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Plasmonic noble metal nanoparticles (NPs) (silver and gold) are able to sensitise photocatalysts in visible
light by modifying the TiO, surface with 0.5 wt% loading. These plasmonic catalysts were supported by
optically transparent zirconium dioxide and layer silicate. The hybrid catalyst films (with ~10 pwm thick-
ness) were prepared by sputtering the aquatic suspension of the catalyst/support suspension on glass
slides and irradiated the films by visible light (A > 435 nm). The photocatalytic efficiency was studied on
decomposition of ethanol vapour, and the residual concentration of ethanol was monitored. The interme-

ﬁ}; ‘:1,iourrt11n5:clioxi de diates during illumination were analysed by GC-MS. Modifications with silver and gold lead to a change
Silver in the optical properties due to the plasmonic light absorption on TiO;. The supporting binding materials

Gold are almost transparent in UV-vis wavelength range, thus Ag- and Au-modified TiO, can be excited by the
incoming light without much loss of the photon energy. Furthermore, the layered silicate promoted the
photocatalytic process by its high adsorption capacity. Due to these two phenomena, a synergistic effect
was found on the photocatalytic activity of the nanocomposite hybrid films.
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1. Introduction

TiO, has received great attention for decades since it can be
applied in many industrial processes due to its advantageous
chemical and physical properties. It is also successfully used as a
photocatalyst for different photooxidative applications in gas or
aqueous phase. Despite its chemical inertness, non-toxic nature
and low price it has a big disadvantage as it has a relatively large
band gap energy (anatase, Eg=3.2eV; rutile, 3.0eV), therefore it
can only be excited by c.a. 5% of the total energy from the solar
spectrum. High electron-hole recombination rate is also a disad-
vantage. It has been established that charge carrier recombination
occurs within nanoseconds [1]. Some efforts have been made to
decrease the recombination rate of electron-hole pairs by con-
tacting other semiconductors with the catalyst. Do et al. observed
enhanced photocatalytic effect in case of WO3/TiO, system, which
could be related to an increase in electron transfer from the TiO, to
the outer system [2].
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Visible light induced catalysts, which are also known as second
generation catalysts, are sensitised to the visible region of the spec-
trum. It is possible to extend the absorption spectrum of TiO, by,
for example, modifying the catalyst with different non-metallic and
metallic elements. These modified catalysts can be excited by the
near-UV region of the spectrum due to the absorption of metal NPs
at lower energy wavelengths.

Among non-metals carbon [3], nitrogen [4], phosphorous [5-7],
and fluorine [8] are used most commonly to modify photocata-
lysts. A wide range of metals has been successfully applied for
doping TiO, catalyst such as iron [9,10], chromium [11], nickel
[12] and noble metals [13-17]. It has been pointed out in several
publications that incorporation of metal NPs enhanced photocat-
alytic activity [18-21]. This can be explained by two reasons. First
is the shift in absorption maximum that results in reduced band
gap energy. Second, the doping metal particles behave as electron
traps thus they can decrease the recombination rate [22,23]. S&
et al. [24] proved that the addition of metal clusters creates a sink
for photogenerated electrons, thus decreasing the rate of charge
recombination. The phenomenon, called “plasmonic photocatal-
ysis” has a wide range of interest nowadays [25]. Photocatalytic
activity is greatly influenced by the amount and by the size of metal
nanoparticles (NPs) used as dopants [26,27]. Accordingly, synthe-
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sis parameters of metal NPs are crucial. Another way of increasing
photocatalytic degradation is to support the catalyst over solids
possessing high specific surface area, such as zeolites [28], activated
carbon [29] or layered silicates [30,31].

In our previous work, we synthesised Ag-modified TiO, catalysts
in different mass ratios of silver and characterised them by TEM,
XRD, XPS and DR-UV-vis spectroscopy [32]. In the present work, we
introduce Au-modified TiO, photocatalyst prepared and examined
by the same methods as were the Ag-modified samples. We used
unmodified TiO, P25 (Degussa) as reference catalyst and supported
TiO,, Ag- and Au-modified TiO, catalysts by zirconium oxide and
layered silicate (sodium hectorite) mixture in the ratio of 9:1. These
materials are almost completely transparent in near-UV and in visi-
ble light, thus catalysts can be excited by the incoming light without
much loss of the photon energy. Zirconium oxide has also been
used as a photocatalyst due to its nature as an n-type semiconduc-
tor [33,34]. Sodium hectorite has a very high specific surface area
(ca.300 m2 g~1) for adsorption of pollutants, which is advantageous
in heterogeneous photocatalytic system. Photocatalytic activity of
pure catalyst films and hybrid composite films were studied by
measuring the degradation of ethanol vapour under visible light
rich light source (A >435nm).

2. Material and methods
2.1. Sample preparation

TiO, (Degussa P25) with a specific BET surface area of 50 m2 g~
was used as a standard photocatalyst without any treatment.
Ag- and Au-nanoparticles were placed on the surface of TiO,
by photodeposition. 1g of TiO, was dispersed either in 500 mL
of 9.38 x10>molL-! AgNO3 (Molar, Hungary) or 500mL of
5.1 x 10~> mol L-! HAuCly-3H,0 (Sigma-Aldrich) solution for Ag-
TiO; and Au-TiO,, respectively. Next 200 mL of 2-propanol (Molar,
Hungary) was added as a sacrificial donor to promote the pho-
toreduction of Ag* and Au3* ions under UV light illumination by a
300 W Xe-lamp (Hamamtsu L8251, Japan) under 1 h while continu-
ous stirring. Hybrid films were prepared by suspending the powder
mixture of the catalysts and the supporting materials, which were
zirconium oxide (Riedel-de Haén, purum) and sodium hectorite
(Fa-Laponite, Solvay). Hybrid films containing 20%; 40%; 60%; 80%;
100% of photocatalyst with a constant mass ratio of the support-
ing materials (ZrO,:hectorite=9:1) were then prepared by spray
coating technique. The thickness of the layers was measured by
Elcometer 224 type digital profile gauge and found to be 10 £+ 2 pum.

200 mL of silver sol was prepared with the concentration of
4.63 x 103 molL-! by the followings: 0.2g of PVP (polyvinyl-
pyrrolidone) K30 polymer was solved in 152mL of water
(0.13wt%/V). 0.1575¢g of AgNO3 was solved in 8 mL of water
(c=1.16 mol L-1) and then it was poured into the polymer solution.
Finally, we added 40 mL of NaBH,4 solution with the concentration
of 2.31 x 10~2 mol L~'to the system, under intensive stirring, drop
by drop.

2.2. Sample characterisation

For optical characterisation NanoCalc 2000 Micropack spec-
trometer equipped with an integrated sphere and HPX 2000
Mikropack high power xenon lamp were used to record the dif-
fuse reflectance spectra (DRS) of the modified and pure TiO, films.
Ocean Optics USB2000 diode array spectrophotometer was used to
detect absorbance.

X-ray diffraction experiments were made on a Bruker DC 8
Advances diffractometer, using Cu Ka-radiation (A =0.1542 nm).

The specific surface area of the catalysts and the supporting
materials were determined by the BET method from N, adsorption
isotherms at 77.0+ 0.5 K (Micrometrics Gemini 2375 Surface Area
Analyser). Before the adsorption run the samples were evacuated
(1.33 mPa) at 100°C overnight.

Photooxidation of ethanol vapour on catalyst films was
performed in a circulation reactor (volume c.a. 165mlL) at
25.0£0.1°C. The light source of the reactor was a 15W low pres-
sure mercury lamp (Light-Tech, Hungary) with an intensity of
1.26 x 10-S einstein/s. It has characteristic emission wavelengths
mostly above 435 nm. It also has emission lines at 353 and 393 nm,
but only with a very low intensity. The photoreactor was covered
with a quartz plate, so all the emission lines of the light source were
used for the experiments. However we also examined the photocat-
alytic activity when wavelengths of higher energies in the near-UV
were filtered using a glass plate. The light source was fixed at
50 mm distance from the films. After injection of ethanol and water
vapour, the system was left to stand 30 min for the establishment
of adsorption equilibrium on the surface of films. The composition
of vapour phase was analysed by gas chromatograph (Shimadzu
GC-14B) equipped with a thermal conductivity (TCD) and a flame
ionisation detector (FID). The flow rate of the gas mixture in
the photoreactor system was 375 mLmin~!. The initial concen-
tration of ethanol was 0.364+0.018 mmol L~ at relative humidity
of ~70%.

GC-MS experiments were carried out for analysing the side
products on pure TiO, and on Au-TiO, films under visible light.
The gas chromatograph was Shimadzu GC 2010 equipment con-
nected to Shimadzu 2010 QP 2010 S type mass spectrometer. For
separating the generated compounds HP-PLOT-Q capillary column
and He carrier gas were used.
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Fig. 1. Transmittance spectra of TiO, (a) and supports in a composition of
ZrO;:hectorite=9:1 (b).
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Fig. 2. Absorbance spectra of TiO; (a), Au-TiO, (b) and Ag-TiO, catalysts (c).

3. Results and discussion
3.1. Surface and optical properties of catalysts and hybrid films

The specific surface areas of the catalysts and supports were
detected by N, sorption measurements and offered to be 50 m?2 g1
for Degussa P25, 49.3m2 g~! for Ag-TiO, and 47.8m2g~! for Au-
TiO,. Due to the Ag- and Au-modification the specific surface area
of P25 TiO, decreased 0.7% and 2.2%, respectively. ZrO, has a rel-
atively small specific surface area of 5.6 m? g~!; however sodium
hectorite has a very high specific surface area of 305.0m2g~! due
to its lamellar structure.

Optical properties of the supports, pure and modified cata-
lysts are determined by the diffuse reflectance spectra, which are
demonstrated in Figs. 1 and 2 The calculated transmission of the
supports are 80-90% in the UV-vis range of the spectrum, thus pho-
tons of these ranges can be utilised to excite TiO,. The prepared
layer in the composition of ZrO,:hectorite=9:1 transmits 80% of
the incoming light (Fig. 1). Due to the modification of TiO, with Ag
and Au NPs, the colour of samples changed from white to brownish
or purple. This change resulted a broadened peak in case of the Ag-
modified sample, which appeared in the visible range from about
400 to 650 nm with a maximum at 455 nm. The Au-modified sam-
ple also possessed a peak from 490 to 750 nm with a maximum
of 560 nm (Fig. 2). This phenomenon is affected by the plasmonic
properties of Ag and Au NPs at localised surface plasmon resonance
wavelengths. It is well-known that the position and absorbance
maximum of the surface plasmon band of noble metal NPs depends
on the shape, size, composition and aggregation state of the parti-
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Fig.3. Absorbance spectra of primary Ag NPs in stable aqueous dispersion (a), aggre-
gated Ag NPs in aqueous dispersion (b) and Ag NPs on nanofilm, prepared by spray
coating, on glass surface (c).

cles’ assemblies [35-38]. Besides the characteristic surface plasmon
band of NPs, a new band, which appears at higher wavelength,
always corresponds to the formation of larger and/or ellipsoidal
and/or aggregated particles [39] in the system, but this observation
also may indicate reduced interparticle distance [40]. To explain
the surface structure of adhered noble metal NPs, we have investi-
gated their plasmonic properties in aqueous dispersion and in thin
film on solid glass surface, prepared by spray coating. In the case of
primary Ag NPs in aqueous dispersion the representative plasmon
band appears between ~380 and 420 nm in the UV-vis spectrum
depending on the size of particles. Fig. 3 shows a typical absorbance
band of PVP-stabilized Ag nanodispersion at Amax =390 nm (Fig. 3
curve a). When the dispersion aggregates, a shoulder appears at
about 550-560nm. A representative absorption spectrum of an
aggregated silver sol can be seen in Fig. 3 curve b. Also aggregation
occurs, when preparing a nanofilm from a sol containing primary
Ag NPs. Due to the film preparation of PVP-stabilized Ag NPs on
glass support, the plasmon band of primary spherical NPs (Fig. 3
curve c) shifted from Amax =390 nm to Amax =415 nm. Moreover, a
new absorbance shoulder appeared near A =550 nm. It corresponds
to the formation of Ag NP aggregates, similarly to the aggregated
Ag dispersion (Fig. 3 curves b and c).

Based on the results of previously published articles [36,37] the
plasmon maximum at Amax =455 nm corresponds to the charac-
teristic plasmon band of Ag-modified TiO, (Fig. 2 curve c.). As it
can be seen a shoulder is also observed at around A =550 nm. As
it was previously mentioned in the case of PVP-stabilized silver
nanofilm, most probably one part of the Ag NPs migrated on the
surface of TiO, during the preparation, and this aggregation effect
can be seen in the nanofilm as well. Detailed data of XRD and XPS
measurements of silver modified sample are presented in our pre-
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Fig.4. Photooxidation of ethanol under visible light (A > 435 nm) on P25 TiO, hybrid
films containing ZrO,:hectorite =9:1 supports.

vious publication [32]. XRD measurements revealed 87% of anatase
and 13% of rutile phase of TiO,, but not any characteristic reflection
of crystalline silver, silver oxide or metal gold in the modified sam-
ples. Based on XRD results, XPS revealed silver oxide phase. Azizi
et al. and Do et al. investigated the high resolution XP spectra of
regions of Ti 2p O 1s and Au 4f of the gold modified samples. There
is a doublet in the spectrum of Au 4f;, energy level around 83.8 eV
indicating the presence of metal gold on TiO, surface [41,42].

3.2. Photocatalytic efficiency

The photocatalytic efficiency of hybrid films was measured
for ethanol oxidation at a relative humidity of ~70% and at
25.0 £0.1°C. The reference catalyst films were pure P25 TiO,, Ag-
and Au-modified TiO, catalyst without any supporting material.
We repeated the photocatalytic experiments and the results were
reproducible within £5%. There was no ethanol degradation at the
absence of catalyst hybrid film; therefore self-photolysis could be
excluded. Using a glass window on the reactor (A > 350 nm) resulted
17.4% worse conversion of ethanol on 80% Ag-TiO, hybrid catalyst
film catalyst, due to cutting off the emission wavelengths of the
lamp in the near-UV range. Curves presenting the decomposition
of ethanol on pure catalysts and on hybrid films are presented in
Figs. 4-6. Pure Ag-TiO, catalyst film was found to be the most effec-
tive with a degradation of 42.73 p.g/cm? ethanol. Pure TiO, P25 and
Au-TiO, degraded 24.33 and 32.31 pg/cm? ethanol, respectively.
Hybrid films prepared with modified catalysts performed higher
efficiencies than TiO, hybrid films (Fig. 7).

The degradations followed pseudo-first order kinetics, evalu-
ated from In(cy/c) vs. irradiation time representation. The apparent
reaction rate constants and the correlation coefficients of the lin-
ear pseudo-first order interpolations are shown in Table 1. In
case of Ag-TiO, catalyst, photocatalytic efficiency nearly linearly
increased with increasing amount of catalyst in the hybrid films.
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Fig. 5. Photooxidation of ethanol under visible light (A > 435 nm) on Ag-TiO, hybrid
films containing ZrO, :hectorite =9:1 supports.
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Fig. 6. Photooxidation of ethanol under visible light (A > 435 nm) on Au-TiO, hybrid
films containing ZrO, :hectorite =9:1 supports.
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Fig. 7. Photooxidation of ethanol on TiO,, Ag-TiO, and Au-TiO, hybrid films.

As for Au-TiO, hybrid films, the photocatalytic efficiency stopped
to improve significantly above 60% of catalyst content. In contrary,
TiO, reached maximal photocatalytic degradation rate already at
60% of catalyst content, as shown in Figs. 7 and 8.

Since adsorption of the supports takes important part in the
photocatalysis, we followed the adsorbed amounts of ethanol on
the films (see Fig. 8). The most significant ethanol adsorption was
found on films containing 60% and 80% of supports. The adsorption
of ethanol vapour on thin nanohybrid films was calculated by the
following formula (Eq. (1)):

(€o — Co')Vreactor 1)

5
Aﬁlm

ns =

where ¢y is the initial concentration of ethanol; ¢y is the concen-
tration of ethanol after 30 min of circulation in the system in dark,
to reach the adsorption equilibrium; Vieactor is the total volume
of the adsorption space and A}, _ is the reactive surface area of the
nanocomposite film. On the hybrid films with high support content
(at 20-40 wt¥% of catalyst content) there is a maximum adsorption
of ethanol, which aids the photocatalytic processes. The amount of
decomposed ethanol on hybrid film was compared to the amount of
decomposed ethanol on pure TiO, without any supporting materi-
als. Since, composite films contained 20; 40; 60; 80 wt¥% of catalysts,
the reference value was corrected in accordance with the catalyst
content (wq) in the different hybrid films. In this way, a synergistic
effect could be calculated by Eq. (2).

Table 1
Kinetic constants and the correlation coefficients of the linear pseudo-first order
interpolations.

% Catalyst in hybrid film k (1/min) R?

0% catalyst 0.0028 0.9912
20% TiO, 0.0091 0.9910
40% TiO, 0.0129 0.9696
60% TiO; 0.0113 0.9958
80% TiO, 0.0122 0.9979
100% TiO; 0.0107 0.9999
20% Ag-TiO, 0.0085 0.9996
40% Ag-TiO, 0.0104 0.9959
60% Ag-TiO; 0.0133 0.9981
80% Ag-TiO, 0.0149 0.9976
100% Ag-TiO; 0.0266 0.9850
20% Au-TiO; 0.0092 0.9998
40% Au-TiO; 0.0121 0.9980
60% Au-TiO, 0.0144 0.9992
80% Au-TiO, 0.0156 0.9992
100% Au-TiO, 0.0175 0.9984

AC(EtOH)hybrid film (measured) — AC(Et()H) support (measured) « 100

(2)

Synergistic effect =

W1 AC(EronyTio,

The synergistic effect is a result of the advantageous properties
of supports and, in case of Ag- and Au-TiO, films, there is an
additional favourable effect of the plasmonic catalysts on the pho-
tocatalytic rate. The Ac(giom) hybrid film (measured) 1S the decrease in
ethanol concentration produced by the hybrid film in 60 min, the
AC(Et0H) support (measured) 1S the decrease in ethanol concentration
produced by the supports without any catalyst in 60 min. The
w1 Acronyrio, 1S a theoretical value, which denotes the degrada-
tion of ethanol on pure TiO, P25 film after 60 min, based on the mass
ratio of the catalyst content in the hybrid film. There is a specific
enhancement on 20-80% of TiO, hybrid films due to the supports,
as shown in Fig. 9. An additional favourable effect can be found on
Ag- and Au-TiO, hybrid films, which is the joint effect of supports
and plasmonic catalysts (see Fig. 9).

We also carried out GC-MS experiments on pure P25 TiO, and on
Au-TiO, photocatalyst films to monitor the degradation of ethanol
and the generated intermediates. Qualitative results of GC-MS
can be found in Table 2. Some products appear as intermediates,
and then decompose into other products. The first intermedi-
ate appeared was acetaldehyde. The maximal concentration of
acetaldehyde was measured in the 60th minute of irradiation. This
concentration of acetaldehyde was equal to 27.0% of the initial
molar amount of ethanol. No carbon dioxide was detected after
1h of irradiation. On gold modified TiO,, however, maximal con-
centration of acetaldehyde was detected after 55 min of irradiation
and this amount was equal to 31.0% of the initial molar amount
of ethanol. Carbon dioxide appeared after 10 min of illumination
on Au-TiO,, but only 2.6% of ethanol was mineralised into carbon

Table 2
Results of GC-MS qualitative analysis of ethanol photodegradation for different
intermediates.

Species Chemical composition Retention time (min)
Carbon monoxide Cco 1.923
Methane CHy 2.013
Carbon dioxide CO, 2.384
Ethane CyHg 3.093
Acetaldehyde CH3CHO 5.990
Ethanol C,Hs0H 7.212
Acetone CH3COCH3 8.018
Ethyl acetate C4Hg0, 10.920
Methyl formate HCOOCH3 6.574
Ethyl formate C3HgO, 8.384
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Fig. 8. The adsorbed and photodegraded amount of ethanol on TiO,, Ag-TiO, and
Au-TiO; hybrid films.

dioxide after 60 min. Ethyl formate and ethyl acetate also appeared
in small amounts (~2.5%) on both catalysts. The main differences
between TiO, and Au-TiO, were that carbon dioxide, acetone and
ethane appeared on Au-TiO, after 60 min of irradiation, but not on
untreated TiO, P25.
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Fig. 9. Measured and the calculated Amgon amount as a function of hybrid film
composition. The synergistic effect is calculated by Eq. (2).

4. Conclusions

The optical and photocatalytic properties of pure TiO,, Ag-
and Au-TiO, catalysts and of their supported films were com-
pared in this study. The supports were optically transparent
zirconium oxide and sodium hectorite layer silicate. Ag and Au
NPs significantly increased the rate of ethanol degradation. It is
presumably caused by the plasmonic absorbance of noble metal
NPs and reduced rate of electron-hole pair combination. Sup-
porting materials with 80-90% transmittance and a significant
adsorption capacity had a favourable effect on the photocat-
alytic process. The Ag- and Au-modified catalysts enhanced the
photocatalytic rate by their plasmonic properties. These findings
together result the synergistic effect of the reactive nanohybrid
films.
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