-Santiago et al.

2002). In the Nyquist plots, the high frequency

semicircle portion corresponds to the reduction reaction

at the counter electrode and the low frequency second

semicircle is assigned to charge transfer at the TiO2/

electrolyte interface (Conway 1999; Bernard et al.

2003). The diameter of the semicircle of the TNC20 is

approximately two times larger than that of the TNC60.

The pronounced semicircle of the TNC20 indicates that

charge transfer, at the low frequency domain, is more

impeded compared to the TNC60. The TNC20 in

Fig. 3b has a much thicker wall thickness and partially

filled cone, which both play a role of a conductive

barrier; however, the TNC60 has a facile conductive

pathway arising from a thinner wall and shows an

enhanced conductivity to the substrate. This result

readily agrees with the CV results from Fig. 7a, b. The

EIS at the high frequency regime is also presented in

Fig. 8b. Each Nyquist plot, in the high frequency

domain, shows an ohmic resistance and electrochem-

ical double layer (EDL) impedance (Wang et al. 2008).

It should be noted that both of the TNC electrodes are

unique in exhibiting low ohmic resistance and EDL

impedance (Wei et al. 2007). The initiation of the

lithium intercalation occurs at 0.43 and 0.93 mX for

Fig. 6 a Mechanical adhesion test specimen and b inset shows the high magnification image of cross-cut of the TNC60

Fig. 7 Cyclic

voltammograms (CVs):

a TNC20 and b TNC60 in

1.0 M LiClO4 at different

scan rates (200–5 mV/s).

Insets show Randles–Sevcik

plots: c TNC20 and

d TNC60 at different scan

rates
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TNC20 and TNC60, respectively. Figure 8c, d shows

different Bode plots with respect to the capacitance and

phase of the fabricated TNCs. The capacitance of the

TNC60 was approximately three times larger than that

of the TNC20, as seen in Fig. 8c. Considering the

capacitance of a typical EDL is 20 lF/cm (Mahajan

et al. 2008), the capacitance of the TNC60 was

dramatically improved. In general, the frequency shift

in the Bode plot is related to the inverse of the

recombination lifetime or electron lifetime in the TiO2

network. The phase angle of the TNC60 was linear with

respect to frequency, Fig. 8d. However, the phase angle

of the TNC20 showed large deviation at approximately

100 Hz. The large phase angle change at a relatively

high frequency regime implies that the collection and

transportation of electrons in the TNC20 is longer than

that of the TNC60. This phenomenon can be ascribed to

the intercalated Li? concentration in the TNC elec-

trode. Combined with the diffusion coefficient obtained

by the Randles–Sevcik equation in Table 3, the EIS

results appear consistent with each other.

Table 3 Calculated current density, scan rate, and diffusion

coefficient based upon the Randles–Sevcik equation

Electrode Current density

Ip (mA/cm2)

Scan rate

V (mV/s)

Diffusion

coefficient Da

(10-9 cm2/s)

TNC20 0.426 5 0.50

0.594 10 0.49

0.845 25 0.39

1.25 50 0.43

TNC60 0.87 5 2.09

1.15 10 1.83

1.42 25 1.11

1.85 50 0.95

Fig. 8 Nyquist plots of

EIS: a TNC20 and b TNC60

at different frequency

regimes. Bode plots of EIS:

c capacitance and d phase of

TNC20 and TNC60
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Conclusions

In summary, hollow conical anatase TiO2 could be

controllably created on Ti foils by anodic oxidation by

carefully controlling parameters such as the type of

electrolytes, voltage, and fluoride. From the electro-

chemical analysis, the intercalated Li? storage-ability

is closely related to the enhanced surface area and the

continuous, well-ordered Li? passage. In addition, the

remarkably larger diffusion coefficient for Li? empha-

sizes the importance of a facile conductive pathway to

the electrode. This diffusion leads to lithium interca-

lation reversibility since the electrode is subjected to a

charge–discharge cycle.
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