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Photocatalytic processes can be used to illustrate both solar energy conversion and environmental friendly
applications. In this study, we synthesize several titanium dioxide–palladium (TiO2–Pd) based catalysts by
wet impregnation method plus hydrogen-thermal reduction process in order to develop high-effective
photocatalysts that can be easily produced even in industrial quantities. Moreover, we examine the effects
of hydrogen-thermal reduction process on the photocatalytic performance of TiO2–Pd based catalysts.
From X-ray photoelectron spectroscopy analysis, increasing the hydrogen reduction process time results in the
decreasing of palladium ion (Pd2+) and palladium oxide (PdO), but it causes the increasing of palladium (Pd)
metal. The hydrogen reduction process is helpful for the preparation of TiO2–Pd based catalysts with high
photocatalytic decomposition of organic dyes (the apparent reaction rate constant ~0.124 min−1 under solar
simulator irradiation) and excellent photocatalytic hydrogen production rate (~26,000 μmol/g·h under UV-B
irradiation). The TiO2–Pd based catalysts prepared in this study exhibit high photocatalytic performance. They
are also industrially relevant especially when the low cost of Pd metal is taken into consideration.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Photocatalytic processes have been used to demonstrate several as-
pects of renewable energy production and the decomposition of organic
pollutants in recent years [1,2]. Titanium dioxide (TiO2) is probably the
most favorable photocatalyst due to its environmental friendly nature,
low cost, and high photocatalytic activity. It has shown excellent photo-
stability as demonstrated in photocatalytic production of hydrogen
[3–5], inworking electrodes of dye-sensitive solar cells [6], in antimicro-
bial surface coatings [7] and in decomposition of volatile organic com-
pounds from the air [8]. Among various TiO2 photocatalysts, Degussa
P25 (which consists of 70% anatase with a minor amount of rutile and
a small amount of amorphous phase [9,10]) is widely used because of
its relatively high level of activity in many photocatalytic reaction
systems. Actually, it is not easy to find a photocatalyst showing activity
higher than that of Degussa P25. Therefore, it has been used as a
standard TiO2 photocatalyst. Photocatalytic reactions of Degussa P25
have been reported in thousands of papers since 1990. Schottky in-
terface is a potential energy barrier for electrons formed among
metal nanoparticles with a large work function and n-type TiO2,
while p-type semiconductors in contact with TiO2 result in p–n junc-
tions at the potential energy barrier [11]. Since p–n junctions exhibit
rectifying electrical transport behaviors, an efficient charge separation
. Wu).
of the photogenerated electron–hole pairs is achieved, preventing the
undesired electron–hole recombination. According to several studies,
decorations of TiO2 with metals and metal oxides such as platinum
(Pt) [12–14], gold (Au) [12,15], palladium (Pd) [16], palladium oxide
(PdO) [16], nickel (Ni) [17], and silver (Ag) [18] have been found to
enhance the photocatalytic performance. Similar effects can be ob-
tained by using carbon nanotubes [19] and graphene [20]. However,
to decorate TiO2 catalysts with noble metal is also an effective meth-
od to obtain the catalysts with high photocatalytic activity. Moreover,
some literatures reported metal nanoparticles (NPs) such as Au, Ag,
and copper (Cu) could absorb and scatter visible light due to localized
surface plasmon resonance (LSPR). LSPR can produce the photo-
potential and photocurrent responses depended on the size, shape,
surface state, surrounding environment, metal features, etc. [21–23].

In order to develop a catalyst with high photocatalytic activity, Ismail
et al. reported a synthesis of mesoporous PdO–TiO2 nanocomposites
with different PdOconcentrations through simple one-step sol–gel reac-
tions. Pd2+-ions were immobilized into TiO2 networks by cross linking
triblock copolymer, the structure-directing agents, to develop highly
efficient PdO–TiO2 photocatalyst. The measured photonic efficiency
was as high as 19.5% [24]. Moreover, Roy et al. reported a synthesis of
Ti1 − xPdxO2 − δ crystallization in anatase phasewith Pd2+-ion, showing
that enhanced carbon monoxide (CO) oxidation at Pd2+-ion site.
Oxygen (O2) or nitrogen monoxide (NO) photo dissociation at oxide
ion vacancy is responsible for the enhanced catalytic activity [25].
With more advantages, Pd is the cheapest and most commonly used
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metal among the noble metals for co-catalyst with TiO2 photocatalyst.
The cost of Pd metal is approximately 20%–25% of that of Pt metal [26].

Herein, we synthesized several TiO2–Pd based catalysts by wet
impregnation method, followed by hydrogen-thermal reduction pro-
cess in order to develop high effective photocatalyst that can be easily
produced in industrial quantities. The chemical state of Pd-based nano-
particles decorated on TiO2 photocatalyst surface is controlled by chang-
ing the time of the hydrogen-thermal reduction process. The chemical
state andmorphology of the Pd-based nanoparticles can be determined
by X-ray photoelectron spectroscopy (XPS) and transmission electron
microscopy (TEM). Moreover, the photodegradation performance of
organic dyes and photocatalytic production of hydrogen for TiO2–Pd
based catalysts are also measured in this study.

2. Experimental details

For the preparation of TiO2–Pd based catalysts, 29.2 mg of
palladium(II) acetylacetonate (Pd(C5H7O2)2, Aldrich, 99%) was dis-
solved in 200mL of acetone to helped suspend 1.00 g TiO2 nanoparticle
(Degussa P25). This is followed byultrasonic agitation for 3 h and stirred
for 6 h. After this, the samples were calcined in the air at 300 °C for 2 h,
and then reduced in 15% H2 (in Ar buffer) flow at 500 °C for 0, 15, 60,
240 and 960 min to obtain the products. The products were given the
following names respectively, TiO2–Pd000, TiO2–Pd015, TiO2–Pd060,
TiO2–Pd240 and TiO2–Pd960 with ~1.0 wt.% Pd metal loading.

The surface structure/morphology and crystalline structure of TiO2

nanoparticles (Degussa P25) and TiO2 decorated with Pd-based nano-
particles (TiO2–Pd000, TiO2–Pd015, TiO2–Pd060, TiO2–Pd240 and
TiO2–Pd960) were studied by TEM (EFTEM, LEO 912 OMEGA, 120 kV).
XPS (Kratos Axis Ultra, mono Al Kα X-ray source, analysis area of 5 ×
5 mm2, applying charge neutralizer) was used to study the chemical
composition as well as the chemical state of the Pd anchored on the
TiO2 nanoparticles.

For the quantification of the photodegradation of methylene blue,
20.0 mg of catalyst was sonicated for 2 min in 50 mL of 10 mg/L meth-
ylene blue (Arcos, C16H18CIN3S·H2O, N96+%) aqueous solution. The
suspension was irradiated with solar simulator (Newport, 92193, 6 in.
by 6 in., 100 mW/cm2) under vigorous stirring at ambient condition.
After centrifuging for 15 min at 5000 rpm, the UV–vis spectrum
(Perkin-Elmer UV Instrument: Lambda 35) of the remained methylene
blue in the supernatant was recorded to be in the 300 to 900 nmwave-
length range. The concentrations of the methylene blue was calculated
from the absorbance at λ = 662 nm, extrapolated from a previously
plotted calibration curve.

Photocatalytic hydrogen generation tests were carried out by using
1:1 volume ratio mixture of ethanol and water (total 2.0 L) in which
10.0 mg of TiO2-based catalyst was suspended prior to each experimen-
tal condition. The temperature of the mixture was kept near room tem-
perature. For light source, six pieces of UV-B lamps (Sankyo Denki
Fig. 1.The schematic illustration of our photocatalytic hydrogen generationmeasurement, inclu
(e) Dewar flask, (f) molecular sieve, (g) hydrogen gas detector, and (h) data processing system
G15T8E UV-B lamps, the wavelength of maximum emission of UV-B
lampwas ∼312 nm, and the power was 8.0W)were placed in a hexag-
onal arrangement around the reactor. The distance between each lamp
and reactor is about 5.0 cmas shown in Fig. 1. To avoid sedimentation of
the catalyst powders, nitrogen (99.995%) was bubbled through the
reactor with a flow rate of 400 mL/min, serving also as a purging gas
for the evolving gaseous products. The outlet of the reactor was con-
nected to a cold trap, amolecular sieve, and a hydrogen analyzer (Status
Scientific Controls Ltd, FGD3).
3. Results and discussion

TEM images of TiO2 decorated with Pd-based nanoparticles (TiO2–

Pd240) are shown in Fig. 2(a, b). TiO2 catalyst in this study is a commer-
cial product, Degussa P25, to be a common standard for comparingwith
TiO2–Pd based catalysts. Degussa P25's size ranges from 25 to 45 nm.
Pd-based nanoparticles distributed on the surface of TiO2 catalyst
presented uniform size distribution with average particle diameters of
4.2 ± 0.7 nm as shown in the inset of Fig. 2(c).

Fig. 3 shows the normalized absorption spectra of TiO2 catalysts
(Degussa P25) and TiO2–Pd based catalysts (TiO2–Pd000, TiO2–Pd015,
TiO2–Pd060, TiO2–Pd240 and TiO2–Pd960). The absorption spectra
show that the TiO2–Pd based catalysts have higher absorptivity than
that of the pure TiO2 catalyst. Moreover, the absorption spectra of
various TiO2–Pd based catalysts exhibit similar absorption behaviors.
Fig. 3 reveals that the TiO2–Pd based catalysts treated with different
lengths of hydrogen-thermal reduction time have no obvious absorp-
tion variation.

For XPS examination, wemeasured the Pd-based signals, such as Pd,
PdO, and Pd2+, between 333 to 338.5 eV of binding energy. TiO2–Pd
based catalysts in this study show the appearance of different chemical
states of Pd 3d5/2 as shown in Fig. 4(a). For XPS analysis, the full-width
half-maximum(FWHM) of eachfitted peakswas kept constant of 1.1 eV
by XPS peak 41. According to XPS spectra, TiO2–Pd000displays themain
presence of Pd2+-ion and PdO. The components with higher binding
energies around ~335.2 eV and ~336.7 eV are corresponding to PdO
and Pd2+-ion respectively. The chemical states of the Pd-based nano-
particles changed from Pd2+-ion and PdO to Pd as the reduction time
increases at fixed calcination temperature of 500 °C. The percentage of
total Pd amount for Pd, PdO and Pd2+-ion of TiO2–Pd based nanoparti-
cles is shown in Fig. 4(b). For TiO2–Pd240, the percentages of the total
Pd amount for Pd and Pd2+-ion are 42.1% and 6.1% respectively, but
the amount of PdO is as high as 51.8%. Pd 3d5/2 component around
334.6 eV shows thepresence of Pdmetal on the surface of TiO2 nanopar-
ticles. Pd shows lower binding energy (Pd 3d5/2: 335.1 eV) of metallic
state than previously reported [25]. This may be due to the size effect
or the increased electron density on themetal nanoparticles fromnano-
particle (active site)–support interaction.
ding (a) nitrogen gas cylinder, (b) electronicflowmeter, (c) quartz reactor, (d) light source,
.



Fig. 2. (a, b) TEM images of TiO2 catalysts decorated with Pd-based nanoparticles (TiO2–Pd240), and (c) the corresponding Pd-based nanoparticle size distribution on TiO2 catalysts.
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Light-induced photodegradation of methylene blue in aqueous
solution for pure TiO2 catalyst (Degussa P25) and various TiO2–Pd
based catalysts (TiO2–Pd000, TiO2–Pd015, TiO2–Pd060, TiO2–Pd240
and TiO2–Pd960) was tested using solar simulator, and each 20.0 mg
catalyst was dispersed in 150 mL of solution. UV–vis spectra of methy-
lene blue as a function of solar light irradiation time were recorded.
From the absorbance measured at λ = 662 nm, the methylene blue
concentration could be calculated using a calibration curve measured
previously. The initial concentration of methylene blue is 20.0 mg/L,
and the degradation percentage (C/C0) of methylene blue versus the ir-
radiation time over pure TiO2 catalyst and TiO2–Pd based catalysts
under the irradiation of solar simulator is shown in Fig. 5(a). Theprocess
of TiO2-based catalysts catalyzing photodegradation of methylene blue
essentially follows Langmuir–Hinshelwood kinetics, which can be
simplified to the apparent first-order kinetics at lower initial methylene
blue concentrations. This can be mathematically described as ln(C0/C) =
kt, where C is the concentration of the dye at time t, C0 is the initial
concentration, and k is the apparent reaction rate constant. Plotting
the logarithmof the reciprocal of themeasuredmethylene blue concen-
tration as a function of time, we obtain linear slopes for each catalyst
studied, which agreed with the Langmuir–Hinshelwood mode. The ap-
parent reaction rate constants for the photodegradation of methylene
blue over various catalysts are shown in Table 1. Among the TiO2–Pd
Fig. 3. Absorption spectra of TiO2 catalysts and TiO2–Pd based catalysts.
based catalysts, TiO2–Pd240 exhibits the highest apparent reaction
rate constant and TiO2–Pd000 shows the lowest apparent reaction
rate constant. Fig. 5(b) shows UV–vis absorbance spectra of methylene
blue as a function of illumination timewith TiO2–Pd240 catalyst. When
the hydrogen-thermal reduction time is more than 240min at the fixed
reduction temperature of 500 °C, the reaction rate constant is ap-
proaching the highest value obtained. Hence, the hydrogen-thermal re-
duction time of 240 min should be enough for preparing the TiO2–Pd
based catalyst with high photodegradation performance. From the
results of the photodegradation tests and the XPS analysis, it was
found that TiO2–Pd based catalysts with high concentration of PdO
are suitable for the applications of photodegradation of organic dyes.
Additionally, the electric fields localized around Pd-based nanoparticles
by surface plasmon resonance could be used as light-harvesting anten-
nae for photocurrent enhancement. The plasmon-induced charge sepa-
ration at interfaces between Pd-based nanoparticles and TiO2 could be
an apparent effect [24]. Therefore, the chemical state of palladium
plays an important role for the preparation of TiO2–Pd based catalysts
with high photocatalytic activity.

Photocatalytic hydrogen production tests of various TiO2-based
catalysts under UV-B irradiation were measured in our study and the
photocatalytic hydrogen production rates were shown in Table 1. For
the pure TiO2, it is not active in the photocatalytic production of hydro-
gen, and must be combined with a precious transition metal to yield an
active photocatalyst. Among the TiO2–Pd based catalysts, TiO2–Pd060
and TiO2–Pd240 exhibit the high photocatalytic hydrogen production
rate. When the thermal-hydrogen reduction time is more than
60 min, the photocatalytic hydrogen production rate also approaches
the highest value from Table 1. It is clearly seen that the chemical
state of palladium influences the rate of photocatalytic production of
hydrogen. The purpose of Pd-based nanoparticle decorated on TiO2 sur-
face is to generate a Schottky barrier at the interface between TiO2 and
Pd-based nanoparticles. The highest hydrogen production rate is found
with TiO2–Pd240. Its hydrogen production rate is as high as 260 μmol/h
for 10.0 mg catalyst. Moreover, from the results of XPS study as shown
in Fig. 4, the amount of Pd metal in Pd-based nanoparticles increases
as reduction time increases. The chemical state of Pd-based nanoparti-
cles decorated on TiO2 surface plays an important role for photocatalytic
production of hydrogen. Pd-based nanoparticle decorations with
the appropriate chemical states on TiO2 surface could capture the
photogenerated electrons effectively and could reduce the rate of
electron–hole recombination to enhance the photocatalytic hydrogen
production rate. However, the photocatalytic activities of the TiO2-
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Fig. 5. (a) Plot of the degradation percentage (C/C0) of methylene blue versus the irradia-
tion time over pure TiO2 catalyst and TiO2–Pd based catalysts under the irradiation of solar
simulator, and (b) UV–vis absorbance spectra of methylene blue (initial concentration of
20.0mg/L) as a function of illumination timewith TiO2–Pd240 catalyst (20.0mg dispersed
in 150 mL of solution).

Table 1
The apparent reaction rate constants for the photodegradation of methylene blue and
photocatalytic hydrogen production rates of various TiO2-based nanoparticles.

Sample k
(min−1)

Hydrogen production rate
(μmol/h)

TiO2 0.107 0
TiO2–Pd000 0.052 211
TiO2–Pd015 0.100 220
TiO2–Pd060 0.109 258
TiO2–Pd240 0.124 260
TiO2–Pd960 0.121 239

Fig. 4. (a) XPS Pd 3d5/2 spectra of various TiO2–Pd based catalysts, and (b) the percentage
of total Pd amount for Pd, PdO, and Pd2+-ion of TiO2–Pd based catalysts.
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based materials in the two different kinds of reactions do not show
similar results. Popov group reported the different activities of a set of
photocatalytic materials in different reactions recently. They concluded
that generalization of photocatalytic activity of semiconducting nano-
materials based on a single test molecule/microbe is not always appro-
priate, 7as a number of different factors can influence the behaviors
[27].

4. Conclusion

This study examines the effect of hydrogen-thermal reduction
process time on TiO2–Pd based catalysts for the performance of photo-
catalytic decomposition of organic dyes and photocatalytic production
of hydrogen. Based on XPS study, as the reduction time increases, the
amount of Pd metal in Pd-based nanoparticles increases, but the
amount of Pd2+-ion decreases. The hydrogen-thermal reduction pro-
cess is suitable for the preparation of TiO2–Pd based catalysts, because
it produces catalysts with excellent ability of photocatalytic decomposi-
tion of organic dyes and high photocatalytic hydrogen production rate.
TiO2–Pd based catalysts exhibit industrially relevant interests due to
the low cost (approximately 20%–25% of that of Ptmetal) and high pho-
tocatalytic activity. The highest photocatalytic hydrogen production
rate found with TiO2–Pd240 is as high as 26,000 μmol/g·h under UV-B
irradiation.
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