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a b s t r a c t

Titania nanotubes (TiNTs) were prepared by electrochemical anodization and were used as a support
for depositing Pt. After annealing the TiNTs changed to crystalline anatase phase and were doped with
carbon. The TiNTs/Pt/C was tested as electrode for electrochemical catalysis of methanol oxidation. The
composite catalyst activities were measured by cyclic voltammetry in 1 M CH3OH + 1 M H2SO4. The results
demonstrated that TiNTs/Pt/C can greatly enhance the catalytic activity of methanol oxidation. The CO
vailable online 22 December 2009
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stripping led to the increase in the current peak of methanol oxidation due to activating the catalyst
surface by point defect formation. Moreover, the higher ratio of the forward anodic peak current to the
reverse anodic peak current indicates more effective removal of the poisonous species.

© 2009 Elsevier B.V. All rights reserved.
uel cells
ethanol oxidation

. Introduction

The quest for alternative energy sources is one of the most
mportant and exciting challenges facing science and technology
n the 21st century. The progress in materials with nanostructure
as created opportunities for progress in new energy devices. Fuel
ells are attractive power sources due to their high energy density
nd environment friendly. Recently, there has been an increasing
nterest in the development of direct methanol fuel cells (DMFCs).
MFCs are considered to be promising power sources for portable
pplications due to its high energy density, ease of handling liquid
uel, low operating temperatures and quick start up [1–4]. How-
ver, the major problems of electrocatalyst in DMFC are the high
oading of Pt and deactivation of Pt electrocatalyst [4–7]. It has
een proved that the support materials in electrocatalysts play
n important role to the electrochemical performance [8]. Though
mprovement has been made in the catalytic activity and stabil-
ty of the electrocatalyst by effectively dispersing Pt particles onto
he various electronically conducting supports, much effort is still
ontinuing to improve the performance of fuel cells.
Titania nanotubes, TiNTs, is a wide bandgap semiconducting
aterial, hence it has many important applications to photocat-

lysts, gas sensors, and photovoltaic cells. The combination of
ts intrinsic bulk properties with the nano-tubular structures is

∗ Corresponding author. Tel.: +81 70 6953 8414; fax: +81 22 237 7027.
E-mail address: hi-nanjo@aist.go.jp (H. Nanjo).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.053
expected to lead to achieving higher performance [9–12]. The
nanotubes array allows for the precise design and control of the
geometrical features, allowing one to achieve a material with
specific light absorption and propagation characterization [13,14]
with the aligned porosity, crystallinity, and oriented nature of
the nanotubes arrays making them attractive electron percola-
tion pathways for vectorial charge transfer between interfaces
[15–17].

Ti and TiO2 have been used as anodes and/or cathodes for elec-
trochemical reactions of technological interests such as oxygen
and chlorine evolution, the reduction of oxygen and the methanol
electrochemical oxidation reactions [18–20]. It has been reported
that doping the Ti/TiO2 with noble metals like Pt can improve its
electro-catalytic properties [21,22]. As a support material, TiO2 was
used in several forms e.g. solution deposited TiO2 nanoparticles
[23], thermal oxidation of Ti foil at 850 ◦C [20], and TiO2 nan-
otubes that were prepared by hydrothermal treatment of titania
nanopowder [24,25]. TiNTs that were prepared by this method have
very large surface area and unidimensional nanostructure, how-
ever they are randomly laying on the electrode surface [24,25].
TiNTs prepared by electrochemical anodization [26–28] provide
self-organized nanotubes that are perpendicular to the electrode
surface. This is expected to provide larger surface area for larger

distribution of Pt nanoparticles with smaller mass which means a
lower loading of Pt and a higher electro-catalytic efficiency.

The aim of this study was to prepare TiNTs by electrochemical
anodization of titanium. After that, dispersed Pt nanoparticles were
sputter deposited on the TiNTs. After annealing the electro-catalytic

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hi-nanjo@aist.go.jp
dx.doi.org/10.1016/j.jpowsour.2009.12.053
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fficiency of this electrode was studied for the electrochemical oxi-
ation of methanol in sulfuric acid.

. Experimental

In the electrochemical anodization process the working elec-
rode was pure titanium (99.5% and thickness 0.5 mm) was
urchased from Nilaco, Japan. Pieces of 1.5 cm × 1.5 cm were used

n all experiments. Before anodization, the samples were sonicated
onsecutively with acetone, 2-propanol and methanol, then rinsed
ith deionized (DI) water and dried in air stream. Electrochem-

cal anodization was conducted using Gamry PTC1 test cell. Two
lectrolytes were used, ethylene glycol (EG) + 2 vol% H2O + 0.3 wt%
H4F and glycerol (Gly) + 14 vol%H2O + 0.14 M NH4F. All chemicals
ere purchased from Wako, Japan. The anodization was conducted
sing a two-electrode cell with the titanium plate as working elec-
rode and platinum coil as the counter electrode. It is important to
ote that the cell used for anodization was two electrodes cell and
id not feature a third reference electrode. The measured voltages
ere referenced to a platinum quasi-reference potential. As a result

f this the measurements reflect the response not just of the work-
ng electrode but of the entire cell. The electrochemical device used

as a potentiostat/galvanostat HA-3001A equipped with arbitrary
unction generator HB-105, both were purchased from Hokuto-
enko Corp., Japan. The potential was swept from 0 V to 30 V or
0 V at a rate of 200 mV s−1 followed by holding for 4 h.

Pt nanoparticles were sputtered and deposited on the as-
nodized samples by using magnetron ion sputter, Vacuum Device
nc., Japan. The deposition conducted at room temperature in air
t ∼2 × 10−2 Pa for 4 min. After the deposition the samples were
nnealed at 450 ◦C for 1 h.

The efficiency of the electrode as electrocatalyst was deter-
ined by using cyclic voltammetry. Solartron SI1287 (potentio-

tat/galvanostat) equipped with an USB electrochemical interface
nd driven GEPS software was used for electrochemical exper-
ments. A conventional three-electrode cell was used at room
emperature (ca. 25 ◦C). A silver/silver chloride electrode (Ag/AgCl,
aturated KCl) and a platinum coil were used as the reference
nd counter electrodes, respectively. The electrolyte was 1 M
2SO4 + 1 M CH3OH. These chemicals were purchased from Wako,

apan and was prepared using deionized water. The pHs of 1 M
2SO4 and 1 M H2SO4 + 1 M CH3OH solutions measured at 25 ◦C
ere −0.30 and −0.29, respectively. In this paper all potentials

re referenced to reversible hydrogen electrode, RHE, unless oth-
rwise stated. The electrode prepared based on anodization in
thylene glycol (EG) + 2 vol% H2O + 0.3 wt% NH4F is denoted as
G-TiNT/Pt/C and the electrode prepared based on anodization
n Glycerol (Gly) + 14 vol%H2O + 0.14 M NH4F is denoted as Gly-
iNT/Pt/C.

The morphology of the nanostructure was inspected by a field
mission scanning electron microscope, FESEM (S-4800, Hitachi).
nother SEM (JSM-5600LV, JEOL) was used for EDX analysis. The
nnealed anodized surface structure was analyzed by X-ray diffrac-
ometer (XRD, RINT 2200VK/PC, Rigaku) operating at 40 kV and
0 mA. The source of the X-ray radiation was Cu K�, and the scan
ate was set to 2◦ min−1.

. Results and discussion

.1. Preparation of TiNTs
In order to prepare self-organized TiNTs we anodized Ti samples
n two solutions. Fig. 1 shows the variation of current with time
uring anodization of Ti in EG–2 vol% H2O–0.3 wt% NH4F at 60 V
nd in Gly–14vol%H2O–0.14 M NH4F at 30 V for 5 h. The anodiza-
Fig. 1. Current–time relations during the anodization of Ti for 5 h in (�) EG–2 vol%
H2O–0.3 wt% NH4F at 60 V and (�) Gly–14vol%H2O–0.14 M NH4F at 30 V.

tion started by building a barrier base layer where the potential
was scanned with a ramping rate of 200 mV s−1 from 0 to the cor-
responding hold potential of 30 V and 60 V. During holding the
potential the current decreases to an equilibrium state and the
TiNTs are developed. TiO2 base layer continues to develop by oxi-
dation of titanium at high potential according to the following
equation:

Ti(s) + 2H2O(l) = TiO2(s) + 4H+ + 4e− (1)

Eventually, TiO2 is dissolved by fluoride (Field assisted dissolution)
generating pores:

TiO2 + 4H+ + 6F− → [TiF6](aq)
2− + 2H2O (2)

The viscosity and composition of the electrolyte play important
roles in determining both the shape of the current–time curves and
the morphology of the nanotubes. The glycerol-based electrolyte
has higher viscosity and lower potential which lead to difficult
diffusion and slower reaction 1 and 2 and consequently a lower cur-
rent. The steady state current is almost constant, which is reflecting
stability of the electrolyte. The ethylene glycol based electrolyte
with less viscosity and high potential show higher anodization cur-
rent, which decreases with time of anodization. This reflects higher
rate of reactions 1 and 2 and higher growth rate of TiNTs.

3.2. Morphology and composition of the platinized TiNTs

Fig. 2 shows FESEM images of the surface of the electrode dur-
ing several stages of the preparation. Fig. 2A shows the as-anodized
TiNTs on the titanium sample in the EG-based electrolyte. The
image shows clearly the self-organized nature of the TiNTs obtained
by this anodization process. The cross section, image B, indicates
that the length of the nanotubes is ca. 15 �m whereas image A
shows that the average diameters are in the range of 90–100 nm.
Platinum nanoparticles are deposited by physical vapor deposi-
tion method using magnetron sputtering at room temperature.
The coating elapsed for 4 min and led to that the Pt particles are
deposited on the mouths of the TiNTs. They did not block the
tubes and allowed some holes in the order of ∼20–30 nm. Fig. 2C
shows the surface after Pt sputtering. The samples were weighed
before and after Pt deposition, by using sensitive microbalance,
to estimate the Pt loading. The Pt was loaded about 55 �g cm−2.
The as-prepared TiNTs are amorphous. The platinized TiNTs were

◦
annealed at 450 C in air for 1 h in order to render them crys-
talline. Fig. 2D shows the morphology of the surface after annealing.
The annealing process did homogenize and crystallize the sur-
face as well. Whereas the as-anodized TiNTs appear to stick to
each other with negligible intertubular distances, the annealed
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ig. 2. FESEM images of the EG-TiNT/Pt/C electrode surface showing different treat
n the as-anodized sample (A), (D) after annealing C at 450 ◦C for 1 h, (E) side view

amples showed some little increase in the intertubular distances,
ee Fig. 2D. In addition, Pt nanoparticles are redistributed and are
rranged on the mouths of the nanotubes. This is attributed to the
elaxation of the TiNTs/Pt after exposure to the annealing temper-
ture. The nanotubes are held on the Ti base through a TiO2 base
ayer [28] and the Pt nanoparticles are decorating their mouths, as
hown schematically in Fig. 2F. A lateral view from the side for the
iNTs with the top functionalized by Pt is shown in Fig. 2E.

Fig. 3 shows FESEM images of the sample anodized in
lycerol-based electrolyte. Image A shows that homogeneously
elf-organized TiNTs are covering the surface of the as-anodized
ample. The figure shows that in case of the anodization in
ly-based electrolyte there are wider intertubular distances as
ompared with anodization in EG-based electrolyte. The cross sec-
ion, Fig. 3B, estimates the average height of the TiNTs of ca. 7 �m.
he difference in height with EG-based electrolyte indicates that

he growth rate of TiNTs in EG-based electrolytes is greater than
hat in Gly-based electrolyte. Pt nanoparticles were deposited by
sing the same method as mentioned previously. Image C shows
he morphology after the deposition. The Pt nanoparticles cov-
rs the mouths of the nanotubes but blocking less area of the
stages: (A) as-anodized, (B) cross section of the as-anodized, (C) after depositing Pt
, and (F) a schematic of 1 TiNT with Pt nanoparticles.

mouths compared with the previous case (EG-based electrolyte).
It is believed that the presence of wider area around the nanotubes
(long intertubular distances) allowed some of the Pt nanoparticles
to spread widely rather than accumulate inside the mouths of the
tubes. After annealing there is no dramatic change in morphol-
ogy, however a slight redistribution in Pt nanoparticles was seen
in image D. Image F, which shows a high magnification and a focus
on a nanotube, shows the smooth distribution of the Pt nanopar-
ticles decorating the mouth of a nanotube. In addition, they have
more fine porous structure among the nanoparticles and some of
the nanoparticles are distributed outside of the nanotubes.

Fig. 4 shows the XRD pattern of the annealed platinized TiNTs
sample of the Gly-TiNTs/Pt/C electrode surface. XRD pattern for the
as-anodized sample was placed as a reference. The XRD patterns
reveal that the TiNTs have changed from amorphous to crystalline
TiO2 phases. Under the heat treatment conditions of 450 ◦C for 1 h

in air it was possible to produce the anatase phase of the TiO2.
In addition, some peaks corresponding to Pt(0) were evidenced.
The presence of sharp peaks for Ti(0) is attributed to the titanium
substrate. The small peak to the left at a Bragg’s angle (2�) of about
20o is believed to be due to carbon or carbon bearing compounds.
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Fig. 3. FESEM images of the Gly-TiNT/Pt/C electrode surface showing different treatment
on the as-anodized sample (A), (D) after annealing C at 450 ◦C for 1 h, and (F) higher magn

Fig. 4. XRD pattern of the annealed platinized TiNT sample of Gly-TiNT/Pt/C elec-
trode surface and the as-anodized sample.
stages: (A) as-anodized, (B) cross section of the as-anodized, (C) after depositing Pt
ification with a focus on a one-platinized annealed TiNT.

A similar finding for carbon doping of the TiNT after anodization in
organic electrolytes was shown by Richter et al. [29].

Fig. 5 shows the EDX (energy dispersive X-ray) analysis of the
Gly-TiNT/Pt/C electrode surface after annealing. The result confirms
the presence of Pt in addition to Ti and O (oxygen). It is inter-
esting to observe the presence of a peak correspond to carbon.
It is not unexpected the presence of carbon since anodization in
organic electrolytes leads to adsorption of organic molecules on the
TiNTs. After annealing the organic molecules possibly decompose
thermally leading to internal diffusion of carbon into the anatase
lattice and doping the TiNT with carbon (TiO2−xCx). This process of
carbon doping was found to increase the catalytic activity of TiO2
[30–32]. This method provides direct short way method unlike the
flame pyrolysis [30] or chemical vapor deposition [31,32] which
may change the morphology of surface nanostructure.

3.3. Electrochemical performance of TiNT/Pt/C
In order to stabilize the catalyst materials before methanol oxi-
dation experiments, cyclic voltammograms (CVs) were repeated for
Gly-TiNT/Pt/C electrode in 1 M H2SO4 for 100 cycles at a scan rate
of 50 mV s−1. Fig. 6 shows the 1, 10, 30, 50, 60, 80 and 100th cycle
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Fig. 5. EDX analysis of Gly-TiNT/Pt/C electro

can of the CVs for the Gly-TiNT/Pt/C electrode in 1 M CH3OH + 1 M
2SO4. Fig. 6A shows the full CV curves whereas Fig. 6B shows a

ocus on the peaks correspond to methanol oxidation. On the first
can to positive potentials from −0.25 V, the onset of the methanol
xidation peak was observed at about +0.2 V and a large methanol
xidation peak was observed at +0.75 on the positive irreversible
can and another acute peak of methanol oxidation was seen at

0.53 V on the reverse scan. On repeating the scan up to 100 cycles
he peaks heights (oxidation current) are reduced to almost close
alues beyond the 10th cycle with a slight shift in the forward peak
otential to noble potentials. It is noteworthy to observe that the

ig. 6. (A) The 1, 10, 30, 50, 60, 80 and 100th cycle scan of the CVs for the Gly-
iNT/Pt/C electrode in 1 M CH3OH + 1 M H2SO4 at a scan rate of 50 mV s−1. (B)
agnification of Fig. 7A with focus on the peaks correspond to methanol oxidation.
face of the annealed platinized TiNT sample.

percentage of reduction in the peak heights (i.e. in the peak current)
is only about 35% of the first peak current. This means that the Gly-
TiNT/Pt/C electrode is functioning as an electroactive catalyst with
efficiency which is only reduce to about 65%, as estimated up to the
100th scan cycle.

Methanol is the lightest alcohol, so its oxidation reactions
proceed relatively smooth with few intermediate reactions (or
species). A well-known mechanism of methanol oxidation involves
the following steps that result in the formation of some intermedi-
ates including strongly adsorbed CO species [33–39]:

(CH3OH)soln. ⇔ Pt-(CH3OH)ads (3)

Pt-(CH3OH)ads ⇔ Pt-(CH3O)ads + H+ + e− (4)

Pt-(CH3O)ads ⇔ Pt-(CH2O)ads + H+ + e− (5)

Pt-(CH2O)ads ⇔ Pt-(CHO)ads + H+ + e− (6)

Pt-(CHO)ads ⇔ Pt-(CO)ads + H+ + e− (7)

The complete methanol oxidation can occur and cause sharp
increase in current:

Pt-(CO)ads + H2O ⇔ Pt + CO2 + 2H+ + 2e− (8)

At potentials above 0.70 V the oxidation of Pt and the formation of
platinum oxides (or chemisorbed oxygen) cause a decrease in the
amount of active sites available on the electrode surface, which sub-
sequently result in a decrease in the peak current, as seen in Fig. 6A.
During the backward scan, the reduction of platinum oxides to Pt(0)
and the regeneration of active sites take place, therefore the further
oxidation of methanol and/or methanol residues occurs on clean Pt
surface and the backward peak appears at about 0.48 V. Oxidation of
methanol at low potential leads to adsorption of CO species which
leads to poisoning the catalyst. The surface reaction between this
adsorbed CO species and the adsorbed OH species, from H2O dis-
sociation, leads to the formation of CO2 and the reactivation of the
catalyst.

In order to study the effect of removal of the adsorbed CO on
the electrode further use, stripping voltammetry was conducted as
follows: a set of 20 cycle of CVs was done for the above electrode
(Gly-TiNT/Pt/C) in 1 M H2SO4 at a scan rate of 20 mV s−1 (from −0.3
to 1.0 V). During these cycles the adsorbed CO is oxidized. Fig. 7
shows CVs before and after stripping of the adsorbed CO of the Gly-

TiNT/Pt/C electrode in 1 M CH3OH + 1 M H2SO4. It seems, as may be
expected, that desorption of CO has activated the electrode surface
for oxidation of methanol once again. To see whether this treat-
ment has a long effect on the efficiency and electrode stability we
have done chronoamperometric curve by holding at the potential of
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ig. 7. Cyclic voltammograms before and after stripping of the adsorbed CO of Gly-
iNT/Pt/C electrode in 1 M CH3OH + 1 M H2SO4 at a scan rate of 50 mV s−1.

ethanol oxidation (+0.75 V) for 1 h and monitoring the resulting
urrent as a function of time. The results are plotted in Fig. 8 which
ompare before and after CO stripping. From these curves it can
e inferred that the treatment of the poisoned surface by stripping
he CO has prolonged the activation of the electrode i.e. the con-
ecutive oxidation of methanol do not re-adsorb as much CO as has
one initially or the surface has become more active to enhance the
xidation of COads with the OHads to form CO2. The peak current cor-
esponding to methanol oxidation is higher for the after stripping
han that before stripping for almost 1 h of potentiostatic holding.

oreover, a new set of CVs scans after the stripping treatment was
ecorded for Gly-TiNT/Pt/C electrode in 1 M CH3OH + 1 M H2SO4 at a
can rate of 50 mV s−1. The results indicate a considerable increase
n the heights (peak current) of the forward and backward peaks
orrespond to methanol oxidation. In addition, the potential of the
nodic peak on the anodic sweep is shifted to more positive poten-
ials. This result was plotted in Fig. 9 which shows the cycle’s no. 1,
and 10 of the CVs.

The stripping treatment of the electrode at potentials higher
han the effective potential of COads oxidative desorption leads
o surface free of poison and to activate the catalyst surface by

oint defect formation and surface oxidation [20]. The activity of
he surface prepared in this way depends on the number of point
efects introduced during anodic scan or potentiostatic holding,
hich increases with potential [40–42]. The ratio of the forward

ig. 8. Variation of current with time during potentiostatic holding at +0.75 V before
nd after stripping of the adsorbed CO of Gly-TiNT/Pt/C electrode in 1 M CH3OH + 1 M
2SO4.
Fig. 9. Cyclic voltammograms after stripping treatment of Gly-TiNT/Pt/C electrode
in 1 M CH3OH + 1 M H2SO4 at a scan rate of 50 mV s−1.

anodic peak current (If) to the reverse anodic peak current (Ib) can
be used to describe the catalyst tolerance to accumulation of car-
bonaceous species [43–47]. A higher ratio indicates more effective
removal of the poisoning species on the catalyst surface. The If/Ib
ratio of Gly-TiNT/Pt/C, as estimated from Fig. 10 is about 1.2, which
indicates high catalyst tolerance.

Fig. 10 is a set of CVs conducted on the electrode EG-TiNT/Pt/C
which was anodized in EG-based electrolyte and was subjected to
the same sequence of treatment as Gly-TiNT/Pt/C. It is almost very
similar to the results of Gly-TiNT/Pt/C (Fig. 9), however the values
of If and Ib are slightly lower. This can be explained in terms of
the morphology and Pt distribution on both electrodes. In case of
EG-TiNT/Pt/C the TiNT are closer to each other and the Pt nanopar-
ticles covered (and blocked) greater area on the mouths of the
tubes, so it is expected that the overall surface area of Pt distri-
bution is less. In case of Gly-TiNT/Pt/C there is a wider surface
area among the nanotubes. Consequently, during Pt sputtering,
the nanoparticles are distributed on the mouths and on some of
the outer sides of the TiNTs, hence covering a wider surface area
which lead to more active sites and hence the observed higher
current.

Figs. 9 and 10 show that the CH3OH oxidation peaks heights

increase by increasing the number of scans. The result is sup-
ported by the work of Hepel et al. [20] who found that, in case
of TiO2/PtRu, depoisoning leads to a large current loop extend-
ing the methanol anodic oxidation currents. This observation, as

Fig. 10. Cyclic voltammograms after stripping treatment of EG-TiNT/Pt/C electrode
in 1 M CH3OH + 1 M H2SO4 at a scan rate of 50 mV s−1.
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ig. 11. An FESEM image of the Gly-TiNT/Pt/C electrode after 350 cycles of CVs in
M CH3OH + 1 M H2SO4 at a scan rate of 50 mV s−1.

ell as the high If/Ib ratio, indicates that the TiNT/Pt/C elec-
rocatalyst has a long retention of active surface for methanol
lectro-oxidation.

Fig. 11 shows an FESEM image of the Gly-TiNT/Pt/C electrode
fter 350 cycles of CVs in 1 M CH3OH + 1 M H2SO4. The Pt covered
iNTs appears to be affected. The Pt nanoparticles appear to be
edistributed around the mouths of the nanotubes with some dis-
ocation. However, the majority of Pt nanoparticles still coating the

ouths of the TiNTs. The figure reveals the relative high stability of
he deposited Pt layer regardless sever testing environment of over
50 CV cycles.

. Conclusions

The results presented in this study indicated that the catalytic
ctivities of TiNT/Pt/C catalyst for methanol electro-oxidation are
nhanced due to the large surface area of a low loading of Pt on
he support by TiNTs. The CO stripping led to increasing the cur-
ent peak of methanol oxidation due to activating the surface by
oint defect formation. The support by TiNTs (anatase) led to higher
atio of forward anodic peak current to the backward anodic peak
urrent indicating more effective removal of the poisoning species
high catalyst tolerance). The results point out that by varying
he electronic, chemical, and structural properties of underlying
upporting films, extremely low precious metal loading and high
atalytic activity can be achieved.
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