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Abstract

In this paper, ZnO nanoparticles were modified by depositing different amount of noble metal Ag or Pd on their surfaces with a photoreducti
method. The as-prepared ZnO samples were principally characterized by X-ray photoelectron spectroscopy (XPS) and surface photovol
spectroscopy (SPS), and their activity was evaluated by a photocatalytic degradation reaction of phenol solution. The effects of noble mi
modification on surface composition, photoinduced charge transfer behavior and photocatalytic activity of ZnO samples were mainly investiga
The results show that, after an appropriate amount of Ag or Pd is deposited on the ZnO surfaces, the O 1s XPS spectrum shifts to hic
binding energy, indicating that the content of surface hydroxyl oxygef i{i@reases. And the SPS intensity greatly decreases, indicating that the
photoinduced electrons are easily captured by adsorbed oxygen via noble metal clusters so that the recombination of photoinduced electror
hole pairs is effectively inhibited. These are responsible for the enhancement in the photocatalytic activity. Moreover, the effects of Pibmodificat
on photocatalytic activity is greater than that of Ag, which can be explained by means of surface hydroxyl content as well as charge separa
situation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction inthe VB. The g,~ andhy,* can recombine on the surface or in
the bulk of the particle in a few nanoseconds, or can be separated
Recently, nanosized semiconductor materials have attracteghder the built-in electric field to transfer to different positions
increasing attentions to a wide range of possible applicationsn the surfaces, further being trapped to react with donor or
such as solar energy cells as photoelectric energy conversietceptor species adsorbed on or close to the surfaces. The sep-
material§1-3] and water or air purification as friendly environ- aration and recombination of photoinduced charge carriers are
mental photocatalystgi-6]. The foundations and significant in competition process, and the photocatalytic reaction is effec-
applications of semiconductor photocatalytic oxidation haveive only when photoinduced electrons and holes are trapped
been extensively documentgtd-10]. The schematic diagram of on the surfaces, respectively. Thus, subsequent redox reactions
photocatalytic reaction on anilluminated semiconductor particlean be initiated. In general, during the photocatalytic reactions,
is showed irFig. 1[7,9] When asemiconductor particleisirradi- photoinduced holes can be easily captured by chemisorbed sur-
ated by the light with equal to or higher than the bandgap energyace hydroxyl, while the electrons can be trapped by adsorbed
an electron from the valence band (VB) is excited to the con©,. Therefore, the surface oxygen species can play important
duction band (CB) with simultaneous generation of a hbf@ ( roles in photocatalytic reactions. To further improve activity of
semiconductor photocatalysts, noble metal deposit is taken as an
effective modification methofd 0]. Among many noble metals,

* Corresponding author. Tel.: +86 451 86608458; fax: +86 451 866 73647, Pt iS_ ther] employetﬂlo,ll]. It is known th?-t the_ npble metal
E-mail address: JLQiang@sohu.com (F. Honggang). modification can improve the photocatalytic activity. However,

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.09.020



194 J. Ligiang et al. / Journal of Molecular Catalysis A: Chemical 244 (2006) 193-200

A 2. Experimental
All substances used in this study were analytical grade and
cb O were used without further purification. Deionized water was
A / used in all experiments.
hu » | £ 2.1. Preparation of unmodified and modified ZnO

nanoparticles

vb The synthesis procedure of Ag or Pd modified ZnO nanopar-
p* ticles consisted of two major steps: (i) Preparation of ZnO
@ nanoparticles, which was described in previous papers in details
[15,22] ZnO nanopatrticles were prepared by calcining the pre-
cursor, zinc carbonate hydroxide, £803)2(OH)g, at 320°C.

D Thus, ZnO particle with the size of about 13nm could be
obtained; (ii) Ag or Pd deposited ZnO nanoparticles, which was
also described in previous papers in def@ld. The noble metal
depositwas performed by a photoreduction method as following.
Firstly, 6.91x 103M of AgNO3 or 7.06x 10~3M of PdCh
few papers are involved with modification mechanisms of noblesolution, both containingl.25% GBOOH, were prepared,
metal deposit from the point of surface oxygen compositiorrespectively. The CECOOH was regarded as sacrificial organic
and charge transfer, and a comparative study of different noblsubstance to capture photoinduced holes so as to improve the
metal modifications is seldom reported. Moreover, Pt is tocefficiency for utilizing photoinduced electrons. Then, 20 ml of
expensive, while Ag and Pd are relatively cheap. Thus[1®) a mixture consisting of desired amount of Agh©r PdCh
and Pd[13] modification is of great significance for industrial solution and CHCOOH solution was added to a beaker con-
practice. taining 0.5 g of ZnO nanoparticles, which was ultrasonicated for

X-ray photoelectron spectroscopy (XPS) is a kind of sur-10 min. Subsequently, the mixture was transferred into a cylin-
face testing technique, with high sensitivity, which can pro-drical quartz tube photoreactor of 300 ml placed horizontally
vide some important information about surface compositionsvith two mouths at its two ends. The photoreactor was blown
and chemical stateld4,15] The surface photovoltage (SPV) with ultrapure N gasfor 5 minin order to drive out{@as within
method with much higher sensitivity is a well-established conthe reactor after being sealed. Finally, the photoreactor was sub-
tactless and nondestructive technique for semiconductor chamitted to a UV irradiation treatment by a 400 W high pressure
acterization, which relies on analyzing photoinduced changemsiercury lamp Imax=365nm) for 6 h. Thus, ZnO nanoparti-
in the surface photovoltage. The surface photovoltage species with different amount of Ag or Pd could be obtained by
troscopy (SPS) is an effective tool to investigate the pho-<entrifugating and rinsing with water and drying at’&0
tophysical process of excited states, and can disclose some In addition, the concentration of Ag or Pd in the mixture
information about charge transfer in photo-stimulated surireated by UV light for 6 h was tested by an inductively coupled
face interaction, dye sensitization process, and photocatalyspdasma-atomic emission spectrometry (a PE ICP-AES/1000),
[16-18] demonstrating that the deposit rate of noble metal was more

ZnQO s close to being one of ideal photocatalysts, due to beinghan 90% in our experiments.
relatively cheap, nontoxicity and its holes of strong oxidizing
power. ZnO has been proved to be very active in the photo2.2. Characterization of the samples
catalytic oxidation of different pollutan{89,20] Recently, we
have reported that Pd deposit could obviously improve the activ- The samples were analyzed by X-ray diffraction (XRD)
ity of ZnO nanoparticles during the photocatalytic degradatiorusing a Rigaku D/MAX-rA powder diffractometer with a
of gas phase-C7H16 [21]. In this work, the modification mech- nickel-filtered Cu Kx radiation source, a scanning rate of
anisms of noble metal deposit were disclosed from the point o#°/min. For XRD measurements, nanoparticles were placed
surface oxygen composition and charge separation mainly byn a glass sample holder. The crystal phase and crystallite size
means of XPS and SPS methods, and a comparative study were determined from the X-ray diffraction patterns. The size
Ag and Pd modifications was emphasized. This paper shouldhd morphology of the samples were observed with a JEOL-
be valuable for the practice application of ZnO nanoparticlesl200EX transition electric microscopy (TEM). Dispersion of
in the field of environmental photocatalysis as well as photothe products in ethanol was conducted in an ultrasonic bath
voltaic conversion and energy storage. And, it also illustrateor half an hour. A drop was taken out and put on a copper
that the XPS and SPS techniques are of great significance to tineesh coated with a carbon film for a moment. Then, the TEM
research on the surface oxygen composition and charge transieasurement was performed. The surface composition of the
fer behavior, which can help understanding the modificatiorsamples was examined by XPS using a VG ESCALAB Mg K
mechanisms. X-ray source. The pressure was maintained at<6l8’ Pa.

Fig. 1. Schematic diagram of photocatalytic reaction on an illuminated semi
conductor particle.
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The binding energies were calibrated with respect to the signal
for adventitious carbon (binding energy =284.6 eV). Relative
quantitative analysis was carried out using the sensitivity
factors supplied by the instrument. SPS measurement of the _ 90001 100002
samples was carried out with a home-built apparatus that had

been described elsewheft6,23] Monochromatic light was
obtained by passing light from a 500 W Xenon lamp (CHF
XQ500W, Global xenon lamp power made in China) through
a double-prism monochromator (Hilger and Watts, D 300
made in England). A lock-in amplifier (SR540, made in USA),
synchronized with a light chopper (SR540, made in USA), was

employed to amplify the photovoltage signal. It was performed 30 40 50 60
by a photovoltage cell, mainly consisting of two ITO quartz glass 26/()

electrodes. For a powder experiment, the powder sample was
sandwiched between two ITO quartz glass electrodes. The pho-
tovoltage generation arises from the creation of electron—hole
pairs, followed by the separation under a built-in electric fieldnoble metal is dispersed uniformly onto the surfaces of ZnO
(the space-charge layer). The difference between the surfag@noparticles. _ _

potential barrier in the light and that in the dark is the SPS TEM s used to observe the particle size and morphology of
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Fig. 2. XRD patterns of unmodified and modified ZnO nanopatrticles.

signal. the sampledrig. 3shows the TEM photographs of the unmod-
ified and 0.5wt.% noble metal modified ZnO samples. From
2.3. Evaluation of photocatalytic activity of the samples the TEM micrographs, it can be seen that noble metal Ag and

Pd are deposited uniformly on ZnO surfaces, especially much

The photocatalytic activity of ZnO samples was tested using/Niformly for Pd deposit, and they both exhibit much black com-
phenol solution24]. The degradation intermediates were notPared with ZnO. The average particle size of unmodified ZnO
determined. The experiments were carried out in a 500 ml quart$ about 13 nm, being equal to its average crystallite size, which
photochemical reactor, open to air, having the shape of a verticlemonstrates that the unmodified ZnO nanoparticles are eas-
cylinder. The light was provided from a side of the reactor by dly dispersed. However, the average particle size of noble metal
350 W high pressure Hg lamp without filter, which was placed afnodified ZnO is about 25 nm, being larger than its average crys-
about 20 cm from the reactor, its strongest emission light is witt{allite size by the difference of 12nm, demonstrating that ZnO
wavelength of 365 nm. The total treated volume was 300 mL, th@anoparticles easily aggregate during the process of photoreduc-
initial concentration of phenol was equal to 0.20 mmol/L. Phe-tion.
nol solution was continuously stirred with a magnetic stirrer. The  Inaddition, ithas been found by TEM observations that, when
solution was first stirred for 20 min to reach the adsorption equithe deposited noble metal was Pt, the Pt particles formed clusters
librium after 0.3 g of ZnO samples was added into the reactiofVith the mean size of 2nm on TiGsurfaceq26]. However,
system, then began to illuminate. The phenol concentrations #0™M Fig. 3 Ag or Pd clusters cannot be differentiated, which is
different times were measured using the colorimetric method oP0SSibly attributed to the lower resolving power of the used TEM
4-aminoantipyrine with a model 721 spectrophotometer at th@Pparatus. At fact, Ag or Pd clusters can be observed faintly

wavelength of 510 nm after centrifugation. during the TEM testing process. Moreover, with a Pt dose of
10wt.%, only 6% of the semiconductor surface area is covered,
3. Results and discussion demonstrating that a large surface area of the semiconductor is

not still covered by the noble met@6].

3.1. Structure and morphology
3.2. Surface composition and chemical states

X-ray diffraction is used to investigate the changes of phase
structure and crystallite size of the as-prepared ZnO pow- Itis well known that material surface composition and chem-
ders before and after noble metal deposit, the unmodified anidal states are very important during the process of catalytic
0.5wt.% noble metal modified ZnO samples are examinedieaction since they can strongly affect the catalytic activity. The
Fig. 2shows the XRD patterns of unmodified, Ag and Pd modi-surface composition and chemical states can be determined by
fied ZnO, which demonstrates that the all ZnO samples are witmeans of XPS spectrum according to the characterizing bind-
wurtzite structure attached to hexagonal crystal sydtEsh ing energies of different elements on material surf§tsk The
The average crystallite sizes of the samples, evaluated by théPS spectra of unmodified and 0.5 wt.% noble metal modified
Scherrer formulaj25], are about 13 nm, indicating that the ZnO ZnO were obtainedrig. 4 shows the Zn 2p XPS spectra. The
crystallinity does not change a little before and after noble metgbeak position of Zn 2, XPS of unmodified ZnO is at about
modification. It should be pointed that the substance phase df021.9 eV, and the Zn 3p XPS peak of modified ZnO has
noble metal cannot be found, which is possibly because of toaearly the same position as that of unmodified ZnO. Moreover,
less content of noble metal. Moreover, it possibly indicates thathe all Zn 2p/, XPS peaks are sharp. Thus, it can be confirmed
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Fig. 4. Zn 2p XPS spectra of unmodified and modified ZnO nanoparticles.
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Fig. 3. TEM images of unmodified and modified ZnO nanoparticles: (A) ZnO; (B) Ag—ZnO; (C) Pd-ZnO.
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that Zn element exists mainly as the form of?Zrchemical
states on sample surfacésg. 5 shows the Ag 3d and Pd 3d
XPS spectra, the XPS peaks both are a little weak, which is
possibly because of low content of noble metal. The XPS peak
position of Ag 3d,, is at about 368.1 eV, demonstrating that
there is mainly zero-valence Ad4]. In general, the binding
energy of zero-valence metallic atom shows smaller than that
of metal cation. However, Ag is exceptabliet]. According to

the binding energy handbook of the XPS apparatus, the binding
energy of Ag and Ad is about 367.8 and 368.1 eV, respec-
tively, while the binding energy of Bd and P§ is about 336.4
and 335.3 eV, respectively. FroRig. 5, it can be seen that the
binding energy of Pd 3g is 335.4 eV, indicating that Pd exists
mainly as the form of zero-valence Pd on ZnO surfaces. There-
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6900 Table 1
368.1 6V Ag,, XPS XPS data and the atomic number ratio of Zn to O of different ZnO samples
68004 ZnO sample  Ej, of Zn 2p; (eV) Epof O 1s (eV) Atomic number
3 ratio of Znto O
® 3/2
P 5/ Zno 1021.9 530.1 0.65
g 57001 Ag-ZnO 1022.0 530.7 0.60
5 Pd-ZnO 1021.9 531.0 0.57
[=
6600
are easily adsorbed on the sample surfaces during preparation
6500 , ‘ , ‘ process, the physically adsorbed®and G are easily des-
360 865 5 d337° 37;5 v 380 885 orbed under the ultrahigh vacuum condition of the XPS system.
incing energy For a careful XPS analysis, the relatively quantitative analysis
8200 is performed according to the following equation:
enaeV Pd g XPS Ne1  Ag1/Se1
B Nez  Ag2/Se2’
@ 81007 52 s whereN is the atomic numbeAg the XPS peak area of a kind of
£ elementS the elemental sensitivity factorable 1lists the XPS
3 data and the atomic number ratio of Zn to O. The atomic number
£ 80004 ratio of Zn to O decreases after Ag or Pd is deposited, which
demonstrates that the total content of surface oxygen species of
noble metal modified ZnO is larger than that of unmodified ZnO.
T m30 3% 340 35 3% Table 2shows the results of curve fitting of O 1s XPS spectra of

Binding energy / eV differentZnO samples, it can be seen that the surfacpddcent-

age increases after Ag or Pd is deposited. Thus, the increase in
the content of surface total oxygen species and in the percentage
, _of Oy species is responsible for the O 1s binding energy shift to
fore, the zero-valence noble metal atoms can easily be depositgghher edge, especially for Pd deposit. Moreover, the increase in
on semiconductor particle surfaces viaa photoreduction method, t5ce @ content can facilitate photocatalytic reactions since
Fig. 6shows the O 1s XPS spectra. It can be seen that the O }§e oH- groups can easily capture photoinduced holes to pro-
XPS peaks shift to higher binding energy after depositing noblgy,ces OH free radical, which is active groups to oxidize organic
metal, especially much markedly for Pd deposition. Moreoverg, \hqiancefo, 10]. Therefore, it can be predicted that the photo-
the all O 1s XPS are wide and asymmetric, demonstrating thafy oy tic activity of ZnO nanoparticles can be enhanced due to
therg are at least two Ignds Qf oxygen species according to thes increase in the content of surface hydroxyl group after noble
binding energy range, including crystal lattice oxygen)X@nd  eta deposit, and the effects of Pd deposit are larger than that

hydroxyl oxygen (@) with increasing binding energy. The O ¢ g deposit on the condition of 0.5 wt.% noble metal.
1s XPS spectrum is fitted to two kinds of chemical states with

the Origin software by Gaussian rule. The ®PS is attributed
to the contribution of ZrO in ZnO crystal lattice, and its peak
positionis atabout530.0 eV. ThegXPS is closely related to the It is well known that the activity of semiconductor photo-

hydLoxyI groups resgltlngsgrin; tf\1/eAC|hE mls;:rbed wate:j, and 't%atalyst is largely based on the electronic structure and surface
peak position|is at about -5eV. Although som@Hnd Q- jnterface charge transfer behavior. Thus, the SPS is used to

investigate the effects of noble metal deposit on surface charge

Fig. 5. XPS spectra of Ag 3d and Pd 3d of modified ZnO nanoparticles.

3.3. Surface photoinduced charge transfer

30000
XP Ag-ZnO
O, XPS 530.7 eV Pg-z:o Table 2
25000 a Zno Results of curve fitting of O 1s XPS spectra of different ZnO samples
§ 20000 4 ZnO sample Q (Zn—0) Oy (OH)
2 15000 4 Ep (eV) 529.8 531.2
2 Zn0O FWHM 2.0 2.8
2 10000+ i (%) 41.4 58.6
Ep (eV) 530.1 531.6
5000 Ag-ZnO FWHM 15 25
ri (%) 29.6 70.4
0 - T T ‘
525 528 531 534 537 540 Ep (eV) 530.5 532.0
Binding energy / (eV) Pd-ZnO FWHM 15 2.6
ri (%) 28.2 71.8

Fig. 6. O 1s XPS spectra of unmodified and modified ZnO nanoparticles.
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Fig. 8. Simplified diagram of electronic energy level of ZnO conduction (CB)
and valence (VB) band, noble metal cluste®]{) and & adsorbed on ZnO
surfaces (@).
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band (VB) noble metal clusters{,)) and @ (Oa) adsorbed on
ZnO surfaces. The electronic energy level of noble metal clusters
Fig. 7. SPS responses of unmodified and modified ZnO nanoparticles. gn change to a certain degree with changing noble metal amount
due to the quantum size effect, namely, the lower the noble metal

transferFig. 7shows the SPS responses of the unmodified anamount, the higher the electronic energy level. Thus, if an appro-
modified ZnO samples. It can be found that the SPS peak pospriate amount of noble metal is deposited, the electronic energy
tion of ZnO nanoparticles is at about 360 nm with the responstevel of [M], is lower than that of the CB and higher than that
threshold of 380 nm, demonstrating that the SPS response of the O so that the @ can easily capture the photoinduced
ZnO nanoparticles shifts to the blue due to the quantum sizelectrons to produce £ via noble metal clusters. This is favor-
effectsince the response threshold of bulk ZnO is 390 nm accordble for photocatalytic reactions and results into the decrease in
ing to the electronic structure of ZnO. The strong SPS respongée SPS intensity. However, if too much amount of noble metal
can be attributed to the electron transitions from the valencé deposited, the electronic energy level &fif will decline to
band to conduction band ¢9— Znsg) [15]. ZnO is a kind of ~ or even lower than that of the O Thus, it is difficult for the
typical n-type semiconductor, its surface band is upward-bent iadsorbed @ to capture the photoinduced electrons via noble
air, indicating that its built-in electric field direction is from the metal clusters, and the deposited noble metal will become the
inner to the outer. Then, the photoinduced holes easily transféecombination centers of photoinduced electron and hole pairs,
to the particle surfaces, while the photoinduced electrons easilppeanwhile the SPS signal will possibly increase inversely. In
move to the particle inners. The SPV difference before and afterddition, the photoinduced electrons will be captured directly
illumination, named as SPS signal, can occur. It can also be se®y the Q. according to their energy level. However, the step
that the SPS response of ZnO nanoparticles becomes weak aftbat the Qi captures the photoinduced electrons is actually very
the noble metal Ag or Pd is deposited on their surfaces. When$low so as to greatly influence the photocatalytic read@@h.
noble metal is deposited on the surfaces of an n-type semicor-he above discussions demonstrate that the appropriate amount
ductor particles, the Schottky barrier at the interface between thef noble metal deposit can promote thg Gapturing photoin-
noble metal and the semiconductor can occur by charge carrigiticed electrons. Therefore, it can be suggested that the Ag or Pd
redistribution since the Fermi level of the n-type semiconducdeposit can make the SPS response decrease, and the weaker the
tor is higher than that of the noble mefaD]. In general, the SPS response, the higher is the separation rate of photoinduced
Schottky barrier can effectively trap photoinduced electrons t@lectron and hole pairs, the higher will be the photocatalytic
migrate to the surfaces, which not only can effectively inhibitperformance of noble metal deposited semiconductor.
the recombination of photoinduced electrons and holes but also
can resultinto the decrease in the SPV signal. Therefore, the A§j4. Measurements of photocatalytic activity
or Pd deposit can make the SPS response decrease, meanwhile
the separation rate of photoinduced electron and hole pairs is The activity of ZnO samples can be evaluated by the photo-
improved. catalytic oxidation reaction of phenol solution. The experiment
Moreover, the amount of deposited noble metal can alsoesults show that the phenol concentration changes a little after
strongly affect the transfer behavior of photoinduced chargérradiation for 3 h in the absence of the photocatalyst, indicating
carriers. FronFig. 7, it can be seen that the SPS response ofhat the direct photolysis of phenol can slightly take place in
Ag—-ZnO nanoparticles with 0.75 wt.% Ag is weaker than that ofour experimental condition, and the photolysis can be neglected
0.5wt.% Ag, while the SPS response of Pd—ZnO nanoparticlesompared with the photocatalyskig. 9reflects the effects of
with 0.75wt.% Pd is higher than that of 0.5wt.% Pd. In othernoble metal deposition on the photodegradation process. It can
words, if the amount of deposited noble metal is appropriatebe seen that the photocatalytic activity of ZnO nanoparticles
the SPS signal becomes weaker. On the contrary, if the amounan be greatly improved by modifying an appropriate amount of
of deposited noble metal is excess, the SPS signal increaseeble metal Ag or Pd, which is in good agreement with the above
inversely. This can be explained from the point of the electronicXPS and SPS results. XPS results demonstrate that the noble
energy leve]21,27] Fig. 8shows the simplified diagram of elec- metal modification can result into the increase in the surface
tronic energy level of ZnO conduction band (CB) and valencehydroxyl content. The surface hydroxyl groups easily capture
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—®— Ag(0.5%)-Zn0O .
—A— Pd(0.75%)-Zn0 4. Conclusions
124 | —¥— Ag(0.75%)-Zn0

(

—%— Pd(0.5%)-Zn0

0.0 and 0.5wt.%, respectively. If the amount of deposited noble
- . metal is larger than its optimized value, the activity of ZnO
% " .““\-._\\ nanopartiles begins to go down inversely. This can be explained
T 044 %. — by the note that an appropriate amount of noble metal may
% *\%. — become the center for trapping photoelectrons, while an excess
= \.\s amount of noble metal may become the center for recombining
§ 087 | _w— 70 \ \ photoinduced electron and hole pdit§].
8
2
2
o

On the basis of our researches, the following conclusions
can be drawn. An appropriate amount of noble metal Ag or
Pd modification can greatly enhance the photocatalytic activ-
ity of ZnO nanoparticles for degrading phenol solution, which
Fig. 9. Evolution curves of photocatalytic degradation phenol on the unmodifieccan be explained by means of XPS and SPS measurements.
and modified ZnO nanoparticles. The increase in the surface hydroxyl content and charge car-

rier separation rate is mainly responsible for the increase in the
photoinduced holes very much to produt®H free radicals, photocatalytic activity. Moreover, the noble metal modification
which can greatly promote the oxidation of organic substancesan promote the adsorbeg@ Capturing photoinduced electrons
[9,10]. The SPS results indicate that the noble metal modificato produce®O, so that the activity is improved. It can also be
tion can effectively inhibit the recombination of photoinduced suggested, for noble metal modified ZnO nanoparticle photo-
electron and hole pairs. And, it can make the €pture much catalysts, the weaker the SPS signal, the higher the activity. In
easily photoinduced electrons via noble metal clusters to praaddition, for 0.5 wt.% noble metal deposited ZnO samples, the
duce*®*O; groups. Therefore, the noble metal modification caneffects of Pd deposit are greater than that of Ag deposit, which is
enhance the activity of ZnO nanoparticle photocatalysts. Fronalosely related to the increases in the surface hydroxyl content as
Figs. 7 and 9it can be found that the orders of photocatalytic well as charge separation rare. The photocatalytic degradation
activity are opposite to that of SPS intensity, namely, the lowephenol reactions on the unmodified and modified ZnO nanopar-
the SPS signal, the higher the photocatalytic activity, which idicles follow the pseudo-first-order kinetics.
because that the lower SPS signal corresponds to the higher sep-
aration rate of charge carriers. Moreover, according to the XP3& cknowledgements
results, the content of surface hydroxyl of 0.5% Pd deposited
ZnO is larger than that of 0.5% Ag deposited ZnO, which is  This project was supported from the Key Program Projects of
responsible for the experiment result that 0.5% Pd depositeNational Nature Science Foundation of China (no. 20431030),
ZnO exhibits higher activity than 0.5% Ag deposited ZnO. Inthe National Nature Science Foundation of China (no.
addition, Fig. 9 demonstrates that the photocatalytic degrada20301006, 20501007), the Program for New Century Excel-
tion phenol reaction follows the pseudo-first-order kinetics withlent Talents in University (NCET), the Key Nature Science
respect to phenol concentration. Foundation of Heilongjiang Province of China (no. ZJG0404),

Fig. 10shows the effects of deposited noble metal amount othe Foundation for Excellent Youth of Heilongjiang Province
the photocatalytic activity of ZnO nanoparticles. It can be seemf China, the supporting plan for Excellent Teachers of Edu-
that the optimized amount of deposited Ag and Pd is 0.75wt.%ation Bureau of Heilongjiang province (no. 1054G035), the
Foundation for Chinese Postdoctor (no. 20040350168) and the
Foundation for Excellent Youth of Heilongjiang University of

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Irradiation time / h

o8 —O0—Ag China, for which we were very grateful.
© . —®—Pd
© 0.7 References
S
g \ [1] Y. Murata, S. Fukuta, S. Ishikawa, S. Yokoyama, Sol. Energy Mater.
g 06+ T Sol. Cells 62 (2000) 157.
g [2] D.A. Tryk, A. Fujishima, K. Honda, Electrochim. Acta 45 (2000) 2363.
5 [3] X. Qian, X. Zhang, Y. Bai, T. Li, X. Tang, E. Wang, S. Dong, J.
8 054 Nanopart. Res. 2 (2000) 191.
o [4] 3.G. Yu, H.G. Yu, B. Cheng, X.J. Zhao, J.C. Yu, W.K. Ho, J. Phys.

Chem. B 107 (2003) 13871.
0.4 [5] A. Fujishima, T.N. Rao, Pure Appl. Chem. 70 (1998) 2177.
0.0 02 0.4 0.6 08 1.0 [6] K. Sunada, Y. Kikuchi, K. Hashimoto, A. Fujishima, Environ. Sci. Tech-

nol. 32 (1998) 726.
[7] M.1. Litter, Appl. Catal. B 23 (1999) 89.
Fig. 10. Photocatalytic degradation rate of phenol on different amount of noble[8] A. Fujishima, T.N. Rao, D.A. Tryk, J. Photochem. Photobiol. C 1 (2000)
metal Ag or Pd modified ZnO nanoparticles. 1

Deposited metal amount (wt%)



200 J. Ligiang et al. / Journal of Molecular Catalysis A: Chemical 244 (2006) 193-200

[9] M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann, Chem. Rev. [20] C. Kormann, D.W. Bahnemann, M.R. Hoffmann, J. Photochem. Photo-

95 (1995) 69. biol. A 48 (1989) 161.
[10] A.L. Linsebigler, G.Q. Lu, J.T. Yates, Chem. Rev. 95 (1995) 735. [21] L.Q. Jing, B.Q. Wang, B.F. Xin, S.D. Li, K.Y. Shi, W.M. Cai, H.G. Fu,
[11] S. Sato, J.M. White, Chem. Phys. Lett. 72 (1980) 83. J. Solid State Chem. 177 (2004) 4221.
[12] S. Cheng, U.L. Nicke, Chem. Commun. 2 (1998) 133. [22] L.Q. Jing, Y.G. Zheng, Z.L. Xu, D.F. Zheng, F.X. Dong, Y.K. Xu, Chem.
[13] J. Papp, H.S. Shen, R. Kershaw, K. Dwight, A. Wold, Chem. Mater. 5 J. Chin. Univ. 22 (2001) 1885.
(1993) 284. [23] D.J. Wang, Y.A. Cao, X.T. Zhang, Z. Liu, X. Qian, X. Ai, F. Liu, D.
[14] B.F. Xin, L.Q. Jing, Z.Y. Ren, B.Q. Wang, H.G. Fu, J. Phys. Chem. B Wang, Y. Bai, T. Li, X. Tang, Chem. Mater. 11 (1999) 392.
109 (2005) 2805. [24] L.Q. Jing, X.J. Sun, B.F. Xin, B.Q. Wang, W.M. Cai, H.G. Fu, J. Solid
[15] L.Q. Jing, Z.L. Xu, X.J. Sun, J. Shang, W.M. Cai, Appl. Surf. Sci. 180 State Chem. 177 (2004) 3375.
(2001) 308. [25] Q.H. Zhang, L. Gao, J.K. Guo, Appl. Catal. B 26 (2000) 207.
[16] Y.H. Lin, D.J. Wang, Q.D. Zhao, M. Yang, Q.L. Zhang, J. Phys. Chem.[26] P. Pichat, M.N. Mozzanega, J. Disdier, J.M. Nouyv, J. Chim. 11 (1982)
B 108 (2004) 3202. 559.
[17] L.Q. Jing, Z.L. Xu, J. Shang, X.J. Sun, W.M. Cai, H.G. Fu, Sol. Energy [27] M. Sadeghi, W. Liu, T.G. Zhang, P. Stavropoulos, B. Levy, J. Phys.
Mater. Sol. Cell 79 (2003) 133. Chem. 100 (1996) 19466.
[18] L. Kronik, Y. Shapira, Surf. Sci. Rep. 37 (1999) 1. [28] H. Gerisher, A. Heller, J. Phys. Chem. 95 (1991) 5261.

[19] Y. Hao, M. Yang, W. Li, X. Qiao, L. Zhang, S. Cai, Sol. Energy Mater.
Sol. Cells 60 (2000) 349.



	Effects of noble metal modification on surface oxygen composition, charge separation and photocatalytic activity of ZnO nanoparticles
	Introduction
	Experimental
	Preparation of unmodified and modified ZnO nanoparticles
	Characterization of the samples
	Evaluation of photocatalytic activity of the samples

	Results and discussion
	Structure and morphology
	Surface composition and chemical states
	Surface photoinduced charge transfer
	Measurements of photocatalytic activity

	Conclusions
	Acknowledgements
	References


