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The temperature dependence of the electrical properties of hydrogen-rich titanate nanotubes (H-
TNTs) in the 90-270 °C range was investigated by impedance spectroscopy. Three types of domi-
nant conduction were found which depend on the previous thermal treatment of the samples. For
untreated samples, at low temperatures (T < 100°C), electrical conductivity is relatively high
(>10"* S/cm at T~90°C) and is dominated by protonic transport within structural water mole-
cules. For thermal annealing in inert atmosphere up to 150 °C, water molecules are released from
the nanotube structure resulting in a dehydrated H,Ti;0; phase. Such phase has a low, thermally-
dependent, electrical conductivity (10~% S/cm at T~ 90 °C) with activation energy of 0.68 eV. For
samples annealed up to 260 °C, loss of OH groups, and consequent generation of oxygen vacancies,
occurs that result in the non-stoichiometric Hy(,_, TizO;_, phase. This phase has much higher con-
ductivity (10~ S/cm at T~90°C) and lower associated activation energy (0.40eV). The genera-
tion of oxygen vacancies is confirmed by electron paramagnetic resonance measurements at room
temperature, which revealed the presence of single-electron-trapped oxygen vacancies. The activa-
tion energy value found is consistent with the thermal ionization energy of the oxygen vacancies.
Such defect formation represents the initial stage of the phase transformation from titanate to TiO,
(B). X-ray diffraction and Raman spectroscopy measurements also support such interpretation.

©2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901589]

INTRODUCTION

Hydrogen (and sodium) titanate nanotubes (TNTs) are
filamentary structures that can be easily produced from alka-
line treatments of titanium dioxide powders, as proposed
originally from Kasuga er al.' They have interesting physico-
chemical properties, such as high specific surface area (as
high as 300 m?/g), high water retention ability, and excellent
cation exchange capability.”* Earlier studies on TNTs syn-
thesis and characterization have shown that their structure
and composition can be controlled by either adjusting syn-
thesis parameters, such as solvothermal temperature, or using
post-treatments, such as cation exchange or thermal anneal-
ing.? The relative content of Na and H in TNTSs can be easily
controlled by exchanging Na cations, which are originally
present from the alkaline process, with protons in an acid
treatment. As a result, the composition of TNTs can vary and
a general formula is given by Na,H, ,Ti;O0;:H,O, where x
indicates the relative amount of sodium. Na-rich and H-rich
TNTs can have distinct properties especially in terms of ther-
mal stability and water retention.*

In recent years, TNTs have become target of many stud-
ies in fields such as catalysis,” hydrogen sensing,’ and hydro-
gen storage.®’ In particular, several works have reported that
TNTs samples have high protonic conductivity under high rel-
ative humidity (RH) conditions,>® and such feature has stimu-
lated the use of TNTs as fillers in nanocomposite membranes
for both hydrogen and ethanol-fueled proton exchange fuel
cells.”"" TNTs are easily hydrated and can store within their
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multilayers a large amount of intercalated water that has
strong influence on the protonic conductivity at low tempera-
tures (T < 100 °C). Although, water-based protonic transport
within TNTs has been readily recognized, studies on their
transport properties under low humidity conditions have been
limited. From impedance measurements, Thorne et al. deter-
mined the temperature (T) dependence of the conductivity of
hydrogen-rich TNT (H-TNT) pellets.'? They observed an ab-
rupt drop of around two orders of magnitude in conductivity
at T~ 120 °C, which was attributed to a transition from a pro-
tonic transport at low T to electronic transport at higher T.'?
Hu et al. also observed a conductivity drop in a similar tem-
perature range.13 However, in these works, the conductivity
was measured during heating, and the fact that structural mod-
ification of the TNTs might be occurring due to the thermal
annealing was ignored. Such effect cannot be neglected since
several studies have shown that TNTs, in particular H-TNTs,
can undergo significant structural transformation when heated
even at relatively low temperatures.*'* Therefore, in the pres-
ent work, we performed a careful study of the temperature de-
pendence of H-TNT in order to identify and separate
contributions from protonic and electronics transport and
investigate the effect of structural transformation on their
electronic transport properties.

EXPERIMENTAL METHODS

Synthesis of hydrogen-rich titanate nanotubes was per-
formed by a reflux method according to procedure

© 2014 AIP Publishing LLC
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previously reported.” 500 mg anatase TiO, powder (Sigma
Aldrich - 99%) was refluxed in 200ml of NaOH (10 M)
aqueous solution under vigorous magnetic stirring for 24 h.
The resulting material was washed with a diluted solution of
HCI (0.1 M), until pH=3 was reached, and then washed
with deionized water until a neutral suspension was recov-
ered. After overnight drying in a furnace at 60 °C, the result-
ing material consisted of a white powder.

Phase identification was conducted by powder X-ray dif-
fraction (XRD) using Cu K, radiation (1 =1.54 A) with scat-
tering angle (20) ranging between 4 and 80° (step size of
0.05°). Raman spectroscopy was performed in the range
between 200 and 1100cm™' using a solid state laser
(A=1532nm) as excitation source (DeltaNu). Electron para-
magnetic resonance (EPR) measurements were carried out in
a custom-build spectrometer working at X-band having com-
mercial cylindrical cavity (Bruker), klystron source (Varian),
and magnet (Varian, 0-800 mT). Electrical properties were
studied by impedance spectroscopy measurements of H-TNT
pellets, prepared from 200mg of H-TNT powder, which
were pressed (axial pressure of 13 MPa) without any binder.
The resulting pellets had thickness of ~0.8 mm and diameter
of 1.3 cm. Highly conductive silver ink was painted onto op-
posite parallel surfaces of the pellets and dried in air at 80 °C
for 1.5h to form the electrical contacts. Pellets were placed
in a gas tight sample holder with a type K thermocouple and
Pt contact leads that was inserted inside a tubular furnace.'?
Impedance measurements were performed under Argon flow
(oxygen concentration ~5 ppm) by using a Solartron 1260
impedance analyzer over a frequency range of 10-10" Hz
and 200 mV ac amplitude.

RESULTS

The electrical properties of TNT-H pellets were deter-
mined in two measurement sessions that last several hours
each. In both sessions, the temperature was increased step-
wise in a sequence of several fixed plateaus. At each plateau,
impedance spectra were regularly taken in fixed time inter-
vals. Impedance spectra were also collected during the
unforced cooling of the samples. The original idea was to
capture the dynamic effects of water desorption and distin-
guish the protonic contribution mediated by the adsorbed
and/or intercalated water molecules to the overall conductiv-
ity from electronic transport.

Figure 1 shows impedance spectra measured at 88 °C for
samples having different thermal histories. Fig. 1(a) depicts
a spectrum taken in the beginning of one of the measurement
sessions, whereas Figs. 1(b) and 1(c) show spectra of sam-
ples subject to complete measurement sessions in which the
samples were heated up to 160 °C and up to 270 °C, respec-
tively. The spectra consist of a depressed semi-circle at high
frequency and a low frequency component that corresponds
to electrode polarization. They were analyzed by using the
equivalent circuit model shown in Fig. 1(d), whereby CPE
corresponds to a constant-phase element. We have chosen to
use such simple model in order to be able to provide a useful
comparison between dozens of spectra taken at different
temperatures. The obtained adjusts are depicted as solid lines
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FIG. 1. Representative spectroscopic impedance spectra taken at T=88°C
(circles). (a) Impedance spectrum taken before any thermal annealing and
after thermal annealing at a maximum of (b) 160°C and (c) 270°C.
Numbers indicate the logarithm of frequency. The spectra were adjusted
(red curves) using the equivalent circuit model depicted in (d) in which the
elements (resistor, R, and critical phase element, CPE) indexed with 1 corre-
spond to the sample properties and the one indexed with 2 corresponds to
the electrodes response. For the spectra in (a), the equivalent circuit also
includes inductor in series to account for parasitic inductance.

in Fig. 1. The conductivity of the samples, ¢, was determined
from the best fit value for the sample “bulk” resistance (R)
and the sample geometrical factor. By comparing the spectra
in Figs. 1(a)-1(c), large differences in the absolute values of
R can be observed. Since these spectra were all measured at
the same temperature (T =88 °C), such differences in con-
ductivity arise only from differences in the samples thermal
history. This indicates that thermal annealing of TNT-H
induces significant changes in the transport properties of
TNT-H. Such relation was further investigated as described
next.
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Figure 2(a) depicts the time evolution of the measurement
temperature (solid line) and of the conductivity (symbols), as
obtained from the impedance analysis, during the heating up
stage of the longest measurement, performed up to 260 °C. For
the low temperature plateaus (T < 150°C), large conductivity
drops can be observed at constant temperature. At T = 150°C,
the conductivity reaches a minimum of around 2.6 x 10~’ S/
cm and upon further temperature increase, the conductivity
starts to increase continuously up to the maximum measured
temperature, reaching ~10> S/cm at T =270 °C. In the short-
est measurement session, the same temperature time profile
was followed, but only up to 160 °C, and very similar conduc-
tivity values were obtained for the heating stage. The heating
endpoints of both measurements are indicated in Fig. 1(a). In
both measurement sessions, the sample’s conductivity was
also determined during the unforced cooling.

The temperature dependence of the conductivity during
heating and during cooling for the two measurements can be
directly observed in Fig. 2(b). The first thing to consider in
this plot is the relatively high values of conductivity (>10"*
S/cm) found at T < 100 °C in the beginning of the measure-
ments. Such high values can be attributed to Grottuss-like
protonic transport occurring within intercalated and/or
adsorbed water molecules, since it is well know that titanate
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FIG. 2. (a) Schematic plot depicting the evolution of the annealing (and
measurement) temperature and the measured “bulk” conductivity versus
time upon heating during the two measurement sessions. Each cluster of
conductivity data points corresponds to a period of fixed temperature pla-
teaus. (b) The dependence of sigma on temperature upon heating and subse-
quent cooling for the two measurement sessions up to T=160°C and
T=270°C.
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nanotubes can withhold significant amount of weakly physi-
sorbed and intercalated (crystallographic) water mole-
cules.*'*'® Similar values of conductivity for TNT were
found in measurements at 100% RH by Kasuga et al.," which
were attributed to protonic conduction, and even higher val-
ues were obtained for TNT functionalized with phosphonic
or sulphonic groups.>'’

The decrease in ¢ when T is increased from about 80 to
150°C can be attributed to the release of crystallographic
and/or physisorbed water molecules from the nanotube struc-
ture. In fact, detailed NMR and thermal analysis studies have
shown that significant water loss occurs within this range of
temperature.'*'® Upon heating, the dehydration follows a
sequence that starts with the loss of crystallographic water
molecules according to the following reversible reaction:'®

H2T13O7 . )CH20 — HzTi307 + XHzo. (1)

Therefore, the temperature dependence shown in Fig. 2
clearly demonstrates that for low temperature, protonic-type
conduction is responsible for the relative high values of con-
ductivity and that such contribution is diminished and almost
disappears upon heating due to the release of water mole-
cules from the titanate structure. Similar drop in conductivity
has been observed before.'*!? It is worth noting that in both
previous works, there was an initial increase in conductivity
for T up to ~120°C, which can be related to the thermal
activation of the protonic conduction.'*'* In our measure-
ments, such initial thermally activated increase in the pro-
tonic contribution was also observed but only for
temperatures lower than 80 °C (not shown). This difference
probably occurs because water desorption was enhanced in
our measurements, made in inert atmosphere, as compared to
the measurements performed in Refs. 12 and 13, which were
done in air. We have chosen to focus our analysis on T above
80 °C to identify the point of transition between the protonic
and electronic conduction regimes on H-TNT structures with
better accuracy and likewise the associated phase transfor-
mation dynamics.

Upon cooling from T = 160°C, the conductivity values
do not follow the same trend as the values obtained upon
heating. Such irreversibility is also explained by the loss of
adsorbed water molecules that result in an almost complete
disappearance of the protonic transport contribution. In fact,
such disappearance is reflected in the four order of magni-
tude decrease in conductivity at T =~ 90 °C for measurements
before and after the heating up to 160 °C [Fig. 2(b)].

The conductivity values obtained for measurements
above 150°C can be attributed mainly to the intrinsic trans-
port of titanate nanotubes and not from water-based protonic
transport. The increase in conductivity observed upon heat-
ing above 150 °C suggests a thermally activated transport, as
expected for electronic transport in transition metal oxide
semiconductors.'” However, further changes on the titanate
nanotubes might also be occurring with increasing measuring
temperature, and thus a better way to investigate the temper-
ature dependence of conductivity in these materials is to
measure the conductivity upon cooling after the annealing as
shown in Fig. 2(b). For the measurement session up to
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FIG. 3. Arrhenius plot of conductivity during cooling in argon atmosphere
obtained after the measurement sessions wherein the temperature was
increased up to 160 °C (full circles) and up to 270 °C (open circles).

T=270°C, it is also observed that the cooling curve do not
follow the heating curve. In this case, the irreversibility indi-
cates that the increase in ¢ upon heating above 150 °C cannot
be entirely described by a simple thermally activated
behavior.

From analysis of the Arrhenius plot of Fig. 3, wherein the
conductivity data extracted from Fig. 2 is also presented, it is
clear that upon cooling, the conductivity of both samples has
a thermal activated behavior. Considering that the conductiv-
ity follows a simple Arrhenius relation, ¢ = g exp(%), both
the exponential pre-factor, gy, and the activation energy, E,,
change as a result of the heating from 160 to 270 °C. The drop
in E, from 0.68eV (for the sample heated up to 160°C) to
0.40eV (for treatment up to 270 °C) clearly demonstrates that
there were significant alterations in the transport mechanism.

In order to obtain further evidences to understand the
conductivity results, we have performed XRD, Raman spec-
troscopy, and EPR measurements in as-prepared H-TNT
samples as well as in samples subjected to thermal annealing
at 160°C and at 270 °C, i.e., in annealing conditions similar
to those from the electrical measurements. Figure 4 depicts
the results from the XRD and Raman experiments.

J. Appl. Phys. 116, 184307 (2014)

In the XRD patterns for as prepared H-TNT samples
(Fig. 4(a)), contributions from the anatase TiO, phase cannot
be observed indicating that a complete conversion of the pre-
cursor material was achieved. The pattern is typical of H-
rich titanate nanotubes and can be assigned to the monoclinic
H,Ti;05 structure.” For samples subjected to thermal anneal-
ing, a weak peak around 20 =42° appears in the XRD data,
being the relative intensity of this peak slightly higher for
the higher T annealing. The appearance of this peak can be
attributed to the formation of a small fraction of TiO,-B
phase. This result is consistent with the works of Morgado
et al. who investigated the crystallographic structure versus
annealing temperature for TNTs with different sodium con-
tents'* and with older studies on bulk titanates.'® For H-rich
samples, changes in the crystalline structure of TNTSs that are
associated with the appearance of the TiO,-B phase are only
observed for treatments above 300 °C, whereas for higher
temperatures (T > 500 °C), a complete transformation to ana-
tase TiO, is seen, 1418 However, the unambiguous identifi-
cation of the TiO,-B phase by XRD is rather difficult
because it yields broad and low intensity reflection peaks.'*
Moreover, the increase in the (110) and (020) reflections for
the thermally treated samples might be related to increases in
the crystallinity of individual tubes upon heating.

The Raman spectrum of the as prepared samples is typi-
cal of H-TNT. It contains major peaks at 280 and 450 cm ™'
and multiple peaks around 700 cem ! (Fig. 4(b)). The exact
assignments of these modes are still matter of discussion. The
peak at 280cm ™" can be attributed to vibration modes within
TiOg octahedra that interact strongly with H counter-ions
(H-O-Ti bonds), and the peaks at 450 and 700cm ™' can be
attributed to vibration modes between interacting TiOg octa-
hedra (Ti-O-Ti bonds).'”*?> The Raman spectra of the
annealed samples are very similar to the one of the as-
prepared sample, except for an extra peak that appears in the
band centered around 700cm ™. Such change can be associ-
ated with a rearrangement of the TiOg octahedra due to the re-
moval of OH groups. Such removal results in a decrease in
the interlayer gaps and, therefore, in a stronger interaction
between adjacent layers.'®'®

The EPR measurements reveal significant differences
among samples treated under argon flow at different temper-
atures, as can be seen in Figure 5. For H-TNT thermally
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FIG. 5. (a) Electron paramagnetic resonance signal from H-TNT after
270°C thermal annealing, representing SETOVs. (b) Spin concentration of
SETOV as a function of annealing temperature under argon flux.

treated sample at 88 °C, no paramagnetic center was meas-
ured, whereas for treatment above 150 °C, an isotropic EPR
signal appears having g=2.002(1) and line width
AB,,, =0.45(5) mT, and the intensity of such signal increases
with annealing temperature. This signal has been previously
observed in titanate nanotubes and was attributed to single-
electron-trapped electron oxygen vacancies (SETOVs). >4

The presence of single-occupied oxygen vacancies in
slightly reduced TiO, crystals has been recognized in infra-
red and EPR studies® 2’ although the direct identification of
oxygen vacancies in TiO, nanostructures has proven to be
extremely difficult. In nanostructures, oxygen vacancies are
believed to act as stabilization centers for oxygen radicals
and their existence is indirectly probed through surface
charged oxygen radicals (0, ", O, ", 022_) that generate ani-
sotropic EPR signals,?® which are not seen in the EPR results
on H-TNTs reported here. An isotropic EPR signal with g
close to the free electron value, similar to the observed in the
present work, has also been associated with surface related
defects in TiO, nanoparticles thermally treated in reducing
atmospheres. The isotropic signal indicates the presence of
an unpaired electron located in a spherically symmetrical
environment, and it has been previously assigned to the
localization of a conduction electron in the lattice.**** The
existence of oxygen vacancy sites in TiO, nanoparticles as
stabilizing centers for molecule species suggests that the
same site could trap intrinsic charge carriers resulting in
SETOVs in titanium oxide based materials, such as the H-
TNTs.

The SETOV signal in our samples is relatively stable in
air. After 6 months of storage in ambient air, 50% of the ini-
tial concentration was still detected. The absolute numbers
of such defects can be obtained from a quantitative analysis

J. Appl. Phys. 116, 184307 (2014)

of the EPR signal comparing with a spin standard and the
resulting values for freshly treated TNT samples are shown
in Fig. 5(b).

DISCUSSION

Based on the results presented above, it is possible to
draw a comprehensive picture of the electrical properties of
hydrogen-rich titanate nanotubes. At T < 100°C, electrical
transport is dominated by protonic conduction within struc-
tural (or physisorbed) water molecules, and conductivity
reaches values higher than 10~* S/cm (at T =88 °C). Upon
heating up to 150°C in Ar flow, the structural water is
released from the tubular structures, and consequently pro-
tonic transport is minimized. Although, for such annealing
temperature, defect formation is already observed from EPR,
one can consider that H-TNT samples thermally treated at
T =160 °C represent an almost pure, dehydrate, H,Ti;05 ti-
tanate nanotube phase. This phase has poor electrical con-
duction (6~10"® S/cm, at T=88°C) associated with a
relatively large activation energy (E, =0.68eV). These val-
ues are consistent with electronic transport in porous nano-
crystalline TiO, films, in which the thermal dependence of
both the drift mobility and conductivity was found to have
similar activation energy values, in the 0.7-0.9eV range.
Such transport is believed to be limited by trapping in sur-
face/inter-grain regions.!

For thermal annealing above T = 150°C, the XRD and
Raman analysis do not show significant phase change in the
titanate nanotube structure, although they provide evidence
of subtle structural modifications that can be attributed to the
formation of small quantities of the intermediate metastable
TiO,(B) phase. This is consistent with the previous NMR
study by Bavikyn et al., who found that for thermal anneal-
ing above 140 °C, ion-exchangeable OH groups combine in
a non-reversible dehydration reaction that results in a non-
stoichiometric phase, as described by the following
equation:'®

H,Ti;O7 — H2<1,Z)T1307,Z + zH,0. 2)

Upon further heating, all OH groups are eventually con-
sumed (z — 1) and the resulting phase is TiO,(B), which is
an intermediate metastable titanium dioxide phase.'® Similar
dehydration reaction has also been observed in TNT samples
annealed under vacuum at 100°C.! Thus, it is reasonable to
assume that in the present data set the partial phase transfor-
mation [titanate — TiO,(B)] caused by dehydration is
detected as changes in the measured conductivity values at
T >150°C. The removal of OH groups to form the non-
stoichiometric phase Hy_,TizO;_, results in oxygen
vacancies that act as traps for electrons, forming the SETOV
defects observed by EPR at room-temperature.”’

The presence of oxygen vacancies results in an n-type
doping effect that explains the significant increase in the con-
ductivity pre-factor, gy, i.e., increase in the density of free
carriers, in the sample annealed up to T =270°C. The ques-
tion that remains is how the value found for the activation
energy upon cooling after a high T annealing (E,=0.40eV)
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can be correlated to the presence of a high density of oxygen
vacancies in the H-TNT. The determination of energy levels
associated with oxygen vacancies in TiO,-based materials
has been subject of several studies for decades and it is still
an open question.’” Interestingly, early experimental studies
have determined that the thermal ionization energy of single-
occupied oxygen vacancies in TiO, crystals is similar
(0.48 V) to the activation energy found in this work.>® More
recently, Qian et al. have shown that SETOV groups in ther-
mally treated TNTs form a sub-band within the energy band
gap, which is 0.68 eV lower than the bottom of the conduc-
tion band.>* However, such value is determined from lumi-
nescence measurements, i.e., it is associated with vertical
optical transitions, which have energies that are higher than
thermal (adiabatic) transitions.>> Therefore, it is reasonable
to attribute the temperature dependence of H-TNT subjected
to high T (260 °C) annealing to the thermal ionization energy
of single-occupied oxygen vacancies.

CONCLUSION

In conclusion, we have shown that the electrical proper-
ties of H-TNT nanotubes have a rich and complicated ther-
mal dependence. It is affected by the presence of intercalated
water molecules at low temperatures (T < 150 °C) and by the
formation of oxygen vacancies due to the dehydration (loss
of OH groups) and initial transformation to metastable TiO,
(B) phase, at higher temperatures (T > 150 °C). Overall, we
have demonstrated that in-situ electrical measurement can be
a powerful and sensitive tool to assess subtle structural modi-
fications of nanostructures upon thermal annealing.
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