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a  b  s  t  r  a  c  t

Platinum  nanoparticles  were  doped  on  TiO2 nanotube  arrays  (TNT/Ti)  by micro-emulsion  method.  TiO2

nanotube  arrays  were  successfully  fabricated  by  anodizing  of titanium  sheets.  The  morphology  and
surface  analysis  of  Pt/TNT/Ti  catalysts  were  investigated  using  scanning  electron  microscopy  and  energy-
dispersive  X-ray  spectroscopy,  respectively.  The  electro-oxidation  of  lactose  on  Pt/TNT/Ti  catalysts  in
alkaline  medium  was  studied  by cyclic  voltammetry  and  chronoamperometry  methods.  The  results
showed  that  the  oxidation  peak  currents  on the Pt/TNT/Ti  catalyst  for lactose  oxidation  are  about  ten
eywords:
latinum nanoparticle
iO2 nanotube
hoto-catalytic
V illumination
actose

times  larger  than  a smooth  platinum  electrode  and  confirmed  the  better  electro-catalytic  activity  and
stability  of  these  new  electrodes.  The  photo-catalytic  properties  of  TiO2 make  the  Pt/TNT/Ti  catalyst  refre-
shable  after  a  short  UV  treatment  and  the  electro-oxidation  current  density  of  Pt/TNT/Ti  catalysts  after
UV-cleaning  can  be  re-established.  Also  Pt/TNT/Ti  catalysts  showed  a remarkably  enhanced  performance
for  lactose  oxidation  under  UV  illumination  compared  to  that  without  UV  illumination.
. Introduction

As our fossil raw materials are irrevocably decreasing and as
he pressure on our environment is building up, the progressive
hangeover of chemical industry to renewable feed stocks for their
aw materials emerges as an inevitable necessity [1].  Direct elec-
rochemical oxidation of carbohydrates is of a very high interest
rom several points of from biomedical applications involving blood
ugar analysis and fuel cells applications [2–6]. The particular inter-
st lays in the alkaline fuel cells applications where the focus was
n developing new electro-catalytic materials as platform to carry
ut the oxidation of fuels, in this case carbohydrates in order to
btain a very high current density [7].  Great efforts have been made
o develop catalytically active electrode materials in the past two
ecades. Various authors have shown that various carbohydrates
an be oxidized directly at a variety of electrode materials, including
etals such as platinum [8,9], gold [9,10],  copper [9,11–13], indium

12], rhodium [12], nickel oxide [14], tungsten oxide [15] and
uthenium oxide [16]. However, systematical study showed that

hese electrodes were subject to serious poisoning due to adsorbed
ntermediates from the oxidation of carbohydrates [17]. To miti-
ate the poisoning effect, significant attention has been focused on
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preparing new electrodes with high electro-catalytic activity. For a
good electro-catalyst, both the high catalytic activity and the low
cost must be considered to meet the final purpose of wide commer-
cialization of fuel cells. High surface area electro-catalytic catalysts
are of interest for fuel cell technology. The high surface area electro-
catalysts can be made by sintering, electroplating or dispersion of
active electro-catalytic materials on a proper support with a rela-
tively high surface area. In searching for novel and stable support for
the noble metal catalysts, TiO2 nanotubes come into sight because
of their good physical and chemical properties and high stabil-
ity in acidic and alkaline solutions. Titanium dioxide nanotubes
are very biocompatible, inexpensive and environmentally benign
[18,19]. Titanium dioxide nanotube arrays have demonstrated a
number of important applications including gas sensors, solar cells,
photo-catalysts, tissue engineering, biosensors and electro-catalyst
[20–23]. TiO2 nanotubes can be synthesized by different methods
including sol–gel, hydrothermal, template and anodic oxidation
[23–29]. Obviously, if TiO2 nanotubes can be directly produced on
a metallic titanium substrate by the anodic oxidation method, it
would be advantageous and convenient for fuel cell applications
where an electric current collector is required. Moreover, the mor-
phology and the structure of the TiO2 nanotubes layer can also

be easily modulated by changing the anodic oxidation conditions
[30]. Our recent studies have shown that the immobilization of
the metal nanoparticles in a porous matrix improves the electro-
catalytic activity to a great extent [31–35].  In this work, a new

dx.doi.org/10.1016/j.molcata.2011.12.020
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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lectro-catalyst for electro-oxidation of lactose in alkaline medium
as studied. Lactose is a disaccharide sugar that is found most
otably in milk and is formed from the condensation of lactose and
lucose, which form a �-1 → 4 glycosidic linkage. Its systematic
ame is �-d-galactopyranosyl-(1 → 4)-d-glucose. Lactose makes
p around 2–8% of milk (by weight), although the amount varies
mong species and individuals. To the best of our knowledge, the
lectro-oxidation of lactose is only reported in one article in the
iterature [36]. Recently photo-electrooxidation of different alco-
ols and some compounds has been studied thoroughly [37–40].
ut to the best of our knowledge, carbohydrates electro-oxidation
ith assistance of UV illumination is not reported in the literatures.

n this context, for the first time, we used from micro-emulsion
ethod to coverage of TiO2 nanotubes with platinum nanoparti-

les and tested it as a new electro-catalyst for lactose oxidation
n alkaline medium. The surface morphology and element analy-
is of platinum coating on TiO2 nanotubes were characterized by
canning electron microscopy (SEM) and energy-dispersive X-ray
pectroscopy (EDX), respectively. Due to the large surface area,
ood electrical conductivity, and unique photo-catalytic proper-
ies of TiO2 nanotube, the resultant Pt/TNT/Ti catalysts not only
ave high catalytic activity, but also have self-cleaning ability which
ives them a reusable feature. The same technique can be employed
o prepare electro-catalysts with excellent electro-catalytic activity
nd refreshable property for lactose electro-oxidation.

. Experimental

.1. Chemicals, solutions and equipment

Lactose (Merck, 99% purity) and ethylene glycol (Merck, 99%
urity) were used as received. Hexachloroplatinic acid (98%) and
odium borohydride (98%) were purchased from Merck. n-Heptane
HPLC grade, Scharlau) were used without any further purifica-
ion. Sodium bis(2-ethylhexyl)sulphosuccinate (AOT, 96%) were
btained from ACROS organics. All other chemicals were of analyti-
al grade and used without further purification. All electrochemical
xperiments were carried out at room temperature. Distilled water
as used throughout. The electrochemical experiments were per-

ormed in a three-electrode cell arrangement. A platinum sheet
f the geometric area of about 20 cm2 was used as counter
lectrode, while all potentials were measured with respect to a
ommercial saturated calomel reference electrode (SCE). Electro-
hemical experiments were carried out using a Princeton Applied
esearch, EG&G PARSTAT 2263 Advanced Electrochemical system
un by Powersuite software. Morphology, alignment, and com-
osition of the TiO2 nanotube array and palladium coating on
iO2 nanotubes matrix were characterized with a scanning elec-
ron microscope (Philips, Model XL30) and energy-dispersive X-ray
pectroscopy (EDX). To observe photo-enhanced catalysis, cyclic
oltammograms of lactose oxidation were obtained with/without
V illumination. A 300 W Hg lamp was used as a UV light

ource.

.2. Preparation of titanium oxide nanotubes

Self-organized TiO2 nanotube arrays on a pure titanium sub-
trate were prepared by anodizing of pure titanium sheet in a
on-aqueous fluoride-containing electrolyte. Titanium discs were
ut from a titanium sheet (purity 99.99%, 1 mm thickness) and
ounted using polyester resin. Titanium samples were degreased
y immersion in acetone and ethanol followed by rinsing with dis-
illed water. Anodic films were grown from titanium by anodizing
n an ethylene glycol electrolyte containing 25 × 10−4% (w/v) NH4F
t a constant voltage of 40 V using a platinum sheet as counter
Fig. 1. The surface morphology of the TiO2 nanotube arrays prepared by anodizing
of  titanium. (Insert) The surface morphology of Pt/TNTs/Ti electrode.

electrode. The TiO2 nanotube samples were then annealed at 450 ◦C
in air for 3 h.

2.3. Preparation of Pt/TNT/Ti catalysts

Platinum nanoparticles were produced in a water-in-oil micro-
emulsions consisting of n-heptane as the continuous oil phase, AOT
as the surfactant and the aqueous solutions of metal precursor or
reducing agent. The metal precursor and reducing agent contain-
ing micro-emulsions were prepared by mixing the desired amounts
of the proper chemicals to obtain micro-emulsions with 15 wt% of
surfactant (AOT) and following molar ratios of [H2O]/[AOT] = 8, and
aqueous phase concentrations of [NaBH4]/[Pt] = 7.5, [Pt] = 0.8 M.  For
preparation of Pt/TNT/Ti electrodes, at the first, the TiO2 nanotube
samples were ultrasonically cleaned in distilled water for 5–10 min
to remove surface contaminants and then were immerged in a solu-
tion containing two  mentioned mixture. Acetone was used to break
the micro-emulsion and precipitate out the platinum nanoparticles
on the TiO2 nanotubes. Finally, Pt/TNTs/Ti electrodes were washed
sequentially with n-heptane, acetone and hot distilled water to
remove all remaining chemicals. In order to determine how much
Pt (mass) is present on the nanotubes, the final platinum loading,
as measured by dissolution of the deposit followed by ICP analysis
was  about 0.9 mg  cm−2.

3. Results and discussion

3.1. Characterization of the electrodes morphology

Fig. 1 shows scanning electron microscopy (SEM) images of
titanium dioxide nanotubes prepared by anodic oxidation and
platinum nanoparticles loaded on titanium dioxide nanotubes by
micro-emulsion method. The average tube diameter was  about
70–90 nm,  which can be used as good carrier of particle catalyst
and platinum nanoparticles are distributed at the surface of the tita-
nium dioxide nanotubes. Fig. 2 shows the EDX plots of Pt/TNTs/Ti
electrodes. EDX results confirm the presence of platinum nanopar-
ticle on the surface TiO2 nanotubes.

3.2. Characterization of the Pt/TNT/Ti electrode surface

To determine whether the deposition procedure by micro-
emulsion method had resulted in the removal of the oxide layer,

thereby ensuring good electrical contact between the platinum
deposit and TiO2 nanotubes coating and the underlying titanium
electrode, the Pt/TNTs/Ti were tested as electrodes using a one elec-
tron redox couple. Fig. 3 shows the voltammetric curves for the
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Fig. 2. EDX of Pt/TNT/Ti electrode.

eduction of K3Fe(CN)6 on Pt/TNT/Ti, smooth platinum and bare
iO2 nanotubes electrodes. The voltammogram for the Pt/TNT/Ti
lectrode shows the expected reversible behavior for the reduc-
ion on a bulk platinum electrode. It suggests that the adhesion and
lectrical contact of the platinum film with titanium is quite satis-
actory. In comparison, the voltammogram obtained with bare TiO2
anotubes electrode shows increased peak separation and peak
idths. This is probably attributable to a passivating surface film,
ost likely the oxide layer present on the surface of the titanium

lectrode. This oxide film could grow thicker when using TiO2 nano-
ubes as an electrode, due to electrochemical (or chemical through
erricyanide) oxidation [41].

.3. Oxidation of lactose at Pt/TNT/Ti catalyst
In order to find the best medium for oxidation of lactose, the
ethod of cyclic voltammetry was used to estimate the electro-

atalytic behavior of Pt/TNT/Ti catalysts in acidic, neutral and
lkaline medium. The voltammograms of Pt/TNT/Ti electrode in
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presence of 0.01 M lactose in 0.1 M H2SO4, in phosphate buffer (pH
7) and in 0.1 M NaOH are given in Fig. 4A–C. Lactose appears to
be very weakly oxidized in 0.1 M H2SO4 and in phosphate buffer
medium and the overall current densities increase with an increase
of pH. Conversely, the oxidation currents are high in 0.1 M NaOH.
Thus, similar to glucose, in alkaline environment the rate of oxi-
dation of lactose is higher than that in acidic and neutral media
[42,43].

In order to compare Pt/TNT/Ti electrode with smooth platinum
electrode, the method of cyclic voltammetry was  used to estimate
the electro-catalytic behavior of the electrodes. Fig. 4D shows the
comparison of lactose oxidation on smooth platinum electrode and
Pt/TNT/Ti electrode. It can be seen from Fig. 4D that the current
density for lactose oxidation on Pt/TNT/Ti electrode is greater than
that observed for smooth platinum electrode, indicating the surface
area of Pt/TNT/Ti electrode was enlarged by dispersion platinum
nanoparticles in TiO2 nanotube matrix.

Four oxidation peaks are noticed, three (A1, A2 and A3) during
the positive variation of potential and the other (A4), during the
negative variation of potential. Peak A1 lies in the hydrogen region.
Its position leads to the suggestion that the mechanism for the first
oxidation peak of lactose could be similar to that of glucose. Accord-
ing to literatures, the peak A1 at the low potential region is often
attributed to the dehydrogenation of lactose on active Pt surface,
producing a layer of adsorbed lactose intermediates on electrode
surface. These intermediate species were then oxidized at a posi-
tive potential, resulting in peaks A2 and A3. Further increasing the
potential, surface metal oxides generate which are nearly inactive
for lactose oxidation, resulting in a current drop at higher poten-
tial. The peak A4 was  ascribed to the lactose electro-adsorption
on the freshly produced active Pt surface during the negative scan
[36,44].

In order to confirm that these peaks (A1, A2 and A3) are not due to
the platinum nanoparticles, we performed cyclic voltammograms
of Pt/TNT/Ti catalyst in a 0.1 M NaOH aqueous solution at different
scan rate and results are presented in Fig. 4E. As can be seen, cyclic
voltammograms of Pt/TNT/Ti catalyst in a 0.1 M NaOH aqueous
solution exhibited no peaks of A2, A3, and A4, so it can be concluded
that the peak A2, A3, and A4 attribute to lactose oxidation.

A further investigation was done to find out the transport char-
acteristics of lactose in Pt/TNT/Ti catalyst. The influence of the scan
rate (�) on the electro-oxidation of lactose the Pt/TNT/Ti catalyst
was  investigated and shown in Fig. 5. From the figure it can be
observed that a straight relationship exists thereby showing that
the process of lactose oxidation may be controlled by diffusion.
The anodic peak current (peak B) is linearly proportional to �1/2

as shown in Fig. 5B suggest that the electro-catalytic oxidation of
lactose on Pt/TNT/Ti electrode is diffusion-controlled processes.

3.4. Effect of upper limit potentials region

In order to reveal the correlation between lactose oxidation and
platinum oxide species, we have studied the effect upper limit
potentials (EU) in cyclic potential scanning the lactose oxidation.
Fig. 6 shows the cyclic voltammograms of lactose oxidation on the
Pt/TNT/Ti electrode for EU of 0.5–0.85 V. As seen in Fig. 6 by creas-
ing the final positive potential limit, the anodic currents of lactose
oxidation in the positive going potential sweep (PGPS) remains
unchanged (peaks A1, A2 and A3), but oxidation current in the nega-
tive going potential sweep (NGPS) is decreased (peak A4). In lower
limit potential, the platinum oxides with high valence have not
developed greatly, so the effect of the platinum oxides with high

valence on lactose oxidation in the NGPS is relatively small. It can
be seen that the potential of lactose oxidation peaks remain invari-
able in the PGPS, while the potential of lactose oxidation peak shifts
positively in the NGPS. On the other hand, the peak current in the
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Fig. 4. The cyclic voltammograms of Pt/TNT/Ti catalysts (A) in 0.1 M H2SO4; (B) in phosphate buffer medium (pH 7) and (C) in 0.1 M NaOH, recorded at 100 mV s−1, and at
2 T/Ti an
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5 ◦C, without (a) and with (b) 0.01 M lactose. (D) Cyclic voltammograms for Pt/TN
ith  a scan rate of 100 mV s−1. (E) Cyclic voltammograms of Pt/TNT/Ti catalyst in a 

GPS decreased as the EU increased. Indeed, by increasing final
ositive potentials, the conversion of Pt to PtO is accelerated and
aused a decrease of oxidation current in the NGPS, which further
emonstrates that lactose can only be oxidized on clean metallic
latinum nanoparticles surface [45].

.5. Stability of the Pt/TNT/Ti catalyst

In practical view, long-term stability of the electrode is impor-
ant. The long-term stability of Pt/TNT/Ti was examined in 0.1 M
aOH solution containing 0.01 M lactose (Fig. 7A). It can be
bserved that the anodic current remains constant with an increase
n the scan number at the initial stage and then starts to decrease
fter 50 scans. The peak current of the 250th scan is about 90% than
hat of the first scan. In general, the loss of the catalytic activity

fter successive number of scans may  result from the consump-
ion of lactose during the CV scan. It may  also be due to poisoning
nd the structure change of the metal nanoparticles as a result of
he perturbation of the potentials during the scanning in aqueous
d smooth Pt electrodes in a 0.1 M NaOH + 0.01 M lactose aqueous solution at 25 ◦C
NaOH aqueous solution at different scan rate.

solutions, especially in presence of the organic compound. Another
factor might be due to the diffusion process occurring between the
surface of the electrode and the bulk solution. With an increase in
scan number, lactose diffuses gradually from the bulk solution to
the surface of the electrode [45].

In order to further evaluate the stability of the electro-catalytic
activity of the Pt/TNT/Ti catalysts toward lactose, chronoam-
perometric measurements were performed. Fig. 7B shows the
chronoamperometric curves of 0.01 M lactose + 0.1 M NaOH solu-
tion on the Pt/TNT/Ti and smooth platinum electrodes at −0.1 V for
300 s, respectively. It was  found that the currents observed from
chronoamperograms were in good agreement with the currents
observed from cyclic voltammetry. On the other hand, as can be
seen the current on the Pt/TNT/Ti and smooth platinum electrode
decreased with time and reached at 300 s to 1.02 and 0.001 mA,

respectively. Compared to the smooth platinum electrode, the rel-
ative value of the decrease for the Pt/TNT/Ti is much lower. These
results show that the current represent less decay at the applied
constant potential on the Pt/TNT/Ti for a long duration (300 s),
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indicating that Pt/TNT/Ti exhibits a steady-state electrolysis activ-
ity for lactose oxidation.

3.6. Photo (UV)-enhanced performance of Pt/TNT/Ti catalyst for
lactose oxidation

UV effect on the electrochemical performances of Pt/TNT/Ti cat-
alysts toward lactose oxidation is tested. Fig. 8A shows the cyclic
voltammograms of lactose oxidation on Pt/TNT/Ti catalysts in the
presence of 0.01 M lactose + 0.1 M NaOH with (a) and without (b)
UV illumination, respectively. With the UV light irradiation on the
surface of the Pt/TNT/Ti catalyst, the peak current density increases
substantially, indicating that the UV light irradiation can remark-
ably improve the anodic peak current density of lactose oxidation.
The peak current density of lactose oxidation on Pt/TNT/Ti cat-
alyst with UV illumination (2.53 mA cm2) is about 1.7 times of
that on Pt/TNT/Ti without UV illumination (1.48 mA cm2). Such an
increased current density of lactose oxidation on the Pt/TNT/Ti cat-
alyst may  be attributed to both efficient photo-catalysis and an
increased photocurrent of TiO2 under UV illumination.

In order to study of electrochemical performances of lactose
on the TNT/Ti electrode under the same conditions, the method
of cyclic voltammetry was  used to estimate the electro-catalytic
behavior of the TNT/Ti electrodes. Fig. 8B shows the cyclic voltam-

mograms of lactose oxidation on TNT/Ti electrode in the presence
of 0.01 M lactose + 0.1 M NaOH without (a) and with (b) UV illu-
mination, respectively. As can be seen, TNT/Ti electrode exhibited
no oxidation peak for lactose, so TNT/Ti electrodes have not any
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can rate was  50 mV s−1. (B) Cyclic voltammograms of TNT/Ti electrode in an aque-
us  solution of 0.1 M NaOH + 0.01 M lactose without (a) and with (b) UV illumination,
espectively.
lectro-catalytic activity for lactose oxidation (without UV illumi-
ation or with UV illumination). So it can be concluded that the
lectro-catalytic activity is mainly due to the presence of platinum
anoparticles on TNT/Ti supports.
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ig. 9. Voltammetric response of the fresh, poisoned, refresh Pt/TNT/Ti electrode in
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3.7. Refreshable property of Pt/TNT/Ti catalysts

Platinum is most extensively used catalyst for electro-oxidation
of hydrocarbons such as glucose, galactose, and lactose and so on.
However, with platinum as an anode catalyst, the surface is usu-
ally heavily poisoned by the strong adsorption of intermediates
produced during the oxidation of organic fuels, resulting in the
lowering of catalytic performance. To resolve such a problem, in
the present case the platinum nanoparticles are in close vicinity to
TiO2 which, via a photo-catalytic reaction produces a self-cleaning
environment [38]. To explore how far this effect can be exploited to
refresh the Pt-catalyst, Pt/TNT/Ti catalyst was cycled in the poten-
tial range for lactose oxidation namely −0.1 to 0.7 V in alkaline
solution for 250 cycles. Fig. 9 shows CV curves of lactose electro-
oxidation for a freshly Pt/TNT/Ti electrode, a poisoned Pt/TNT/Ti
electrode (after 250 cycles) and after an exposure to UV light.
Clearly, the CV curve after UV exposure returns almost fully to its
original shape and magnitude.

4. Conclusions

Pt/TNT/Ti catalysts with highly porous structure and excellent
electro-catalytic property were prepared by anodizing of titanium
sheets followed by doping of platinum nanoparticles with micro-
emulsion method. The electrochemical behavior of the Pt/TNT/Ti
catalyst was  investigated for lactose oxidation reaction in alkaline
solution. Pt/TNT/Ti catalyst showed a remarkably enhanced per-
formance for lactose oxidation under UV illumination compared to
that without UV illumination. Advantages of using Pt/TNT/Ti cat-
alyst for lactose electro-oxidation is that the high current density
and good stability are combined with a strong anti-poisoning abil-
ity, i.e. the excellent photo-catalytic properties of TiO2 make the
catalyst reusable after a short UV treatment. This study provides a
promising route for the simple, facile and cost-effective synthesis
of refreshable Pt/TNT/Ti catalyst and the as-synthesized catalysts
show great prospect in the applications of direct lactose fuel cell.
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