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Rutile nanowires were grown along the [001] direction and perpendicular to the fluorine doped tin oxide

coated glass substrate (Rt) by a solvothermal process using titanium isopropoxide as the precursor in

acidic solution. The edge length of the nanowires obtained in isopropyl alcohol is ten times less than

that of the nanowires obtained in water. Due to the high ionic diffusion rate along the rutile [001]

direction and good optical transmittance, Rt was used as an electrochromism electrode. When �2 V

was applied, the color of the electrode became blue with a 60% change in the transmittance for 30 s due

to the cathodic polarization potential in LiClO4/PC electrolyte (where PC is propylene carbonate). The

lithium ion intercalated/extracted densities of Rt, P25-coated and rutile nanowires-coated electrodes

are 138.6/129.1 mC cm�2, 93.6/83.2 mC cm�2 and 31.7/15.9 mC cm�2 respectively. After 50 cycles, the

Rt electrode still performs very well. Furthermore, a large amount of sodium cation intercalation into

TiO2 was observed for the first time at �1.0 V. According to these results, the Rt electrode is

a promising candidate to be a multi-function device.
Introduction

Recently, titanium dioxide has received more attention due to its

peculiar properties such as chemical stability, being environ-

mentally friendly and being low cost. It has a variety of appli-

cations in photocatalysis,1–3 dye sensitized solar cells,4–6 lithium

ion storage7–10 and electrochromic devices.11–13

Electrochromic devices such as smart window, e-paper

displays, and so on,14–17 can be associated with cathodic18–20 and

anodic21 coloration. TiO2 exhibits cathodic coloration due to

cation intercalation into TiO2 lattices under cathodic polariza-

tion potential. The cathodic polarization potential reduces Ti4+

to Ti3+,22 resulting in a decrease of the band gap, which leads to

the coloration of TiO2.
23When an opposite voltage is applied, the

cations are extracted out of the TiO2 lattices which leads to the

color fading away. Therefore, the coloration can be switched by

reversing the voltage. Moreover, there is close relation between

electrochromism and lithium ion energy storage for TiO2, as

both are concerned with cation intercalation/extraction. For

electrochromism and lithium ion energy storage, the
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performances are related to the quantity of cation intercalation,

which is strongly affected by the diffusion velocity of cations in

TiO2. It was reported that the theoretical diffusion coefficients

for Li+ along the [001] direction of rutile is 10�6 cm2 s�1 and the

[110] direction of rutile is 10�15 cm2 s�1.24,25 For anatase phase

TiO2, the diffusion coefficient along the [101] direction is about

10�13 cm2 s�1.26

According to literature,13,27,28 TiO2 nanoparticles and nano-

porous structures provided high surface areas on conductive

substrates, which are usually used to make electrochromic

devices. Recently, an electrochromic device made using anodic

TiO2 nanotubes on Ti foil was studied by P. Schmuki et al.29,30

Owing to the large surface area and good contact between TiO2

and substrate, the TiO2 nanotubes electrode shows good elec-

trochromic optical performance. However, the method discussed

above must use a high temperature annealing process to remove

binders and improve the crystallinity of TiO2.

In this research work, we attempt to form an electrode with

vertically aligned rutile nanowires along the [001] direction (with

the advantageous rutile [001] one-dimensional structure)

perpendicular to fluorine doped tin oxide coated glass (FTO) by

a simple one step solvothermal process. The electrochromism

and alkali metal ion intercalation properties are studied in detail.
Experimental section

Vertically aligned rutile nanowires grown on FTO

15 ml of concentrated hydrochloric acid (37%, Aldrich) and

15 ml of isopropyl alcohol (IPA, J.T.baker) were mixed and 1 ml
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Characterization of vertically aligned rutile nanowires grown on

FTO: FESEM images of (a) top-view (b) cross-section; (c) Raman spectra

(d)X-raydiffractionpatterns for different reaction times from5min to 4 h.

Fig. 2 TEM images of rutile nanowires: (a) and (b) are bundles, (c) is an

isolated rutile nanowire, and (d) is an HRTEM image of the area marked

in red in (c).
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titanium isopropoxide (TTIP, 98%, Aldrich) was added as the

precursor solution. The fluorine doped tin oxide coated glass

(FTO, 10 ohm per square) was cleaned by sonication for 15 min

in acetone, ethanol, DI water and IPA sequentially. The FTO

was placed within a Teflon reactor and the precursor solution

was added, then the Teflon reactor was loaded in the autoclave

and placed in an oven. The synthetic condition was controlled at

180 �C for 5 min to 4 h. After the solvothermal reaction, the

sample was taken out, washed with DI water and dried in

ambient air. The electrode obtained by 4 h reaction was desig-

nated as Rt and used for an electrochemical test.

Coating TiO2 film onto FTO

Powders of commercial P25 (75% anatase and 25% rutile) and

rutile nanowires synthesized in our laboratory2 were used as the

reference samples. 0.25 g mL�1 TiO2 and 0.25 g mL�1 poly-

ethylene glycol (PEG, 35 K) were mixed completely using mixing

equipment until a paste formed. These TiO2 pastes were coated

onto FTO. Then the TiO2 film was heated in air at 450 �C for 30

min to remove organics and bind the TiO2 film on the FTO. All

the TiO2 films were of the same thickness (ca. 4 mm, Fig. S1 in the

Supporting Information†). The P25-coated and rutile-nanowire-

powder coated electrodes are referred to as P25 and Rk,
respectively.

Materials characterization

The morphologies of the materials were examined by FE-SEM

(JSE-6500F field emission SEM). The high resolution morpho-

logical analyses were performed by HRTEM (JEOL 2010). Phase

detection analysis was studied by XRD pattern (Brucker

D8-advanced with Cu-Ka radiation l¼ 1.5405981 �A). A Raman

spectrometer (Renishaw, using the laser with l ¼ 632.8 nm) was

used to characterize the structure of the samples.

Electrochromic performance

The electrochromic properties of TiO2 electrodes were examined

using an electrochemical system (AUTOLAB, PGSTAT30) and

an UV-visible system (Avantes UV spectrum). The electro-

chemical system was used with a three-electrode cell setup. To

study the intercalation of cations (Li+, Na+), the three electrodes

TiO2–FTO, Ag/AgCl, and Pt wire as working, reference and

counter electrode, respectively, were immersed in electrolytic

solutions such as 1 M LiClO4 (anhydrous, Alfa Aesar) and 1 M

NaClO4 (anhydrous, Alfa Aesar) in propylene carbonate (PC,

99%, Alfa Aesar). The chronoamperometric measurements were

performed using an Autolab electrochemical system. The color-

ation of TiO2 was measured using a UV-visible system.

Results and discussion

Fig. 1 represents the characterization of TiO2 grown on FTO by

reacting TTIP in IPA. Fig. 1(a)–(b) shows vertically aligned

uniform TiO2 rectangular prisms with 20 nm edge lengths and

3.8 mm height, which were obtained at 180 �C for 4 h reaction.

Fig. 1(c) shows the Raman shift for samples for different reaction

times. The peaks appearing at 240, 450, and 615 cm�1 correspond

to a multi-photon process, Eg and A1g vibrational modes of TiO2
This journal is ª The Royal Society of Chemistry 2011
rutile phase, respectively.31 It can be seen that the rutile phase

formed with in the first 5 min. The X-ray diffraction pattern

(Fig. 1(d)) indicates that the 2q values, 36.2�, 62.9� reflecting

from the (101), (002) lattice planes of rutile TiO2 (JCPDS

89-4920, P42/mnm, a ¼ b ¼ 0.4584 nm and c ¼ 0.2953 nm), and

the intensities of the peaks increase with the reaction time (5 min

to 4 h). Moreover, the intensity of the peak reflecting from the

(002) planes increases most noticably. It suggests that the rutile

nanowires were well crystallized along the (002) axes. Rutile

nanowires were grown on FTO without any seeding process,

owing to the lattice match between FTO (a¼ b¼ 0.4687 nm) and

the rutile phase TiO2.
32,33

Fig. 2(a)–(b) shows low-magnification transmission electron

microscopic images of a bundle rutile nanowires. Fig. 2(c) shows

a TEM image of an isolated rutile nanowire. Fig. 2(d) displays an

HRTEM image of the region marked in red in Fig. 2(c), and the
J. Mater. Chem., 2011, 21, 18738–18743 | 18739
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fringes from the {001} and {110} planes, revealing d spacings of

2.98�Aand3.25�A, respectively. It shows that, the growthdirection

of rutile nanowires proceeds along [001], and the circumambient

surface is {110}. These observations were consistent with the

XRD pattern, indicating that the rutile nanowires grew vertically

onFTOalong the [001] lattice.According to the literature,2,34–36Cl

ions play an important role in the growth of rutile. In a rutile

crystal, each TiO6 octahedron shares two opposing edges which

are adjacent to another neighbor edge in a linear chain structure.

Once the {110} plane of rutile was exposed in the hydrogen

chloride solution, Cl ions were adhered on the {110} surface and

restricting the sideways growth. This leads to the growth rate

along [110] being slower than that along the [001] direction,

resulting in the anisotropic growth of rutile TiO2 along the [001]

direction.

According to the literature,33,37–39 rutile nanowires on FTO

have been synthesized by hydrothermal reaction. Fig.3(a)–(b) and

3(d)–(e) show the SEM images of rutile nanowires on FTO

obtained in IPA and water. The edge length of rutile nanowires

obtained in IPA is ca. 20 nm, and the edge length is ca. 200 nm

when using water as the solvent. The edge length of the nanowires

obtained in isopropyl alcohol is ten times less than that of those

obtained in water. The TiO2 precursor prefers to dissolve in a low

polarity solvent like IPA, rather than in water, resulting in lower

surface energy of the growing material, which leads to the growth

of tiny rods.40Fig. 3(c) and (f) show the different transmittance of

the samples obtained in IPA and water. According to the optical

images (Fig. 3(c)), ‘‘NTHU’’ can be seen clearly through rutile

nanowires grown in IPA (left) but not through those grow inH2O

(right). Fig. 3(f) shows the UV-visible spectra of the two samples.

The transmittance of wavelengths below 380 nm is zero owing to

the band gap (�3.0 eV) of TiO2. The transmittance of rutile

nanowires that were grown in IPA increases gradually with

increasing wavelength. At l¼ 750 nm, the transmittances of rutile

nanowires grown in IPA and H2O are 48% and 7%, respectively.

The rutile electrode grown in IPA (Rt) was colored by

supplying a voltage in 1 M LiClO4/PC solution.41 The electro-

chromism and ionic intercalation behavior of Rt was studied in

detail, and compared with the electrodes made by conventional

methods, such as P25 and rutile nanowire powder (Rk).
Fig. 3 FESEM images of rutile nanowires grown on FTO from different

solvents; IPA and H2O. (a) and (b) show the top-view and cross-section

of rutile nanowires in IPA, respectively. (c) shows a photographic image

of the rutile electrode in IPA (left) and in H2O (right). (d) and (e) show the

top-view and cross-section, respectively, of rutile nanowires in H2O. (f)

UV-visible spectrum of the rutile electrodes.

18740 | J. Mater. Chem., 2011, 21, 18738–18743
There is no obvious reduction and oxidation peak in the cyclic

voltammogram, the cyclic voltammograms for different scan rates

strongly imply that this is a diffusion controlled reaction,42 as

shown in Fig. S2 in the Supporting Information.† Fig. 4 presents

the electrochromic behaviors of the Rt electrode in 1 M LiClO4/

PC electrolyte. Fig. 4(a) indicates the coloration of Rt with

different cathodic polarization potentials which are 0 V, �1 V,

�1.5 V and �2 V relative to Ag/AgCl. Compared with the semi-

transparency of Rt, the color of the electrode becomes deep blue

as the cathodic polarization potentials are increased. Fig. 4(b)

shows the transmittance spectra of Rtwith andwithout applying

�1.5 V voltage. When �1.5 V voltage was applied, Rt showed

a maximum peak of transmittance at l ¼ 500 nm and the trans-

mittance gradually decreased from the visible region to the near

infrared. According to the literature,23,43 additional electronic

states about 0.75 and 1.18 eV below the conduction band of TiO2

are produced due to the reduction of TiO2. Therefore, the color-

ation of the TiO2 electrode is partly due to the visible region tail of

the infrared adsorption peak of reduced TiO2. Fig. 4(c) shows the

cycling stability ofRtby showing the transmittance at l¼ 750nm

over 50 cycles (0 to �1.5 V for 30 s). Over the whole experiment

period, the uncolored transmittance is 62%, which becomes 12%

after coloration. Throughout the experiment, the electrode

maintains good electrochromic performance. Fig. 4(d) shows the

charging anddischarging plots over 50 cycles.At the first cycle, the

estimated charge anddischarge densities (Qc andQd) are 71.03mC

cm�2 and 55.44 mC cm�2, respectively; and the reversibility ratio

(Qc/Qd) is 78%. The reversibility of the second cycle increased to

87%. This may be due to a reaction at the surface of the rutile

nanowires.Wewill be addressing these aspects in our futurework.

The coloration and lithium ion intercalation/extraction of

various TiO2 electrodes were further investigated by applying

different cathodic polarization potentials, as shown in Fig. 5.

Fig. 5(a) shows the transmittance of TiO2 electrodes for cathodic

polarization potentials from 0.75 to 2.00 V. The uncolored
Fig. 4 (a) Photographic image of the coloration of Rt electrode with

different cathodic polarization potentials (0 V, �1 V, �1.5 V and �2 V)

for 30 s in 1 M LiClO4/PC. (b) Transmittance spectrum of Rt electrode

(0/�1.5 V for 30 s). (c) Multiple cycle behavior of Rt electrode trans-

mittance. (d) Charging/discharging at 750 nm for 50 cycles.

This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1jm13084f


Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
01

1.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 o

n 
25

/0
4/

20
14

 0
2:

08
:4

9.
 

View Article Online
transmittance at l ¼ 750 nm is 62%, 32% and 12% for Rt, P25

and Rk, respectively. The transmittance of Rt is much higher

than that of P25 and Rk. Random arrangement of powdered P25

and rutile nanowires powder resulted in higher scattering of light,

which leads to lower transmittance of the electrodes. The

threshold polarization is above �1.25 V for P25 and Rk, whereas
it is �1.00 V for Rt. The coloration performance of all TiO2

electrodes are shown in the supporting information, as shown in

Fig. S3.† The coloration ability of these electrodes can be esti-

mated using the equation44

DOD ¼ log (Tbleaching/Tcoloring) (1)

Where DOD is optical density change, Tbleaching is uncolored

transmittance, and Tcoloring is transmittance with coloration at l

¼ 750 nm). FromFig. 5(b), theDOD values at�2 V are 1.45, 1.32

and 0.29 for Rt, P25 and Rk, respectively. Moreover, Rt has the

largest values of DOD among the TiO2 materials at different

cathodic polarization potentials. The color switching responses

of the films were estimated by calculating the differential of the

transmittance versus time, as shown in Fig. S4.† Rt again has the

largest peak height and the narrowest peak width among

the TiO2 materials at different cathodic polarization potentials.

Fig. 5(c) shows current response for a series of different cathodic

polarization potentials. The values (Fig. 5(d)) of charge/

discharge are 138.6/129.1 mC cm�2 for Rt, 93.6/83.2 mC cm�2

for P25, and 31.7/15.9 mC cm�2 for Rk at �2 V charging for 30 s.

This suggests that the electrode made by Rt shows the highest

electric charge and discharge density among these three titanium

dioxides. This property is most important for high rate energy

storage materials.45 Furthermore, the electrochromic efficiency

(h) has been estimated using the equation

h ¼ DT/Qc (cm
2 C�1) (2)
Fig. 5 The electrochromic measurements of TiO2 electrodes (Rt, P25,

Rk) at a series of cathodic polarization potentials (from 0 V to �2 V) in

1 M LiClO4/PC. The optical characteristics (a) transmittance change and

(b) the optical density change. The electric characteristics are (c) chro-

noamperometry and (d) electric charge density (solid line ¼ charge,

dashed line ¼ discharge).

This journal is ª The Royal Society of Chemistry 2011
Where DT ¼ Tbleaching � Tcoloring at 750 nm, Qc is the charge

density at �2 V charging for 30 s. The electrochromic efficiencies

are 452.3 cm2 C�1 for Rt, 329.7 cm2 C�1 for P25, and 203.0 cm2

C�1 for Rk at �2 V charging for 30 s.

The lithium ion intercalation performance of Rt is better than

that of other materials, which can be attributed to the different

ion diffusion coefficients of TiO2. It was reported that the

theoretical diffusion coefficients for Li+ of rutile along the [001]

and [110] direction are 10�6 and 10�15 cm2 s�1, respectively.24,25

According to

x zODt (3)

Where x is the mean square displacement, D is the diffusion

coefficient, and t is the diffusion time. The mean square

displacement per second is 10 mm for rutile[001], 3.2 �A for

rutile[110].
7 Scheme 1 shows that the rutile grown vertically along

[001] on FTO substrate results in the parallel of its [001] direction

and the direction of electric potential gradient, which leads to

rapid diffusion of lithium ions through the [001] channel. In

addition, the characteristics of one-dimensional structure and

good connection between rutile nanowires and FTO substrate

markedly enhance the electron transport.20,46–48 However, for Rk,
the rutile nanowires powder is coated on FTO substrate in which

most of the nanowires tends to lie on the substrate due to the wire

morphology, resulting in the [110] direction of rutile nanowires

being parallel to the direction of the electric potential gradient.

See Scheme 1. The small diffusion coefficient along the rutile

[110] direction reduces the lithium ion diffusion through the [110]

direction, leading to less charge intercalation and extraction for

Rk. From Fig. 5(c), the Rt electrode showes a much higher

current density (�11.8 mA cm�2) than that of the Rk (�3.3 mA

cm�2) when �2.00 V is supplied. Moreover, the low diffusion

along the rutile [110] direction also causes trapping of electrons,

which leads to low reversibility (50%) of Rk. P25, the anatase

phase dominated material with a 10�13 cm2 s�1 diffusion coeffi-

cient,26 shows a reasonable charge intercalation/extraction

behavior. In addition, the reported energy barriers of Li+
Scheme 1 The delineation of Li+ intercalation through [001] and [110]

direction corresponds to Rt and Rk, respectively. (O atoms are shown as

red spheres, Ti atoms are shown as blue spheres, and Li+ are shown as

grey spheres).

J. Mater. Chem., 2011, 21, 18738–18743 | 18741

http://dx.doi.org/10.1039/c1jm13084f


Fig. 6 The chronoamperometric measurements for TiO2 electrodes

(Rt, P25, Rk) at a series of cathodic polarization potentials (from 0 V to

�2 V) in 1 M NaClO4/PC. The optical characteristics (a) transmittance

change and (b) the optical density change. The electric characteristics (c)

chronoamperometry and (d) electric charge density (solid line ¼ charge,

dash line ¼ discharge).
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transport are 0.39 to 0.65 eV for anatase and 0.04 to 0.22 eV for

the rutile [001] direction,49,50 which are also consist with our

observations.

Owing to the existing large diffusion channel perpendicular to

FTO, sodium ion intercalation through Rt was also investigated

(Fig. 6). According to the literature,51,52 commercial P25 and

anatase phase TiO2 nanotubes cannot be colored in NaClO4/PC

at�1.5 V, on account of the size of the sodium ions. On the other

hand, niobium doped anatase TiO2 with widened lattice made

sodium ion intercalation possible.51 Unexpectedly, Rt shows an

obvious coloration and cation intercalation at �1.00 V. In

addition, when cathodic polarization potential is applied up to

�1.75 V, P25 and Rk had an observable coloration and cation

intercalation as shown in Fig. 6. This implies that the energy

barrier for sodium ions to intercalate into Rt is much less than

that for other electrodes. From Fig. 6(b) and 6(d), the DOD

values and charge intercalations of Rt are much larger than

those of P25 and Rk at a series of different cathodic polarization

potentials. At �2 V, the charge/discharge densities are 77.9/67.0

mC cm�2 for Rt, 44.4/15.2 mC cm�2 for P25, and 32.8/5.6 mC

cm�2 for Rk. Moreover, the reversibility ratios are 86%, 34% and

17% for Rt, P25 and Rk, respectively.
Conclusions

In summary, rutile nanowires along [001] direction vertically

aligned on FTO (Rt) was synthesized by using IPA as solvent

under solvothermal conditions. At l ¼ 750 nm, the trans-

mittances of rutile nanowires grown in IPA and in H2O are 48%

and 7%, respectively. Due to the ultrahigh ionic diffusion coef-

ficient of rutile along the [001] direction, lithium ions can rapidly

diffuse through the [001] direction, which is parallel to the electric

potential gradient. The change in optical density at �2 V for 30 s

is 1.45, 1.32 and 0.29 for Rt, P25 and Rk, respectively. In
18742 | J. Mater. Chem., 2011, 21, 18738–18743
addition, the lithium ion intercalated/extracted densities of Rt,

P25-coated and rutile nanowires-coated electrodes are 138.6/

129.1 mC cm�2, 93.6/83.2 mC cm�2 and 31.7/15.9 mC cm�2

respectively. Moreover, the Rt electrode also shows good

stability over multiple cycles. Furthermore, Rt demonstrates an

obvious coloration and sodium ion intercalation at �1.0 V,

whereas P25 and Rk show coloration at �1.75 V. In addition to

good performance in coloration and cation intercalation, Rt

also shows good electric reversibility. The electric reversibility

ratios are 86%, 34% and 17% for Rt, P25 and Rk, respectively.
Rt electrode with significant performance in electrochromism

and alkali metal ion intercalation/extraction is a promising

candidate for being a multifunction device. This result implies

that the high speed diffusion channel of a crystal coordinates

with the direction of the electric potential gradient resulting in

the splendid performance of ion intercalation/extraction, which

may be widely used in the synthesis of different devices.
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