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a  b  s  t  r  a  c  t

The  plasmon  resonance  of  metal  nanostructures  affects  neighboring  semiconductors,  quenching  or
enhancing  optical  transitions  depending  on various  parameters.  These  plasmonic  properties  are  cur-
rently  investigated  with  respect  to topics  such  as photovoltaics  and  optical  detection  and  could  also  have
important  consequences  for  photocatalysis.  Here  the  effect  of  silver  nanoparticles  of  a  size  up  to  30 nm
and at  maximum  0.50  monolayers  on the photocatalytic  oxidation  of  ethylene  on  TiO2 is studied.  Since  the
plasmon  resonance  energy  of  silver  nanoparticles  is comparable  with  the  TiO2 band  gap,  dipole–dipole
eywords:
lasmonics
hoto-catalysis
htylene
xidation
hin films

interaction  converts  excitons  into  heat  at the  silver  nanoparticle.  This  indicates  that  plasmonic  interaction
with  TiO2 semiconductor  catalysts  can  reduce  the  photo  catalytic  activity  considerably.

© 2012 Elsevier B.V. All rights reserved.
anoparticle

. Introduction

The interaction of light with metal nanostructures is the
esearch subject of plasmonics and merges electronics with optics
1,2] at small scales. A plasmon is the collective oscillation of an
lectron gas. This oscillation can be set in motion by an external
lectromagnetic field, which in turn can generate radiation. This
omplex response opens a wide range of possible studies and appli-
ations, not in the least due to the much smaller spatial dimensions
f this phenomenon as compared to traditional optical components
3].  In photovoltaics the implementation of such plasmonic nanos-
ructures is currently explored with respect to wave guiding and
ncreased scattering [4]. One of the currently investigated proper-
ies is the so-called plasmonic field enhancement. The excitation of
lasmon modes by an incident electromagnetic wave can enhance
he pump rate of a nearby emitter due to local field enhancement.
he electromagnetic field close to the metal surface is enhanced by

rders of magnitude and used to strongly excite luminescent dyes
n the vicinity of metallic nanostructures [3].

∗ Corresponding author at: Debye Institute for Nanomaterials Science,
anophotonics—Physics of Devices, Utrecht University, P.O. Box 80000, 3508
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The coupling of an emitter to plasmon modes affects both the
radiative and non-radiative decay rates. This phenomenon is based
on the principle that the strength with which an emitter couples
with an electromagnetic field depends on its environment [5].  A
metal particle with a plasmon resonance frequency that matches
the emission frequency of an emitter will modify the electric fields
in such a way  that the electromagnetic field generated by the emit-
ter is enhanced. Analogous to the energy being captured from the
incident electromagnetic wave, also the energy from the emitter
can be transferred to plasmon modes of a nanoparticle. This energy
will partially be dissipated and partially be coupled to radiation.

The balance between dissipation and radiation depends strongly
on the geometry. Despite the presence of dissipation due to Ohmic
losses, the luminescence intensity of an optical emitter can be
enhanced by several orders of magnitude [6].  Early work in con-
junction with surface enhanced Raman spectroscopy, SERS, showed
such photoluminescence enhancements with rough metal surfaces
[7,8]. Recent studies showed that the photoluminescence enhance-
ment and quenching depends on the distance between emitter and
metal [9],  with concomitant changes in excited lifetime [10–12].

The effect of plasmonics in photocatalysis is subject of recently
started research with the considerations of Nitzan and Brus [13]

and the soon following results on photodissociation of dimethyl
cadmium [14]. A recent study about methylene decomposition
under the influence of local field enhancement by silver nanopar-
ticles shows a significant increase of activity [15]. In this work we

dx.doi.org/10.1016/j.jphotochem.2011.12.025
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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Fig. 2. Optical absorbance spectrograms of pure TiO2 (blue), silver nanoparticles
in  ethanol (red) and silver nanoparticles in TiO2 (black). The arrow indicates the
ig. 1. TEM micrograph of silver nanoparticles as deposited on a holey carbon grid
rom solution. The scale bar is 20 nm.

nvestigate the plasmonic effect of silver nanoparticles on the cat-
lytic activity of TiO2. TiO2 is the most widely used photocatalyst
mployed for the oxidation of organic chemicals [16,17].  TiO2 exists
n three different crystalline forms: rutile, anatase and brookite,

ith anatase having shown most photocatalytic activity. Since the
and gap energy of TiO2 and the silver plasmon resonance energy
re close together an interaction is expected. Whether the radia-
ive and non-radiative decay are inhibited or photo absorbance
nhanced needs to be established. Both possibilities are contribut-
ng to increased photocatalytic activity. In case the opposite effects
re present, the photocatalytic activity will be quenched. This has
mportant consequences from an application point of view. Due to
ts simplicity ethylene photo oxidation on TiO2 forms a good model
ystem and produces only CO2 and H2O [18,19]. Furthermore, eth-
lene is a common molecule, both used in the chemical industry and
bundant in nature as for example a fruit-ripening hormone [20],
nd hence its gas phase removal is also of industrial interest [21,22].

. Materials and methods

The TiO2 layer was deposited on Pyrex wafers by spin coating
 commercial acquous solution containing TiO particles (Ebonik
EGUSSA VpDisp W2730 30 wt.% TiO2 without additives) at
000 rpm for 3 s. XRD on the TiO2 showed a constituance of 84%
natase and 16% rutile. The Pyrex wafers are circular with a diam-
ter of 10 cm.  The deposited TiO2 was annealed at 400 ◦C for 1 h,
hich dehydrates the film.

The silver colloids were synthesized from AgNO3. Ethylene
lycol was used as solvent and reducing agent for AgNO3.
olyvinylpyrrolidone (Sigma–Aldrich PVP K15, Mw 10,000) was
sed as a protecting agent. The synthesis follows the procedure
eported in literature [23]. All chemicals were of reagent purity. The
g colloids are washed by centrifugation at 10,000 rpm for 30 min  3

imes in acetone and subsequently dispersed in ethanol by sonica-
ion for 10 min. This solution (4.2 mM silver) is then spin coated
nto the TiO2 layer (2000 rpm, 3 s), note that the colloids were
onicated 5–10 min  immediately before applying, to disperse any

gglomerates. In Fig. 1 the Ag colloids are shown by TEM, they have

 broad size range of up to about 30 nm.  The total amount of silver
anoparticles can be estimated from the silver absorbance coeffi-
ient [24] and the here measured optical absorbance. For the low,
illumination wavelength during the photocatalysis experiment. (For interpretation
of  the references to color in this figure legend, the reader is referred to the web
version of the article.)

medium and high silver nanoparticle concentration, an equivalent
of 0.14, 0.22 and 0.55 monolayer’s silver nanoparticles is estimated.

Gas Chromatography was performed with a Totalchrom
(PerkinElmer) with a constant flow of 125 ml/min in the 406 ml
total volume in a recirculation loop with the reactor cell. Before
every experiment the system was flushed with synthetic air until
only oxygen and nitrogen are observed (20 min). Several minutes
after ethylene gas was manually injected in the cell, the UV lamp
was turned on. The TiO2 layers are irradiated with UV light at
365 nm with a 4 watt, UVGL-15 compact UV lamp. The experiments
were performed at room temperature and the temperature inside
the reactor during UV irradiation remained constant.

Transmission electron microscopy and scanning electron
microscopy were performed with a TECNAI T20 microscope and
a QUANTA 200 FEG MKII microscope, respectively. X-ray photo-
electron spectroscopy (XPS) was  done with monochromatized Al
K� radiation and energy resolution corresponding to 1.0 eV FWHM
of Ag 3d5/2, using a Theta Probe set-up from Thermo Fisher Sci-
entific. Charge compensation during XPS was  accomplished by
flooding with electrons and argon ions. No sample damage could be
observed during XPS measurements. The binding energy 458.6 eV
for Ti 2p3/2 of TiO2 is used as reference.

X-ray fluorescent spectroscopy was used for elemental quantifi-
cation. An internal standard of Mn(CHOO)2 together with AgNO3 in
1:1 EtOH/H2O was used to quantify Ag colloids concentrations. The
washed solution was  determined to be 61.8 mM in concentration.

3. Results and discussion

The TiO2 layer with and without silver colloids are investigated
by measuring the optical absorbance spectra as shown in Fig. 2. A
distinct plasmon peak is observed in the optical absorbance of the
silver colloids dissolved in ethanol in good agreement with liter-
ature. The narrow width of the plasmon resonance peak indicates
small size dispersion. The optical absorbance spectrum of the TiO2
layer provides the band gap energy at 3.1 eV (360 nm). After depo-
sition of the silver colloids the silver plasmon peak has been red

shifted by about 50 nm from 410 to 460 nm due to a different dielec-
tric environment since the ethanol has been evaporated and the
silver colloids are likely transported by capillary forces inside the
porous TiO2 film. XPS measurements (which is surface sensitive)
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how a Ag:Ti ratio of about 0.08 on the surface for the medium con-
entration, indicating a low silver content as compared to titanium.
f the surface would consist of only silver nanoparticles a close to
00% Ag content would have been measured. This confirms that
nly a fraction of the silver nanoparticles remains on the surface.
he total amount of silver nanoparticles within the entire TiO2 film
an be estimated from the silver absorbance coefficient [24] of a
nown concentration of silver nanoparticles on TiO2 and the here
easured optical absorbance at the silver plasmon frequency. For

he low, medium and high silver nanoparticle concentration, an
quivalent of 0.14, 0.22 and 0.50 monolayer’s silver nanoparticles
s estimated.

In Fig. 3a SEM micrograph of the TiO2 film is shown, the cross
ection provides a good estimate of the thickness, which in this
ase is about 1.5 �m.  The contrast differences on the 10–50 nm
cale indicate a large porosity; the white specs are likely individ-
al TiO2 particles. With an optical absorbance at 365 nm in the
iO2 film of 0.41, (the absorbance coefficient can be estimated to
.4 × 104 cm−1) the entire film receives enough energy to excite
alence band electrons to the conduction band.

The photocatalytic activity was monitored by measuring the
thylene concentration as a function of time as provided by the
ame ionization detector (FID) of the gas chromatograph. In order
o obtain a good time resolution, 200 �L ethylene (AGA, 99.95%
urity) was injected before the start of each measurement, resulting

n full oxidation after about 2.5 h. No catalytic activity was observed
ithout illumination while the start of the experiment was  set by

urning on the lamp. In Fig. 4 the ethylene concentration tran-
ients are shown for only the TiO2 layer and three experiments
ith increasing silver particle concentration. The TiO2 layer with-

ut silver nanoparticles needs about 140 min  to completely oxidize
thylene while the TiO2 layers with silver nanoparticles need
bout 200 min. Remarkably, the concentration of silver nanopar-
icles does not affect the oxidation time indicating that a threshold
ilver nanoparticle concentration results in a similar reduced oxida-
ion time. After prolonged illumination the sample became slightly
rayish, indicating some oxidation of the silver nanoparticles, this
eems not to influence the quenching effect. The concentration
ersus time curve of the TiO2 layer without silver nanoparticles is
urved and could be well fitted with an exponential decay function,
uggesting that the ethylene concentration is the rate determining
actor. Instead, the concentration transients of the TiO2 with sil-
er nanoparticles are linear, which is a sign that the oxidation rate
s independent of the ethylene concentration; a constant amount
f ethylene is oxidized per time interval. The latter is possible if
ewer oxidation sites are available due to the presence of silver
anoparticles.

Since the silver nanoparticle concentration is low, it is unlikely
hat the silver nanoparticles significantly block ethylene diffusion
ithin the TiO2 layer. Considering the low concentration, screening

f TiO2 is negligable. The silver nanoparticles can act as ethelyne
xidation catalyst, which in this case does not have a strong effect
ue to the low temperature [25,26].  A control measurement with
nly the solvent (ethanol) deposited on the TiO2 layer had a compa-
able oxidation time as the TiO2 layer without silver nanoparticles.
o investigate whether traces of PVP used in the production of the
ilver nanoparticles could be present on the TiO2 layer, affecting the
verall ethylene oxidation time, the surface composition before and
fter deposition of the silver nanoparticles was analysed using XPS
s shown in Fig. 5. PVP contains a nitrogen atom and a carbonyl
roup for each unit. After deposition, XPS gives a nitrogen content
elow 0.3%, corresponding to less than a fifth of the silver concen-

ration. A small amount of nitrogen was also present before the
eposition, so it is not obvious whether there is a small extra con-
ribution from remnants of PVP. The absence of carbonyl present
n pristine PVP is clearly demonstrated by the fine structure of the
Fig. 3. SEM micrograph of a: (a) TiO2 layer with silver nanoparticles (not distin-
guishable), (b) TiO2 layer without silver nanoparticles and (c) close up of TiO2 layer
illustrating high porousity.

C 1s spectrum. In PVP, the carbonyl group component is shifted
2.8 eV relative to sp2-hybridized carbon [27] unaffected by silver

nanoparticle capping [28,29]. sp2-hybridized carbon is a main con-
stituent in PVP, but occurs also as a common contaminant species.
It is attributed to the dominant C 1s feature observed at 284.6 eV
(referenced to Ti 2p3/2 at 458.6 eV). The absence of PVP carbonyl
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njected before the start of each measurement. (For interpretation of the references
o  color in this figure legend, the reader is referred to the web  version of the article.)

roups is evident from the clear separation between the two other
 1s components, which are observed at 1.5 and 4.2 eV higher bind-

ng energy, respectively. Furthermore, the binding energies of the
 1s components observed before and after deposition are similar,
uggesting that the type of carbon contamination did not change.
his demonstrates that a PVP contamination cannot be the cause
f the reduced ethylene oxidation time.

The formation of a Schottky barrier at the silver–TiO2 nanopar-
icle interface could cause a charge carrier separation leading to
harging of the TiO2 and Ag nanoparticles. Considering the very low
mount of silver nanoparticles this mechanism unlikely reduces the
atalytic performance of TiO2 by the inclusion of silver nanoparti-
les.

An explanation of the reduced oxidation capability of TiO2
ith silver nanoparticles therefore lays likely in the plasmonic
nteraction of the silver nanoparticles with the photo-excited
lectron–hole pairs. The photoluminescence quenching by gold
anoparticles on luminescent dyes demonstrates that the energy of

ig. 5. XPS spectrum of C 1s, deconvoluted into three components A, B and C. The
ominant feature A appears at 284.6 eV in good agreement with the expectations for
ydrocarbons. The thin bars indicate the chemical shifts expected for PVP [27]. The
bsence of the PVP carbonyl groups is evident from the clear separation between
he two  other C 1s components B and C, which are observed at 1.5 and 4.2 eV higher
inding energy, respectively.
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excitons can be transferred to a metal nanoparticle and transformed
into heat [12]. This mechanism is probably the cause of the reduced
oxidation in the TiO2 layer with silver nanoparticles. The plasmon
resonance wavelength of the silver particles within the TiO2 film
occurs at about 450 nm which is 2.7 eV. Excitons in TiO2 with that
energy or higher will be scavenged by the silver nanoparticles and
transformed in to heat. Excitons with lower energy remain avail-
able in TiO2 for ethylene oxidation. If the plasmon resonance energy
would be higher than the TiO2 band gap, quenching will not be pos-
sible as transfer of energy will not be allowed. The exciton lifetime
in TiO2 is of the order of a few nanoseconds [30], which provides
enough time to travel towards the vicinity of silver nanoparticles.

Some excitons in TiO2 can be bound, self-trapped on TiO6
octahedra [31], they probably do not contribute to the photocat-
alytic process. In many studies metal nanoparticles of platinum
or gold are added to photocatalysts such as TiO2 which enhance
the overall activity [32,18].  However, these nanoparticles are
often too small to have a significant plasmon resonance; hence
they most likely work as co-catalysts. Whether the presence of
metal nanoparticles results in enhancement or quenching strongly
depends on the distance between the metal and semiconductor
[9]. For example, the oxidation of methylene was significantly
enhanced by the presence of silver nanoparticles which were posi-
tioned at a distance of approximately 20 nm by a SiO2 layer [15]. In
contrast, this work shows that when the silver particles are in close
contact with the semiconductor, quenching dominates.

4. Conclusions

The presence of silver nanoparticles in TiO2 porous layers, have
an adverse effect on the photocatalytic oxidation of ethylene. Exci-
tons with an energy which is comparable to the silver nanoparticle
plasmon energy are scavenged by dipole–dipole interaction and
transformed into heat. This work demonstrates that the combina-
tion of semiconductors and metal nanoparticles for photocatalysis
can inhibit the performance. Different geometries or off-resonance
between the semiconductor band gap and metal nanoparticle plas-
mon  energy are needed to further study the plasmonic effect on
photocatalysts.
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