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The optical gas sensing properties of gold (Au) nanoparticles (NPs) doped into titanium dioxide
(TiO2� matrix prepared by sol–gel method and annealed at different temperatures have been inves-
tigated. AFM images reveal that the Au NPs are exuded from the film during annealing. The chem-
ical interaction of the hydrogen (H2� and carbon monoxide (CO) molecules on the Au surface will
increase the overall electron concentration on the metal side, cause a decrease in Au metal bulk
plasma wavelength, and the surface plasmon resonance (SPR) peak can be used for the realiza-
tion of a gas sensor with tunable sensitivity. The plasmonic responses are observed to be sensitive
toward the presence of target gases. The results reveal that on decorating the Au NPs at the room
temperature gas adsorption can be made possible due to the presence of Au NPs. We estimate
that this kind of Au-NPs embedded in TiO2 film can be a promising material for nanophotonic and
electrochemical sensor applications.

Keywords: Titanium Dioxide Thin Film, Surface Plasmon Resonance, Gas Sensor, Gold
Nanoparticle, Sol–Gel Method.

1. INTRODUCTION
Surface plasmon resonance (SPR) is an optical effect
caused by the interaction of the surface plasmon (SP)
with the incident electromagnetic radiation at a resonant
frequency.1�2 Metals exhibit plasmon effect because they
have a high density of free electrons. The sensitivity of
the plasmon depends on particle size, shape, the refractive
index of the medium and the dielectric constants of the
metal. The excitation of SP by light is sometimes denoted
as a localized surface plasmon resonance (LSPR) for the
nanoscale metallic systems,3 this phenomenon occurs due
to the local field around the particles which cause the mod-
ification in their dielectric function. The response of the
NPs present in the medium can be described by Maxwell-
Garnett dielectric function4 and could show catalytic prop-
erties therefore modify the chemical interactions between
the oxide surface and the target analyte, improving the
sensing process.5 Moreover, if the metal NPs show LSPR
peak in the visible range, the nanocomposites can be used
as selective optical gas sensor.6 Gold (Au) is the promising
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candidate due to its excellent surface properties and the
advantages include non-toxicity, strong scattering length,
bio-conjugation and long-term stability which are essen-
tial for a stable and sensitive sensing platform. With the
incorporation of a host-matrix thin film, the hybrid mate-
rials represent an attractive solution to many present and
future technological demands because they combine the
promising optical properties of NPs with those of the host
matrix.7–9 Recently, highly dispersed noble metal NPs with
desirable morphologies have attracted great attention due
to their unusual catalytic, electric, optical properties and
SP absorption, and their widespread potential usefulness in
diverse fields such as biomedicine, photocatalysis, energy
conversion, and storage and nanodevices.10�11

Titanium dioxide (TiO2� is a non-toxic material and the
thin films exhibit high stability in aqueous solutions and
no photocorrosion under band gap illumination and spe-
cial surface properties. TiO2 is the subject of intensive
research, especially with regard to its uses in solar cells,
chemical sensors, electronic devices and so on.12–15 Au
NPs supported on TiO2 surfaces show surprisingly high
chemical activity and have attracted considerable attention,
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both for fundamental and applications reasons.15–19 The
optical properties of nanocrystal-doped thin films are dom-
inated in the visible range by the SPR of the noble
metal NPs.
An important problem that prevents the development

of further applications of such plasmonic nanocomposite
films is the lack of a reliable, fast, and simple method of
fabrication to provide high homogeneity in the NP distri-
bution as well as good reproducibility in their properties.
Sol–gel process as a typical chemical method provides
an attractive route for the preparation of multicomponent
oxide materials assuring homogeneity in the deposition
of the film on the substrate. In this work, SPR has been
explored as optical transduction technique for monitoring
the response of TiO2 thin flms doped with Au-NPs pre-
pared by the sol–gel method as sensing layers for H2 and
CO. The nanocomposite thin films were investigated from
both optical and morphological points of view. The appli-
cation of the TiO2–Au films as optical sensing materials
has been evaluated by detecting the changes in the optical
absorption spectra upon exposure to different concentra-
tion gases. In addition, the cross selectivity is also calcu-
lated and discussed.
For synthesizing gold-containing TiO2 sol (0.1 Au/Ti

atomic ratio), a pure oxide sol and a solution of Au3+ ion
was separately prepared. The Au3+ precursor was hydro-
gen tetrachloroaurate (III) hydrate (HAuCl4 · 3H2O).

20 A
suitable ligand for the formation of metal ion complexes
was introduced in the HAuCl4 · 3H2O solution, which
was then poured into the oxide sol under stirring. For
preparing Au3+-doped TiO2 sols, tetrahydrofuran (C4H8O
(THF)) was used as a solvent, and the reactants was in
the following molar ratios: Ti(OC4H9)4:THF:H2O:acacH=
1:5:4:0.8.21 The Ti precursor was first chelated with acacH
dissolved in 1-butanol and the resulting solution was
stirred for 1 h. Then the required amount of water dis-
solved in 2-propanol was added for hydrolyzing the Ti
precursor and the sol was stirred for 1 h before adding the
metal-containing solution. The resulting sol was further
stirred for 1 h.
For the deposition of coatings, fused silica or glass sub-

strates were cleaned in 2-propanol and in concentrated

Fig. 1. AFM images of Au–TiO2 nanocomposite films after annealing at 300 and 500 �C. Sample A (300 �C), Sample B (500 �C).

hydrochloric acid, then rinsed in deionized water. Coat-
ings were deposited onto the cleaned substrates by spin
coating, with a spinning rate of 3500 rpm for 25 s. The
spinning apparatus was put in a portable glove box, in
which a nitrogen flow was kept at a constant RH value of
35% during the whole spinning operation.
After spinning, a continuous and slow cooling process

was chosen to perform the annealing treatment. The films
were dried for 10 min at 80 �C in air, then, underwent ther-
mal annealing in a tube furnace at temperatures progres-
sively increasing from 100 to 500 �C, with a temperature
gradient of 200 �C h−1. In this case the films were directly
heated to the desired temperature without any standing at
lower temperatures.
The surface morphology was observed an atomic force

microscope (CSPM4000) in contact mode. Optical absorp-
tion spectra of samples were acquired on CARY 500
Scan UV-vis-NIR Spectrophotometer. The crystallographic
properties of the composite films were analyzed by
X-ray diffraction (XRD, Philips, X-Pert MRD) using a
monochromatized Cu K� in the �0–2� thin film configu-
ration, where �0 was fixed at 0.5�.
Figures 1(a) and (b) show AFM scanning images of

TiO2 films prepared with inclusions of Au-NPs at anneal-
ing temperature of 300 �C (sample A) and 500 �C (sam-
ple B), respectively. The AFM images reveal that Au
NPs of smaller size can be obtained with lower anneal-
ing temperature. At annealing temperature of 500 �C
(Fig. 1(b)), the average size of the NP is determined
to be 33 nm. The average height is found about half
of the diameter (15.5 nm), indicative of a hemispherical
shape.
Absorption spectra of TiO2–Au films for samples heated

at 300 �C and 500 �C are reported in Figure 2. The SPR
band resulting from the gold nanoparticles in TiO2–Au
films is clearly visible in each film. This absorption band
agrees with previous observations of the LSPR spectrum of
Au NPs.22 The frequency of the plasmon band undergoes
a red-shift at increasing annealing temperature, the depen-
dence of this shift on the embedding medium indicates the
high sensitivity of surface plasmon band to cluster-matrix
interface properties. This fact is originated to the increase
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Fig. 2. Optical absorption spectra of Au–TiO2 nanocomposite films
after annealing at 300 and 500 �C.

in the diameter of Au nanoparticles and an increment of
the refractive index of TiO2 matrix with increasing the
heat-treatment temperature.23�24

Figure 3 shows the results of the average size (diameter)
of the gold particles in the nanocomposite films. The val-
ues of Au NPs (clusters) size range from about 12 nm at
100 �C to approximately 33 nm at 500 �C. In accordance
to the results, the Au particles are confined on the nano-
metrical scale, which growth led by the diffusion of the
Au atoms, promoted by the annealing treatments. The SPR
activity and the related changes on the optical properties
are directly affected by this growth. Figure 3 clearly illus-
trates a continuous increase of the Au particles size in this
temperature range. Film thicknesses for TiO2–Au films at
different annealing temperatures are measured using ellip-
sometry. The thickness of the TiO2–Au films annealed at
300 and 500 �C are 51 nm and 45 nm, respectively.
The XRD pattern of deposited TiO2–Au thin film

is shown in Figure 4 that show the micro-structural

Fig. 3. The measured SPR peak wavelength and mean particle size at
different annealing temperatures.

Fig. 4. XRD pattern of Au–TiO2 nanocomposite thin film annealed at
500 �C.

composition of TiO2–Au film annealed up to 500 �C. The
detectable peaks arise from (111) and (2 0 0) planes of
the cubic lattice of crystalline metal gold (powder diffrac-
tion file no. 04-0784, International Centre for Diffrac-
tion Data (ICDD), Newton Square, PA). When annealing
at 500 �C, TiO2 matrix assumes the anatase crystalline
structure, as evident from the (101) and (2 0 0) anatase
diffraction peaks (powder diffraction file no. 86-1157,
ICCD).
Figure 5 illustrates the absorbance spectrum of Au–TiO2

nanocomposite for different gas flow at 23 �C under a rel-
ative humidity (RH) of 30%. In both cases the introduc-
tion of gaseous environment within the sample chamber
provokes a marked decrease of the SPR band absorbance
level, as well as a noticeable increase of the resonance fre-
quency visualized as a blue shift of the SPR wavelength.
Without any targeted gas the SPR peak was at 573 nm,
while with 2% H2 exposure the peak rises at 566 nm, and

Fig. 5. Absorption spectra of Au–TiO2 films exposed to dry air, H2

and CO.
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with 100 ppm CO the SPR peak is obtained at 564 nm.
Subsequently, all sensing measurements will be conducted
at this working condition.
The data demonstrate that the nature of the interaction

of the sample with the target gas is directly affecting the
dielectric medium surrounding the Au-NPs. According to
the Mie theory, the SPR wavelength is:

�peak = 2�c

√
m�0

Ne2
���+2�m� (1)

where �� is the high-frequency dielectric constant of Au,
�m is the dielectric constant of the medium, N is the elec-
tron concentration, m the effective mass of conduction
electrons, �0 is the vacuum permittivity, e is the electron
charge, and c is the velocity of light. The chemical interac-
tion of the H2 and CO molecules on the Au surface or on
ites vicinity will increase the overall electron concentra-
tion on the metal side. The transfer of electrons from the
gases to Au nanocrystals cause a change in the SPR reso-
nant wavelength. In the sol–gel method, the nanoparticles
are formed into the matrix films, not formed on the films.
Therefore, in this study, the particles exist half buried, and
their shape are hemispherical and the absorption spectrum
depend on the shape of NPs which is different from the
calculated result using Eq. (1).
In this work the gas sensor signal is defined as the

percent change in SPR peak shift in absence and pres-
ence of the target gas ��gas−�nogas�/�nogas×100. Here �gas

and �nogas indicate wavelengths where the SPR peak was
observed for the Au–TiO2 films in absence and presence
of the target gas respectively. Sensing response toward
the variation of gases based on the change of the LSPR
spectra, i.e., the shift of resonance peak positions. Vari-
ations of gas sensor signal with concentration of H2 and
CO are shown in Figure 6. The plots provide further
evidence of the higher sensitivity of the films toward
detection of CO. The intensity of the optical response
is proportional to the order of magnitude of the target

Fig. 6. Variation of gas sensor signal with H2 (a) and CO (b) gas concentration for Au–TiO2 films at 23 �C.

gas concentration. Since the relationship is linear, cali-
bration curves are extremely easy to set, as shown in
Figure 6.
Under the normal conditions, a gas sensor detects the

presence of a particular gas. However, it is very important
to evaluate the ability of a sensor to respond to a specific
gas exposure while another gas is present at a low concen-
tration. In this study we introduce H2 while exposing the
sensing gold film at the exposure of CO to determine the
cross selectivity. The following expression was used to do
the calculations:

Cross selectivity= ��H2
−�CO�
�H2

×100 (2)

Where �H2
and �CO represent the SPR peaks observed

for the Au–TiO2 films in presence of 10% H2 and CO with
various concentrations. The Au–TiO2 films based sensors
were tested for their cross selectivity for CO in presence
of H2 gas. For this purpose the absorption spectra with
SPR peak at 550 nm was recorded in presence of 10% H2.
Later, in the same H2 environment, CO was introduced in
various concentrations. The change in absorption spectra
with SPR peak shift is recorded, and the result is given in
Figure 7.
On decorating the Au-NPs at the room temperature gas

adsorption can be made possible due to the presence of
Au on the surface. Ionsorption of oxygen ions can occur
on Au-NP surface at room temperature due to the highly
conductive nature and availability of free electron in Au.
The conductive NP thereafter spills the gas over semicon-
ductor surface via spillover effect.25�26 The spillover effect
via catalytic activation due to gold nanoparticle and chem-
ical sensitization is observed to be responsible for room
temperature H2 and CO sensing.
In conclusion, Au-NPs embedded TiO2 film was

synthesized by sol–gel method. The films have been
characterized using AFM, XRD and optical absorption
spectra. The occurrence LSPR depends on morphology
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Fig. 7. Cross selectivity of Au–TiO2 film for CO in presence of
10% H2.

and the nature of the sensing materials and it is considered
as a predominant phenomenon in our Au–TiO2 composite
films. The investigation shows that the LSPR is sensitive
toward the presence of target gases. The sensing parame-
ter is based on changing the resonant peak wavelength and
its intensity showed a linear relationship with the gas con-
centration. Metal nanoparticles act as catalyst in chemical
sensitization and can improve the sensing characteristics.
This study shows the applicability of Au-NPs as catalyst
for gas sensor applications.
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