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T
iO2 nanotube arrays prepared by an-
odic corrosion of Ti films are useful
as 1-D scaffolds to anchor light-

harvesting assemblies.1�4 These TiO2 nano-

tube arrays consist of 50�100 nm diameter

and 1�100 �m long tubes and become

crystalline upon annealing. Their applica-

tion in batteries,5�8 solar cells,9�15 and

sensors16�19 has drawn significant interest

from the research community. Although

TiO2 responds only in the UV, the photore-

sponse of these nanotubes can be ex-

tended into the visible by anchoring dye

molecules and semiconductor quantum

dots to the nanotube array. Recent studies

from our group investigated quantum-dot-

sensitized solar cells by modifying the TiO2

nanotube surface with different size quan-

tum dots.9,13 As compared to the particulate

films, the one-dimensional structures show

significant enhancement in the photoelec-

trochemical performance because of im-

proved charge collection efficiency.12

TiO2 is a useful photocatalyst to induce

oxidative transformations in both chem-

ical20�23 and biological reactions,24 as a co-

catalyst with other materials such as Au, Ag,

Co, and Pt,20�23,25�32 and in gas sensing ap-

plications.33 Another focus of TiO2 nanoar-

rays is in the generation of photocatalytic

solar hydrogen production.2 The TiO2 tubu-

lar films exhibit improved photoconversion

efficiency over particulate systems in split-

ting water under UV excitation. However,

because of the limited spectral match of the

solar spectrum (�5%), the overall photo-

conversion efficiency for these systems re-

mains quite low (�1%). Another interesting

property is the ability to intercalate cations

into the TiO2 lattice. For example, simulta-

neous photoaccumulation of electrons and

protons in TiO2 has been demonstrated us-

ing a quartz crystal microbalance.34 Efforts

have also been made to incorporate other

ions such as Li� during the synthesis of

TiO2.35 Harima et al. showed that Li� ions

may enhance photoelectric performance in

TiO2 powders.36

The electron trapping processes in TiO2

have been extensively studied in the

literature.37�40 A quantitative transfer of

electrons to other nanostructures such as

gold31 and carbon nanotubes41 has led to

the determination of the Fermi level of het-

erostructures. As the electrons are cap-

tured by Ti4� sites to form Ti3�, cations from

solution (e.g., Li� or H�) intercalate into

TiO2 to compensate for the loss of charge

(Scheme 1). In a recent study, it has been

shown that TiO2 nanotubes under strong

negative bias exhibit a large increase in

both capacitance and conductivity, indicat-

ing Fermi level displacement.42 Filling of

such electron trap sites using an electro-

chemical reduction method should allow

us to boost the photoelectrochemical per-

formance of TiO2 nanotube array

electrodes.

In order to further exploit the trap

state filling for improving the photoelec-
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ABSTRACT Cations such as H� and Li� are intercalated into TiO2 nanotube arrays by subjecting them to

short-term electrochemical pulses at controlled potentials (<�1.0 V vs Ag/AgCl). The intercalation of these

small cations has a profound effect toward enhancing photocurrent generation under UV light irradiation. A nearly

three-fold increase in the photoconversion efficiency (IPCE) was observed upon intercalation of Li� ions into TiO2

nanotube arrays. The intercalation process is visualized by the color change from gray to blue. Spectro-

electrochemical measurements were carried out to monitor the absorption changes at different applied potentials.

The analysis of the Voc decay following termination of UV light shows a significant decrease in the rate of

recombination of accumulated electrons upon Li� ion intercalation.

KEYWORDS: TiO2 nanotubes · lithium ion intercalation · solar
cells · photoelectrochemistry · electron traps
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trochemical performance, we have successfully inter-

calated lithium ions into TiO2 nanotube arrays using

an electrochemical approach. The optical properties

of the Li�-intercalated TiO2 nanotube arrays and

the effect of cation intercalation on the photocur-

rent generation are discussed.

RESULTS AND DISCUSSION
The anodic corrosion of a Ti film in a fluoride solu-

tion produces an ordered TiO2 nanotube array. The di-

ameter and length of the tubes can be varied by alter-

ing the medium and electrochemical corrosion

conditions.43 Figure 1A,C show scanning electron micro-

graphs (SEM) of TiO2 nanotubes as formed on a Ti sub-

strate following the electrochemical etching and an-

nealing procedure. The nanotube array showed a

uniform distribution with a diameter in the range of

50�60 nm and length of �5 �m.

The TiO2 nanotube array electrode was subjected

to electrochemical pulsing in a 3-arm electrochemical

cell containing aqueous solution of 1 M perchlorate

with different cations (H�, Li�, or TBA�), a Pt counter

electrode, and a Ag/AgCl reference electrode. A poten-

tial of �1.5 V voltage was applied for 3 s. During this

short duration of applied electrochemical potential, the

Ti4� sites within the TiO2 array get reduced to Ti3�. In or-

der to compensate for the lost charge, the cations from

Scheme 1. Electrochemical conversion of Ti4� to Ti3� and simulta-
neous incorporation of Li� cations in TiO2 nanotube array electrode.

Figure 1. SEM images of TiO2 nanotube array formed on Ti substrate using anodic etching procedure: profile of tubes (A) be-
fore Li� intercalation and (B) after Li� intercalation. Top-down view of tubes (C) before Li� intercalation and (D) after Li�

intercalation.
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the solution (e.g., H� or Li�) intercalate within the TiO2

lattice. Figure 1B,D show two different views of Li�-
intercalated TiO2 nanotubes following the application
of �1.5 V in a LiClO4 medium. Comparison of the SEM
figures in Figure 1 shows that the intercalation of cat-
ions such as Li� ions causes relatively little change in
the overall morphology of the TiO2 nanotube array.

The reduction of Ti4� to Ti3� states in TiO2 is accom-
panied by a change in color from gray to a dark blue.
For example, TiO2 colloids prepared in ethanol undergo
blue coloration when subjected to UV irradiation as
electrons are accumulated at Ti4� sites.44 In a comple-
mentary procedure, electrochemical reduction is also
known to induce electrochromic effects.45 Electron
paramagnetic resonance (EPR) and transient absorp-
tion studies have been performed to establish the na-
ture of Ti3� sites in TiO2.46�49 The accumulation of pho-
togenerated electrons usually occurs at shallow traps
(Ti4� sites). The accessibility of these trapped electrons
for secondary electron transfer to an acceptor molecule
(e.g., O2, C60, and methyl viologen)44,50,51 or electrode52,53

shows the reversibility of the trapping process. The
electrochemical reduction, on the other hand, can lead
to the filling of both shallow and deep traps. If the elec-
trode is subjected to electrochemical potential more
negative than �1.0 V vs Ag/AgCl, the color changes re-
main stable as the intercalation of cations brings in
charge compensation.

No lasting change in the absorption is seen at poten-
tials less than �1.1 V vs Ag/AgCl with 1 M LiClO4 as the
electrolyte. As the electrode is maintained at poten-
tials more negative than �1.0 V vs Ag/AgCl, we ob-
serve broad absorption in the red and infrared region
(Figure 2A). These changes in the absorption represent
reduction of Ti4� sites to Ti3� sites and the accompany-
ing intercalation of cations. The growth of peak absor-
bance, which corresponds to the maximum absorbance
observed at the end of the 3 s potential pulse, for Li�

cations is summarized in Figure 2B. The growth of ab-

sorption is promptly seen during the application of
electrochemical potential and attains a maximum
within the duration of the pulse.

In order to see the influence of other cations, we
also conducted the spectroelectrochemical measure-
ments using 1 M tetrabutylammonium perchlorate
(TBAP) in 1 M HClO4. The dependence of steady state
absorbance on applied potential for H� and Li� cations
is shown in Figure 3A. The absorbance at 700 nm was
monitored following the application of 3 s potential
pulse until it attained a steady absorbance value. Fig-
ure 3A shows that the stability of Ti3� states can be seen
at an onset potential of �1.1 V when Li� ions are
present in solution. With increasing negative potential,
this steady state absorbance increases, attaining a pla-
teau at �1.8 V. This value represents an upper limit
when all the available Ti4� sites are converted to Ti3�

sites. A similar trend is also seen when Li� ions are re-
placed by H� ions; however, a positive shift of �0.6 V in
the onset potential is seen because of the change in
the pH as well as the size of the cation. It is well-
established that the band edges of TiO2 shift to posi-
tive potentials (0.059 V/pH unit) with decreasing pH.54

A shift of the conduction band to more positive poten-
tial in HClO4 allows the transformation of Ti4� to Ti3� to
occur at a lower onset potential. This potential for inter-
calation of H� ions is so low that the process can even
be initiated with band gap excitation of TiO2 in acidic
medium.42 It is interesting to note that both H� and Li�

intercalate into TiO2 to stabilize the Ti3� sites in a simi-
lar fashion. The larger tetrabutylammonium ions, how-
ever, have no effect in inducing coloration. It is appar-
ent that these large cations are unable to penetrate the
lattice and stabilize Ti3� sites.

Another interesting aspect is the stability of the as-
formed Ti3� sites when intercalation was carried out
with Li� ions. Figure 3B shows that Ti3� generated dur-
ing the application of electrochemical potential pulse
remains stable even upon application of more positive

Figure 2. (A) Diffuse reflectance spectra of TiO2 nanotube array after maintaining the electrode at a set potential for 3 s us-
ing a spectroelectrochemical setup (electrolyte: aqueous solution of 1 M LiClO4, Ag/AgCl reference electrode, and Pt counter
electrode). (B) Response of transient absorbance at 700 nm to applied potentials: (a) �0.9 V, (b) �1.2 V, and (c) �1.5 V in 1
M LiClO4 electrolyte.
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potentials. Sodergren55 found that Li� ions intercalated

into a nanoporous anatase TiO2 film by applying a �1.7

V vs Ag/AgCl for 5 min. The intercalation in these experi-

ments could easily be reversed by applying a �0.15 V

vs Ag/AgCl for 5 min. Even at applied potentials of 0 and

�0.2 V vs Ag/AgCl for 5 min, we observed little change

in absorbance. Less than 25% decrease in the absor-

bance was observed upon application of �1.0 V vs Ag/

AgCl (see Supporting Information). It is not apparent

why there is such a large discrepancy of reversibility be-

tween the nanoporous TiO2 (see ref 55) and the TiO2

nanotubes employed in our work. It should be noted

that TiO2 nanotube-based Li-ion batteries exhibit re-

versibility in the range of 75�90%,5 and hence, some ir-

reversibility persists in these systems. Variation in pre-

parative methods and the nature of trap states are likely

to contribute to the difference in behavior with re-

spect to reversibility. We have performed XRD measure-

ments to probe changes in crystalline phase following

the intercalation of Li� ions. The results presented in the

Supporting Information (Figure S2) rule out such a pos-

sibility. On the basis of these results, we can conclude

that the parent rutile structure is retained following Li�

intercalation.

Effect of Cation Intercalation on the Photoelectrochemical

Behavior of TiO2 Nanotube Array Electrode. The effect of the

H� and Li� intercalation on the photoelectrochemical

properties of the TiO2 nanotube electrode was studied

in a 3-arm electrochemical cell. The current response to

on�off cycles of UV illumination (� � 310 nm) was re-

corded by maintaining an electrode potential at 0 V vs

Ag/AgCl in 1 M KOH. As can be seen in Figure 4A, the

photocurrent response to UV illumination in both cases

was prompt and reproducible. The TiO2 nanotube ar-

ray electrodes subjected to electrochemical bias treat-

ment (�1.5 V, 3 s pulse) exhibit higher photocurrent

than those without any treatment. These results indi-

cate the beneficial role of cation intercalation in improv-

ing the photocurrent generation at the TiO2 nanotube

electrode. Intercalation of Li� ions yields higher photo-

Figure 3. (A) Normalized growth of steady state absorption at 700 nm at different applied potentials in 1 M electrolytes: (a)
HClO4 and (b) LiClO4. The maximum absorbance was normalized to 1.0. (B) Steady state absorption at 700 nm at different ap-
plied potentials (electrolyte: 1 M LiClO4) during forward (black squares) and reverse (red squares) cycles.

Figure 4. (A) Photocurrent response of TiO2 nanotube array before (a,b) and after (c,d) the electrochemical treatment in 1 M so-
lutions of HClO4 (a,c) and LiClO4 (b,d) to on�off cycles of UV illumination. Electrolyte was 1 M KOH. (B) Changes in steady state
photocurrent and absorbance at 700 nm under UV illumination (1 M KOH electrolyte) vs applied voltage. A 3 s pulse at a set volt-
age was applied using 1 M LiClO4 prior to each measurement. After each pulse, the nanotube array electrode was allowed to sit
overnight before the photocurrent measurements.
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current than electrodes intercalated with H� ions. The

nearly three-fold enhancement seen following Li� ion

intercalation reveals a simple way to boost the photo-

electrochemical activity of TiO2 nanotubes.

Li� ion intercalation has been widely used to de-

velop storage batteries.5,56 In these applications, Li�

ion intercalation is expected to show reversibility as

the electrode is subjected to charge�discharge cycles.

Several studies show only a partial degree of reversibil-

ity toward Li� ion release when nanostructured TiO2 is

used as the storage electrode.5,57,58 Earlier studies with

TiO2 particulate films showed reversibility of Li� ion in-

tercalation from the change in the blue coloration.57,59

In the present study, we employed a more negative po-

tential, �1.5 V vs Ag/AgCl, that facilitated intercalation

of deeper sites within the TiO2 nanotubes. The fact that

these electrodes continue to deliver stable photocur-

rents for repeated on�off illumination cycles further

supports the argument that the Li� ions are strongly in-

tercalated into TiO2 nanotubes. We also did not ob-

serve any decrease in coloration of the TiO2 nanotube

electrode or decrease in photocurrent following con-

tinuous illumination of the electrode at 0 V vs Ag/AgCl

for 15 min.

Figure 4B shows the dependence of maximum

photocurrent of TiO2 nanotube array electrode and

its absorbance at 700 nm on the applied electro-

chemical potential. The TiO2 nanotube array elec-

trode was subjected to a given potential for 3 s in

an electrochemical cell while recording the absor-

bance until steady state was attained. The electrode

was then washed and allowed to rest overnight before

recording photocurrent values. When TiO2 nanotube ar-

rays are pretreated with electrochemical bias at poten-

tials less negative than �1.0 V, one does not observe

any noticeable change in the photocurrent generation

or absorbance. A steep rise in the photocurrent could

be seen for TiO2 nanotube array electrodes that were

pretreated with electrochemical pulse in the range of

�1.0 to �1.2 V. Under the same conditions, we see only

a small increase in the 700 nm absorption indicating

the reduction of Ti4� sites and Li� intercalation. The ab-

sorbance at 700 nm continues to show a rise when we

apply more negative potentials; there is, however, no

significant increase in the photocurrent at potentials

more negative than �1.2 V. As shown earlier, Ti4� sites

usually act as electron traps, and the trapped electrons

can survive for a long period of time.37�40 During the ap-

plication of negative potential, one expects filling of

electron traps, thus making these sites unavailable for

trapping photogenerated electrons (Scheme 2). On the

basis of the results in Figure 4B, we can conclude that

the filling of shallow traps at lower applied potentials

(�1.2 V) is sufficient to attain amplification in the pho-

tocurrent generation. At more negative potentials, the

deeper traps get filled but this process does not seem

to have any noticeable effect on the photocurrent

generation.

Photoconversion Efficiency. That the photocurrent origi-

nates only from UV excitation is further borne out by

photocurrent action spectra. Incident photon to charge

carrier generation efficiencyOIPCE (also referred to as

Scheme 2. Band energy diagram showing the charge separation, electron trapping at Ti4� sites, and electron transport to Ti
substrate in (a) a pristine TiO2 nanotube and (b) a partially reduced TiO2 nanotube with Li� intercalation. Blocking of electron trap-
ping in (b) enhances the possibility of electron capture for photocurrent generation.
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external quantum efficiency)Ovalues at different light
wavelengths were determined from eq 1

where � refers to wavelength in nm, isc refers to short
circuit current in mA/cm2, and Iinc refers to the power of
the incident light in mW/cm2. As can be seen from Fig-
ure 5, the onset of photocurrent for both sets of experi-
ments is similar. The onset potential seen around 380
nm corresponds to the band gap transition of 3.2 eV
and confirms that the band gap transition is unaffected
by Li� ion intercalation. The TiO2 nanotube array elec-
trode does not respond to visible light excitation. De-
spite the blue coloration of the Li�-ion-intercalated TiO2

nanotubes, these color centers have no direct role in
the photoinduced charge separation. Hence, we at-
tribute the indirect influence of Li� ion intercalation in
boosting the IPCE to the blocking of charge recombina-
tion sites within the TiO2 lattice.

The maximum IPCE seen for the un-
treated TiO2 nanotube array at 350 nm is
around 12%, while the Li�-ion-intercalated
electrode exhibits an IPCE of 42%, a nearly
3.5-fold enhancement. H�-intercalated TiO2,
on the other hand, only gives a 2-fold en-
hancement of IPCE, as seen in Figure 5B. At
excitations below 350 nm, we observed a
decrease in the IPCE as light absorption
throughout the TiO2 nanotube array be-
comes non-uniform. Because of the large
absorption cross section of TiO2 at shorter
wavelengths, most of the incident light is
absorbed near the outer surface. It should
be noted that the IPCE results presented
here were obtained without any external
bias. The higher IPCE value reported in the
literature (80%) employs external bias to
suppress charge recombination and facili-
tate electron transport within the TiO2 film.60

For the deployment of a practical solar cell,

it is important to evaluate efficiency values using a two-

electrode configuration (without external bias).

I�V Characteristics. In order to see the effect of interca-

lation of different cations, we recorded current�

voltage (I�V) plots using a three-electrode setup. The

I�V plots of the TiO2 nanotube array electrodes before

and after cation intercalation are shown in Figure 6.

These experiments were carried out using a 2 mV/s volt-

age scan rate. The TiO2 nanotube array electrode be-

fore and after Li� ion intercalation retains the funda-

mental property of generating anodic photocurrent but

with different magnitudes (Figure 6). An increase in

the overall efficiency of the TiO2 nanotube array elec-

trode is seen with both H� and Li� ion intercalationO
approximately double with H� and approximately triple

with Li�. The shift in the flat-band potential, as moni-

tored from the zero current potential, shows a small

negative shift (20�50 mV) as a result of the cation inter-

calation. This shift in flat-band potential is consistent

Figure 5. A) IPCE (%) of the TiO2 nanotube array electrode: (a) before and (b) after Li� intercalation. (B) IPCE (%) of the TiO2

nanotube electrode (a) before and (b) after H� intercalation. Electrolyte in all experiments was 1 M KOH.

Figure 6. Current�voltage characteristics of two separate TiO2 nano-
tube array electrodes: (a,b) before and (c,d) after subjecting them to elec-
trochemical bias. The counterions (c) H� and (d) Li� were intercalated
by applying 3 s pulse at �1.5 V. Electrolyte was 1 M KOH. Reference was
Ag/AgCl (saturated KCl). Scan direction was from negative to positive po-
tentials at a scan rate of 2 mV/s.

IPCE(%) ) 1240
λ

isc

linc
× 100% (1)
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with the hypothesis that the cation intercalation leads

to unpinning of the Fermi level and gets closer to the

conduction band.42 These results further confirm the

beneficial effects of blocking of trap sites with electro-

chemical reduction of Ti4� and intercalation with cat-

ions in improving overall photoelectrochemical perfor-

mance of the TiO2 nanotube array electrode.

Electron Accumulation and Decay Lifetimes. It is evident

from the photocurrent measurements that the reduc-

tion of Ti4� sites paired with Li� intercalation improves

the photoelectrochemical performance of TiO2 nano-

tube arrays. If indeed the observed improvement in the

photoconversion efficiency (Figure 5) is the result of

blocking of electron trap sites, we should be able to

suppress the charge recombination at the trap sites. In

order to probe the electron accumulation and its sus-

ceptibility to charge recombination, we monitored the

photovoltage and its decay upon termination of illumi-

nation. The relationship between the photovoltage de-

cay and electron disappearance in TiO2 has recently

been established by infrared spectroscopy.61,62

Figure 7A shows a typical open-circuit voltage re-

sponse (Voc) to illumination followed by termination of

illumination. The open-circuit voltage of the photoelec-

trochemical cell represents the difference in Fermi level

between the TiO2 and counter electrodes. In the dark,

the electrode potential is dictated by redox equilibra-

tion. Band gap excitation of TiO2 results in charge sepa-

ration. As the holes are scavenged by OH� at the inter-

face, the electrons begin accumulating within the TiO2

film. Electron accumulation causes a shift of the Fermi

level to more negative potentials, and we see an in-

crease in Voc. The open-circuit voltage reaches a maxi-

mum as the electron accumulation competes with the

charge recombination and thus attains a steady state.

Upon stopping the illumination, Voc decays as the elec-

trons accumulated within the TiO2 are scavenged by the

electron acceptor species in the electrolyte (e.g., dis-

solved oxygen) as well as undergo recombination with

trapped holes. Thus, monitoring the decay of the volt-

age provides an insight into the pathways by which loss

of accumulated electrons occurs within the TiO2

network.

The open-circuit voltage after stopping the UV illu-

mination exhibits a complex decay and can be ana-

lyzed using the approximation derived by Bisquert.63

According to this model, the decay lifetime of the accu-

mulated electrons can be related to the drop in poten-

tial using eq 2

where � is the potential dependent lifetime, kB is Boltz-

mann’s constant, T is the temperature in K, e is the

charge of a single electron, and Voc is the open-circuit

voltage at time t. The electron lifetimes determined

with eq 2 were compared in the presence and absence

(N2-purged) of oxygen in the electrolyte. The relation-

ship between the lifetime of electrons in TiO2 nano-

tubes and the Voc is presented in Figure 7B. The range

of lifetimes recorded for TiO2 nanotubes presents two

interesting observations. First, the Voc exhibits a rapid

decrease when oxygen is present in the electrolyte both

before and after Li� intercalation of the TiO2 nano-

tubes. Second, the electron lifetime in N2-purged

solutions is significantly longer. In particular, Li�-

intercalated TiO2 nanotubes exhibit a significant in-

crease in the electron lifetime in the absence of oxygen.

Surface traps play an important role in electron ac-

cumulation and transport across the nanostructured

TiO2 film. In DSSCs, charge recombination within the

TiO2 particle is not a major issue because only photoin-

jected electrons are accumulated inside the particle.

These accumulated electrons are lost at the interface

via recombination with redox couples such as I3
�. In the

present experiments, we are subjecting TiO2 nano-

tubes to direct band gap excitation, and both trapped

electrons and trapped holes remain within the particle.

Figure 7. (A) Voc time profile of TiO2 nanotube arrays (a,b) before and (c,d) after intercalation of Li� ions in the (a,c) air-equilibrated
and (b,d) nitrogen-saturated 1 M KOH solution. The illumination was terminated after attaining a steady Voc. (B) Electron life-
time measurements determined from the Voc decay in dark as analyzed from traces in panel A and eq 2.

τ )
kBT

e (dVoc

dt )-1

(2)
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The trap-mediated recombination processes are slower
compared to direct electron�hole recombination. Al-
though we remove a fraction of deep traps responsible
for charge recombination, other surface traps still re-
main. This is evident from the long lifetime of voltage
decay in the absence of O2. Such traps beneficially facili-
tate transport of electrons in the TiO2 film.

The results presented in this work point out the benefi-
cial role of Li� intercalation in stabilizing photogenerated
electrons. In the absence of surface-adsorbed scavengers
such as O2, the electrons survive for a longer period of
time as the surface defects are blocked as a result of the
Li� intercalation. Such improved TiO2 nanostructures are
potentially useful in boosting the performance of dye-
sensitized or quantum-dot-sensitized solar cells. Efforts
are currently underway to test the photocatalytic activity
of these materials in solar hydrogen production.

CONCLUSIONS

Cations such as H� and Li� readily intercalate

into TiO2 nanotubes when subjected to negative

bias. The reduction of Ti4� sites by electrons and si-

multaneous intercalation of cations alter the proper-

ties of TiO2 nanotubes. A three-fold increase in both

photocurrent generation and IPCE was observed

with the TiO2 nanotube array electrodes previously

subjected to an electrochemical bias (�1.5 V vs Ag/

AgCl in 1 M LiClO4 for 3 s). A small shift in the flat-

band potential was also evident as a result of the un-

pinning of the Fermi level as we intercalated cations

into TiO2 nanotubes. The increase in the electron

lifetime in the absence of oxygen was confirmed

from the decay of the open-circuit potential after

stopping the UV illumination.

EXPERIMENTAL SECTION
Materials and Preparation. Ti foil (0.25 mm, 99.7% purity) was

purchased from Alfa Aesar. The foils were cut into 4 cm 	 0.8
cm pieces, sonicated in 2-propanol, and stored in acetone until
used. Ammonium fluoride and lithium perchlorate were pur-
chased from Sigma Aldrich and used as received. Potassium hy-
droxide pellets were purchased from Fisher Scientific and used
as received. Tetrabutylammonium perchlorate (TBAP) was pur-
chased from Alfa Products and used as received.

TiO2 nanotubes were prepared using a standard electro-
chemical anodizing process.43 Ti foil was anodized at 60 V in a
mixture of ethylene glycol (98% w/v)/water (2% w/v) containing
0.27 M ammonium fluoride for 1.5 h. This procedure produced
nanotubes with lengths ranging from 5 to 10 �m and diameters
of approximately 50 to 60 nm. After anodization, the foils were
sonicated for 1�5 s, rinsed in water, dried in an air stream, and
annealed at 450 °C for 3 h, with a 1 °C/min ramp rate.

The cation intercalation of the TiO2 nanotube array elec-
trode was carried out in a 3-arm electrochemical cell. The TiO2

nanotube array served as the working electrode. Either 1 M HC-
lO4 or 1 M LiClO4 was used as the electrolyte for cation intercala-
tion, while a platinum mesh served as a counter electrode and
Ag/AgCl (saturated KCl) as a reference electrode. A potential of
�1.5 V (vs Ag/AgCl) was applied for 3 s, according to the best re-
sult obtained by Macak and Schmuki.64 A color change to dark
blue provided visual confirmation of the reduction of Ti4� to Ti3�

and simultaneous intercalation of cations. The electrode was re-
moved, washed with deionized water, dried under an air stream,
and allowed to rest overnight before photoelectrochemical mea-
surements were made.

Characterization. Photoelectrochemical measurements were
made using a Princeton Applied Research PARstat 2273 poten-
tiostat and a three-electrode setup with a platinum counter elec-
trode and KCl-saturated Ag/AgCl reference electrode. Nitrogen
was bubbled for several minutes before experiments were
started and allowed to flow over the surface of the electrolyte
to prevent reentry of air. A 300 W xenon white light source with
�310 nm CuSO4 filter was used in all experiments. IPCE measure-
ments were carried out in a two-electrode setup using a Keithley
617 programmable electrometer and a Bausch and Lomb high
intensity monochromator with �15 nm fwhm with no applied
bias. One molar KOH was used as the electrolyte in both setups.
Diffuse reflectance measurements were made using a Shimadzu
UV-3101PC spectrophotometer. A white paper background was
used as the reference. SEM pictures were taken with a Hitachi
S-4500 FESEM.

Spectroelectrochemical measurements were carried out
with a 3-arm cell inserted in the sample compartment of the
spectrophotometer. Diffuse reflectance spectroscopy was used

to monitor the absorption changes of the TiO2 nanotube array
electrode during and after completion of intercalation at differ-
ent applied potentials. The TiO2 nanotube array before the treat-
ment served as reference to record the baseline. The voltage
was varied from �0.4 to �1.8 V in �0.1 V increments with pulse
duration of 3 s at each applied potential step; absorption spec-
tra were recorded immediately following each potential pulse.
Transient absorption spectra were also recorded at 700 nm to
determine the steady state absorbance after each applied poten-
tial step.

X-ray diffraction (XRD) measurements were carried out with
a Scintag X1 Advanced Diffraction System.
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57. Lindström, H.; Södergren, S.; Solbrand, A.; Rensmo, H.;
Hjelm, J.; Hagfeldt, A.; Lindquist, S.-E. Li� Ion Insertion in
TiO2 (Anatase). 2. Voltammetry on Nanoporous Films. J.
Phys. Chem. B 1997, 101, 7717–7722.

58. Wang, D. H.; Choi, D. W.; Yang, Z. G.; Viswanathan, V. V.;
Nie, Z. M.; Wang, C. M.; Song, Y. J.; Zhang, J. G.; Liu, J.
Synthesis and Li-Ion Insertion Properties of Highly
Crystalline Mesoporous Rutile TiO2. Chem. Mater. 2008, 20,
3435–3442.
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