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a b s t r a c t

Thin films composed of a matrix of titanium and nickel oxides, doped with gold nanoparticles have been

prepared with the sol–gel method and annealed at different time/temperature combinations. Structural

characterizations demonstrate the crystallization of nickel titanate and of TiO2-rutile due to nickel capa-

bility to promote rutile crystallization over anatase. Optical characterizations show a tunable refractive

index of the samples according to the Ti/Ni ratio, and a high amount of residual porosity even after high

temperature annealing. Sensor functionality measurements were performed with H2, CO and H2S: high

sensitivity for hydrogen sulfide detection has been proved, and the cross sensitivity to the other two

gases can be tuned by controlling the nickel amount. For high Ni concentrations, the matrix is composed

of NiTiO3 and TiO2-rutile, and no cross sensitivity is experienced. For lower Ni amounts, TiO2-anatase

starts to crystallize and the films become sensitive to H2 and CO.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Noble metal nanoparticles embedded within metal oxide

matrixes have become of great interest in material science research,

due to their unique optical, electrical and catalytic properties. Such

materials have applications in different fields like sensing, catal-

ysis, light harvesting. In the gas sensor field, optical sensors have

become a very important research topic in the last decade, due to

the possibility to tune the response of the device by variation of the

analysis wavelength, enabling to overcome the intrinsic problems

of poor selectivity of classical electrical sensors. This is particularly

the case when the active material is doped with metal nanopar-

ticles (NPs) which exhibit a localized surface plasmon resonance

(LSPR) in the spectral range of interest, usually in the visible and

near infrared regions [1].

Moreover, optical sensors allow to widen the range of opera-

tive parameters compared to electrical sensors: in fact variation

in intensity, frequency, polarization and phase of the transmit-

ted/reflected light can be analyzed, and this can in principle

improve the device performances by lowering the cross sensitivity

between different gases.

Thin films of transition metal oxides (for example, SnO2, WO3,

TiO2 just to name a few) have been investigated in the past years

due to their optical and electrical properties that showed them as

∗ Corresponding author. Tel.: +39 049 8275634; fax: +39 049 827505.

E-mail address: enrico.dellagaspera@unipd.it (E. Della Gaspera).

good candidates for applications like sensing [2–4], catalysis [5,6],

electrochromism and optoelectronics [7]. As fundamental require-

ments for thin films to be used as gas sensors, they should present

high surface area, because the sensing mechanism is a surface pro-

cess, and a tailored porosity in order to maximize the active surface

of the material and create an easy path for the gas to enter and

the reaction products to exit the film [8]. Moreover the control

of microstructure, crystalline phases and grains size of the active

material is of paramount importance in order to improve the per-

formances of the sensor. In this view, we present a systematic study

on sol–gel thin films composed of TiO2 and NiTiO3 containing a

dispersion of Au NPs and gas sensing tests for a high performance

hydrogen sulfide sensor are then presented as a potential appli-

cation, since in a previous study by our group [9], good sensing

performances of similar nanocomposite thin films were shown. The

main focus of this work is to discuss the influence of chemical com-

position and of time and temperature of the thermal treatments on

the microstructure of the nanocomposites, and to relate the hydro-

gen sulfide sensing properties, in particular the cross sensitivity

with CO and H2, to the different crystalline phases present in the

films.

2. Experimental procedure

The nanocomposite films were obtained by the sol–gel method:

a detailed description of the synthetic route adopted and associ-

ated hazards has been reported elsewhere [9]. Briefly, a solution

of nickel chloride hexahydrate dissolved in ethanol was mixed to

0921-5107/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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Table 1

List of sample series prepared and their nominal composition.

Sample Ti/(Ti + Ni)

molar

Ni/(Ti + Ni)

molar

5T5N 0.5 0.5

6T4N 0.6 0.4

7T3N 0.7 0.3

8T2N 0.8 0.2

9T1N 0.9 0.1

1T0N 1 0

a previously prepared solution of titanium butoxide, acetylacetone

and water in ethanol and stirred for 20 min. Before deposition, a

tetrachloroauric acid ethanolic solution was added to the Ti–Ni

solution in order to achieve a 5% molar Au content. All deposition

were made by spin coating on either Si and SiO2 substrates in the

range 2000–4000 rpm for 30 s under nitrogen atmosphere to pre-

vent the rapid reaction of the film precursors with atmospheric

moisture. Three different thermal treatments were studied: a pro-

gressive annealing from 500 ◦C to 800 ◦C with 4 steps (increasing

by 100 ◦C each step) and with 30 min isothermal at every step, and

two isothermal annealing at 500 ◦C and at 600 ◦C up to 10 h.

Six series of samples were prepared, with increasing Ni amount

in the starting solution from 0% (pure TiO2) to 50% molar with

respect to the Ti + Ni total amount (stoichiometric TiO2:NiO = 1:1

sample); Au content was kept constant in every sample at 5% molar,

again with respect to Ti + Ni moles. Table 1 shows name and nomi-

nal compositions of the different series of samples.

The films were characterized by X-ray diffraction (XRD) by using

a Philips diffractometer equipped with glancing-incidence X-ray

optics. The analysis was performed at 0.5◦ incidence, using CuK�

Ni filtered radiation at 30 kV and 40 mA. The average crystallite

size was calculated from the Scherrer equation after fitting the

experimental profiles.

The surface structure of the nanocomposite films has been

investigated by scanning electron microscopy (SEM).

Transmittance at normal incidence and ellipsometry quanti-

ties � and � have been measured using a J.A. Woollam V-VASE

Spectroscopic Ellipsometer in vertical configuration, at three dif-

ferent angles of incidence (65◦, 70◦, 75◦) in the wavelength range

400–1500 nm. Refractive index n, absorption coefficient k, and film

thickness have been evaluated from � , � and transmittance data

using the WVASE32 ellipsometry data analysis software, fitting

the experimental data with the Cauchy dispersion, Gaussian and

Tauc–Lorentz oscillators for the non absorbing region, Au SPR peak

and UV absorption edge, respectively.

Optical sensor functionality was studied by making opti-

cal absorbance measurements over the wavelength range

350 nm < � < 800 nm using a custom-built gas flow cell coupled with

a Varian Cary1E spectrophotometer. Details are reported elsewhere

[10].

Films were exposed to: H2 (1%, v/v), CO (1%, v/v) and H2S

(10 ppm, 100 ppm), all balanced in dry air, at a flow rate of about

0.4 L/min and at 350 ◦C operative temperature (OT). The substrate

size was approximately 1 cm × 2 cm and the incident beam was

normal to the film surface and covering a 6 mm × 1.5 mm section

area.

3. Results and discussion

A systematic XRD study was carried out in order to better

understand the crystallization processes and structural changes

occurring inside the nanocomposite films with different annealing

temperatures and times. First, samples were annealed isothermally

at 500 ◦C and 600 ◦C up to 10 h. Table 2 reports the results for the

six samples and the 3 crystalline oxides detected: TiO2 in the rutile

phase (JCPDS No. 87-0920), TiO2 in the anatase phase (JCPDS No.

84-1286) and NiTiO3 (JCPDS No. 76-0335). There was no NiO phase

present, as expected, due to the Ni precursor amount never being

predominant in the solutions, and in the sample with the high-

est Ni amount (5T5N) it is stoichiometric with Ti, thus leading to

nickel titanate formation, as recently shown for NiTiO3 powders

obtained from a similar sol–gel method [11], even if in our case the

crystallization is found to occur at slightly higher time/temperature

combinations. Au diffraction peaks (JCPDS No. 04-0784) are evident

in all samples for all thermal treatments, so they were not taken into

consideration for these overall analyses. As reported in our previous

publication [9], the presence of Au NPs promotes the overall crystal-

lization of the matrix: thus diffraction peaks can be detected even at

500 ◦C if the annealing time is long enough, while all Au-free sam-

ples were almost amorphous even after 10 h of annealing, with the

exception of low Ni content samples (0% and 10%), which show TiO2

anatase peaks. At 600 ◦C after 30 min treatments, the crystalline

phases are easily detectable in all Au-containing samples, while

without the noble metal, annealing times of 1–2 h are needed to

produce any evidence of crystalline oxides. Also, when the anneal-

ing time is increased, diffraction peaks become more intense and

sharper, as a consequence of the expected crystal growth and of the

increase of the crystalline fraction.

It is noteworthy to underline that the thermal reduction of Au

ions inside sol–gel oxide matrix occurs at lower temperatures com-

pared to the one used in our experiments, and the nucleation and

growth processes are quite fast [12]. As a consequence, as soon as

the samples are placed in the furnace at the desired annealing tem-

perature, organic compounds start to pyrolise and Au nanocrystals

precipitate: their presence is found to be a crystallization promoter

for the transition metal oxides in the matrix. The noble metal NPs

effect in promoting crystallization and growth of oxides nanopar-

ticles has also been observed in the past, for example, for SnO2

powders [13] and TiO2 powders [14].

In addition to the isothermal annealing, also progressive treat-

ments from 500 ◦C to 800 ◦C have been analyzed, as described in

Section 2. Fig. 1 summarizes all the results evaluated from the

diffraction patterns of the 6 samples. On the horizontal axis anneal-

ing temperature is reported, while the vertical axis presents the

relative intensity of the main XRD peak of the crystalline phases

detected, calculated as the ratio between the peak of interest and

the most intense peak for every dataset. As reported before, being

nickel content is always below 50% molar, no NiO has been found, so

the diffraction peaks taken into consideration are the (1 0 1) reflec-

tion at 25.3◦, the (1 1 0) reflection at 27.4◦ and the (1 0 4) reflection

at 33.1◦ for TiO2-anatase, TiO2-rutile and NiTiO3, respectively. The

stoichiometric 5T5N sample shows only nickel titanate peaks, with

intensity increasing with annealing temperature, even if a very

small amount of TiO2-rutile is formed at high temperature, pos-

sibly due to an unwanted excess of Ti precursor used to prepare

the starting solution. Increasing Ti content up to 90% results in

a progressive intensification of rutile peaks, while titanate peaks

become less intense; nevertheless, for both these two phases, for

higher annealing temperature the intensity of the peaks increases,

suggesting a higher degree of crystallization. As far as anatase is

concerned, for the pure TiO2 matrix it is the only crystalline phase

detected, even for 800 ◦C treatment; for 9T1N and 8T2N samples

(and just detectable also for 7T3N) anatase starts to form at lower

temperatures, but when the annealing temperature is increased,

the TiO2 matrix evolves into the rutile phase. At 800 ◦C anatase is

no longer detectable in any of the Ni-containing films. So the pres-

ence of nickel promotes the crystallization of titanium oxide in the

rutile phase even for a low amount of Ni, but when the titanium

content is over 70%, a transition process from anatase to rutile is

observed. As reported in the literature [15], rutile is stable when

the crystalline size is larger than 35 nm, while for a lower crystal
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Table 2

Crystalline phases detected for the 6 samples annealed isothermally at 500 ◦C and 600 ◦C from 30 min up to 10 h. Au NCs are detectable in all samples for all the annealing

parameters studied, so they were not presented in this table.

Sample Temperature (◦C) TiO2-rutile TiO2-anatase NiTiO3

5T5N 500 Absent Absent Absent

600 Absent Absent After 30 min

6T4N 500 Absent Absent After 10 h

600 After 30 min Absent After 30 min

7T3N 500 After 10 h Absent After 10 h

600 After 30 min After 1 ha After 30 min

8T2N 500 After 10 h After 4 h After 10 h

600 After 30 min After 30 mina After 30 min

9T1N 500 Absent After 30 min Absent

600 After 1 h After 30 min After 30 min

1T0N 500 Absent After 30 min Absent

600 Absent After 30 min Absent

a Decreasing intensity with time.

size, anatase and brookite are thermodynamically favored: in the

present samples, the presence of nickel is found to be a trigger to

rutile crystallization, also for small TiO2 crystals. Again, Au diffrac-

tion peaks do not undergo any significant change during thermal

annealing, at least in the analyzed temperature range, so Au NPs are

stable inside the oxide matrix and therefore the Au main diffraction

peak was not taken into account for the plots reported in Fig. 1.

For all the samples and all the crystalline phases (with the excep-

tion of anatase in 8T2N and 9T1N samples, where crystals undergo

structural changes with temperature) an increase of annealing tem-

perature causes a sharpening of diffraction peaks, indicating crystal

growth. This is clearly shown with the SEM images reported in

Fig. 2a that refer to the 7T3N sample, stabilized at 500 ◦C and then

progressively annealed at 600 ◦C and 700 ◦C. As additional sup-

port for the crystallization process, respective XRD patterns are

reported in Fig. 2b, and crystallite size evaluated with the Scherrer

relationship for the three crystalline phases detected (TiO2-rutile,

NiTiO3 and Au, using, respectively, 27.4◦, 33.1◦ and 38.2◦ diffraction

peaks) are reported in Table 3. Considering that the magnification

is the same for all the three SEM images, a clear grain growth can

be noticed after higher annealing temperatures, as also confirmed

from the narrowing of the diffraction peaks. Nevertheless, a consid-

erable amount of residual porosity is detectable even after 700 ◦C,

a fundamental requirement for samples to be used in gas sensing

Fig. 1. Comparison between the relative intensity of the main diffraction peaks for TiO2-rutile (�), TiO2-anatase (�) and nickel titanate (�), for the six Au-containing samples

as a function of the annealing temperature. The Au diffraction peak intensity was not reported because it was almost insensitive to annealing temperature.
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Fig. 2. (a) SEM micrographs of the 7T3N sample annealed at different temperatures. (b) Respective XRD diffraction patterns with highlighted Au (�), TiO2-rutile (�), and

NiTiO3 (�) peaks.

devices. In the high magnification imaging, also gold NPs as bright

spots can be observed: they are statistically dispersed through the

sample and no aggregation phenomena appear to occur.

Together with morphological and structural characterization,

Au-containing samples were also optically characterized with opti-

cal absorption and spectroscopic ellipsometry in the UV–vis–NIR

region. Refractive index dispersion curves versus wavelength for

the six samples annealed at 500 ◦C are reported in Fig. 3a: a clear

increase in refractive index together with Ti amount is observed,

because of the higher value of rutile and anatase (2.51 and 2.7 at

590 nm, respectively [16]) compared to NiO (2.33 at 620 nm [17])

and NiTiO3 (2.42 at 630 nm [18]). The dispersion curves are affected

by the Au localized SPR band, that causes the perturbation between

600 nm and 800 nm as predicted by Kramers–Kronig relationship.

For this reason, a comparison between refractive indexes has been

done considering the values at 1100 nm, far enough from the Au-

SPR region to be modeled with a Cauchy dispersion: results are

reported in Fig. 3b, together with the SPR band position determined

from the absorption spectra. As expected, an increase in refractive

index causes a red shift of the plasmon band, although for some

samples this effect seems more pronounced. Such behavior can be

explained taking into account that the refractive index measured

with ellipsometry is an average value, while the Au SPR band is

affected from the matrix properties in the proximity of the parti-

cle surface. So it is likely that for some samples, the matrix has a

slightly different composition, amount of crystallization, or poros-

ity in close proximity to the gold particles compared to the average

value, influencing the Au plasmon peak position.

Considering the tabulated refractive index values for the differ-

ent oxides detected, and comparing them with the data measured

with ellipsometry, it is evident that the experimental values for

all the six samples are substantially lower than the expected val-

ues for a fully dense material of the same chemical composition.

This difference is due to the residual porosity of the films that can

be seen as an effective medium composed of dense materials and

Table 3

Mean crystallite diameter calculated according to the Scherrer equation for the

diffraction peaks of 7T3N film annealed at 500 ◦C, 600 ◦C and 700 ◦C.

Temperature (◦C) Diameter (nm)

TiO2-rutile NiTiO3 Au

500 – – 11.5

600 6.5 11.7 11.2

700 11.2 18.5 12

pores. Porosity was estimated by means of the Bruggerman rela-

tionship [19], considering as bulk material the film annealed at

1000 ◦C, even if a residual porosity also at that temperature can-

not be totally excluded, and so the porosity determination is on the

conservative side.

The 7T3N sample was annealed from 500 ◦C to 1000 ◦C with

30 min steps every 100 ◦C, and ellipsometric measurements have

been performed at each step in order to calculate the refractive

index evolution with annealing temperature. The obtained refrac-

Fig. 3. (a) Refractive index dispersion curves for all the samples annealed at 500 ◦C.

(b) Comparison between refractive index values measured at 1100 nm and the Au

NPs SPR wavelength for the samples annealed at 500 ◦C.
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Fig. 4. (a) Refractive index dispersion curves for the 7T3N sample annealed from

500 ◦C to 1000 ◦C. (b) Evolution of refractive index and porosity with temperature

for the same sample.

tive index dispersion curves are reported in Fig. 4a, where a clear

increase in refractive index with temperature can be noticed, as a

consequence of the decrease in porosity. Again, porosity determi-

nation was made by considering refractive index values at 1100 nm,

far enough from Au SPR peak not to be affected by its absorption.

Refractive index values at the different temperatures and porosity

are reported in Fig. 4b.

Porosity of the nanocomposite films is in the range 16–23% up

to an annealing temperature of 800 ◦C, then it decreases to 7% at

900 ◦C. As anticipated, this estimation is conservative because the

film annealed at 1000 ◦C was chosen to represent a full dense mate-

rial, even if its refractive index is lower than the theoretical value for

a material composed of TiO2-rutile and NiTiO3, so a small amount

of residual porosity is likely to be present in the sample annealed

at 1000 ◦C.

Spectroscopic ellipsometry analysis is also helpful to mea-

sure sample thicknesses: a thickness decrease with increasing Ni

amount was experienced, suggesting a role of Ni2+ ions in increas-

ing solution viscosity by creating a complex with acetylacetone

or promoting hydrolysis and condensation processes of titanium

butoxide, since the precursor concentration and deposition param-

eters (spinning rate and time) were kept constant. The thickness

of 500 ◦C annealed samples decreases almost linearly from about

200 nm to 100 nm when the Ni content is reduced from 50% to 0%.

These nanocomposites have been tested as optical sensors for

hydrogen sulfide detection: all results reported in this section refer

to samples stabilized at 500 ◦C and subsequently annealed at 600 ◦C,

Fig. 5. Absorption spectra of the 5T5N film annealed at 600 ◦C measured in air (black

line) and during exposure to 10 ppm H2S (grey line) at the operative temperature

OT = 350 ◦C. Inset: optical absorbance change (OAC = Agas − Aair) of the same film.

because this thermal treatment was found to be a good compromise

between porosity and crystallinity. Fig. 5 shows absorption spec-

tra in the visible region for the 5T5N sample collected at 350 ◦C

OT under dry air and under 10 ppm H2S in dry air: a clear varia-

Fig. 6. (a) OAC curves for rutile-Au (black lines) and anatase-Au (grey lines) thin

films when exposed to 1% CO or 1% H2 in air. (b) Normalized response towards H2 (�)

and CO (�) for the Ti-rich samples; data collected at the wavelength corresponding

to the maximum of OAC curves for the two gases.
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Fig. 7. (a) Dynamic response at 590 nm of the 5T5N nanocomposite film annealed at 600 ◦C under exposure to air–0.001% H2S–air cycles at 350 ◦C OT. (b) Dynamic response

at 605 nm of the 7T3N nanocomposite film annealed at 600 ◦C under exposure to air–0.001% H2S–air–0.001% H2S–air–1% CO–air cycle at 350 ◦C OT. (c) Dynamic response at

705 nm of the 7T3N nanocomposite film annealed at 600 ◦C under exposure to air–0.001% H2S–air–0.001% H2S–air–0.01% H2S–air cycle at 350 ◦C OT.

tion in the Au SPR shape can be seen, with a decrease in intensity

and a broadening of the peak. This variation is more clearly evident

by plotting the optical absorption change (OAC = AbsH2S − Absair)

versus wavelength, as reported in the inset: a strong absorbance

decrease is found to occur in the range 500–630 nm, with the largest

variation at 590 nm, while an increase in absorbance is seen at

higher wavelengths, with a maximum at 670 nm. The observed

change in absorbance is easily detectable with commercial spec-

trophotometers, that usually have a sensitivity better than 10−3;

moreover the error in these measurements is below 0.001, of the

same order of magnitude of the instrument sensitivity. So in this

OAC curve it is possible to identify two wavelengths corresponding

to the two maxima (one negative and one positive) and also a range

in which the sensor response is null, so giving various operative

options in order to tune sensitivity and selectivity of the materials

towards H2S. By comparing the six samples, the behavior during

hydrogen sulfide exposure is substantially the same, but the inten-

sity of the response is different, being slightly smaller in the samples

with lower amounts of nickel. This can be related to the decrease

in sensor film thickness observed with lowering the nickel amount

in the starting solution, as discussed above.

However, when the samples are exposed to 1% CO and 1% H2,

almost no response is observed, especially for nickel-rich samples,

while a small response starts to appear for samples containing more

than 70% of Ti precursor. This effect can be related to the presence of

the anatase phase in samples with a lower amount of Ni, being the

anatase-gold nanocomposites an already studied system for reduc-

ing gases detection [20]. Hence, nickel titanate and rutile are shown

to be quite insensitive to carbon monoxide and hydrogen presence,

even at high concentrations (1% i.e., 10,000 ppm). To prove that

the two polymorphic structures of TiO2 have different sensitivity

towards CO and H2, both Au-doped rutile and Au-doped anatase

thin films of the same thickness and with the same Au amount have

been prepared and tested at 350 ◦C OT with 1% CO and 1% H2, and

the results are presented in Fig. 6a. As would be expected, the rutile

response to the two gases is lower compared to anatase, confirm-

ing the higher activity of the anatase phase for CO and hydrogen

detection: this difference in sensitivity between anatase and rutile

is demonstrated also in the nanocomposites containing NiTiO3, as

stated previously.

The difference in sensing performances of the two TiO2 poly-

morphs has been proved also in the past, for example, analyzing the

conductometric sensing response of TiO2 thin films for H2 detec-

tion: a much better response has been detected for anatase-based

thin films, suggesting a key role played by the crystallographic

phase in the sensing performances [21].

The progressive increase in sensitivity to hydrogen and CO when

the Ti content is increased in the nanocomposite can be clearly seen

in Fig. 6b. These data for the two gases are obtained by measuring

the sensors response at the respective maxima of OAC curves, and

the data have been normalized to the H2S response value at the

same wavelength. It is evident that the presence of anatase, due to

the lower amount of nickel in the film, enables the nanocomposite

to be sensitive also to the other two gases.

Analyzing the dynamic response behavior of the films subjected

to repeated air–hydrogen sulfide–air exposure cycles, response

times are in the range of few tens of seconds for all samples, as

are the recovery times. A more rapid response performance is evi-

dent in samples with Ni content ranging between 50% and 30%.

For lower nickel concentrations, the response and recovery times

are still acceptable, but sometimes an incomplete retrieval of the

baseline and a slightly unstable signal during gas flow appears. The

observed differences can be related to the microstructure and the

crystalline phases of the nanocomposite films.

In fact TiO2 anatase, that crystallizes when Ni amount is lower

than 30%, appears to be less efficient in decomposing the sulfide

species on Au NPs, as suggested by the longer transient times and

the drift of the optical absorption level when hydrogen sulfide is

flowed for a prolonged period. On the contrary, when anatase is

not present in the film, and so the matrix is composed only of rutile

and nickel titanate, better sensing performances are experienced.

An explanation of this behavior has been presented recently [22] in

a study focused on the reaction between H2S and the nanocompos-

ite thin films: XPS and gaseous reaction product analyses have been

performed, confirming the higher capability of NiTiO3 in decom-

posing adsorbed sulfide species into sulfur oxides. Thus, samples

with lower Ni content are more sensitive to carbon monoxide and

hydrogen but they have a worse dynamic response towards hydro-

gen sulfide detection.

Fig. 7a shows the dynamic response of the 5T5N sample col-

lected at 590 nm (negative maximum of OAC curve) when exposed

to 5 cycles air–10 ppm H2S–air: the behavior is almost ideal, with a

square-like signal characterized by a great stability during gas flow

and very fast transient times, with response and recovery times

being 15 and 30 s, respectively, calculated as the time needed to

reach 90% of the total signal change. The extremely good reversibil-

ity of the absorbance variation after the air–H2S–air cycles can

be appreciated. In Fig. 7b the dynamic performance of 7T3 N col-

lected at the wavelength corresponding to the negative maximum

of OAC curve is presented: the general performance is still good,

only the response time is slightly longer (around 30 s) but there is

no interference when 1% CO (1000 times the concentration of H2S)

is also flowed inside the test chamber, confirming the high selec-

tivity properties of these nanocomposites. In Fig. 7c the temporal

behavior of the same 7T3N sample collected at the wavelength cor-

responding to the positive maximum of OAC curve is illustrated:

at this particular wavelength the effect of H2S is to increase the

absorbance, while at the operative conditions reported in Fig. 7b,

H2S causes a decrease in absorbance. This difference in the sign

of the response allows the tuning of the sensor response by sim-
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ply selecting the operative wavelength: this fact can be very useful

especially when multiple gases analysis inside a mixture is needed.

4. Conclusions

Nanocomposite thin films with a matrix composed of Ti and

Ni mixed oxides containing Au NPs have been synthesized using

the sol–gel method. Structural morphology and crystallinity have

been analyzed with XRD and SEM, confirming the role of nickel

in promoting the crystallization of rutile TiO2. Optical characteri-

zations showed a tunable refractive index of the films according

to the amount of Ti in the precursor, and revealed also a

high amount of residual porosity of the samples. Optical sens-

ing tests for hydrogen sulfide detection have been presented,

showing excellent dynamic behavior and almost no interference

with other reducing gases (CO, H2), especially when the anatase

phase of TiO2 is absent, confirming high sensitivity and selec-

tivity of these nancomposites towards H2S, and the role played

by the different oxides of the matrix in the sensing perfor-

mances.
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