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a b s t r a c t

Nanostructured Pt–ZnO composite thick films were prepared using the composite nanoparticles synthe-
sized through Triton X-100 polymer assisted thermolysis of zinc acetate. It has been observed that only
a fraction of added Pt incorporates into the ZnO lattice and the rest segregates over the ZnO nanoparticle
surface to form metallic nanoclusters. Morphology, crystallinity, and optical properties of the ZnO and
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henol degradation
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Pt–ZnO nanostructures have been studied. Photocatalytic behavior of the samples for phenol degradation
process has been studied in a high performance liquid chromatography system. It has been observed that
though the phenol degradation rate is higher for pure ZnO nanostructures, Pt–ZnO nanostructures act as
selective catalyst, producing only one intermediate product and dissociating it faster than ZnO.

© 2011 Elsevier B.V. All rights reserved.

t–ZnO
PCL

. Introduction

Metal oxide catalysts are widely used in chemical processes
or selective oxidation, total oxidation, hydrogenation, and envi-
onmental applications. Among them, selective oxidation through
eterogeneous catalysis is the most typical example of the use
f metal oxide catalysts [1]. Several semiconductors have been
tilized for photocatalytic degradation of environmentally benign
rganic compounds [2–6]. Among them, most extensively studied
s the titanium dioxide (TiO2). On the other hand, recently zinc
xide (ZnO) with band gap energy (3.37 eV at room temperature)
imilar to TiO2 has attracted much attention for its photocatalytic
pplications owing to its high photosensitivity and thermal stability
7–9]. Though TiO2 has been a preferred material for photocat-
lytic applications due to its suitable band gap energy (3.0–3.32 eV,
epending on crystalline structure), high thermal stability and non-
oxicity [10–12], in spite of having similar band gap energy and
igh absorption efficiency for a large fraction of solar spectrum than
iO2, ZnO has not been thoroughly investigated as catalyst [13]. A
emiconductor suitable for photocatalysis has to be (i) photoactive,
ii) able to use visible or near-UV light, (iii) biologically and chem-

cally inert, (iv) photo-stable, and (v) of reasonably low cost [14].
f the common semiconductors, zinc oxide (ZnO) is the one that

ulfills all the previous conditions. In nanostructure forms, both of
hese oxide semiconductors (TiO2 and ZnO) should work as bet-

∗ Corresponding author. Fax: +52 222 2295611.
E-mail address: upal@sirio.ifuap.buap.mx (U. Pal).

926-860X/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2011.01.011
ter catalysts/photocatalysts due to their high specific surface areas
[15].

Usually, the properties of nanomaterials depend on their size,
morphology, and dimensionality. Semiconductor nanostructure
catalysts have been utilized traditionally not only to produce use-
ful chemicals [16], but also to convert pollutants in waste streams
to innocuous or less harmful form [17–19]. Heterogeneous photo-
catalysis is an advanced oxidation process (AOP), which generates
hydroxyl radicals (•OH) by oxidation of adsorbed OH− or H2O
molecules on a semiconductor surface while it is irradiated with
light of energy greater than its band gap [20]. The •OH radicals are
extremely powerful oxidants, being able to degrade a great variety
of organic compounds [21].

Kawaguchi and Uejima have studied the photocatalytic decom-
position of phenol in aqueous suspensions of ZnO [22]. They
observed that the photo-reactivity decreases with increasing initial
concentration of phenol and the rate of chemical oxygen demand
(COD) reduction is much slower than that of phenol decomposi-
tion. Okamoto et al. have studied the heterogeneous photocatalytic
decomposition of phenol over TiO2 powder [12], confirming that
the hydroxyl radicals are the true reactive species which are formed
not only via holes generated on illuminated semiconductors but
also via H2O2 generated from O2

•−. Pardeshi and Patil [23] have
studied the photodegradation of phenol in aqueous ZnO suspen-

sions under solar irradiation and found the degradation process is
more effective under solar light in comparison to artificial visible
light irradiation. However, their used ZnO samples were commer-
cial (Merck, Specialities Pvt. Ltd., Mumbai) and the sizes of the
particles were not specified. On the other hand, very recently Hayat

dx.doi.org/10.1016/j.apcata.2011.01.011
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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ig. 1. XRD patterns of ZnO nanostructures: (a) ZnO, (b) Pt–ZnO 0.5%, (c) Pt–ZnO 1
o metallic Pt phase.

t al. [24] have applied sol–gel derived ZnO nanoparticles for phenol
egradation under UV laser irradiation and found the nanoparti-
les annealed at 500 ◦C were most active catalysts for that purpose
ith degradation rate constant of 0.0391 min−1. High photocat-

lytic activity of the ZnO nanoparticles was attributed to their
maller particle size and better dispersion.

Phenols are the primary chemicals and also the residues of
hemical wastes/byproducts of many industries, such as paper
ills, herbicide and fungicide production plants, etc. [25]. Pho-

ocatalysis has been proven to be a plausible technique to
econtaminate phenolic waste-water as complete mineralization
as been successfully achieved under a variety of conditions
26,27].

In the present article, we report on the photocatalytic decom-
osition behavior of phenol on ZnO nanoparticles and Pt–ZnO
omposite nanoparticles. The ZnO and Pt–ZnO nanoparticles
ith different Pt contents were fabricated through a low cost

riton X-100 polymer assisted technique. The nanostructures
ere characterized by scanning electron microscopy (SEM), X-

ay diffraction (XRD), transmission electron microscopy (TEM),
V–Vis optical absorption, diffuse reflectance spectroscopy (DRS)
nd Raman spectroscopy techniques. Near room temperature
hoto-degradation of phenol and its intermediate products were
onitored by high performance liquid chromatography (HPLC).

. Experimental

ZnO nanoparticles and Pt–ZnO composite nanoparticles were
ynthesized through Triton X-100 polymer assisted thermolysis
f zinc acetate [(CH3COO)2Zn]. Briefly, appropriate amounts of
inc acetate dihydrate [Zn(CH3COO)2·2H2O, Baker, 99.9%] were

issolved in 15 ml of deionized water under vigorous stirring.
hen about 5.8 ml of Triton X-100 [(C2H4O)nC14H22O, Aldrich] was
lowly added into the mixture solution. After 2 h of aging under
agnetic stirring, the mixture solution was introduced into a muf-

e furnace, and heated at 250 ◦C for 36 h. The dry product was then
d (d) Pt–ZnO 2.0% (nominal). The arrows indicate the diffraction peaks attributed

calcinated at 550 ◦C for 2 h in a tubular furnace under air ambi-
ent. Structure, crystallinity, and morphology of the final product
were analyzed using Phillips X’Pert X-ray diffractometer, a Horiba
Jovin-Yvon, LabRAM HR micro-Raman system, and a JEOL JSM-
5600LV scanning electron microscope attached with Noran Super
Dry analytical system, respectively. For studying the optical and
microstructural characteristics of the nanostructures, a Varian Cary
100 UV–Vis spectrophotometer with DRACA-30I diffuse reflectance
accessory, and a JEOL 2010F transmission electron microscope were
utilized.

On the other hand, for preparing 2-D films structure of the sam-
ples, first an aqueous solution of acetic acid [CH3COOH] (0.1 ml
of acetic acid in 50 ml of deionized water) was prepared. Then
about 500 mg of ZnO or Pt–ZnO sample (powder) was mixed homo-
geneously with 0.5 ml of Triton X-100 polymer. About 0.5 ml of
the previously prepared acetic acid solution was added to the
latter mixture. The homogenized colloidal mixture was then dis-
persed over well cleaned glass substrates and drawn by another
glass substrate to make continuous and uniform layers. Finally, the
nanostructured films were thermally treated at 550 ◦C for 5 h in air
ambient. Thicknesses of the prepared films were measured using
a Vecco Dektak 150 profilometer, which varied in between 50 and
60 �m. All the samples in thick film form were characterized by
SEM, XRD, TEM, DRS, and room temperature micro-Raman spec-
troscopy (with 632.82 nm line of a He–Ne laser as excitation source)
techniques.

A Perkin-Elmer Series 200 HPLC system was utilized for mon-
itoring the photocatalytic behavior of the nanostructures. The
photochemical reactor used in the present study consisted of a
Pyrex glass. The photo-degradation rate of phenol in water was
monitored dispersing solid catalyst and under oxygen flow to trap

electrons. Cold water was circulated in the annulus of the reactor to
maintain the solution temperature below 22 ◦C, as excess tempera-
ture could deplete the dissolved oxygen in the solution. The source
light was placed concentrically over the pyrex glass container filled
with 4 ml of the aqueous reaction mixture and fed into the vessel to
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F nanoparticles: (a) ZnO, (b) Pt–ZnO 0.5%, (c) Pt–ZnO 1.0%, and (d) Pt–ZnO 2.0% (nominal).
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Table 1
EDS composition analysis of the ZnO and Pt–ZnO nanoparticles.

Sample Composition (atom %)

Pt Zn O

ZnO 0 50.91 49.09

clusters at the surface, as can be seen from the typical TEM image of
the Pt–ZnO sample presented in Fig. 3. The bright contrast clusters
in between 1.5 and 3.0 nm size range dispersed over the surface
of the ZnO nanoparticles must be of Pt as the atomic number of
ig. 2. Typical SEM micrographs and size distribution histograms (insets) of the ZnO

e degraded. The concentration of phenol in the mixture solution
as 15 ppm. The catalyst containing reaction mixture was illumi-
ated by a mercury ultraviolet lamp (Upland, model XX-15S). The

amp radiated predominantly at � = 254 nm with an intensity of
600 �W/cm2. The distance between the UV light source and the
eaction solution was about 15 cm. A series of batch experiments
as conducted at different running time (15, 30, 45, 60, 120 min).

The concentrations of phenol and the intermediate prod-
cts formed during its degradation were quantitatively analyzed
hrough the HPLC system. The HPLC system consisted of an isocratic
ump, injector, a C-18 column, a diode-array as UV–Vis detector,
nd a computer controlled data acquisition system. The mobile
hase consisted of an acetonitrile–water mixture at 60:40 volumet-
ic ratio. The analysis conditions were 1.0 ml/min liquid flow rate,
emperature = 25 ◦C, detecting/monitoring wavelength � = 280 nm.
he chromatographic areas of phenol were converted to concen-
ration values using the calibration curves.

. Results and discussion

Fig. 1 shows the XRD patterns of the ZnO and Pt–ZnO nanos-
ructured films. The XRD patterns of Pt–ZnO composites reveal the
resence of wurtzite ZnO (JCPDS Card No. 36-1451) as major phase.

n general, the intensity of XRD peaks attributed to wurtzite ZnO
ncreased with the increase of Pt content in the samples. On the
ther hand, there appeared two distinct peaks related to metallic
t, the intensity of which increased with the increase of Pt con-
entration (nominal) in the samples. There appeared no significant
hift of position for the main diffraction peaks related to ZnO on
ncorporating Pt in the samples, indicating only a minor portion of
he added Pt was incorporated into the ZnO lattice.

Fig. 2 shows the typical SEM images of the ZnO and Pt–ZnO

lms. As can be seen, all the samples consist of spherical shaped
anoparticles with mean diameter ∼120 nm. While the increase of
ominal Pt concentration increased the Pt content in the samples as
evealed from their energy dispersed X-ray (EDX) analysis (Table 1),
t did not induce any significant change either in the morphology
Pt–ZnO 0.5% 0.04 50.33 49.63
Pt–ZnO 1.0% 0.14 50.71 49.15
Pt–ZnO 2.0% 0.27 50.68 49.05

or in the size of the nanoparticles. In fact, most of the added Pt
segregated from the interior of the nanoparticles to form small Pt
Fig. 3. A typical dark-field TEM image of the Pt–ZnO 2.0% nanoparticles. The arrows
indicate formation of metallic Pt nanoparticles over the ZnO particle surface.
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etallic Pt is much higher than the average atomic number of zinc
nd oxygen. Sun et al. [28] have also observed the formation of
t clusters over the surface of TiO2 (Degusa P25) nanoparticles in
heir Pt–TiO2 composite samples when the concentration of incor-
orated Pt was high. Lee and Tu have also observed the segregation
f Pt over the surface of nanostructured ZnO thin films when pre-
ared by electrodeposition [29] and associated the phenomenon to
he high surface energy of Pt (2.691 J m−2 at 298.2 K). However, as
ndicated by the XRD patterns of the composite samples, a small
raction of the added Pt could be incorporated into the ZnO lattice
ites, substituting zinc atoms (ionic radius of Zn, O and Pt are 0.74,
.40, and 0.96 Å, respectively).

Optical absorption spectra of the ZnO and Pt–ZnO samples in the
V–Vis spectral range are shown in Fig. 4a. All the spectra revealed

harp absorption edge at about 375 nm, characteristic of crystalline
nO. However, with the increase of Pt content, the intensity of
heir absorption tails at higher wavelength side increased, which

ight be due to the presence of Pt clusters over the surface of ZnO
anoparticles, making them more dispersive. The change in the dis-
ersive nature of the samples was also manifested from their color
the color changed from white to gray on increasing the Pt content),
hich could be perceived by naked eye. Similar optical behavior of

he samples was also revealed in their diffused reflectance spec-
ra (Fig. 4b). While absorption edge did not change noticeably, the
eflectance value decreased with the increase of Pt content in the
omposite samples.

The diffused reflectance spectra of the samples after
ubelka–Munk (KM) transformation are shown in Fig. 5. The
and gap energy of the samples was estimated from the intersec-
ion between the linear fit of the KM function and the energy axis
30]. As can be seen from Fig. 5, there is no significant influence of
he incorporated platinum on the band gap energy (Eg) value of
he ZnO nanoparticles.

Fig. 6 shows the Raman spectra of the ZnO and Pt–ZnO samples.
he Raman spectrum of ZnO sample revealed eight peaks, located
t about 100, 207, 327, 416, 437, 504, 560 and 663 cm−1. The peak
entered at about 100 cm−1 is attributed to E2L mode. The peaks at

16, 437 and 560 cm−1 are attributed to the E1T, E2H and LO modes
f wurtzite ZnO, respectively. The peaks centered at about 207 and
27 cm−1 have been previously observed in ZnO by several authors
31–35] and were attributed to the second order modes or multi-
honon processes. The peak at 504 cm−1 is attributed to 2-B2L silent

Fig. 5. Kubelka–Munk transformed reflectance spectra of ZnO nanostructures:
Fig. 4. (A) UV–Vis absorption spectra and (B) diffuse reflectance spectra of the ZnO
nanostructures: (a) ZnO, (b) Pt–ZnO 0.5%, (c) Pt–ZnO 1.0%, and (d) Pt–ZnO 2.0%
(nominal).

mode [36] and the peak located at 663 cm−1 is attributed at TA + LO
mode in the ZnO [37,38]. In the Pt–ZnO samples, the E2H Raman
peak associated to oxygen sub-lattice of ZnO become broader and
less intense with the incorporation of Pt, which might be associated
to the disorder produced in the ZnO lattice by Pt incorporation.
3.1. Photocatalytic activity

As the adsorption of phenol takes place over the ZnO film sur-
face even before UV irradiation [39], the catalyst was equilibrated

(a) ZnO, (b) Pt–ZnO 0.5%, (c) Pt–ZnO 1.0%, and (d) Pt–ZnO 2.0% (nominal).
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Fig. 6. Raman spectra of ZnO nanostructures: (a) ZnO, (b
n reaction solution under dark for about 60 min. Fig. 7a shows the
hromatograms of phenol solution under UV irradiation in contact
ith ZnO film. From the figure, we can see the retention time of
henol is about 1.4 min. The retention time was measured as the

ig. 7. Chromatograms of the (a) pure ZnO and (b) Pt–ZnO (2.0% nominal) catalyst
t different running times.
nO 0.5%, (c) Pt–ZnO 1.0%, and (d) Pt–ZnO 2.0% (nominal).

interval between the times of sample injection and the time when
the chromatogram reveals maximum peak height for phenol. After
15 min of UV irradiation, the peak intensity corresponding to phe-
nol decreased and there appeared two peaks at retention times
of 0.8 and 1.0 min, which correspond to the formation of hydro-
quinone and catechol, respectively [40]. The peak correspond to
phenol almost disappeared approximately at 540 min of UV irradi-
ation, indicating its total degradation. During phenol degradation,
hydroquinone is formed as the major product and catechol is pro-
duced as minor product (Fig. 8). On the other hand, for the sample
containing 2.0% Pt (nominal) (Fig. 7b), apart from the peak corre-
spond to phenol, there appeared only one peak (hydroquinone) at
retention time of about 0.8 min. Unlike pure ZnO, no total degrada-
tion of phenol was possible up to 540 min of UV irradiation for the
Pt–ZnO sample. Details analysis of the evolution of intermediate
products and their dissociation are presented in Fig. 9.

For comparison, the results of photocatalytic degradation of

phenol by pure ZnO and Pt incorporated ZnO nanoparticles are pre-
sented in Fig. 10. As can be seen, pure or undoped ZnO nanoparticles
have better photocatalytic activity than the composite Pt–ZnO
nanoparticles. The photocatalytic efficiency of the Pt–ZnO samples
decreased gradually with the increase of platinum concentration.

Fig. 8. Adsorption and photo-degradation rate of phenol over ZnO nanoparticles.
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ig. 9. Adsorption and photo-degradation rate of phenol over Pt–ZnO (2.0% nomi-
al) nanoparticles.

s has been mentioned earlier, such a reduction in photocatalytic
ctivity can be attributed to the formation of Pt clusters on the sur-
ace of ZnO particles. Similar observation has also been made by
ee and Tu [29] for the Pt incorporated ZnO thin films prepared by
lectrodeposition.

Sun et al. [28] have studied the photocatalytic oxidation of phe-
ol on TiO2, and noticed that the platinum can decrease the activity
f TiO2 in photocatalytic oxidation, possibly due to water reduction
ver the surface of platinum particles, that cannot takes place on
ure TiO2. Water reduction to hydrogen will consume a part of
hoto-generated electrons that otherwise could take part in oxy-
en reduction, forming reactive oxygen species. Though the Pt–ZnO
nterface can transfer electrons from ZnO to Pt metal through
harge equilibrium process [41], decreasing electron–hole recom-
ination process to enhance photocatalytic activity, formation of
t cluster over the surface of ZnO nanoparticles effectively reduces
he contact area between the phenol solution and ZnO particles. We
elieve, this reduction of active surface area, along with the par-
ial consumption of photo-generated electrons for water reduction
rocess reduces the photocatalytic activity of our Pt–ZnO com-
osite samples. However, the kinetic parameters of the phenol
hotocatalytic degradation process of our samples indicate that,
hough the formation of Pt clusters over the surface of ZnO nanopar-
icles cannot increase the phenol degradation rate, it increases the
ate of decomposition of the intermediate products. Moreover, the
t–ZnO catalysts are selective, as they produce only one interme-
iate product (Figs. 11 and 12).
.2. Mechanism of photocatalytic reaction

A mechanism of the photocatalytic action of semiconductors is
omewhat more complicated [42]. The photo-degradation mech-

ig. 10. Phenol photo-degradation rate of ZnO nanoparticles: (a) ZnO, (b) Pt–ZnO
.5%, (c) Pt–ZnO 1.0%, and (d) Pt–ZnO 2.0% (nominal).
Fig. 11. Formation and degradation rate of hydroquinone as intermediate prod-
uct by: (a) ZnO, (b) Pt–ZnO 0.5%, (c) Pt–ZnO 1.0%, and (d) Pt–ZnO 2.0% (nominal)
catalysts.

anism of phenol by ZnO could be similar to that of TiO2, which
has been reported by several authors [40,43–46]. When the pho-
tocatalyst ZnO is irradiated with ultraviolet (UV) radiation from
sunlight or other illuminated light source (e.g. fluorescent lamps),
it produces electron–holes pairs on or near the surface (Eq. (1))
through electron transfer from the valence band to the conduc-
tion band across the band gap of the semiconductor. This state
is referred as the semiconductor’s photo-excitation state. The
electron–hole pair quickly diffuses to the surface. These photo-
generated electron–hole pairs can recombine within a time scale
of nanoseconds to radiate heat [10]. Such a short lifetime would
not allow the electrons and holes to participate in any chemical
reaction.

ZnO + h� → ZnO + ecb
− + hvb

+ (1)

Therefore, the electrons and holes should be captured by any of
chemical species which exist on the surface (ions, atoms, molecules,
etc.), or by the so-called surface traps. Hydroxyl radicals are gen-
erated when the surface adsorbed water or hydroxyl anions react
with the valence band hole of the UV excited ZnO (Eqs. (2) and (3)).

hvb
+H2O → •OH + H+ (2)

hvb
+OH− → •OH (3)

Superoxide radicals are generated by the interaction of atmospheric
oxygen or dissolved oxygen of the reaction solution with the con-
duction band electrons of the UV excited ZnO (Eq. (4)):
O2 + ebc
− → •O2 (4)

Hydroxyl radicals could also be formed through an alternate route.
Reaction of superoxide radical with H+ ions generates OH2

• (Eqs. (5)

Fig. 12. Formation and degradation rate of catechol as intermediate product by: (a)
ZnO, (b) Pt–ZnO 0.5%, (c) Pt–ZnO 1.0%, and (d) Pt–ZnO 2.0% (nominal) catalysts.
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nd (6)), which reacting with other similar species produces hydro-
en peroxide (Eq. (7)). The produced hydrogen peroxide, reacting
ith conduction band electrons, generates more hydroxyl radicals

Eq. (8)):

H2O → H+ + OH−)ads + hvb
+ → •OH + H+ (5)

O2 + H+ → •OH2 (6)

•OH → H2O2 (7)

2O2 + ecb
− → •OH + OH− (8)

hus the hydroxyl and superoxide radicals attack the adsorbed phe-
olic compound to give hydroxylated and phenoxy intermediaries
41,43], yielding open ring fragments like linear chain carboxylic
cids freeing the occupied ZnO sites; finally generating the final
roducts. The cycle continues as long as illumination is continued,
r the mineralization of the phenol is completed.

. Conclusions

ZnO and Pt–ZnO composites nanoparticles could be synthesized
t large scale and low cost through Triton X-100 polymer assisted
ethod. All the nanoparticles were of spherical shape and uniform

ize, with mean diameter of about 120 nm. Only a small fraction
f the added Pt gets incorporated into the ZnO lattice, and the rest
emain dispersed over the surface of ZnO particles as metallic clus-
ers. While ZnO nanoparticles could photodegrade phenol totally
n 540 min, the process is slower for the case of Pt–ZnO nanopar-
icles. Though Pt incorporation into ZnO nanoparticles does not
nhance the photodegradation rate of phenol, it produces only one
ntermediate product and decomposes the intermediate product
ery fast. Such a selective catalytic behavior of Pt–ZnO compos-
te nanoparticles should be of outmost importance in the area of
rganic synthesis.
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