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Abstract We report the visible light-induced hydrogen
generation over heteropoly blue (HPB) sensitized Pt/TiO,
photocatalyst. HPB was obtained via UV-induced reduc-
tion of heteropoly acid Ks(BW,039H,) - 12.8H,0 (BW )
in glycerol aqueous solution. The photocatalytic activity
for hydrogen generation was found to be dependent on the
concentration of HPB in the solution.
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1 Introduction

Due to the consistent emission of carbon dioxide and the
fast exhaustion of fossil resources, the global-warming and
energy pressure becomes seriously in coming years. The
extensive endeavour has been made for exploration of new
techniques both of replacing fossil resources by renewable
energy and new methods of energy application. From both
points of view, hydrogen for fuel cell from solar energy is a
promising way. The photocatalytic hydrogen generation
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from water is the best possible route. Some photocatalysts
were reported active for hydrogen generation under UV
light irradiation, such as TiO; [1], NiO-SrTiOj3 [2], Ta;O5
[3], (Ga;_Zn)(N;_0,) [4] and BaM,;3N;303(M = Ni,
Zn; N = Nb, Ta) [S]. Among these semiconductors, TiO,
has been identified as a chemical stable, low cost, low-
toxicity, and electronic material [6, 7]. However, TiO, is a
large band gap semiconductor (E, > 3.2 €V) and can only
be excited by UV light. In addition, visible light sensitive
photocatalyst is highly desirable because visible light
(>400 nm) is the major component (ca. 43%) of sunlight
input on the earth. In order to achieve hydrogen generation
from solar energy over TiO, based catalyst, it is necessary
to extend the absorption of TiO, based photocatalyst to
visible light region. In the attempted efforts, the sensiti-
zation of TiO, with the photosensitive dyes (e.g.,
phthalocyanines, Ru(bpy);>" and derivatives, and
8-hydroxyquinoline complex) seems to be a successful
route [8§-21]. The sensitization of TiO, was identified very
successful in solar cell. The efficiency from solar energy to
electricity was achieved up to 11% by Gritzel et al. [22].
Recently, some attempts to replace organic dyes with
inorganic semiconductor quantum dots have been made,
such as using CdSe [23], CdS, PbS, Ag,S, Sb,S3, and Bi,S;
[24]. Exploring new inorganic dye as sensitizer is still an
attractive route for modifying TiO,.

Heteropoly acids (HPAs) are inorganic clusters with
well-defined structure [25]. It is easy to change their
properties and metal-oxygen frameworks via variation of
the composition and the method of pre-treatment [26]. For
example, irradiation of heteropoly tungstate with UV light
yields dark blue heteropoly blue (HPB) in the presence of
electron donor, which shows new absorption bands in
visible light region. However, the photo activity of HPB
under visible light has only been studied in recent years.
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For instance, the excited-state HPB (HPB*) catalyzed the
reduction of methyl orange was reported [27]. The
encapsulation of HPA into the TiHY zeolite could also
work as an inorganic photosynthetic reaction center for
water reduction [28]. It was found that HPB™ donated the
excited electrons to the transition metal in the zeolite and
further reduced methyl orange [29]. Those studies suggest
HPB could be excited with visible light and HPB™ is
formed. So HPB may be used as a new inorganic dye for
sensitization of TiO, in reduction of water to H,. In this
work, we reported a catalyst, in which HPB was employed
as an antenna molecule to absorb visible light
(A2 > 420 nm) for sensitization of TiO,. In addition, glyc-
erol was used as electron donor because it was an
oversupplied compound of biodiesel production and using
glycerol was a logical step in moving toward a more sus-
tainable economy [30].

2 Experimental

P25 TiO, powder (70% anatase and 30% rutile, Degussa,
Germany), Chloroplatinic acid (H,PtCls - 6H,0), glycerol,
sodium tungstate, boric acid, potassium chloride, and
hydrochloric acid were of analytical grade and used
without further purification. The 0.5 wt.% Pt/TiO, photo-
catalyst was prepared by a photoreduction method [31].
Ks(BW;,039Hy,) - nH,O was synthesized by a modified
method according to ref [32]. The lacunary structure of
Ks(BW,039H,) - nH,O was identified by IR spectrum
[33]. IR (cm™"): 997 (m, v (B—0,)), 952 (s, v (W—=0,)),
883 (vs, v (B—0,)), 870 (vw, v (W—03)), 795 and 722(s, v
(W—-0,)). Thermogravimetry results show that water con-
tent x = 12.8. Anal. Calcd. for Ks(BW;;050H,) (%): K,
6.31; B, 0.35; W, 65.52; Found: K, 5.95; B, 0.30; W, 65.32.

For photoelectrochemical measurements, a platinum
electrode and a saturated calomel electrode (SCE) were
used as the counter electrode and the reference electrode,
respectively. The photocatalyst films on ITO glad slide
were used as the working electrode and prepared using the
dip-coating method. TiO, suspensions were first deposited
onto the surface of ITO and allowed to dry under infrared
lamp irradiation. Then the ITO coated with TiO, was cut
into pieces to ensure that identical films were immersed in
HPA solution (1 mg mL~' HPA aqueous solution, pH 0.5).
Finally, the film was dried under infrared lamp irradiation.
The thickness of the film was about 0.5-0.8 pm. The sur-
face of semiconductor working electrode exposed to the
electrolyte was circular-films with a geometrical surface
area of 1.6 cm”. All photoelectrochemical measurements
were carried out using a standard three-electrode system
equipped with a quartz window. A 200 W high-pressure
mercury-lamp was used as UV light source. After HPB was
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generated by UV irradiation, UV light was cut-off with a
420 nm cutoff filter in order to act as visible light source.
The switch of visible light was controlled manually.
0.1 mol L™ Na,SO,4 20 (v/v) % glycerol-water solution
was used as the supporting electrolyte. The applied voltage
was 0 V for the ITO working electrode.

Photocatalytic experiments were performed in a Pyrex
cell (ca. 140 cm?) having a flat window ca. 10.2 cm? for
irradiation. The cell was sealed with a silicone rubber
septum. A 250 W high-pressure Hg lamp and a 300 W
halogen lamp were used as the UV light source and the
visible light source for photocatalytic reaction, respec-
tively. The visible light source was equipped with a cut-off
filter (Toshiba Y 44.2, 4 > 420 nm) to remove radiation
below 420 nm and to ensure irradiation by visible light
only.

Typically, 50 mg of 0.5 wt.% Pt/TiO, photocatalyst and
amount of HPA were suspended in 80 mL 20 (v/v) %
glycerol aqueous solutions by a magnetic stirrer. Argon gas
was bubbled through the reaction mixture for 40 min to
remove oxygen and the suspension of the catalyst was
achieved by ultrasonic prior to irradiation. HPB was
obtained under UV light irradiation at room temperature,
then the UV light was turned off and the reaction
was continued under visible light irradiation or in the dark.
The range of light intensity of the visible light used for the
photo reaction is ca. 260-280 pmol(photons) m 2 s~'. The
H, evolved by reduction of water with reduced HPA have
been deducted.

3 Results and Discussion

A framework of dye-sensitized semiconductor nanoparti-
cles (photo-electrode) can be used for converting visible
light into electricity efficiently [34-36]. If indeed TiO, is
capable of accepting electrons from HPB", we should be
able to collect these charges at electrode surface in a photo-
electrochemical cell. Therefore, the photosensitization of
HPB for Pt/TiO, can be confirmed by the photo-electro-
chemical measurements. Figure 1 shows the unbiased
potential photocurrent-time curves of Pt/TiO,—HPB and
Pt/TiO, ITO electrodes under visible light irradiation
(4 > 420 nm). The curve a shows that the photocurrent
increases when the irradiation of visible light (4 > 420 nm)
is turned on, and then decreases when the irradiation is
turned off; and the current value is 5.1 x 1072 1A, The
photocurrent response is prompt and reproducible at sev-
eral cycles of illumination. In contrast, photocurrents
cannot be observed on the Pt/TiO, ITO electrode (curve b)
because TiO, has no photo activity of visible light. The
results indicate that HPB is the key role for photo-elec-
trochemical response, and the role of HPB” works as “dye”
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Fig. 1 Unbiased potential photocurrent versus time curves of the Pt/
TiO,—HPB (a) and pure Pt/TiO, (b). Conditions: 20 (v/v) % glycerol
aqueous solution with 0.1 mol L~! Na,SO,, pH = 0.5, 1 > 420 nm

here and is similar to the role in dye/TiO, Gritzel cell [22].
In conclusion, the energy absorbed by HPB™ is transferred
to TiO, via interfacial electron transfer from HPB” to the
TiO, conduction band.

Fluorescence (FL) measurement is an extremely useful
method to evaluate the behavior of electron transfer. To
further understand the interaction between HPB and TiO,,
the effects of TiO, on the FL of HPB were investigated as
shown in Fig. 2. The excitation wavelength was 388 nm,
and an emission peak centered at ca. 446 nm was observed
in both samples, which was attributed to the recombination
process of the photogenerated electron-hole pairs. The FL
intensity of HPB reached 67. After TiO, was added, FL
quenching was observed and the intensity decreased to 24.
The phenomenon could be explained as follow: when
excited electrons were transferred from HPB™ to TiO,, the
recombination of e —h™ was restrained, so the FL
quenching was observed. The FL results also conformed
the electron transfer from HPB™ to TiO».
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Fig 2 Fluorescence spectra (FL) of HPB (a) and HPB-TiO; (b) at pH
0.5. The excitation wavelength is 388 nm

Figure 3 demonstrates that H, continuously produced
over HPB-Pt/TiO, catalysts under visible light irradiation
(>420 nm). As Pt/TiO, has no photo activity in
420-900 nm region, the H, formation may be due to the
sensitization of HPB" and related water reduction reaction
on the TiO, surface. In this process, HPB absorbs visible
light giving rise to its excited-state, then, the electron
injection occurs from HPB” to the CB of TiO,, and sub-
sequently the electron is trapped by Pt particles for further
reducing H" to H atom. If visible light irradiation of HPB—
Pt/TiO, went on, a gradual decrease of H, evolution rate
was noted. The reason may be due to the decay of HPB
which took place within a long time under visible light
irradiation [27]. The inset of Fig. 3 shows the decay of
HPB at 730 nm along the reaction. It is clear that the decay
is quite weak. As the picture below shown, the deep-blue of
HPB® was remained even after 300 min irradiation of
visible light (>420 nm).

To further illustrate the effect of the HPB formation on
the H, evolution rate, the dependence of the H, evolution
rate on the absorbance of HPB were investigated. As
shown in the inset of Fig. 4, when UV irradiation was
prolonged, the absorption intensity was increased accord-
ingly, indicating more HPB was formed. Moreover, the H,
evolution rate increased significantly with the absorption
intensity as shown in Fig. 4. This indicates that HPB is the
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Fig. 3 Time course of H, evolution over HPB-Pt/TiO, catalysts
under visible light irradiation. The inset is time course of decay of
HPB under visible light irradiation. The bottom image is decay of
HPB with time. Conditions: pH = 0.5, BW; 1.0 x 107> mol L™ ! in
20 (v/v) % glycerol aqueous solution, 4 > 420 nm
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Fig. 4 The dependence of the H, generation rate on the absorption
intensity of HPB. The inset is the increase of absorbance of HPB with
UV irradiation. Conditions: pH = 0.5, 1.0 x 102 mol L™! BW; in
20(v/v)% glycerol aqueous solution, 4 > 420 nm

key role for H, evolution over HPB-Pt/TiO, catalysts and
higher concentration of HPB results in higher H, evolution
rate.

4 Conclusions

In conclusion, sensitization of TiO, by HPB to achieve H,
evolution under visible light was identified. Under visible
light irradiation (4 > 420 nm), HPB was excited and the
produced electron was transferred to the TiO, for
efficiently photocatalytic hydrogen generation. The pho-
tocatalytic activity of HPB sensitized Pt/TiO, was
dependent on the concentration of HPB. HPB could vary its
character by changing addenda atom (e.g., W) and central
atom (e.g., B). Therefore, further work on optimization of
the sensitization of TiO, with HPB is currently under way.
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