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a b s t r a c t

The platinum modified titanium dioxide film with highly ordered mesoporous framework is prepared by
spin-coating method and applicated as the catalyst support material of direct methanol fuel cell, combin-
ing electro-photo catalysis innovately at different platinum (0–5 wt%) and anatase/rutile ratios. In this
method, the well-ordered mesostructure with high-quality and large domain regularity are observed
by field emission scanning electron microscope; meanwhile, platinum nanoparticles are homogeneous
dispersed in the mesoporous framework of titanium dioxide films. As shown by the amperometric
eywords:
esoporous

itanium dioxide film
hoto-assisted electrocatalytic
latinum modified

photocurrent–time curves and cyclic voltammetry, the overall photocurrent of 3 wt% platinum modi-
fied titanium dioxide film with UV irradiation is significantly 1.5 times higher than that of bare titanium
dioxide film. This is further authenticated by the band gap data calculated and explained by electrochem-
ical impedance spectroscopy measure results, which suggests that the superiority of platinum modified
titanium dioxide film is attributed to the bicrystalline (anatase/rutile) framework, high crystallinity,

films
mesoporous structure of

. Introduction

Nowadays, titania materials have attracted much attention
wing to their unique optical–electronic properties, and potential
pplications in photocatalysis, chemical sensing [1,2], energy con-
ersion and even water purification [3,4]. However, TiO2 materials
nevitably encounter a serious limit in following two aspects. To
egin with, the disadvantages of titania is selective activity in the
V region (band gap 3.2 eV), which is only about 3–5% of the solar

pectrum reaching the Earth’s surface [5]. In the second place, TiO2
aterials generated photoinduced electrons and holes under illu-
ination, which usually recombinated in a short time, resulting in

oor optical performance.
As the addition of a noble metal to a semiconductor could

ffectively promote the electron–hole separation [6], better pho-
ocatalytic performance can be gained for direct methanol fuel cell
DMFC). In this case, metal nanoparticles are dispersed on the semi-
onductor surfaces, good catalytic activity can be obtained due
o a so-called “support effect” or “synergistic effect” [7]. To the
est of our knowledge, the coupling with noble metals has also

een demonstrated to increase the photocatalytic activity by sig-
ificantly prohibiting the fast recombination of photogenerated
harge carriers. Nevertheless, the common carbon supported Pt or

∗ Corresponding author. Tel.: +86 25 52112900; fax: +86 25 52112626.
E-mail address: jianph@nuaa.edu.cn (J. He).

378-7753/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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and the separation of photoinduced electron hole pairs.
© 2012 Elsevier B.V. All rights reserved.

Pd nanoparticles catalyst suffers from some disadvantages such as
poor loading, weak dispersion [8,9], and easy exfoliation of metal
nanocatalyst [10,11] on supporting materials, which usually block
the commercial application of DMFCs [12,13]. Therefore, many
efforts have been devoted to improve the catalyst dispersion and
support design. According to the literature, noble metals, e.g. (Pt
[5], Ag, Au [6]), are effective dopants for visible light activation 1
by photoexciting surface plasmons in the metal atom. Wherein, the
metal clusters act as sinks for the photogenerated conduction band
electrons and reduce charge recombination. The presence of a metal
at the surface of TiO2 results in the formation of a Schottky barrier
at the metal–semiconductor interface, which facilitates the inter-
facial electron transfer and subsequently encourages charge carrier
separation. For instance, Kimberly A. Gray’s group [5] prepared
platinum-doped titania nanotubes by a hydrothermal technique to
produce visible light activated catalysts, suggested the potential
for practical applications such as incorporating Pt-doped titania
nanotubes with commercially available light sources for indoor
air purification. Meanwhile, mesoporous nanocrystalline TiO2 have
various fascinating properties such as large surface areas, control-
lable pore sizes, high adsorption capacity and large pore volumes as
compared with the bulk or microsized counterparts, driving them
used for a wide variety of potential applications in fields of adsorp-

tion, purification, catalysis, and energy storage [8].

In our view, what the most attractive thing is its methanol
photocatalysis on pure or modified TiO2. Reasons explained for
this matter is that methanol is a common substrate molecule for

dx.doi.org/10.1016/j.jpowsour.2012.01.006
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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hotocatalytic performance evaluation [14,15] and can also be
sed as a sacrificial reagent [16,17] for photocatalytic hydrogen
roduction [8,18]. To solve the problem, design of TiO2 with
ell-defined mesoporous structure is a promising way to achieve
igh photocatalytic activity, since the ordered mesopore channels

acilitate fast intraparticle molecular transfer [12,19], while the
arge surface area may enhance the light harvesting and the
dsorption for reactant molecules [20,21]. Obviously, high crystal-
ization degree of photocatalysts is favorable for rapid transfer of
hotocharges from bulk to surface, which could inhibit the recom-
ination between photoelectrons and holes, leading to enhanced
uantum efficiency. Besides, a proper spatial arrangement can
urther assist the electron/energy transfer within the mesoporous
ramework [18]. Based on those advantages of high crystallinity
nd mesostructural regularity of TiO2 framework have received
teady growing interest. Such materials can be readily formed
y coassembly of inorganic oligomers with structure-directing
gents using evaporation. He’ group [3] prepare highly ordered
esoporous TiO2 films with stripe-shaped mesochannels running

arallel to substrates which are retained at 400 ◦C by the solvent-
nduced self-assembly (EISA)-derived method and exhibiting great
otential in developing new generation DMFCs.

In this contribution, we report highly ordered hexagonal P6m
esoporous Pt/TiO2 film at different Pt content (0–5 wt%) and

natase/rutile ratios as the novel photo-assisted catalyst of DMFC
n the fluorine-doped SnO2 transparent conductive (FTO) glass.
n addition, the morphology and electronic properties of the
hotoelectrocatalysts were studied using electron paramagnetic
esonance spectroscopic techniques. Most important of all, the
echanism of enhanced reactivity was probed by investigating the

nteractive effects caused by the conditions of synthesis and the Pt
enters.

. Experimental

.1. Chemical materials

Poly(propylene oxide)-block-poly(ethylene oxide)-block-
oly(propylene oxide) triblock copolymer Pluronic F127
Mw = 12,600, PEO106PPO70PEO106) was purchased from
igma–Aldrich Corp., chloroplatinic acid (H2PtCl6) were pur-
hased from Nanjing Ningshi Chemical Corp., TiCl4 was purchased
rom Shanghai Meixing Chemical Corp., phenol, formalin solution
37 wt%), KOH, HCl, and ethanol were purchased from Shanghai
hemical Corp. All chemicals were used as received without any

urther purification. Deionized water was used in all experiments.

.2. Preparation of mesoporous titanium dioxide films with
latinum nanoparticles

For the synthesis of mesoporous Pt/TiO2 composite film, tri-
lock polymer F127 (Mw = 12,600, PEO106PPO70PEO106) was used
s a template, which is based on the previous report [22,23]. Typi-
ally, F127 was completely dissolved in ethanol, and then 1.12 ml of
iCl4 and different amount of hydro-alcoholic solutions of chloro-
latinic acid (H2PtCl6) were added with vigorous stirring at 40 ◦C
or 30 min, the corresponding amount of distilled water was added
o get a transparent sol solution.

The Pt/TiO2 films were deposited by spin-coating at set rates
nto the FTO substrate. Prior to coating, the FTO substrates were cut
nto (2 cm × 2 cm) specimens. The specimens were decreased using

cetone; then washed in ethanol and distilled water, and finally
ried in warm air. The as prepared solution was then spun onto
he FTO substrate at 1500 rpm for 60 s using a SPINCOATER KW-4A.
his procedure was repeated five times giving reproducible crack
ources 208 (2012) 58–66 59

free thin films with strong adhesion between the Pt/TiO2 and FTO
surfaces.

The as-deposited samples were placed for 2 days to with rela-
tive humidity at 60% then thermo polymerized in an oven at 60 ◦C,
100 ◦C, 130 ◦C for 1d. Finally, highly ordered mesoporous trans-
parent mesoporous Pt/TiO2 films with narrow nanoscale pore size
distribution and high ratio of surface area and pore volume can
be obtained after removing the organic template by calcinations
at 400 ◦C under air atmosphere. The resulting ordered mesoporous
Pt/TiO2 composite film is denoted as Pt/TiO2−x, where x represented
the mass percent of platinum in the films.

2.3. Film characterization

The powder X-ray diffraction (XRD) patterns were obtained
using a Bruker D8 Advance diffract meter using a Cu Ka source
(� = 0.154056 nm) at 40 kV and 40 mA. Steady-state absorption
measurements were performed at room temperature in a Varian
Cary 50 UV–vis spectrophotometer. The field emission scanning
electron microscopy (FE-SEM/EDXS) images were recorded on a
Hitachi S-4800 microscope with an accelerating voltage of 15 kV,
to observe the surface and cross-section image of the films. The
films for FE-SEM measurements were applied on the Si substrate.

2.4. Photoelectrochemical measurement

For electrochemical studies, a conventional three-electrode
single glass cell was employed. Pt wire and saturated Ag/AgCl elec-
trodes were used as counter and reference electrodes, respectively.
The working electrode was prepared by taking a homemade encap-
sulated on FTO with insulating tape, obligating an area of 1 cm2.
The electrochemical behavior of the Pt/TiO2 electrodes was char-
acterized by using the cyclic voltammetry technique in 0.5 M of
KOH and 1.0 M of methanol aqueous solution at a scan rate of
20 mV s−1 in the range of −0.6 to 0.5 V(vs. SCE) until a stable state
was reached. An integrated 8 W Xe lamp was employed as a UV
excitation source (the wavelength range of 250–380 nm). Elec-
trochemical impedance spectroscopy (EIS) measurements using
Solartron 1260 frequency response analyzer coupled to Solartron
1287 potentiostat were obtained at frequencies between 100 kHz
and 0.01 Hz. The amplitude of the sinusoidal potential signal was
5 mV. All photoelectrochemical measurements were performed on
a CHI 660C.

3. Results and discussion

3.1. Platinum modified film charaterization

Mesoporous Pt/TiO2 films have been synthesized through a sim-
ple EISA method followed by spin coating in the presence of the
F127 triblock copolymer as the structure directing agent. It has been
confirmed that complexation of metal precursor with the func-
tional segment of the block copolymer is essential to accomplish
distribution and phase specific dispersion of smaller particle size
[24]. The mesostructural ordering and crystalline phase of Pt/TiO2
films were characterized by XRD measurements (Fig. 1). The as-
made sample shows a well-resolved peak, which can be indexed
to the (10) Bragg reflections confirming an ordered 2D-hexagonal
mesostructure of the P6mm space group [3,20]. The observed high
intensity and the sharpness of the peak prove that a long-range
order exists in the TiO2 films. As can be seen from Fig. 3, the

diffraction peak is retained with the platinum addition less than
3 wt%, indicating that the structural regularity is maintained. How-
ever, with the increasing of platinum addition, diffraction peak
intensity decreased suggesting the ordering of mesoporous films
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Table 1
Percent of anatase/rutile of TiO2, content and size of platinum particle calculated
from XRD patterns.

Sample Anatase (%) Rutile (%) Pt (%) Size of Pt

Pt/TiO2-0 99.14 0.825 0 –
Pt/TiO2-1 93.295 6.520 0.185 15.15 nm
ig. 1. Small-angle XRD patterns of continuous mesoporous film at different plat-
num content.

eclined. When the amount of platinum at 5 wt%, the films diffrac-
ion patterns of small-angle XRD diffraction peak are not presence
ndicated that the ordered structure of mesoporous thin films were
estroyed. The issue will be further explored with the assistance of
AXRD and FESEM analysis hereafter.
Fig. 2 shows the wide angle XRD patterns of the mesoporous

t/TiO2 films at different Pt contents. Clearly, the result of wide-
ngle XRD show that the pure TiO2 nanoarchitectures begin to show
eflections from anatase phases with peaks characteristic of the
1 0 1), (1 0 3), (2 0 0) of the anatase and (1 1 0), (2 1 1), (2 1 3) of the
utile lattice planes, suggesting that TiO2 phase can nucleate and
ransform into nanocrystals at 400 ◦C. There are no indications for
ither rutile or brookite phases. However, with increasing Pt con-
ent, the peaks assigned to the anatase phase decrease and slightly
utile phase is formed and the signals at 40.5 and 46.2 correspond
o the (1 1 1) and (2 0 0) planes of a face centered cubic Pt crys-
al structure, respectively. The quantitative phase composition and
rystallite diameter of Pt/TiO2 films at different Pt content and as
vident from the Rietveld analysis of the XRD data are given in

able 1. Anatase and rutile mixtures are formed by the addition of
t nanoparticles even at small concentration. These results indi-
ate that there is a phase transformation from anatase to rutile
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ig. 2. High-angle XRD patterns of continuous mesoporous film at different plat-
num content.
Pt/TiO2-3 86.34 13.33 0.36 17.26 nm
Pt/TiO2-5 83.41 16.17 0.42 18.68 nm

nanoparticles with Pt addition (Table 1). In particular, where this
pure TiO2 was present, no crystalline phase involving Pt can be
observed, suggesting that either the Pt is highly dispersed in the
TiO2 network or that the Pt content is below the detection limit.
On the other hand, at, 1, 3 and 5 wt% Pt/TiO2, XRD patterns exhibit
diffractions at around 2q = 39.8◦ and 46.3◦, which can be indexed as
(1 1 1) and (2 0 0) reflections of the crystalline Pt (JCPDF 01-1194)
possessing a face-centered cubic structure with an Fm3m space
group [25]. From what have been obtained in XRD data, the ratio
of titanium dioxide crystal form of thin films and the size of plat-
inum particles seemly have essential effect on mesoporous Pt/TiO2
ordering. With the increased amount of Pt doping, the conversion of
anatase to rutile easier. While beyond a certain weight percentage
(3%), excessive platinum makes more conversion from the anatase
to rutile phase, this over-conversion [20] process will destroy the
mesoporous structure of thin films and reduce the ordering of the
film (Fig. 3).

A more detailed structural characterization was revealed by FE-
SEM imaging, as shown in Fig. 3a. In terms of test in our study,
all samples were prepared by scraping off the films and dispersed
in ethanol. As far as can be seen from SEM images of the calcined
pure TiO2 film, result indicates the well-ordered hexagonal arrays
of mesopores with 2D channels with high quality and large-domain
regularity of the TiO2 film. It can be clearly seen that the meso-
porous channels are straight and regularly array parallel to each
other in the [1 1 0] direction for the TiO2 film. Images (Fig. 3b) of
mesoporous 1 wt% Pt/TiO2 films calcined at 400 ◦C show that the
doped film remains ordering mesoporous framework, maybe exist
few platinum particles, but from the SEM images, we do not observe
obvious platinum particle owe to spot of platinum addition. Fig. 3c
(3 wt% Pt) demonstrates that platinum nanoparticles with an aver-
age diameter of about 20 nm particles are well dispersed and the
film not agglomerated and destroyed [26]. This is corresponding
to the result of XRD. And the elemental mapping (Fig. 4) aimed at
platinum element on the surface of mesoporous Pt/TiO2 (3 wt% Pt)
suggested that platinum particles [27,28] are well dispersed on the
surface of film [29,22].

3.2. Electrochemical photovoltaic characterization

The photoelectrochemical characteristics of methanol photo-
electrochemical catalysis on and Pt/TiO2 films were measured in
1.0 M CH3OH + 0.5 M KOH aqueous solution. Fig. 5 shows the pho-
tocurrent response of the mesoporous TiO2 film electrode and
Pt/TiO2 film electrode at different platinum content with and
without UV illumination. Although the photocurrent of the bare
mesoporous TiO2 film electrode is only 10−7 A without UV illumi-
nation due to its low conductivity, whereas the photocurrent with
UV illumination reaches as high as 0.6 mA cm−2, 1000 times of the
former. After Pt was doped on the mesoporous TiO2 film, its conduc-
tivity improved, resulting in a significantly increased photocurrent
of the Pt/TiO2 film electrode whether with or without UV illumina-

tion. With the increasing of platinum, the photocurrent of Pt/TiO2
films electrode obviously improved up to 0.80 mA cm−2.However,
when the amount of platinum at 5 wt%, the photocurrent of film
electrode is not further increased, contrarily, the current decreased
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Fig. 3. FESEM images of different platinum content mesoporous Pt/TiO

o 0.5 mA cm−2, even less than that of bare TiO2 film. This mecha-
ism is further discussed in latter CV measures.

The characteristics of methanol catalytic performance of the
lms were measured by cyclic voltammetry in 1.0 M CH3OH + 0.5 M
OH aqueous solution. As TiO2 is a wide band semiconductor [3],

ittle current response (10−6 to 10−7 A) is observed for the bare
iO2 film electrode in the dark (Fig. 6a), whereas an obvious pho-
ocurrent increase appears when the electrode is exposed to the
V illumination (Fig. 6b). From this figure the photocurrent of
wt% Pt was found to slightly increase than that of pure TiO2
lm electrode, but no obvious redox peaks are observed, indicat-
ng the bare TiO2 film electrode has little catalytic performance
or methanol oxidation with and without UV illumination. That
s because that not enough platinum is exposed on the surface
f the film. In the absence of UV illumination, with increasing

Fig. 4. Elemental mapping images o
s calcined at 400 ◦C for 4 h (a: 0 wt%, b: 1 wt%, c: 3 wt%, and d: 5 wt%).

Pt content at 3 and 5 wt% and the oxidation peak current then
enhanced to 5.5 × 10−6 A and 7.8 × 10−6 A, respectively. Whereas,
when the electrode is exposed to the UV illumination, a great oxi-
dation peak current increase is observed as high as 12.3 × 10−4 A
and 7.5 × 10−4 A, approximately 100 times of that without UV illu-
mination, which agree to the I–t curves. This is also corresponding
to the result of FE-SEM; platinum particles exposed on the sur-
face of the film catalyzed the oxidation of methanol molecules. By
introducing platinum into TiO2 films, the current of Pt/TiO2 films
electrode increases sharply in the entire potential region and two
methanol oxide peaks appear with and without UV illumination,

revealing the photoelectrochemical oxidation of methanol. Fig. 6c
displays the stability of electrical catalysis performance. In 100
cycles, the oxidation peak current increased at the first 20 cycles
corresponding to the activation of the electrode. After 60 cycles,

f films at 3 wt% Pt doped film.
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T
C

ig. 5. a: I–t curves and b: average photo current with UV illumination of films
lectrode at different platinum content.

he current slightly decreased to 12.28 mA cm−2, 99% of the sta-
le current 12.34 mA cm−2, remained the excellent resistance toxic
erformance.

In order to further search the oxygen reduction in alkaline solu-
ion, the tafel plot (Fig. 7) was measured in 1.0 M CH3OH + 0.5 M
OH aqueous solution, calculated kinetic parameters is in Table 2.
ith ultraviolet radiation, the exchange current density is several
A cm−2, 1000 times of that of without light (uA cm−2), corre-

pondingly, onset potential is more positive by 70 mV than that
f without ultraviolet at 3%Pt content film electrode in alkaline
olution. Furthermore, with the increasing of platinum content, the
inetic parameters in Table 2 has the trend of higher exchange cur-
ent density (I0) and more positive onset potential. But beyond the
%Pt content, the onset potential is more negative and the exchange

urrent density (I0) is lower, this is consistent with the CV curves,
hich explained that the reaction mechanism of oxygen reduction

or the role of platinum nanoparticles.

able 2
omparison of kinetic parameters from tafel plot on different platinum content electrocatalysts with or without ultraviolet radiation.

Sample I0 (�A cm−2) Onset potential (mV) (SCE) I0 (mA cm−2) Onset potential (mV) (SCE)

Light Light

0 2.04 −227 0.102 −100
1 3.12 −175 0.316 −50
3 5.24 −100 1.62 −29
5 2.29 −260 0.214 −34



Y. Guo et al. / Journal of Power Sources 208 (2012) 58–66 63

0.60.40.20.0-0.2-0.4-0.6

-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5
lo
g
(i
)/
A

Potential/(V)

TiO
2
-1%Pt

TiO
2
-5%Pt

TiO
2
-0%Pt

TiO
2
-3%Pt

a

1.00.80.60.40.20.0-0.2-0.4
-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

TiO
2
-3%Pt

TiO
2
-0%Pt

TiO
2
-1%Pt

TiO
2
-5%Pt

lo
g
(i
)/
A

b

F
w

(
[
g
0
t
h
•

m
m
v
C
b
w
w

a
t
r
e
t
m

I

Table 3
Parameters evaluated by simulating the complex impedance plots from the EIS
results and electrical conductivity of film electrode at different platinum content.

Sample Rs (�) Rct (�) CPE (�F) L (S cm−1) Band gap (eV)

Pt/TiO2-0 153.5 75,454 0.6032 0.01625 3.43
Pt/TiO2-1 142.7 74,500 0.8865 0.3466 3.39
Potential/(V)

ig. 7. Tafel plot of different platinum content films electrode (a: without and b:
ith UV illumination).

It is well-known that photoexcited electron–hole pairs
e–· · ·· · ·h + ) form when TiO2 is irradiated by UV light (h� g 3.2 eV)
6,30]. The electrons would transfer to the FTO glass substrate and
enerate a current response in the potential range from −0.6 to
.5 V (vs. SCE). In turn, the holes can migrate to the surface of
he TiO2 and oxidize the electron donor species [30]. The surface
oles can react with adsorbed water or hydroxyl to generate mobile
OH radicals, which have a high reactivity for oxidation of organic
olecules [31,32]. In the case of methanol oxidation, the methanol
olecules can react with the surface holes or •OH radicals to form

arious oxygen-containing intermediate species (•CH2OH, CH2O,
HO•, HCOOH, HCOO•, CO, etc.) and finally be mineralized to car-
onate in alkaline media [13]. But, on the other hand, in competition
ith the charge transfer is the recombination of electrons and holes
ith the release of heat [15,27].

Considering the reaction dynamics during the entire photocat-
lytic process, the photocatalytic efficiency will be determined by
he number of photogenerated charge carriers which can avoid the
ecombination reaction [33]. Incident photon to current conversion
fficiency (IPCE) measurement is performed to further characterize
he photoresponse of the three photoanodes. The IPCE was deter-

ined with no bias voltage by the following equation [34]:

PCE = 1240 (eV nm)

� (nm)

∗Photocurrent (A) ∗ photodiode responsivity (V−1)
Photodiode photocurrent (A)
Pt/TiO2-3 84.76 60,900 0.9598 0.8667 3.01
Pt/TiO2-5 19.23 100,500 0.6401 0.9456 3.26

The photocurrent was the total current under illumination
minus the dark current, � is the incident light wavelength. The
electrolyte for was prepared shortly before photoelectrochemical
measurements [35]. According the literature [13], photoexcited
electron–hole pairs (e–· · ·· · ·h+) form when TiO2 is irradiated by
UV light (h� g 3.2 eV). The holes can migrate to the surface of the
TiO2 and oxidize methanol molecules to form various oxygen-
containing intermediate species (•CH2OH, CH2O, CHO•, HCOOH,
HCOO•, CO, etc.) and finally be mineralized to carbonate in alkaline
media. The electrons would transfer to the FTO glass substrate and
further moved the platinum nano-particles to oxidize methanol
molecules. So the IPCE indirectly reflected the electrocatalytic
activity of methanol oxidation.

Fig. 8a shows the IPCE results as a function of the irradiation
wavelength for the mesoporous Pt/TiO2 films at different Pt con-
tents. As can be seen from Fig. 8, the IPCE increases with increasing
Pt content up to 3 wt% Pt/TiO2 with the maximum photonic effi-
ciency being 13.5% under 330 nm wavelength, while in the presence
of undoped mesoporous TiO2 nanoparticles the photonic efficiency
is 10.2%. Clearly, the mesoporous Pt/TiO2 films are more photoac-
tive than the bare TiO2 film. Subsequently, the photonic efficiency
gradually decreases to 10.26% with increasing Pt/Ti ratio reaching
a value of 5 wt% Pt. Meanwhile, the peaks shift reward with the
increase of platinum addition suggested narrower band gap, which
is authenticated by the UV–vis absorption spectra and band gap
data (Fig. 8b and c).

Electronic structures are usually associated with dielectric
polarons and this was investigated via UV–vis diffusion reflectance
spectroscopy for different platinum content. As shown in Fig. 8b,
the curve of 3 wt% Pt modified film exhibits that a strong absorp-
tion due to the interband transition was observed at 450 nm, which
gradually shift towards higher wavelength and become steeper
with increased platinum addition, being at 370 nm for bare TiO2
film. The band gap is estimated from the absorption edge wave-
length of the interband transition according to the equation [36,37].
Fig. 8c exhibits a band-gap reduction from 3.43 to 3.01 eV with the
platinum content from 0 to 3 wt%, lower than 3.2 eV of reported.
The steepened adsorption edges and the red-shift gap might be
characteristic of the surface defect dipoles and the size of platinum
particles.

Impedance spectroscopy is efficient for characterizing the
dielectric behavior of a material, especially nanomaterials of
lower homogeneous structure [38], which also provide a powerful
method for the study of charge transfer and recombined processes
at the semiconductor/electrolyte interfaces [39]. For titanate, the
existence of labile protons suggests that this material should have
pronounced proton conductivity. A typical EIS plot obtained at
room temperature in 1.0 M CH3OH and 0.5 M KOH aqueous solu-
tion for as-prepared platinum modified TiO2 films is shown in Fig. 9,
and calculated data is Table 3. The corresponding equivalent circuit
of films at different platinum content is shown in Fig. 10. First, the
resistance RS resulting from the solution, contacts, and the leads can
be estimated from the real part of the EIS at very high frequencies

[40]. The decreased trend of RS for the increased platinum content
films electrodes was observed, which indicated that the conductiv-
ity of the films. Thus, as seen from Table 3, the enhanced activities
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is of certain benefit (Fig. 11). Such a synergetic effect, also referred
to as ‘mixed phase effect’, is supposed to efficiently prohibit the
recombination of photogenerated electron–hole pairs by transfer-
ring the exited electrons from one phase to another [38]. Therefore,
ig. 8. a: IPCE results, b: UV–vis absorption spectra and c: band gap of film electrode
t different platinum content.

ere attributed to the introducing of platinum. Second, as shown
n the Nynquist plots, after doping of platinum, the visible EIS arc
f the electrode becomes smaller at the same condition. Accord-
ng to the previous work [41], the smaller size of the semicircle
rc diameter indicated a more effective separation of photogener-
ted electron–hole pair and/or a faster interfacial charge transfer
o the electron donor/acceptor. In Fig. 8, a semicircle with near-

ero intercept in the high frequency was observed, while exposed
t surfaces, which likely lead to surface dangling bonds [42]. On
he other hand, with the increase of platinum addition, the charge
Fig. 9. Nynquist plots for films electrode at different platinum immersion in 1.0 M
CH3OH + 0.5 M KOH aqueous solution.

transfer resistance (RCT) of 1 wt% and 3 wt% Pt are 74,554 � and
60,900 �, respectively, much less than the bare TiO2 films (Table 3),
indicating that more excellent proton transfer capability and effec-
tive separation of photogenerated electron–hole pair is achieved
by the platinum addition, whereas, as the increase of platinum
content, the platinum addition is up to 5%, the charge transfer resis-
tance increased to 100,500 �, in good agreement with what the
IPCE results (Fig. 8).That also explained the 3 wt% Pt film have the
optimal photoelectrochemical characterization.

This difference can be attributed to several effects, such as a
lower light scattering effect of the ordered mesopores, an accumu-
lated local concentration of •OH [43], or a fast transport of the target
molecule CH3OH to the active sites due to the facile diffusion of the
CH3OH through the ordered porous network, which for the samples
are hindered by the heterogeneities existing in the bulk sample dif-
ference in activity found for undoped mesoporous TiO2 and doped
ones thus suggests that the rate of electron transfer from meso-
porous TiO2 nanocrystals to adsorbed oxygen is increased when
Pt is incorporated into mesoporous TiO2. This will lead to better
charge carrier separation and thus to an increase of the photocat-
alytic activity. In three-dimensional solid/surface state mesoporous
framework, the excited TiO2 nanoparticle can transfer the absorbed
energy through the mesoporous hexagonal TiO2 network to other
ground-state TiO2 [19]. Through the so-called antenna mechanism
the resulting energetic coupling throughout a three-dimensional
TiO2 network will enable an energy and/or exciton transfer from
the particle where the initial photon absorption took place to the
particle where the electron transfer process finally occurs. Conse-
quently, the probability of electron transfer to the Pt particle is
increased by an increased CH3OH diffusion through the pores of
the nanostructures.

Moreover, we can find that too much anatase will retard the pho-
todegradation process, indicating that the proper amount of rutile
Fig. 10. Equivalent circuit of films electrode at different platinum content in 1.0 M
CH3OH + 0.5 M KOH aqueous solution.
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Fig. 11. Schematic illustration

oth the regular open pore morphology and the biphase structure
re playing crucial roles in determining the sample’s photoactiv-
ty. Some report seem to demonstrate that rapid electron transfer,
ccurring from rutile conduction band to lower energy anatase lat-
ice trapping sites in mixed-phase, leads to a more stable charge
eparation. The electron-transfer process causes the existence of
atalytic hot spots at anatase/rutile interface [44].

Another explanation for the higher photocatalytic activity might
e the size of the Pt particles. This has been attributed to a rate con-
rol by rather slow reduction of molecular oxygen by the trapped
hotoelectrons, whereby e−/h+ recombination is favored [15].
he purpose of loading TiO2 with Pt is to generate at the inter-
ace between Pt and TiO2 a Schottky barrier, which effectively
aptures the photogenerated electrons and reduces the rate of
lectron–hole recombination [32]. The interface being maximum
t low Pt nanoparticles content and high dispersion, too large Pt
articles (more than 3 wt%) could also act as recombination cen-
ers, detrimental to photocatalysis by hindering or avoiding the
ctive photogenerated charge transfer to the reactant species at
he surface. Therefore, the highest activity observed for the 3 wt%
t/TiO2 films can be ascribed to the most efficient charge separation
hrough the mesopore charge transfer [45,46].

. Conclusions

The fringe-shaped highly ordered mesoporous platinum mod-
fied titanium dioxide film at different platinum (0–5 wt%) and

natase/rutile ratios was prepared on the FTO. We find that the
verall photocurrent of 3 wt% Pt/TiO2 film with UV irradiation is
ignificantly 1.5 times higher than that of bare TiO2 film. In our
ase, the advantage of Pt/TiO2 film is attributed to its bicrystalline
paration of the Pt/TiO2 films.

framework, high crystallinity, mesoporous structure and the
separation of photoinduced electron hole pairs. What is more,
the regular open pore morphology and the biphase structure are
playing crucial roles in promoting the diffusion of reactants and
products, enhancing the photocatalytic activity by facilitating
access to the reactive sites on the surface of photocatalyst.
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