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Electrochemical storage of hydrogen in nanotubular TiO2 arrays
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bstract

Vertically oriented nanotubular TiO2 arrays were formed by a simple anodization process. Hydrogen storage studies were carried out on the
iO2 nanotubular arrays having different diameters by charging and discharging hydrogen with potentiostatic/galvanostatic control. The hydrogen
torage capacities of the nanotubes were only marginally affected by the tube diameter. Concentration of oxygen vacancies as defects influenced the
ydrogen storage of the nanotubes. Annealing of the TiO nanotubes in argon atmosphere increased the defect density and decreased the hydrogen
2

ischarge during initial charge–discharge cycles. Hydrogen storage studies through electrochemical route did not show significant storage capacity
f TiO2 nanotubes. Diffusion of hydrogen as protons and interference of the double layer capacitance of nanotubes could be attributed to the lower
ydrogen storage capacity.

2006 Elsevier B.V. All rights reserved.
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. Introduction

One-dimensional nanostructured materials, such as carbon
anotubes [1], and boron nitride nanotubes [2] are considered
or potential hydrogen storage applications. Recently, 2 wt.%
f hydrogen storage in TiO2 nanotubes prepared by hydrother-
al process was reported [3]. In the hydrogen storage studies,

anomaterials were used as entangled nanostructures. The larger
urface area of the nanomaterials may not be completely utilized
hen the structure is entangled, as not all the surface areas would
e directly exposed to the environment. This problem could be
lleviated by the use of aligned or well-ordered nanostructures.
ormation of vertically oriented and ordered-TiO2 nanotubes

hrough a simple anodization process has been reported by sev-
ral research groups [4,5]. These nanotubes find applications in
as sensing [6], photo-generation of hydrogen [7] and templates
or growth of carbon nanotubes [8], nanowires of compound
emiconductors and bioceramic coatings [9]. If these nanotubes
an store about 2 wt.% hydrogen as reported by Lim et al. [3],

hich corresponds to about 536 mAh g−1 by electrochemical

torage capacity, they can find application in metal hydride bat-
eries. The major advantage of the anodization method to prepare
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anostructure of TiO2 is its ability to scale-up. As the nanotubes
re vertically oriented and form good electrical contact with the
etal substrate, well-controlled functionalization of the nan-

tubes can be easily achieved. By appropriate cathodic pulsing
ycles, the nanotube array can be extracted from the Ti substrate
r a thin sputtered layer of Ti can be completely anodized to form
through thickness TiO2 nanotubular array. This short commu-
ication reports the electrochemical hydrogen storage properties
f vertically oriented TiO2 nanotubes prepared by anodization
oute. The hydrogen storage capacity was investigated as a func-
ion of the nanotube diameter. It is well documented that fluoride
ontent and pH are crucial factors for the nanopore formation
uring anodization. In order to achieve different diameters of
he nanotubes, the anodization parameters such as anodization
otential, temperature and fluoride content were varied in a pH
.0 solution.

. Experimental

Titanium foil (99.9% purity, ESPI Metals, Ashlan, OR, USA)
f 0.2 mm thickness was cut into 16 mm diameter blanks and

oaded into PTFE holder exposing only 1.0 cm2 area to the elec-
rolyte. The material was used in as-received condition. The
lectrolyte was 0.5 M H3PO4 + 0.07–0.14 M NaF. The tempera-
ure of the anodization was varied from 5–24 ◦C. Two electrode

mailto:Misra@unr.edu
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onfiguration was employed. A dc power source (Agilent Tech-
ologies) supplied the required potential and current was mon-
tored by a digital multimeter. A flag shaped Pt electrode with
bout 5 cm2 surface area was used as a cathode. The distance
etween the anode and the cathode was about 3 cm. The elec-
rolyte was continuously stirred using a magnetic stirrer. Initially
he potential of the Ti sample was ramped from zero to the final
nodization potential at a rate of 0.1 V s−1. During this potential
amp, the current increased. When the potential was maintained
onstant the current decreased initially and started to increase
gain. After some time it reached a steady state value. Anodiza-
ion was continued typically for 20 min after reaching a steady
tate value. After anodization, the sample was removed from
he holder, washed with plenty of distilled water and sonicated
n acetone for about 30 s to remove any debris sticking to the
urface. The samples were observed under a FESEM (Model
-4700, Hitachi) to determine the morphology and dimensions
f the nanotubular structure.

Electrochemical hydrogen storage studies were carried out
n the nanotubular TiO2 samples in as-anodized condition and
n selected samples in annealed condition as well. Annealing
as carried out in argon flowing atmosphere at 350 ◦C for 6 h.
hree electrode configuration was used for electrochemical stud-

es. The counter electrode was a platinum flag with 5 cm2 area.
g/AgCl in saturated KCl acted as a reference electrode. The

eference electrode was kept in a Luggin probe filled with satu-
ated KCl solution and sealed with KCl saturated-agar gel. The
istance between the TiO2 sample and the reference electrode
as about 3 mm. The electrolyte used for hydrogen charging

nd discharging was 30 wt.% KOH. The electrolyte was purged
ith pure nitrogen continuously. In order to evaluate the reduc-

ion and oxidation potentials of hydrogen on the nanotubular
iO2 surface, cyclic voltammetry (CV) studies were carried
ut. For comparison, as-received (unanodized) Ti sample also
as investigated. During the CV, potential was scanned from
.0 to −2.3 VAg/AgCl at two scan rates, 10 and 100 mV s−1. All
he experiments were carried out at room temperature (24 ◦C)
sing a computer controlled potentiostat (Model: MSTAT, Arbin
nstruments, College Station, TX, USA). Based on the CV
esults, parameters for hydrogen charging and discharging were
elected. Hydrogen charging was carried out by galvanostatic
ontrol at different current densities ranging from −0.15 to
10 mA cm−2. The charging time varied to reach a total charg-

ng capacity of about 1500 mAh g−1. Discharging was carried
ut at potentiostatic control (0.1 VAg/AgCl) as well as galvano-
tatic control (1 mA cm−2). The cut-off potential for charge
alculation in galvanostatic experiments was 0.1 VAg/AgCl. Dis-
harging experiments were carried out on un-charged samples
lso. The charge associated with the potentiostatic/galvanostatic
xperiments on the un-charged samples was used as a back-
round charge which was not due to oxidation of the hydrogen
ut current due passivation of the working electrode. In order to
alculate the ‘true’ hydrogen storage capacity of the samples, the

ackground charge was subtracted from the discharge capacity
f the ‘charged’ samples. Ten cycles of charging and discharging
ere carried out to characterize the hydrogen storage behavior.

n this communication all potentials are expressed with refer-
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nce to Ag/AgCl in saturated KCl whose potential was 0.199 V
ersus standard hydrogen electrode (SHE).

. Results and discussion

Fig. 1(a)–(c) illustrates the surface morphologies of the nan-
tubes with different diameters. It was observed that lowering
he anodization temperature did not significantly alter the diam-
ter of the nanotubes. However, nanotubes formed at lower
emperatures had thicker walls. Lowering the fluoride content of
he electrolyte from 0.14 to 0.07 M was found to affect the diam-
ter of the nanotubes. Decrease in fluoride content decreased
he diameter. Further, length of the nanotubes increased with
ecrease in fluoride content. However, a threshold amount of
uoride was found to be necessary to form nanotubes as anodiza-

ion in phosphoric acid solution without addition of fluoride did
ot show any ordered nanostructure [5]. Anodization potential
lso determined the diameter of the nanotubes. The diameter
ecreased with decrease in anodization potential. When the
otential was below 5 V, no significant nanotube formation could
e observed. In this study, nanotubes with three different diame-
ers were investigated, viz., 30, 50, and 100 nm. The anodization
onditions for formation of these samples are summarized in
able 1. Formation of nanotubes caused scalloped imprints on

he substrate, as shown in Fig. 1(d). The scalloped bottom sur-
aces of the tubes are inter-connected with each other to form a
arrier layer on the Ti substrate.

Fig. 2(a) shows the CV results of nanotubular TiO2 in 30 wt.%
OH at a scan rate of 10 mV s−1. In 30 wt.% KOH solution, the

edox potential of hydrogen reduction/oxidation can be given
pproximately as −0.885 V versus standard hydrogen electrode
SHE) or −1.084 V versus Ag/AgCl. Similarly the redox poten-
ial for oxygen evolution in 30 wt.% KOH will be 0.345 V versus
HE or 0.146 V versus Ag/AgCl. During the forward sweep
positive to negative potentials, Fig. 2(a)), large anodic current
as recorded at potentials more positive than 0.5 VAg/AgCl and

he anodic current continued to flow till the potential reached
edox potential of hydrogen reduction. The anodic current could
e assigned to oxidation of Ti and not to oxygen evolution. The
eason for not considering the oxygen evolution on the TiO2
urface at this potential region will be discussed later. Till the
athodic potential reached a threshold value, the increase in
urrent was not significant. The abrupt increase in current at
otentials more negative to about −1.45 V could be attributed
o hydrogen evolution reaction and adsorption of hydrogen on
he TiO2 surface. For effective hydrogen evolution the required
athodic over-potential could be about −0.35 V. When the scan
as reversed, a cross-over at −1.55 V could be observed and

he current became anodic at more negative potential than the
eduction potential of hydrogen. As hydrogen is thermodynam-
cally stable at potentials more negative than its redox potential,
he observed anodic current cannot be attributed to the oxidation
f hydrogen. As the potentials were cathodic to the initial-open

ircuit potential of TiO2, oxidation of Ti may not be the source
f anodic current. The anodic current could be attributed to
he bulk diffusion of hydrogen in the TiO2 lattice. Hydrogen
dsorbed on the TiO2 surface could diffuse into the oxide layer.
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ig. 1. Morphology of nanotubular arrays of TiO2 with different diameters: (a)
nd the scalloped substrate are revealed in (d).

s hydrogen diffused as H+ ions, the electrons associated with
he diffusing hydrogen ions would result in anodic current in
he circuit. Further, the anodic current observed at relatively

ore cathodic potentials could be attributed to the discharging
f the double layer. At potentials more positive than −0.4 V, a
arginal increase in current could be observed which peaked at

bout −0.3 V. This current could be attributed to the possible
xidation of adsorbed hydrogen. In order to check that the peak
urrent was not due to mere discharging of the double layer,
V tests were carried out on un-anodized (polished) Ti sub-

trates. In this sample the surface area was much less than that
f nanotubular TiO2 samples. Therefore, the double layer capac-
tance will be much less. Un-anodized Ti sample also showed
n anodic current peak at this potential as seen in Fig. 2(b).
t should be noted that the un-anodized sample showed anodic
urrent only at potentials more positive than reduction potential
f hydrogen. Therefore, the anodic peaks observed at −0.3 V
n both these samples can be attributed to the hydrogen oxida-
ion reaction. The results indicate that a large over potential is

equired for desorption of hydrogen. This over-potential is much
igher than that required for hydrogen evolution. Further, it was
bserved that the current and over-potential values for hydrogen
eduction/oxidation on TiO2 surface increased with increase in

g
O
c
d

able 1
lectrochemical conditions for formation of different diameter nanotubes

30 nm 50 nm

oltage 0–10 V ramping at a scan rate of 0.1 V s−1 0–10 V rampi
oncentration 0.07 M NaF + 0.5 M H3PO4 0.14 M NaF +
emperature Room temperature (24 ◦C) Room temper
e diameter about 30 nm, (b) 50 nm and (c) 100 nm. Side view of the nanotubes

can rate. The over-potential requirement for nanotubular TiO2
as higher than that of unanodized Ti surface. Therefore, the
otential drop across the thick semiconducting oxide affects the
ydrogenation reaction more significantly than the large surface
rea advantage of the nanostructures.

CV studies were carried out by extending the reverse potential
weep (negative to positive potentials) to more positive poten-
ials till 1.5 V. Increasing the potential in anodic direction did
ot increase the current during reverse scan. This indicates that
xygen evolution does not occur on TiO2 surface in the poten-
ial range investigated in this study. Sequeira et al. [10] observed
xygen evolution on TiO2 single crystal surface only above 2.3 V
ersus SCE in 0.5 M NaOH solution. The higher over voltage
equired for oxygen evolution on the TiO2 surface was attributed
o the anodic formation of a highly resistant surface layer by the
eaction:

iO2−x·xOH → TiO2 + xH+ + xe− (1)

ig. 3 shows a typical result of potential variations during hydro-

en charging of nanotubular TiO2 sample at −150 �A cm−2.
pen circuit potential before charging was −0.9 V. Impressing

athodic current caused the potential to move in the cathodic
irection. Increase in cathodic current density resulted in more

100 nm

ng at a scan rate of 0.1 V s−1 0–20 V ramping at a scan rate of 0.1 V s−1

0.5 M H3PO4 0.14 M NaF + 0.5 M H3PO4

ature (24 ◦C) Room temperature (24 ◦C)
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Fig. 2. (a) Cyclic voltammogram of nanotubular TiO2 (anodized Ti) sample in
30 wt.% KOH. The initial scan was from positive to negative direction at a rate
of 10 mV s−1. (b) Cyclic voltammogram of nanotubular TiO2 and un-anodized
Ti in 30 wt.% KOH. The scan rate was 100 mV s−1. Only the reverse potential
scan from −2.3 to 1.0 V is shown.

Fig. 3. Potential variation of TiO2 nanotube arrays (100 nm diameter) when
charged with −150 �A cm−2 current density in 30 wt.% KOH solution.
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egative potentials. For example, application of −150 �A cm−2

esulted in a steady state potential of about −1.14 V and at
10 mA cm−2, the potential was −1.82 V. When the charg-

ng was interrupted the potential moved in anodic direction.
pplication of 0.1 V resulted in anodic current corresponding

o desorption and oxidation of the hydrogen. Fig. 4(a) shows a
ypical current behavior at potentiostatic discharge of the previ-
usly hydrogen charged specimen. Fig. 4(b) shows the current
ecay behavior of an uncharged (which was not charged with
ydrogen by cathodic polarization) nanotubular TiO2 polarized
ith 0.1 V constant potential. The charge associated with this
olarization was considered as background charge for passiva-
ion. This charge was subtracted from the discharge capacity
f the charged samples (for example, charge calculated from
ig. 4(a)) to calculate the ‘true’ charge associated with hydrogen
esorption and oxidation. Fig. 4(c) shows the potential variation
uring a galvanostatic discharge. A potential plateau could be
bserved during initial period for about 300 s and the potential
tarted increasing in the anodic direction. During hydrogen des-
rption, a well-defined potential plateau is expected. Whereas,
ncrease in potential (as observed in Fig. 4(c)) indicates a psuedo-
apacitance behavior. This result indicates that the large surface
rea of the nanotubes function predominantly as a capacitor
ather than sites for hydrogen adsorption. Table 2 summarizes
he true hydrogen storage capacities of the nanotubular samples
ith different diameters. It should be noted that all the sam-
les contained Ti substrate in addition to the TiO2 nanotubes.
owever, these values were corrected by the background charge
alues, which also contained component from the Ti substrate.
herefore, the capacity values represent the storage values of
iO2 nanotubes only. In the calculation only the theoretical mass
f the TiO2 nanotubes were considered. The mass of the nan-
tubes were calculated based on their geometry and theoretical
ensity of anatase TiO2.

From the results of hydrogen charge–discharge cycle experi-
ents carried out on the TiO2 nanotubes in 30 wt.% KOH solu-

ion the following observations can be made: increase in charg-
ng current density did not alter the storage capacity of 100 nm
iameter of the nanotubes. The storage capacity decreased with
ncrease in number of charge–discharge cycles and almost stabi-
ized after fifth cycle. The hydrogen storage capacity increased
hen the diameter of the nanotubes was decreased to 50 nm.
owever, further decrease in diameter to 30 nm gave almost

ame storage capacity as that of 50 nm diameter tube. There-
ore, a relation between the diameter and the storage capacity
as not clearly established. The hydrogen storage capacity did
ot vary with the diameter for the annealed samples. As com-
ared to the as-anodized samples, the annealed samples showed
ower capacity during first cycle and the stabilized storage capac-
ty during subsequent cycles was similar to that of the annealed
ample.

When cathodically charged, the hydrogen enters as positively
harged ion into the TiO surface according to the following
2
eaction step:

ad → H+ + e− (2)
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Fig. 4. (a) Current variation during potentiostatic (at 0.1 V) discharge cycle of TiO2 nanotubes previously hydrogen charged at −0.75 mA cm−2. (b) Current transient
of uncharged TiO2 nanotubes when potentiostatically polarized at 0.1 V. The charge accumulated during this potentiostatic control is considered as background charge
o tion d
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f the nanotubes for hydrogen storage capacity calculations. (c) Potential varia
reviously charged with hydrogen at a current density of −1 mA cm−2.

he electrons produced in the above reaction could reduce
he Ti4+ ion in the TiO2 to Ti3+ and the H+ ion is associ-
ted with O2− ion. As O H bond is considered to be stronger
han the metal hydrogen bond, conversions of Ti4+ → Ti3+

nd O2− → OH− are considered to be more feasible hydro-
en storage mechanisms [11]. The alternate mechanism [12]
f hydrogenation could be heterolytic cleavage of hydrogen
nto H+ and H− and equilibration of these ions with Ti4+ and

2− respectively as Ti4+/H− and H+/O2−. Occurrence of this
ype of hydrogenation with TiO2 will be rare, because of weak

H bonds and for electro-neutrality O2− should be converted
nto O−. However, these reactions have been proposed for non-
educible type oxides such as MgO [13]. At the surface, perme-
tion of hydrogen is electric field assisted because of electron
ccumulated space charge layers. As the hydrogen enters the
xide film as a proton, after crossing the space charge layer
he transportation is controlled by concentration gradient and
iffusivity. Yoon and Pyun [14] determined the diffusivity of
ydrogen in polycrystalline anatase thin film to be 3.4 × 10−11

o 1.7 × 10−10 cm2 s−1 depending on the charging potential. As

he TiO2 is hydrogenated as O H surface bond, higher O H
ond strength and lower diffusivity of hydrogen in TiO2 make
he hydrogen desorption kinetics very slow. During discharge,
he following reaction is proposed to result in anodic current at

t
d
a
a

uring galvanostatic (1 mA cm−2) discharge of hydrogen from TiO2 nanotubes

ower anodic potentials:

iO2−x·xOH → TiO2 + xH+ + xe− (3)

t is observed that the above reaction required large value of over
otential because of stronger O H bonds in TiO2.

The final hydrogen storage capacity of the nanotubular TiO2
as in the range of 3–5 mAh g−1 which is very low as compared

o the 2 wt.% (about 536 mAh g−1) storage capacity reported
or hydrothermal processed TiO2 nanotubes by dry gas charg-
ng method. The reason for such low storage capacity could
e attributed to the very low density of the reversible traps of
he nanotubes employed in this investigation. During dry-gas
harging the large surface area of the TiO2 nanotubes would
e effectively involved in physisorption of hydrogen. In aque-
us solution hydrogen charging, the surface area effect would
e offset by the presence of double layer. Therefore, hydro-
en storage occurs by bulk diffusion of hydrogen in the TiO2
attice as H+ protons. Considering the nanotubular structure
s non-stoichiometric TiO2, the defect density will influence

he hydrogen storage capacity. In order to estimate the defect
ensity of TiO2 nanotubes and its effect on hydrogen stor-
ge capacity, Mott–Schottky analysis was carried out on the
s-anodized and annealed nanotubular samples. Fig. 5 shows
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Table 2
Summary of hydrogen storage capacity of TiO2 nanotube arrays having different
diameters as a function of charging and discharging conditions and number of
cycles

Charging and
discharging condition

Hydrogen storage capacity (mAh g−1)

100 nm
nanotubes

50 nm
nanotubes

30 nm
nanotubes

−150 �A and 0.1 V
Cycle #1 26.37 38.00 34.47
Cycle #5 4.12 14.97 9.91
Cycle #10 3.22 6.37 6.35

−750 �A and 0.1 V
Cycle #1 37.64
Cycle #5 3.84
Cycle #10 2.48

−15 �A and 0.1 V
Cycle #1 23.00

−10 mA and 0.1 V
Cycle #1 16.48
Cycle #5 4.36
Cycle #10 3.1

−10 mA and 1 mA
Cycle #1 8.26
Cycle #5 5.22
Cycle #10 3.24

−150 �A and 0.1 V TiO2 annealed in argon atmosphere at 350 ◦C for 6 h
Cycle #1 8.60 9.41
Cycle #5 3.44 4.03
Cycle #10 2.12 3.21

−150 �A and 0.1 V TiO2 annealed in oxygen atmosphere at 350 ◦C for 6 h
Cycle #1 12.8

a
a
u
M
d

F
3
d

Table 3
Defect densities of nanotubular TiO2 specimens

Specimen Defect density (cm−3)

100 nm diameter TiO2, as-anodized 1.2 × 1017

100 nm diameter TiO2, annealed in argon 1.7 × 1019

1
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Cycle #5 7.4
Cycle #10 4.4

typical Mott–Schottky result of 30 nm diameter nanotubular

rrays in 30 wt.% KOH solution. The slope of the plot was
sed for calculating the defect density using the well-known
ott–Schottky relation [15]. Table 3 summarizes the defect

ensity of the specimens. Annealing in argon atmosphere was

ig. 5. Mott–Schottky plot of 30 nm diameter TiO2 nanotubular arrays in
0 wt.% KOH solution. The slope of the linear region was considered for defect
ensity calculation.
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00 nm diameter TiO2, annealed in oxygen 5.3 × 1015

0 nm diameter TiO2, as-anodized 5.1 × 1016

bserved to increase the defect density, whereas annealing in
xygen atmosphere decreased the defect density. As the TiO2
anotubes showed n-type semiconductivity, the defects in the
attice are considered as oxygen vacancies. Therefore, it is rea-
onable to assume that annealing in low oxygen partial pressure
in this case, argon atmosphere) increased the oxygen vacancy
n the material. As oxygen vacancies are positively charged,
hese defect sites cannot be traps for hydrogen in the nanotubes.
herefore, increase in defect density of the annealed sample

educed the hydrogen storage capacity significantly, especially
uring first charge–discharge cycle. Similarly, marginal increase
n storage capacity of the smaller diameter nanotubes could be
ttributed to the lower defect density. However, annealing in
xygen atmosphere did not improve the storage capacity signif-
cantly as compared to that of argon-annealed specimens. There-
ore, in addition to the method of gas charging, the method of
ormation of TiO2 nanotubes also could affect the storage capac-
ty. In hydrothermal processing, TiO2 nanotubes were formed by
olling of titanate sheets. According to Chen et al. [16], the nan-
tubes formed by alkali hydrothermal treatment were trititanate,
aving H2Ti3O7 structure. The trititanate is a monoclinic phase,
onstructed by corrugated sheets of edge-sharing TiO6 octahe-
ra [17]. Whereas, TiO2 nanotubes formed by anodization show
redominantly an amorphous structure in as-anodized condition
nd transform to tetragonal anatase phase after low temperature
350 ◦C) heat treatment [18]. However, Lim et al. [3] claimed
hat the hydro thermally prepared material was pure TiO2 and
he layer-structured titanates such as Na2Ti3O7 could only be
ntermediate products. If Na2Ti3O7 were present, this would
ncrease the hydrogen storage capacity by replacing the Na+

ations with H+. In this present study, no effort was made to
easure the hydrogen storage capacity of the hydro thermally

repared TiO2 (or trititanate) nanotubes using electrochemical
ethod.
As the nanotubes were vertically oriented, they had easy

ccess to adsorption of hydrogen and desorption as well. In
act this behavior has been effectively used for hydrogen gas
ensing applications [6]. Even though the TiO2 nanotube arrays
id not show encouraging results as a promising hydrogen
torage material by electrochemical technique, it should be
uickly pointed out that, in combination with other nanostruc-
ured materials, a better hydrogen storage characteristic could
e obtained. For example, Lueking and Yang [19] observed
hat metal oxides incorporated on the carbon nanotubes (CNTs)

nhance the hydrogen storage by about 40%. TiO2 nanotube
rrays can be used as templates for growth of CNTs and the
omposite structure of CNT + nanotubular TiO2 could result in
nhanced hydrogen storage. In fact, preliminary studies carried
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ut in our laboratory on the CNT + nanotubular TiO2 arrays com-
osite structure showed interesting results which will be reported
lsewhere. Future work will include measurement of the hydro-
en storage capacity using dry-gas charging method.

. Conclusions

Electrochemical hydrogen storage studies were carried out
on different diameter TiO2 nanotubular arrays using 30 wt.%
KOH electrolyte at room temperature.
A simple anodization procedure was employed to form the
vertically oriented arrays of nanotubes. Variation of the diam-
eter of the nanotubes was obtained by modulating the anodiza-
tion potential and electrolyte chemistry.
The hydrogen storage capacity was marginally affected by the
diameter of the nanotubes.
The defect densities of TiO2 nanotubes influenced the hydro-
gen storage capacity.
Annealing of TiO2 nanotubes in argon atmosphere increased
the defect density and decreased the storage capacity dur-
ing initial charge–discharge cycles. The steady state storage
capacity was not altered by the heat treatment.
Nanotubular TiO2 arrays did not show significant hydrogen
storage capacity through electrochemical route because of
two reasons: (1) hydrogen diffused as protons and (2) the
large surface area of the nanostructure acted more as an inter-
facial capacitor than adsorption sites for hydrogen.
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