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Abstract

Spherical and uniform Pt nanoparticles with sizes of 2—6 nm have been formed emdi@particles and nanowires by microwave
irradiation and exhibited very high photocatalytic activity in the decomposition of methyl orange. X-ray photoelectron spectroscopy (XPS)
analysis revealed that the Ti®t composites contained mostly Pt(0), with traces of Pt(Il) and Pt(IV). These results indicate that nanoparticles
of platinum were formed on the surface of Ti@anoparticles and nanowire. X-ray diffraction (XRD) showed thatiDcomposites only
displayed the characteristic diffraction peaks of a T&Datase structure. TPt composites exhibited very high photocatalytic activities in
the decomposition of methyl orange.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Pt-deposited TiQ has been frequently used in a variety of
photoreactions, and the same system was also reported to
Among the various semiconductor photocatalysts (i.e., speed up the water splitting reactif0,11] and oxidation
Zn0, ZnS, CdS, F&3, WO3 etc.) titanium dioxide (TiQ) of organic compoundgl2—-14] and CO[15]. However, the
has been most actively investigated owing to its photostabil- mechanism which deposition of Pt on Ti@Qreatly enhances
ity, strong oxidizing power, non-toxicity, chemical and bi- the photocatalytic oxidation reactions was not well clarified.
ological inertness and stability, and low cost. Due to these Role of metal nanoparticles in TPt nanocomposite was
advantages, Ti@has attracted considerable attention as the seldom discussed.
photocatalyst in various processes, such as deodour of drink-  The polyol process, in which an ethylene glycol solution
ing water, degradation of oil spills in water systems, and of the metal precursor salt is slowly heated to produce col-
decomposition of harmful organic contaminants, e.g. herbi- loidal metal, has recently been extended to produce metal
cides, pesticides, and refractive dyes. In order to improve nanoparticles supported on carbon and@y [16-18] In
photocatalytic efficiency, tremendous efforts have been de-the process the polyol solution containing the metal salt is
voted in recentyears, which also include synthesis of compos-refluxed at 393-443 K to decompose ethylene glycol to yield
ite photocatalyst§l—-4] and TiG; nanowires (TNW)[5-7]. in situ generated reducing species for the reduction of the
Doping TiO, by certain types of transition metals has been metal ions to their elemental states. The fine metal particles
extensively studied since these transition metal clusters couldproduced as such may additionally be captured by a support

elongate electron—hole pair separati@®]. In particular, material suspending in the solution. Conductive heating is of-
ten used but microwave dielectric loss heating may be a better
* Corresponding author. Tel.: +65 68727532; fax: +65 68720785, synthesis option in view of its energy efficiency, speed, uni-
E-mail addresszl-liu@imre.a-star.edu.sg (Z. Liu). formity, and implementation simplicitj19]. In this paper,
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a simple microwave-assisted polyol procedure for preparing vacuum oven. Ti@Qpowder/Pt (TP/Pt) and Tignanowire/Pt

Pt nanoparticles supported on BiQ@owder (TP) or TiQ (TNW/Pt) composites with amount of Pt 1wt.% were ob-

nanowire is reported. In addition, the adsorption equilibrium tained.

constants and the kinetic constants of methyl orange photo-

catalytic oxidation in agueous suspensions for various cata-2.4. Characterization

lysts prepared were also investigated. A possible mechanism

of platinised TiQ with higher photocatalytic activities is also The surface morphology of the TiOnanowire was

discussed. recorded on a JSM 6700 field emission gun scanning elec-
tron microscope (FEG-SEM) with an accelerating voltage
of 5kV. The size and morphologies of TiGnd TiG/Pt

2. Experimental composites were characterized by TEM imaging (JEOL JEM
2010). The Ptcontents were determined by EDX (JEOL JSM-
2.1. Chemicals 5600LV). Samples were first ultrasonicated in acetone for

1h and then deposited on 3mm Cu grids covered with a
Analytic grades of titanium isopropoxide (TIPO: continuous film of carbon. The actual platinum contents in
Ti[OCH(CHBs)2]4), isopropyl alcohol, hydrogen hexachloro- the TP/Pt and TNW/Pt were determined by inductively cou-
platinate hydrate (Aldrich, A.C.S. Reagent), sodium hydrox- pled plasma spectroscopy (ICP). Crystalline structures of the
ide, ethylene glycol (EG) (Mallinckrodt, AR), chloride acid, powders were characterized by X-ray diffraction (XRD) on
nitric acid, and methyl orange were used for the synthesis a Bruker GADDS diffractometer using Cuckradiation and
and test. All aqueous solutions were prepared using distilled a graphite monochromator (the accelerating voltage and the

water. applied current were 40kV and 40 mA, respectively). X-ray
photoelectron spectroscopy (XPS) analyses of the samples
2.2. Preparation of TiQ powder and Ti@ nanowire were performed on a VG ESCALAB MKII spectrometer.

Narrow scan photoelectron spectra of Ti 2p, O 1s and Pt 4f
A solution consisting of 30 mL of Ti[OCH(Ck)2]4 and were recorded. Peak deconvolution was performed using the
5mL of isopropyl alcohol was added dropwise (1 mL/min) curve-fitting program VGX900.
into 180 mL of distilled water at pH 1.5 (adjusted with
HNO3). The resulting solution was continuously stirred for 2.5. Adsorption experiment
10-12 h until a transparent colloid was formed. The colloid

solution was concentrated at 354D with a rotary evapo- To determine the adsorption property of piénd TiG/Pt
rator and then calcined at 53Q for 2 h in air to yield a TiQ composites, adsorption isotherm tests were preformed in the
powder. dark. 100 mg of TiQ or TiO»/Pt composites was added in

Single crystalline anatase Ti@anowire was synthesized 100 ml of methyl orange solutions with different initial con-
in a simple hydrothermal setup using the method similar to centrations and then stirred at 200 rpm for 24 h &@5The
that described by Kasuga et §]. In a typical preparation  methyl orange concentrations in the Bi©r TiO,/Pt sus-
system, 1g of TiQ powder was placed in a Teflon-lined pensions before and after the adsorption tests were analyzed
autoclave of 50 mL capacity. The autoclave was filled with to determine the adsorbed amount of methyl orange on the
10M NaOH aqueous solution up to 80% of its total vol- catalysts through a mass balance.
ume, then sealed in a stainless steel tank and maintained at
200°C for 24 h. After the autoclave was naturally cooled to 2.6. Photon-irradiation experiment
room temperature, the specimen obtained was sequentially
washed with dilute HCI aqueous solution, distilled water The light source used for the photocatalytic experiment
and absolute ethanol for several times, and dried a&C70 consists of 10 photochemical lamps (each with 30 W) hav-

for5h. ing maximum output at wavelength of 300 nm. The experi-
ments were conducted in a Rayonet photochemical reactor
2.3. Preparation of TP/Pt and TNW/Pt composites equipped with the above lamps. The suspensions were pre-

pared by adding 100 mg of photocatalyst powder into 100 mL
In a 50mL beaker, 1.03mL of an aqueous solution of of methyl orange aqueous solutioBy(=0.21 mM). Prior to

2 mM H,PtCl-6H,0 was mixed with 25 mL of ethylene gly-  photooxidation, the suspension was magnetically stirred in
col, 0.5mL of 0.4 M NaOH was added dropwise into the re- the dark for 1 h to establish adsorption/desorption equilib-
sulting solution. After this, 0.040 g of the as-preparedJliO rium. The aqueous suspensions containing methyl orange and
powder or TiQ nanowire were added to the mixture and catalysts wereirradiated under the UV lamp. Atthe giventime
sonicated. The beaker and its contents were heated in a miintervals, the analytical samples were taken from the suspen-
crowave oven (National NN-S327WF, 2450 MHz, 700 W) for  sion and immediately centrifuged and filtered to remove the
50s. The resulting suspension was filtered; and the residueparticles. The filtrates were characterized by Shimadzu UV-
was washed with acetone and dried at 10®ver night in a 2101PC spectroscopy.
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on either the TiQ powder or TiQ nanowire surface. It is
generally agreed that the size of metal nanoparticles is de-
termined by the rate of reduction of the metal precursor.
The dielectric constant (41.4 at 298 K) and the dielectric
loss of ethylene glycol are high, and hence rapid heating
occurs easily under microwave irradiation. In ethylene gly-
col mediated reactions (the ‘polyol’ process) ethylene gly-
col also acts as a reducing agent to reduce the metal ion
to metal powders. The fast heating by microwave accel-
erates the reduction of the metal precursor and the nucle-
ation of the metal clusters. The easing of the nucleation
limited process greatly assists in small particle formation.
Additionally, the homogeneous microwave heating of lig-
uid samples reduces the temperature and concentration gra-
dients in the reaction medium, thus providing a more uni-
form environment for the nucleation and growth of metal
Fig. 1. SEM image of anatase Ti®anowire. particles. The TiQ surface may contain sites suitable for
heterogeneous nucleation and the presence of a 3i®
face interrupts particle growth. The smaller and nearly single

3. Results and discussion dispersed Pt nanoparticles on piPrepared by microwave
irradiation can be rationalized in terms of these general prin-
3.1. Characterization of Pt nanoparticles on O ciples.

ICP measurements showed Pt contents of 0.93wt.% for

Fig. 1showed atypical SEM image ofthe single crystalline TP/Pt and 0.88 wt.% for TNW/Pt prepared from the feeds of
anatase Ti@nanowires of as-prepared Ti@anowires. The  1wt.%.
SEM image indicated the nanowires are quite clean with  XRD is a bulk analysis that reveals the crystal struc-
no contamination attached to their surface. Some of theture, lattice constants, and crystal orientation of the;TiO
nanowires aggregated into bundles which might happen whileand TiG composites. Ti@ mainly exists in three crystallo-
the reaction or the preparation of SEM sample. This explains graphic forms, anatase, brookite, and rutile. Anatase has been
why some of the nanowires are looked wider than others. found, in most of the cases, to be photocatalytically more
Fig. 2a and c showed typical TEM images of an isolated active than rutile. And rutile was thermodynamically more
TiO2 nanowire and the Ti@powder. The results as shown in  stable than anatase. Brookite was the unstable phase gf TiO
Fig. Zc indicated that TiQ powder was aggregated. The av- The XRD peaks at@=25.25 and 48.0 in the spectrum of
erage particle size of the individual particle was about 20 nm TiO, are easily identified as the anatase form, whereas the
or even smaller and it seems that most of the fine particles XRD peaks at?2=27.42 and 54.5 belong to the rutile form.
were in round shape. Wire-shaped product with the diameterThe powder X-ray diffraction patterns for TP/Pt and TNW/Pt
about 100 nm was observed. are shown irFig. 3alongside the diffraction patterns of TiO

In our approach, platinum nanopatrticles is prepared and powder and TNW used as a comparison. All the relatively
directed deposited on the Ti@urface by microwave heating sharp peaks could be indexed as anatase,Twhich are
of EG solutions of platinum salt. The sizes of the platinum basically in agreement with the reported values (JCPDS no.
particles were analyzed by TEM. 21-1272). Additionally, no peaks from platinum (40.&nd

Fig. 2c and d are typical TEM images of TP/Pt and 68.1°) were observed for TP/Pt and TNW/Pt, which may be
TNW/Pt catalysts, showing a remarkably uniform and high Pt loadings of 1 wt.% only. No characteristic peaks of other
dispersion of metal particles on the Bi6urface. The particle  impurities, such as NaCl and NEO3, were observed for
size distributions of the metal in the supported catalysts were TNW and TNW/Pt, which indicate that the TNW has high
obtained by directly measuring the size of 150 randomly cho- purity.
sen particles in the magnified TEM images (d=m. 2e for The average crystallite size (diameteQf TiO2 nanopar-
the TP/Pt andrig. X for the TNW/Pt). The average diame- ticles can be estimated from the integral width of the diffrac-
ters of 3.9+ 0.3nm for TP/Pt and 3.2 0.3 nm for TNW/Pt tion peaks using the Scherrer formula with their (1 0 1) peaks:
were accompanied by relatively narrow particle size distribu- L =K/8 cost, whereK is the shape factor (a value of 0.9
tions (2—6 nm). This is similar to our previous results to pre- was used in this study}), the X-ray radiation wavelength
pare Vulcan carbon and carbon nanotubes supported PtRu(l.540565\ for Cu Ka), and g8 is the line width at half-
particles by a microwave-assisted polyol procfss,17] maximum height of the main broadening. The calculation
The microwave assisted heating 0fP{Cl/NaOH/HO in results, which are 22.4 nm and 21.65 nm for Tg@wder and
ethylene glycol had evidently facilitated the formation of TP/Pt, show that the average crystalline size of the anatase
smaller and more uniform Pt particles and their dispersion phase did not changed with platinum nanoparticles deposited
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Fig. 2. TEM image of TP (a), Ti@nanowire (b), microwave-synthesized TP/Pt (c) and TNW/Pt (d) catalysts (Pt loading, 1 wt.%). Histograms of particle size
distributions TP/Pt catalyst (e) and TNW/Pt (f).

on TiO, surfaces. The results are in good agreement with the the chemical state of ¥t on the basis of the principle and
TEM measurements. instrument handbook of XP83]. These agree well with the
According to XPS investigation, the electron-binding en- values reported in the literatuf24,25] It seems that the Pt
ergies of the main peaks pertaining to Ti 2p, O 1s, and Pt 4f nanoparticles inserting did not affect the peak position of Ti
were summarized ifiable 1 they agree well with the values 2p much fromTable 1
reported in the literatuf@0—-22] Fig. 4shows the Ti2p, O 1s, The XPS spectra of O 1s in the figure was asymmetric,
and Pt 4f regions of the XPS spectrum of the TNW/Pt com- the left side was wider than the right from the figure, indi-
posite. From the XPS spectrum of the Ti 2p, the spin—orbit cating that at least two kinds of oxygen species were present
components (2p; and 2p/2) of the peak were well deconvo-  at the surface, which can be recognized by resolving XPS
luted by two curves (at approximately 458.7 eV and 464.3 eV, curves. The dominant peak at about 530 eV was character-
respectively) indicating that the Ti element mainly existed as istic of metallic oxides, which was in agreement with O 1s
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Fig. 3. XRD patterns of the TiPand TiQ,/Pt nanocomposites.

electron-binding energy arising from titania lattice. The oxy-
gen atoms in the titania matrix make the primary contribution
to the spectrum. Another O 1s peak at 532 eV was due to sur-
face hydroxyl.

The Pt 4f signal consisted of three pairs of doublets. The
most intense doublet (71.0 eV and 74.3 eV) was due to metal-
lic Pt. The second set of doublets (72.4eV and 75.7 eV),
which was observed at BE 1.4 eV higher than Pt(0), could be
assigned to the Pt(ll) chemical state as in PtO and Pt§OH)
[26]. The third doublet of Pt was the weakest in intensity and
occurred at even higher BEs (74.2eV and 77.7 eV). These
are the indications that they were most likely caused by a
small amount of Pt(IV) species on the surface. The slight
shift in the Pt(0) peak to higher binding energies is a known
effect for small particles, as has been reported by Roth et al.
[27].

3.2. Photodegradation of dye

The generally accepted first steps in photocatalytic pro-
cesses are

1)
)

In the presence of adsorb oxygen, the cathodic process will
be the Q reduction by conduction band electrons, which can

TiO2 +hv— TiOp (h") + e~
TiO, (h*) + HyO(ads)— HO +H*' +TiO»
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Fig. 4. X-ray photoelectron spectra of the TNW/Pt nanocomposite.

. ' . 02~ +2H"+e - H0 4
also result in the formation of hydroxyl radicals. 2 2-2 )
e+ Op(ads)— O~ (3) H,0p +€ — HO +OH- (5)
Table 1
XPS binding energy values of Titand TiGy/Pt composites
Photocatalysts Binding energy (eV)

Ti 2pap2 Ti 2p1s2 Pt 412 Pt 452 O 15(Qattice) O 1s(OH)
TP 458.4 464.5 - - 529.8 532.0
TNW 458.2 464.2 — — 529.7 531.8
TP/Pt 458.4 464.3 71.2 74.5 530.1 531.9
TNWI/Pt 458.7 464.3 71.0 74.3 530.0 532.0
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The main reactions of the photocatalytic degradation of 25
; TP
methyl orange have begn suggested to be schematically . TPt
represented by the following schei28]: A TNW
v— TNW/Pt
HO™+ NﬁU3SON :N@ N(CH3), g
E
3
o
- H2N~©— N(CH3), + other intermediates  (6) =
o A
.
T
“
HO™ HzN-@— N(CI3), e
——» oxalic acid + 2-butenedioic acid + other intermediates 0.0 T T T T 2 T 1

0 10 20 30 40 50 60 70
. t (min)
h*(HO") + oxalic acid+ 2-butenedioic acid
— COx+H20 (8)

Fig. 6. The change of methyl orange concentration as a function of duration
of UV exposure on the different catalysts.

The photocatalytic degradation of methyl orange under

UV irradiation proceeded with the cleavage of the azo- o ]

bond, generating 4-dimethylamino aniline, and then under- tocatalytic efficiency in two cases, no matter were the type of
went a further opening of the phenyl-rings to form small catalyst. o _
molecular compounds such as oxalic acid and 2-butenedioic 10 Study the kinetics of the heterogeneous photocatalytic
acid, which readily decomposes irreversibly liberating degradatl_on in Tlgsuspensmns, some resea}rchers addressed
COy. that the kinetics in these aqueous suspensions should be de-

Fig. 5shows the absorption spectra of the 10 times diluted SCfibed based on both the substrate concentration in the bulk

of centrifuged slurry samples taken from the photocatalytic Solution and also the substrate amount absorbed on the pho-
reactor after various times of UV exposure for the Ti@w- _tocatalysts[29,30]. A set of adsorption tests was carried out
der sample. Methyl orange has the maximum UV absorption I the dark and the methyl orange adsorption isotherms on
at 460 nm; i.e., the initial absorbance of a 0.02 mM solution the different catalysts by plotting//” versusC are shown in

of methyl orange before decomposition was 0.55. The ab- Fig. 7, which were well fitted by Langmuir adsorption model
sorbance at 460 nm is significantly lowered with times of [31]as follows:

UV exposure. The change of methyl orange concentration ~ C 1

as a function of duration of UV exposure is compared in = Trax (Kaltmad) ©))

Fig. 6. The experimental results demonstrated that the pla- maxiaim

tinised TiQ, catalysts (TP/Pt and TNW/Pt) achieved faster whereC is the equilibrium concentration of the substrate in
methyl orange photodegradation rates than the pure TiO the solution in moleK, the adsorption equilibrium constant
catalysts (TP and TNW) significantly. The photocatlytic ac- in L/mol, andI"maxis Saturated adsorption capacity in mol/g.
tivity of the TiO, materials can be related to their different The values of "'max andK, were obtained from the above
physicochemical properties. Platinisation increased the pho-fitting and are listed ifTable 2 The results indicated that the
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Fig. 5. The absorption spectra of the 10 times diluted centrifuged slurry Equilibrium concentration (10 mol/L)

samples taken from the photocatalytic reactor after various times of UV
exposure for the TiQpowder sample. Fig. 7. The methyl orange adsorption isotherms on the different catalysts.
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Table 2 4. Conclusions
The saturated adsorption capacifyn{ax), the adsorption equilibrium con-

stant Ka), the apparent reaction kinetic constarktg), and the kinetic con-

stant k) of TiO and TIO,/Pt catalysts A microwave assisted rapid heating method was used to

prepare TiQ powder and nanowire supported Pt nanoparti-

5
Photocatalysts {;"‘f(xre molfg) FLE} mol) I((fr?in—l) '{L(r:li;)r mol/ cles with high photocatalytic activities in the decomposition
- 16 2100 5,024 058 of methyl orange. The preparation method is simple, fast,
TP/PL 20.4 3528 0.048 135 and energy efficient. The PF nanopamcle_s, which were uni-
TNW 18.0 4429 0.022 0.49 formly dispersed on Ti@particles or nanowire, were 2—6 nm
TNW/Pt 15.3 4000 0.038 0.95 in diameters and had a very narrow particle size distribution.

X-ray diffraction showed that TigJPt composites only dis-

played the characteristic diffraction peaks of a F@hatase

platinised TiQ samples had a similar adsorption capacity structure. XPS analysis revealed that the catalysts contained

and adsorption equilibrium constais) with the pure TiQ mostly Pt(0), with traces of Pt(Il), and Pt(IV).

samples. Therefore, an enhancement of the photoactivity by ~ The platinised TiQ samples had a similar adsorption ca-

adsorption behaviour can be excluded. pacity and adsorption equilibrium constant with the pure
The Langmuir-Hinshelwood kinetic equationis one of the TiO, samples. Therefore, an enhancement of the photoac-

most useful models to describe this type of reaction. Usually, tivity by adsorption behaviour can be excluded. An enhance-

the Langmuir-Hinshelwood model can be simplified into the ment of the photocatalytic activity of platinised Ti@ at-

first-order model, once the substrate concentrat@is(very tributed to a quick transfer of photogenerated electrons from

low. However, if the adsorption constan€y) is significant TiO3 to Pt nanoparticles, retarding electron—hole recombina-

just like the case in this study, i.&KzC values are signifi- tion.

cantly higher than one, the Langmuir—Hinshelwood model

should not be simplified as a first order reaction, even if the

substrate concentration is low. The kinetic constagy) (of Acknowledgment

methyl orange photodegradations using the integrated form

of the Langmuir—Hinshelwood model as follows basedonthe  This work was financially supported by Singapore Insti-
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