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Abstract (English)

In the last decades, the research field known as nanotechnology has been deeply
investigated since it helps to understand the properties of the materials, and provides a
useful tool to design materials with tailored properties, that can be exploited for many
applications across the whole field of science. Nanomaterials exhibit distinctive size-
dependent properties, and a high surface to volume ratio, extremely useful in applications
like sensing and catalysis.

In this doctoral project, different combinations of noble metals and transition metal
oxides have been used to prepare inorganic thin films to be used as reducing gases
sensors through an optical interface: while the semiconductive metal oxide is usually
responsible for the detection mechanism, metal nanoparticles play the role of optical
probes, enhancing the optical response, and/or catalysts, improving the sensor
performances. The main work presented here was focused on the synthesis of these
nanocomposite materials through different strategies, according to the desired quality of
the final material, the easiness of the procedure, the control on key aspects like size and
shape of the particles, their size distribution, the crystallinity of the different components,
the porosity.

In the first part, noble metal (Au, Ag, Pt) ions have been embedded inside oxide matrixes
by means of sol-gel or impregnation processes, and reduced to metal nanoparticles
through high temperature annealing, which is necessary also to promote the oxides
crystallization: remarkable gas sensing properties have been observed for NiTiO3-TiO,-
Au films for hydrogen sulfide detection, with extremely good sensitivity and selectivity
towards interfering gases like CO and H,. The experimental results suggest a catalytic
oxidation of H,S to sulfur oxides promoted by NiTiOs crystals, while Au nanoparticles
are not involved directly in the reaction mechanism, but act as probes providing an easily
detectable optical signal. Quite good sensing properties for CO and hydrogen detection
have been presented for other nanocrystalline thin films like SiO,-NiO-Ag prepared
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combining sol-gel and impregnation processes, sol-gel ZnO-NiO-Au nanocomposites,
and microstructured WO;3-Au-Pt films synthesized with the sputtering technique and a
subsequent impregnation process.

The second part is based on the colloidal synthesis of metal (Au, Pt, Au@Pt core@shell)
and oxide (TiO,, ZnO pure and doped with transition metal ions) nanoparticles with
desired size and distribution: purification and concentration protocols have been
developed and the final colloidal solutions have been directly used for films deposition,
obtaining nanocrystalline coatings at low temperatures. TiO,-based films show good
sensitivity for CO and H,, with a detection threshold of about 2 ppm, quite remarkable
considering that films are only 40-60 nm thick. These materials were also able to detect
ethanol vapors at room temperature. Moreover samples containing both Au and Pt NPs
are able to reversibly detect hydrogen at room temperature, thanks to the synergetic effect
occurring between the optical properties of Au and the catalytic properties of Pt. ZnO-
based samples have been tested as CO sensors with a detection limit down to 1-2 ppm,
and a relationship between type of dopant (Ni, Co, Mn) and response intensity has been
presented.

The third part is focused on the deposition of Au nanoparticles layers on properly
functionalized substrates, and their subsequent coating with sol-gel films: when Au
nanoparticles are in close contact with each other, a coupling of the plasmon frequencies
is found to occur, and this effect can be used to enhance sensing, SERS and catalytic
performances. Au nanoparticles layers covered with NiO or TiO, films showed promising
gas sensing properties for CO and hydrogen detection at high temperatures, and for
ethanol sensing at low temperatures. More complex structures composed of an Au
nanoparticles layer sandwiched between two different oxide layers (NiO, TiO,, ZnO) are
also prepared, trying to enhance the selectivity towards interfering gases by providing two

different noble metal / metal oxide interfaces.
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Abstract (ltaliano)

Negli ultimi decenni, il campo delle nanotecnologie ¢ stato largamente studiato, poiché
tramite esso si ¢ in grado di comprendere le proprieta dei materiali, ed esso stesso fornisce
un mezzo per progettare materiali aventi le proprieta desiderate, che possono essere
utilizzati in diverse applicazioni nell’intero campo della scienza. I nanomateriali
presentano interessanti proprieta dipendenti dalla dimensione delle particelle, e inoltre il
rapporto superficie-volume in questi materiali ¢ estremamente alto, il che li rende utili per
applicazioni in sensoristica e catalisi.

In questo progetto di dottorato, diverse combinazioni di metalli nobili e ossidi di metalli
di transizione sono state sfruttate per preparare film sottili inorganici, utilizzati come
sensori ottici di gas riducenti: solitamente 1’ossido semiconduttivo ¢ responsabile per il
meccanismo di rilevazione, mentre le nanoparticelle metalliche agiscono da sonde ottiche,
aumentando la sensibilita, e/o da catalizzatori, migliorando le prestazioni del sensore. Il
principale lavoro presentato in questa tesi ¢ stato focalizzato sulla sintesi di questi
materiali attraverso diverse strategie, a seconda della qualita desiderata per il materiale
finale, della semplicita operativa, del controllo su parametri chiave come forma e
dimensione delle particelle, la loro distribuzione dimensionale, la cristallinita dei diversi
costituenti, la porosita.

Nella prima parte, ioni di metalli nobili (Ag, Au, Pt) sono stati inseriti all’interno di
matrici di ossidi attraverso sintesi sol-gel o processi di impregnazione, e successivamente
ridotti a particelle metalliche attraverso trattamenti termici ad alta temperatura, che sono
necessari anche per la cristallizzazione degli ossidi: i1 sistemi NiTiO3-TiO,-Au hanno
dimostrato notevoli proprieta sensoristiche nella rilevazione di acido solfidrico, con
elevata sensibilita e selettivita nei confronti di gas interferenti quali H, e CO. I risultati
sperimentali suggeriscono un effetto dei cristalli di NiTiOs3 nel promuovere 1’ossidazione

catalitica dell’H,S a ossidi di zolfo, mentre le nanoparticelle di oro non sono coinvolte
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direttamente nella reazione, ma agiscono come sonde ottiche, producendo un segnale
ottico facilmente rilevabile.

Discreti risultati per la rilevazione di CO e idrogeno sono stati presentati per altri film
sottili nanocristallini, come SiO,-NiO-Ag, preparati combinando la tecnica sol-gel e il
processo di impregnazione, film sol-gel a base di una matrice di ZnO e NiO contenenti
nanoparticelle di Au, e film microstrutturati di WO3 contenenti nanoparticelle di Au e Pt
sintetizzati combinando sputtering e impregnazione.

La seconda parte di questa tesi ¢ basata sulla sintesi colloidale di nanoparticelle di metalli
(Au, Pt, Au@Pt core@shell) e di ossidi (TiO,, ZnO puro e drogato con ioni di metalli di
transizione), aventi la desiderata dimensione e distribuzione dimensionale: protocolli di
purificazione e concentrazione sono stati sviluppati, e le soluzioni ottenute sono state
direttamente utilizzate per la deposizione di film sottili, ottenendo cosi rivestimenti
nanocristallini a bassa temperatura. I film a base di TiO, hanno mostrato buona sensibilita
per idrogeno e CO, con un limite di rilevazione di circa 2 ppm, notevole se considerato
che 1 film sono spessi solo 40-60 nm. Inoltre questi materiali si sono dimostrati capaci di
rilevare vapori di etanolo a temperatura ambiente. Infine, campioni contenenti
nanoparticelle di oro e platino sono in grado di rilevare idrogeno a temperatura ambiente,
grazie all’effetto sinergico che avviene tra le proprieta ottiche dell’oro e quelle catalitiche
del platino. I film a base di ZnO sono stati testati come sensori di CO, dimostrando una
soglia di rilevazione di circa 1-2 ppm, e una relazione fra il tipo di dopante utilizzato (Ni,
Co, Mn) e ’intensita della risposta ¢ stata presentata.

La terza parte ¢ focalizzata sulla deposizione di strati di nanoparticelle di oro su substrati
opportunamente funzionalizzati, e il loro successivo ricoprimento con film sol-gel:
quando le particelle di oro sono molto vicine le une alle altre, le risonanze plasmoniche si
accoppiano, e questo effetto puod essere sfruttato per migliorare le prestazioni in ambiti
quali sensoristica, SERS e catalisi. Strati di particelle di Au ricoperti da film di NiO o
TiO, hanno mostrato promettenti proprieta per la rilevazione di CO e idrogeno ad alte
temperature, e di vapori di etanolo a basse temperature. Inoltre, strutture piu complesse a
base di uno strato di particelle di oro immobilizzato fra due film di ossidi diversi (NiO,
TiO,, ZnO) sono state preparate, con lo scopo di migliorare la selettivita verso gas

interferenti, fornendo due diverse interfacce metallo/ossido.
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(A), NiTiO; () peaks.

Bright field TEM images of 70T30N (a) 50T50N (b) and 30T70N (c)
nanocomposite films with Au NPs annealed at 500 °C. Au NPs are clearly
detectable as darker spots. The scale bar is 100 nm.

Bright field cross-sectional TEM images of the Au-70T30N nanocomposite

film deposited on Si substrate and annealed at 500 °C (a) and 600 °C (b). ¢)
High magnification image of an Au NP; d) size distribution of Au NPs.
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Bright field HR-TEM images of Au-70T30N nanocomposite film annealed at
600 °C highlighting the formation of TiO,, NiTiO; and Au nanocrystalline
phases.

Al-K, excited XPS core level regions for 70T30N nanocomposite film
containing Au NPs annealed at 500 °C and 600 °C.

He I excited UPS VB spectra of different TiO,—NiO films annealed at 500 °C.

Optical absorption spectra for the samples with Ni amount ranging from 0% to
50% annealed at 500 °C.

a) Refractive index dispersion curves for the six samples listed in table 3.2
annealed at 500 °C: a clear increase in n is observed when the amount of the Ti
component of the film is increased from 50% to 100%. b) Comparison between
refractive index values measured at 1100 nm and the Au NPs SPR wavelength
for the same samples.

a) Refractive index dispersion curves for the 70T30N sample annealed from
500 °C to 1000 °C. b) Evolution of refractive index and estimated porosity with
temperature for the same sample.

Refractive index dispersion curves of S0T50N film with Au NPs annealed at
500 °C, measured at room temperature under nitrogen (black line) and ethanol
vapors (light grey line) atmospheres.

Absorption spectra of the three films with Au NPs annealed at 500 °C measured
in air (black line) and during exposure to 0.01% v/v H,S (light grey line) at the
operative temperature OT= 350 °C.

Absorption spectra of a SiO, film with Au NPs annealed at 500 °C measured in
air (black line) and during exposure to 0.01% v/v H,S (light grey line) at the
operative temperature OT= 350 °C.

Refractive index dispersion curves of 70T30N film with Au NPs annealed at
500 °C before H,S exposure (black line) and after the “freezing” process (light
grey line).

a) OAC plots of 70T30N (black line), SOTSON (light grey line) and 30T70N
(dark grey line) films containing Au NPs annealed at 500 °C after exposure to
0.01% v/v H,S at OT=350 °C. The zero response value is highlighted with a
dotted line. b) OAC values of S0T50N sample containing Au NPs annealed at
500 °C after exposure to 0.01% v/v H,S (dark grey line), 1% v/v H, (light grey
line) and 1% v/v CO (black line) at OT=350 °C.
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3.21

3.22

3.23

3.24
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3.26

3.27

3.28

Dynamic response of 70T30N film annealed at 500 °C at 605 nm (a) and 690
nm (b) towards 0.01% H,S and 1% H, at the operative temperature OT=350°C.
Dynamic response of S0T50N nanocomposite film annealed at 500 °C at at 600
nm (c) and 690 nm (d) towards 0.01% H,S and 1% H, at the operative
temperature OT=350 °C.

Dynamic response of 70T30N nanocomposite film annealed at 500 °C at 605
nm at 300 °C OT (a) and 200 °C OT (b) towards 0.01% H,S.

a) OAC of 70T30N nanocomposite film annealed at 500 °C (grey line) and 600
°C (black line) after exposure to 0.01% v/v H,S at the operative temperature
OT=350 °C; b) Dynamic response at 605 nm of 70T30N film annealed at 600
°C towards 0.01% H,S and 1% H, at the operative temperature OT=350 °C.

a) Dynamic response at 605 nm of Au-70T30N nanocomposite film annealed at
600 °C towards 10ppm and 100ppm H,S at the operative temperature OT=350
°C. b) Dynamic response at 590 nm of Au-50T50N nanocomposite film
annealed at 600°C under exposure to different H,S concentrations (10, 6, 4 and
2ppm) at 350 °C OT (black line) and derivative of this spectrum (grey line).

Comparison of OAC curves for the sample with Ni amount from 0% to 50%
annealed at 600 °C, collected after exposure to 0.001% v/v H,S at the operative
temperature OT=350 °C

a) OAC curves for rutile-Au (black lines) and anatase-Au (grey lines) thin films
when exposed to 1% CO or 1% H; in air. b) Normalized response towards H,
(A) and CO (e) for the Ti-rich samples; data collected at the wavelength
corresponding to the maximum of OAC curves for the two gases.

Dynamic response of 60T40N at 600nm (black line) and 100TON at 615 nm
(grey line) nanocomposite films annealed at 600 °C towards 10 ppm H,S, 1%
CO (a) and 1% H, (b) at the operative temperature OT=350 °C.

Dynamic response at 590 nm of the S0TO5N nanocomposite film annealed at
600 °C under exposure to air-0.001%H,S-air cycle at operative temperatures
ranging from 300 °C to 350 °C.

a) Absorption spectra of a 50T50N film with Au NPs annealed at 500 °C
measured in air and during exposure to 0.01% v/v H,S at different flowrates
and at the operative temperature OT= 350 °C. b) OAC curves calculated from
the previous spectra. The inset shows the increase of the negative maximum of
OAC curve measured at 595 nm with increasing the flowrate.

Dynamic response at 590 nm of the S0T50N nanocomposite film annealed at
600 °C under exposure to five air-0.001%H,S-air cycles at 350 °C OT.
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3.30

3.31

3.32

3.33

3.34

3.35

3.36

3.37

3.38

3.39

3.40

XPS S 2p region of the Au doped 70T30N film annealed at 500 °C after the
exposure to H,S.

Simulation of the Au SPR wavelength shift when spherical Au NPs of 10 nm
radius are covered with an Au,S shell of increasing thickness.

Optical absorption spectra for the samples (see Table 3.7) exposed to air (black
lines) and to 100 ppm H,S (grey lines) at 350 °C OT.

a) Absolute amount of SO, produced by samples S1 and S3 as a function of
time. b) Normalized amount of SO, produced from the samples (see Table 3.7)
tested after 4 hours of exposure. Error bars are calculated taking into account
the experimental error in the gas flow rate determination.

S 2p and O 1s XPS data of the samples (see Table 3.7) after 4 hours of
exposure.

XRD patterns of the samples listed in Table 3.7 before (black lines) and after
(grey lines) the “freezing” process. Diffraction peaks assigned to all the
crystalline phases are also outlined.

a) Dynamic response at 580 nm of a 50T50N nanocomposite film with Au
colloidal NPs annealed at 500 °C under exposure to 0.01%H,S at 350 °C OT,
showing the oscillating response. b) Higher time resolution of the oscillating
response.

a) Dynamic response at 605 nm of a 70T30N nanocomposite film with Au NPs
annealed at 600 °C under exposure to 0.001%H,S at 350 °C OT, showing the
oscillating response. b) Higher time resolution of the oscillating response at 605
nm. ¢) Higher time resolution of the oscillating response at 705 nm. d) Dynamic
response of the same sample at 605 nm showing the start and the end of the
oscillations

XRD patterns of the four SiO,-NiO samples annealed at 800 °C showing cubic
NiO peaks.

a) UV-Vis absorption spectra of 64L sample annealed at different temperatures.
b) FTIR spectra of 64L sample, showing the decrease of water and silanol
presence and the increase of Si-O-Si bonds with annealing temperature.

Refractive index dispersion curves for the samples annealed at 800 °C.

XRD patterns of the 4 impregnated samples. Theoretical peaks position for NiO
(black lines) and Ag (grey lines) are reported at the bottom.
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3.48
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3.50

3.51

3.52

Cross sectional HR-TEM image of 73H film after the impregnation process at
low magnification (a) and at high magnification near the surface (b), in the
middle of the film (c¢) and near the bottom (d).

Cross sectional HR-TEM image of 73H film after the impregnation process.
Different parts of the film corresponding to Ag and NiO crystals are highlighted
at the bottom.

UV-Vis absorption spectra for the four impregnated samples showing the
difference between low and high Pluronic content in the starting solution.

a) Absorption spectra of 73H sample measured during exposure to air (black
line), to 1% CO (light grey line) and 1% H, (dark grey line) at 300 °C OT. b)
OAC curves for 1% CO (grey line) and 1% H, (black line) exposure at 300 °C
OT.

a) Dynamic absorption change of 73H sample exposed to different
concentration of CO and H,. Test performed at 400 nm and 300 °C OT. b)
Normalized response intensity plot for 1% H, detection for the four samples:
the response intensity has been evaluated considering the absolute integral of
OAC curve for each sample at 300 °C OT, normalized to the thickness of the
film.

XRD patterns of ZnO-NiO-Au films with the NiO amount increasing from 0%
to 30%, annealed at 500°C. Theoretical diffraction lines for ZnO (Z), NiO (N)
and Au (A) are reported at the bottom.

Optical absorption spectra of the 4 samples with NiO amount increasing from
0% to 30%

Transmission Electron Microscopy images of a) ZnO-Au and b) Zn0O-30%NiO-
Au scratched fragments from the thin films annealed at 500 °C.

Scanning Electron Microscopy of a) ZnO and b) ZnO-Au films annealed at 500
°C.

OAC curves for a) ZnO-NiO and b) ZnO-NiO-Au films, collected at 300 °C
OT. Zero value for OAC is highlighted with a dotted line.

Response intensity plots at three different CO concentrations for ZnO-NiO-Au
films: a) at 450 nm. b) at the wavelength corresponding to the negative
maximum of OAC curve. c¢) at the wavelength corresponding to the positive
maximum of OAC curve.

Dynamic response of ZnO-Au sample at 570 nm (a) and 670 nm (b) at 300 °C
OT.
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4.1

4.2

43

4.4

4.5

Dynamic response of 70%Zn0-30%NiO sample at 480 nm and 300 °C OT (a)
and 70%Zn0-30%NiO-Au sample at 750 nm (b) and 300 °C OT.

Dynamic response of 90%Zn0O-10%NiO-Au sample at 680 nm and 300 °C OT
(a) and 80%Zn0-20%NiO-Au sample at 740 nm (b) and 300 °C OT.

SEM images of a) sputtered W film; b) WO;-H,O thin film before the
annealing; ¢) WOs-Au film after the annealing.

a) Absorption spectra of WOs;-Au and WO;-Au-Pt samples. b) XRD pattern of
WOs-Au and WO;-Au-Pt samples. Theoretical diffraction peaks for WO; (e),
Au (m) and Pt (A) are also reported. The inset show a detail of the Au and Pt
diffraction peaks where the black and grey lines are the theoretical diffraction
peaks for Au and Pt respectively: a clear shift of Au diffraction peaks at higher
angles with increasing Pt amount can be noticed.

a-¢) OAC curves for WA (black line) and WAPI1 (grey line) in function of
wavelength, for H,, CO and H,S at the two temperatures of analysis; f)
Comparison of OAC curves for WA sample exposed to H, (black line), CO
(light grey line) and H,S (dark grey line); in all plots dotted lines identify the
zero value.

Time resolved test for WA sample at 575 nm and 350 °C (a); at 610 nm and
350 °C (b).

Time resolved test for WAP1 sample at 730 nm and 350 °C (a); at 700 nm and
100 °C (b).

Optical absorption spectra of Au3 (a) and Aul3 (b) NPs in ethanol capped with
PVP. The insets show a picture of the colloidal solutions.

XRD patterns of Au3 and Aul3 NPs showing (111) and (200) diffraction peaks.

TEM micrographs of PVP-protected gold colloids of about 2.7 nm (a) and 12.9
nm (b). The particle size distribution histogram is shown in the inset.

a) Optical absorption spectrum of PVP-capped Pt NPs in ethanol. The inset
shows a picture of the colloidal solution. b) XRD patterns of the Pt NPs
showing (111) and (200) diffraction peaks.

a) TEM micrograph of PVP-protected platinum colloids. b) High Resolution

image showing the crystalline planes. The particle size distribution histogram is
shown in the inset.
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4.7
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4.11

4.12

4.13

4.14

a) Optical absorption spectra of Au@Pt core@shell NPs in water with
increasing Pt/Au molar ratio from 0 (Au cores) to 2; the dotted vertical line
marks the Au cores SPR peak registered at 519 nm. b) Evolution of Au SPR
peak wavelength with Pt/Au molar ratio; the inset shows a picture of the
colloidal solutions.

High resolution TEM images and respective FFT plots of Au@Pt0.2 (a),
Au@Pt0.4 (b) and Au@Pt2 (c) nanoparticles.

a) Optical absorption spectra of Au@Pt0.4 and Au@Ptl.6 NPs in ethanol
capped with PVP; the dotted vertical line marks the Au cores SPR peak
registered at 523 nm in ethanol. b) XRD patterns of Au (dark grey lines), Pt
(light grey lines) and Au@Pt (black lines) NPs: theoretical diffraction lines for
Au and Pt are reported as dashed lines. ¢) TEM image of two Au@Pt0.4 NPs.
d) TEM image of one Au@Pt1.6 NP.

a) XRD patterns of the synthesized TiO, NPs. Main diffraction peaks and
relative intensities of anatase crystalline structure are also reported. b) UV-Vis
optical absorption spectrum for the TiO, colloidal solution.

XRD patterns of ZnO NPs synthesized with different reaction times; the
theoretical diffraction lines of wurtzite crystalline phase are reported at the
bottom. The table shows the crystallite size evaluated with the Scherrer
relationship.

XRD patterns of ZnO NPs heated at 50 °C for different times; the theoretical
diffraction lines of wurtzite crystalline phase are reported at the bottom. The
table shows the crystallite size evaluated with the Scherrer relationship.

XRD patterns of ZnO and doped-ZnO NPs (doping level is 2.5%) heated at
50°C for 1 hour; the theoretical diffraction lines of wurtzite crystalline phase
are reported at the bottom. The table shows the crystallite size evaluated with
the Scherrer relationship.

XRD patterns of ZnO NPs doped with different concentrations of Co and
heated at 40 °C for 1 hour; the theoretical diffraction lines of wurtzite
crystalline phase are reported at the bottom. The table shows the crystallite size
evaluated with the Scherrer relationship.

XRD patterns of ZnO NPs doped with different concentrations of Co and
heated at 60 °C for 1 hour; the theoretical diffraction lines of wurtzite
crystalline phase are reported at the bottom. The inset shows the effect of
Cobalt doping in shifting and broadening the (101) ZnO peak. The table shows
the crystallite size evaluated with the Scherrer relationship.
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4.16

4.17

4.18
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4.21

4.22

4.23

4.24

4.25

TEM image of ZnO and ZnO:Co colloids with different Co amount: a) 0%; b)
1%; ¢) 2.5%, d) 5% The scale bar in all images is 20 nm.

UV-Vis optical absorption spectrum of ZnO NPs in ethanol showing the UV
absorption edge and good transparency in the Vis-NIR region.

UV-Vis optical absorption spectra of ZnO and ZnO:Co colloidal solutions
showing the change in UV absorption onset (a) and the typical absorption bands
for Co”" ions in tetrahedral coordination, highlighted as dashed lines (b).

XRD spectra of: a) TiO, (black line) and TiO,-Au (grey line) films without
PEG. b) TiO, (black line) and TiO,-Au films (grey line) with PEG. Theoretical
diffraction lines for TiO,-anatase (black line) and Au (grey line) are reported at
the bottom.

SEM images of TG3 (a), TG4 (b), TG5 (c), TGP3 (d), TGP4 (e), TGP5 (f)
samples. Bright spots correspond to gold nanocrystals.

Cross section bright field TEM image of the TGS sample (a), HRTEM image of
one Au particle surrounded by TiO, particles (b), magnification the Au particle
zone of figure 4b (c), and HRTEM image of Au and TiO, crystals (d):
experimental lattice planes evaluated through FFT analysis, and theoretical
lattice parameters for TiO, and Au for the 4 zones analyzed are shown in the
table. Au NPs appear as darker spots compared to the lighter oxide matrix.

Effect of annealing temperature on UV-Vis absorption spectra of TG (a) and
TGP (b) films, and on refractive index curves of TG (c¢) and TGP (d) films.

SPR peak position wavelength versus refractive index of undoped matrix
measured at the same wavelength for TGP (squares), and TG (triangles) series.
Theoretical refractive index values associated to the plasmon peak position
according to the Mie relationship are also reported (circles).

a) Absorption spectra of TG4 film measured in air (black line) and during
exposure to 1% v/v CO (light grey line) at the operative temperature OT=300
°C. b) OAC plot of the same film after exposure to 1% v/v CO (black line) and
H, (grey line) at the operative temperature OT=300 °C.

Dynamic response of the four Au doped films under exposure to Air-1%H,-Air-
1%CO-Air cycle: a) Test performed at Ay, and at 250 °C OT. b) Test
performed at A,,;, and at 300 °C OT. c¢) Test performed at A, and at 350 °C
OT.

Dynamic response of the TGP4 sample at 585 nm and 300 °C OT, during
exposure to: a) different CO concentrations (1 air, 2 = 10, 3 = 100, 4 = 1000, 5
= 10000 ppm); b) different H, concentrations (1 air, 2 = 100, 3 = 1000, 4 =
10000 ppm).
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4.28
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4.30

431

4.32

4.33

4.34

4.35

4.36

4.37

Sensitivity plots for CO detection of TGP4 sample tested at 585nm at three
different operating temperatures. Linear fits for the three experimental sets of
data are also reported.

90% average recovery times after 1% v/v CO (light grey bars) and 1% v/v H,
(dark grey bars) exposure for the four samples.

Optical Absorbance Change (OAC = Ay - A,ir) of TGP4 sample after exposure
to 1% v/v H, at the operative temperatures ranging from 50°C to 350°C.

XRD patterns of a) TiO, films containing different concentrations of Aul3 NPs.
b) TiO, films containing Aul3 or Au3 NPs. The theoretical (111) plane
diffraction is highlighted with a dashed line.

SEM images of: a) TiO, film containing 4% Aul3 NPs annealed at 100 °C; b)
TiO, film containing 2% Aul3 NPs and 2% Au3 NPs annealed at 100 °C.
Bright spots correspond to gold nanocrystals.

Optical absorption spectra of: a) TiO, film with different concentrations of
Aul3 NPs. b) TiO, films containing Aul3 and Au3 NPs. The SPR wavelength
of the different samples are highlighted with dashed lines.

Refractive index dispersion curves of pure TiO, and Au-loaded TiO, thin films
stabilized at 100°C.

OAC curves of TiO, films containing different Au NPs after exposure to 1%
v/v CO (a) and 1% v/v H; (b) at 300°C OT.

Dynamic response of the four TiO, films containing 4% Aul3 NPs (a, b), 4%
Aul3 NPs (c, d) and 4% Au3 NPs (e, f) under exposure to 1%CO (a, ¢, €) and
1%H, (b, d, f) cycles at 300 °C OT. Tests have been performed at 605 nm in
plots a-d and at 570 nm in plots e-f.

a) Optical Reflection Change (ORC) of TiO, films containing 2% Au NPs after
exposure to 180 ppm ethanol vapors at room temperature. b) Response intensity
of TiO, films loaded with different amounts of Au NPs, calculated at the
wavelength corresponding to the maximum of ORC curves (~590 nm).

Dynamic performance of a TiO; films containing 2% Aul3 NPs under exposure
to multiple nitrogen-ethanol (180 ppm) cycles at room temperature at a) 368

nm; b) 450 nm; ¢) 583 nm.

Picture of all the TiO,-based samples prepared in this study.
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4.47

XRD patterns of TA sample series, with theoretical diffraction lines for anatase
(black lines) and Au (grey lines) shown at the bottom (a); evolution with
temperature of Au and Pt diffraction peaks for TA (b), TP (¢), TAP (d), TS0.4
(e) and TS1.6 (f) sample series; theoretical diffraction lines for the most intense
peak of Au and Pt are shown as dotted lines.

SEM images of TAP samples annealed at different temperatures at low (left
side) and high (right side) magnifications. Bright spots correspond to Au and Pt
nanocrystals.

Optical absorption spectra of TA (a), TP (b), TAP (c), TS0.4 (d), TS1.6 (e)
sample series. Plot of Au SPR wavelength as a function of annealing
temperature for the sample series containing Au (f); TS0.4 and TS1.6 samples
annealed at 400 °C and 500 °C, and the whole TP series are not shown in this
graph because they do not present a definite Au SPR peak.

Refractive index dispersion curves of TA (a), TP (b), TAP (c), TS0.4 (d), TS1.6
(e) sample series. Plot of refractive index value at 1100 nm as a function of
annealing temperature for the five sample series (f).

Normalized OAC plots for the five samples annealed at 200 °C after exposure
to 1% H, at room temperature.

Time-resolved response for the five samples annealed at 200°C after repeated
cycles air-1%H,-air at room temperature. The arrows indicate the hydrogen
stream introduction inside the test cell. The wavelength used for the tests are
570 nm (TA), 540 nm (TP), 605 nm (TAP), 595 nm (TS0.4) and 500 nm
(TS1.6).

a) Normalized OAC plot of TS1.6 sample annealed at 200 °C after exposure to
0.01% CO at room temperature. b) Time-resolved response TS1.6 sample
annealed at 200 °C after a cycle air-0.01%CO-air at room temperature

a) OAC plots for TA (black line), TP (dark grey line) and TAP (light grey line)
samples annealed at 500 °C after exposure to 1% H; at 150 °C OT. b) dynamic
tests for TA and TAP samples annealed at 500 °C performed at 598 nm and 585
nm respectively, after repeated cycles air-1%H,-air at 150 °C OT. The arrows
indicate the hydrogen stream introduction inside the test cell, and the response
value in air is highlighted with a dashed line.

XRD patterns for ZnO and doped-ZnO thin films containing Au NPs annealed
at 500 °C for 1 hour; the theoretical diffraction lines for wurtzite (black lines)
and Au (grey lines) crystalline phases are reported at the bottom. The table
shows the ZnO crystallite size evaluated with the Scherrer relationship.

AFM images of a) ZnO; b) ZnO:Co; ¢) ZnO:Ni; d) ZnO:Mn films containing
Au NPs annealed at 500 °C.
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4.59

Optical absorption spectra for ZnO and doped-ZnO thin films containing Au
NPs annealed at 500 °C.

a) OAC curves for ZnO and doped-ZnO thin films containing Au NPs annealed
at 500 °C for 1 hour. b) Normalized OAC maximum for the four tested
samples.

Dynamic response of a) ZnO-Au; b) ZnO:Ni; ¢) ZnO:Co; d) ZnO:Mn samples
at the wavelength corresponding to the maximum of OAC curve and at 300 °C
OT, during exposure to different CO concentrations expressed in ppm.

Sensitivity plots for CO detection for the four samples tested at the wavelength
corresponding to maximum of OAC curves and at 300 °C OT. Linear fits for
the four experimental sets of data are also reported.

XRD patterns of a ZnO film containing 4% Aul3 NPs annealed at 100 °C. The
theoretical diffraction lines for wurtzite ZnO (black lines) and Au (grey lines)
are reported at the bottom.

SEM images of: a) ZnO film; b) Co-doped (5%) ZnO film, both containing 3%
Au NPs annealed at 100 °C.

SEM images of ZnO films with different Co concentrations, all containing 1%
molar Au NPs and annealed at 500 °C, at low (left side) and high (right side)
magnifications.

XRD patterns of ZnO films with a) 0% Co; b) 1% Co; C) 2.5% Co; d) 5% Co,
containing different Au NPs amount and annealed at 500 °C. Vertical dotted
lines highlight the theoretical diffraction peaks for cubic Au.

Absorption spectra of ZnO-based films annealed at 500 °C: a) Au-free ZnO
films with different Co concentrations showing the UV absorption onset region;
b) Au-free ZnO films with different Co concentrations showing the Co
absorption bands; ¢) undoped ZnO films with different Au amount showing the
increase in Au SPR peak intensity; d) ZnO films with different Co
concentrations and 2.5% Au showing the Co effect on Au SPR peak.

Picture of ZnO films with different Co and Au amount (Au Low = 0.3%; Au
Med = 1%; Au High = 2.5%).

Resistivity (a) and mobility (b) values for pure and Co-doped ZnO as a function
of Au NPs concentration.

Comparison of resistivity and mobility values as a function of cobalt
concentrations for Au-free samples.
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5.10

Doping density (a) and depletion width (b) values at 10 kHz for pure and Co-
doped ZnO as a function of Au NPs concentration.

Comparison of doping density and depletion width values at 10 kHz as a
function of cobalt concentrations for Au-free samples.

AFM (a, b, ¢) and SEM (d, e, f) images of Au NPs layers with different surface
coverages: Low (a,d,), Medium (b,e), High (c,f). The scale bar on all AFM
images is 1 pm.

FT-IR spectra of a bare APS-functionalized silicon substrate (a) and a
functionalized substrate covered with Au NPs layer (b).

SEM images of Au NPs layers annealed at different temperatures: a) 100 °C; b)
200 °C; ¢) 300 °C; d) 400 °C.

Optical absorption spectra of Au NPs layers annealed between 100 °C and 400
°C. The inset shows a picture of the samples annealed at 100 °C (left) and at
400 °C (right); the scale bar is in cm.

Optical absorption spectra of a) Au NPs layers annealed at 100 °C; b) Au NPs
layers covered with NiO and annealed at 500 °C; c) Au NPs layers covered
with TiO, and annealed at 500 °C.

XRD patterns of a) Au NPs layers; b) Au NPs layers covered with NiO; c¢) Au
NPs layers covered with TiO,. Theoretical diffraction lines for Au (black lines)
NiO (grey lines in figure b) and TiO, (grey lines in figure c) are reported at the
bottom.

SEM images of Au NPs monolayer with high surface coverage, coated with
NiO in plan view (a) and in cross section (c¢); covered with TiO, in plan view
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Chapter 1

Overview on optical gas sensors
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1.1 Introduction

Dangerous gases detection has become in the last years a challenging task for several
applications, first of all in the safety of working and living environments: in fact, toxic
gases like CO or volatile organic compounds like formaldehyde are commonly found in
these locations, the former coming for example from insufficient oxygen content in the
combustion of coal or gases for heating devices, the latter coming from indoor furniture,
because it is commonly used in combination with urea, melamine or phenol to obtain
thermosetting resins which are used in coatings, adhesives and foams. Another key topic
associated to sensors is related to the so called comfort applications, for example in air
monitoring inside buildings or cars, where the target gas may not be highly hazardous or
toxic, but its detection and elimination from the environment can improve the air quality.
Other applications can be found in chemical plants, inside reactors, pipes, furnaces, where

the reacting atmosphere has to be checked in order to keep the overall process inside
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standard parameters, or where the exhaust gases have to be purified from dangerous
compounds before being discharged in the environment.

It is easy to understand that highly sensitive and possibly selective devices are mandatory
for these applications; moreover an ideal sensor should also be as much miniaturized as
possible, stable in a wide range of temperatures and environments, cheap, user-friendly,
long-lasting and it should also allow in situ measurements with the operator being at
safety distance from the hazardous source. Of course a sensor with all these requirement
does not exist nowadays, and maybe it never will: so a compromise depending on the
application is required. For example to check the exhaust gases of a nuclear plant the cost
of the sensor and its working life are obviously less important compared to its accuracy in
determining one particular gas, and its absolute concentration; moreover the response has
to be as fast as possible.

A sensor can be defined as a device able to convert a target chemical or physical variation
to be monitored into an easily processable signal; the sensing element has to fulfill
essentially two different tasks: first, it has to interact with the target gas through various
mechanisms like surface adsorption, charge transfer, ionic exchange (receptor task); then
this interaction has to be transformed into an easily processable signal, like for example a
change in electrical conductivity or in optical transmission (transducer task). There is a
variety of sensing devices that rely on different chemical or physical phenomena: in fact
the analyte presence can be detected through changes in electrical properties
(conductivity [1], impedance [2], capacitance [3]), optical properties (absorption [4],
reflection [5], luminescence [6], refractive index [7]) or other physical properties (mass
[8], thermal conductivity, acoustic waves propagation [9]), measuring the reaction heat,
analyzing specific electrochemical or biochemical recognition, and so on.

The first and at the moment more established sensors are based on a conductometric
interface: historically the birth of electrical sensor is dated 1962, when SnO, has been
assessed as good material for gas detection [10] and Taguchi patented the first
commercial semiconductor gas sensor [11]: the sensing material resistivity change with
the surrounding atmosphere is monitored and related to the target gas concentration. The
main problem of the electrical devices is the intrinsic lack of selectivity: in fact all the
gases with similar chemical-physical behavior will produce similar electrical variation
(increase or decrease of resistance). To overcome this limitation, many electrical sensors
with different sensing materials were combined in arrays in order to allow multiple gases

simultaneous detection, limiting the extent of interference between different compounds:
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the idea behind this approach was to simulate the human odor reception, so these sensor
arrays have been named electronic noses [12,13].

More recently, a combination of different type of sensors has been achieved, connecting
together different materials but also different type of transducing signals (electrical,
thermal, optical, acoustic etc.): for example Baltes et al. reported a microsystem
composed of three different sensors - capacitive, mass sensitive and calorimetric - and
they demonstrated that the combination of various types of recognitions allows the
improvement of the device selectivity [14].

Optical sensors have attracted a lot of interest in the last decades since they allow to
widen the range of operative parameters compared to electrical sensors: in fact variation
in intensity, frequency, polarization and phase of the transmitted/reflected light can be
analyzed, and this can in principle improve the device performances by lowering the cross
sensitivity between different gases. Moreover optical sensors have high temperature,
corrosion and fire resistance, they are electromagnetic noise independent, they don’t
require contact measurements; eventually they can be implemented in optical fiber
devices allowing fast and easy signal transport and in sifu measurements with a compact,
flexible and environmental robust setup [15,16].

A detailed description of all the optical devices is not the purpose of this thesis, and so
only a brief overview on the most common optical sensors will be presented; extensive
reviews on optical sensors have been published by Sberveglieri ef al. [17], Comini et al.
[18], Baldini et al. [19], together with a high number of papers and patents that will be
used in this brief overview as references.

Optical sensors can be roughly divided into three main groups: absorbance-based,
luminescence-based and SPR-based, according to the different principles of gas detection.
The absorbance-based sensors employ variation in optical absorption, transmission or
reflection after the interaction of the light with the active materials in the presence of a
target molecule; these sensors will be discussed in section 1.2.

In the luminescence-based sensors, the photo-luminescence or chemo-luminescence
properties of the sensing material are monitored and related to the target gas
concentration: the setup is the basically the same of absorbance-based sensors, with the
exception of the photoluminescence based devices, that require the presence of an
excitation source to promote the luminescence properties of the material; these sensors

will be presented in section 1.3.
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The SPR-based sensors utilize the variation of the oscillation frequency of the surface
electrons of a thin metal layer (usually Ag or Au) when the gas interact with the active
material deposited over this metal layer; these type of sensors will be presented in section

1.4.

1.2 Absorbance-based sensors

As stated before, under the name absorbance-based sensors a variety of different optical
devices can be listed, with many different configurations: the two main groups they can
divided into are transmission and reflection mode. The physics of the gas reaction with
the sensing material is the same, a change in the absorption properties caused by the
target molecules, but the detector is placed differently: behind the sample in transmission
mode, or in front of the sample (at a fixed angle) in reflection mode. So the light that
reaches the detector is the transmitted light in the first case, or the reflected light, in the
second case.

In details, in the transmission mode the light emitted by a source (lamp, LED, etc.) passes
through the active material and it is collected behind the sample by a detector (for
example a photodiode). When the material is exposed to the target gas, changes in the
absorption properties are monitored by the detector as light intensity changes as a
function of wavelength, allowing to establish a relationship between the sensitivity of the
device and the analysis wavelength, that of course is not possible for standard
conductometric devices.

In the reflection mode, the active material is deposited on a reflective substrate: so the
incoming electromagnetic wave passes through the sample, reflects on the substrate and
the reflected light at a fixed angle is collected by the detector. Again, during target gas
exposure, the reflection intensity as a function of wavelength is monitored.

Such simple experimental setups can be easily implemented on an optical fiber-based
platform, where the fibers direct the emitted light from the source to the active material
and collect the light after the interaction with it. As discussed earlier, the fiber optics
technology present many advantages, the most important being the possibility to bring
and collect the light from the same fiber, and the possibility to position the source and the
detector far from the detection site, while the active material can be conveniently

positioned in it.
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One of the first publication related with optical sensing devices using optical fibers is
dated back to 1984 when Ito and coworkers patented an hydrogen sensor based on the Pd-
catalyzed H, reaction over amorphous WOs deposited on a polymer fiber tip [20], as
shown in Figure 1.1. The partial reduction of W®" to W°* ions caused by hydrogen,
introduces a strong optical absorption band in the visible-near infrared region (in fact
tungsten trioxide is widely used in electrochromic devices) and this increase in absorption
causes a decrease in the reflection intensity that is monitored and related to hydrogen

concentration.
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Figure 1.1. Scheme of an optical fiber-based hydrogen sensor adapted from the work

proposed by Ito and colleagues [20].

Few years later, Saaski et al. [21] patented a setup for transmission and reflection gas
sensing and pH tests using optical fibers: the two setups are shown in Figure 1.2. In the
transmission mode, an optical fiber coming from the light source is connected to a
transparent cell provided with inlet and outlet for the gas stream; the active film deposited
on a transparent substrate is mounted orthogonal to the light direction and the sample
holder is provided with a heater to perform high temperature tests. On the other side of
the transparent cell, the output optical fiber is placed and the light is then transferred to a
detector.

The setup for the reflection mode is similar, but only one fiber is used to bring the light to
the sample and collect the reflected light after the interaction with the sample. For this

reason, a reflecting mirror has to be placed behind the active film.
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Figure 1.2. a) Scheme of the transmission-based setup as described by Saaski and

coworkers: 1) scaffold; 2) input optical fiber; 3, 4) transparent scaffolds; 5) heating
device; 6) window; 7) active material; 8) scaffold; 9) output optical fiber. b) Scheme
of the reflection-based setup as described by Saaski and coworkers: 1) scaffold; 2)
input optical fiber; 3) transparent scaffold; 4) reflecting mirror; 5) heating device; 6)
window; 7) active material; 8) test cell. In both schemes the dashed lines represent the
gas flow, while the straight lines represent the light direction. Both images adapted
from [21].

There are several key points that have to be addressed carefully with these setups, in order
to avoid low detected intensity and low signal to noise ratio. First of all, the couplings
between fibers and scaffolds have to be checked and optimized, in order to avoid
scattering and unwanted reflection at the interfaces. Moreover the heating device has to
be calibrated, preventing in this way undesired localized heating that can affect negatively
the measurement and can also cause corrosion problems. In the end, for the reflection
mode setup, great care has to be put in the selection of the reflecting mirror, according to
the operational wavelengths and temperatures.

A different configuration for the reflection measurements has been presented again by Ito
and colleagues [22]: in this particular setup, both the active layer and the reflecting mirror
are deposited at the end of the fiber tip. Figure 1.3 shows the conventional setup for
reflection-based sensors, where the reflected light is collected with another optical fiber
and where the mirror is placed outside the fibers inside a test cell (dashed box in figure
1.3a), compared with the innovative setup where everything (active layer, mirror) is

implemented at the end of one single fiber (Figure 1.3b), allowing smaller and more
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flexible devices and limiting all the problems related with coupling and alignment of the

fibers.
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Figure 1.3. Scheme of the reflection-based setup as described by Ito and coworkers:

a) general two fibers setup; b) single fiber setup (taken from [22]).
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Figure 1.4. Scheme of the transmission-based setup with one fiber used as reference,

as described by Garcia and Mandelis [23,24].

Many scientists took inspiration from these pioneering works, and from the beginning of
the nineties a lot of patents and papers describing gas sensing setups based on optical
fibers started to appear. For example Butler presented a thin film of Pd as reflecting
mirror to be put at the end of the optical fiber in the single fiber reflection setup [25].

More recently, an improvement of the transmission mode system has been presented by
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Garcia [23] and Mandelis [24]: the light coming from a diode laser was separated into
two beams using a beamsplitter and directed into two different fibers: one fiber was
attached to the sample and the light coming out from the back of the sample was collected
by a third fiber and brought to the detector, while the other fiber was used as a reference,
as shown in Figure 1.4. In this way a more careful and accurate evaluation of the gas
concentration was possible.

A subsequent step in the optimization of the optical fiber-based devices is the integration
of the sensing layer on the optical fiber itself: this is possible removing the jacketing
material in a portion of the fiber and substituting it with a layer of an active material [22].
This active layer can be made of a metal oxide material of proper refractive index so as to
maintain the total internal reflection condition of the optical fiber, as described by
Robillard [16], or can be a thin metal layer, providing the conditions for a SPR (Surface

Plasmon Resonance) device (see section 1.4)

]
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Figure 1.5. Scheme of the section of an optical fiber portion used as hydrogen
sensing described by Ito and coworkers: 1) thin Pd layer; 2) oxide layer; 3) fiber core

(taken from [22]).

With this setup the optical fibers are not only responsible for carrying the light beam to
and from the active layer, but they are part of the sensing system itself, being the active
layer deposited on the fiber. In this way the response intensity can be substantially
increased compared to the standard transmission or reflection setups, thanks to the
multiple reflections occurring at the fiber/active material interface.

Many authors have used over the years this idea to create sensing devices for gases,
vapors and even liquids (as a matter of fact, the patent presented by Saaski et al. [21]
describes also a pH sensor, so a sensing device for H' ions in liquids). For example,
Bevenot and colleagues [26] used a thin Pd layer deposited on a part of an optical fiber

where the jacketing and cladding materials were removed as hydrogen sensor: the authors
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exploited the Pd layer for its known selectivity towards hydrogen detection and to create
the conditions for the surface plasmon resonance reflection. Mechery and Singh [27]
published a paper describing the NO, sensing performance of a sensing material dispersed
inside a porous inert SiO, matrix in three different measurement setups: in the first one,
the sensing material is deposited over a reflecting mirror and a single fiber is used to
bring the light to the sample and collect the light reflected from the sample, as described
earlier; in the second setup, the geometry is similar to the previous example, but the
reflecting layer is absent and the active film is tilted at the Brewster angle, so providing
maximum reflection itself; in the third setup, the optical fiber core is substituted for a
certain portion with the SiO,-based active material itself: in this way an extremely high
sensitivity is achieved, because almost all the guided modes in the fiber core interact with
the sensing material, hence improving the light interaction length and the final sensing
response.

Another experimental setup has been presented by Tao et al. [28] for a highly sensitive
ammonia and humidity sensor: the jacketing and the cladding materials of a portion of the
fiber carrying the light beam were removed and the bare core was coated with a porous
silica-based active layer.

A slightly different approach has been used by Lin and coworkers [29]: the active
materials in this particular case is composed of an assembly of Au nanoparticles (NPs)
deposited on an unclad portion of an optical fiber: in this case the optical properties of Au
NPs (localized surface plasmon resonance, LSPR, in the visible range) are exploited to
increase the sensitivity of the optical device.

Another possible setup is based on Bragg reflectors, as published by Bailey and Hupp
[30] and Jalkanen et al. [31]: in the first case a micropatterned vapochromic film
deposited on a transparent substrate was used as active material, while in the second case
a porous silicon Bragg reflector is used as organic vapors sensor, analyzing the shift of
the resonant peak.

Besides all these examples, there are also more ‘“conventional” optical sensors that
remind the traditional conductometric devices: the sensing element is coupled directly
with the electronic support, and for this reason these devices are called solid body optical
sensors. One of these configurations is reported in Figure 1.6: the light source is usually a
cheap and low power consumption LED, and the sensitive layer is deposited either
directly on top of the detector or on a surface immediately above it. The internal surface

of the embodiment is totally reflective and usually there is also a reference detector
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uncovered with the sensing layer: in this way the light intensity that reaches the detector
in one case is filtered through the active material, and so the sensing response is given

comparing the signals arriving at the two detectors.

Active

: :._'_;_"-/La}'er
vight .~ | || Y AN

: Light
Source Detectors

Figure 1.6. Scheme of a possible configuration for a solid body optical sensor.

As briefly discussed, there is a variety of possible configurations for an optical sensing
device based on absorbance change of the active material. The nanostructured films
prepared during this doctoral project have been tested mainly in transmission using test
cells inside commercial spectrophotometers, but also in reflection mode, as described in
the Appendix section. These are easy and convenient ways to test the sensing properties
of the material itself: once its ability to detect gaseous species has been proved, a
subsequent step that lies outside this project is to deposit the active material in an actual
sensing device using for example one of the previously presented configurations and

check its sensing performances in a real environment.
1.3 Luminescence-based sensors

Fluorescence-based sensors have been widely investigated in the latest years as a
consequence of some advantages they present with respect to other different chemical
sensors: first of all, fluorescence measurements are extremely sensitive, down to the
single molecule detection; moreover the experimental setup is quite easy and versatile,

and for certain conditions, also cheap [32-34]. As anticipated before there are mainly two
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types of luminescence-based sensors, that exploit the photoluminescence or
chemoluminescence properties of the active material: in the case of photoluminescence a
light source is used to excite electrons of the active compound that returning to the
standard, low energy state, emit light at higher wavelengths, while in the case of
chemoluminescence, the chemical reaction itself triggers the light emission. Another
classification can be based on the type of the sensing material: nanoparticles (usually
semiconducting quantum dots, QDs) or organic dyes or organic complexes of transition
metal ions; an interesting review dealing with these two types of active materials and their
possible interaction has been presented by Prodi [35]. There are several ways in which the
analyte can interact with the active material: for example quenching the luminescence of
quantum dots, or shifting the emission peak, or again promoting new emissions. In any
case the field of luminescence-based sensors is extremely wide, so only few example of
some interesting and promising applications will be presented in the following.

One of the first thorough study on luminescent active materials used as sensors has been
published by Carraway et al. [36]: the authors presented a study on transition metals
organic complexes as oxygen sensors, based on oxygen capability to quench the emission
intensity of these compounds.

Benner and Stedman [37] presented a sensor for sulfur-containing compounds based on a
different approach: the analytes are drawn inside a hydrogen flame and the resulting
compounds are let react with ozone: this reaction produces excited sulfur dioxide that has
an emission peak at about 350 nm. So, by monitoring this wavelength, the authors related
the emission intensity to the target gas concentration, with a detection limit below 1 ppb,
and almost no cross sensitivity with other sulfur-free compounds. In this setup the analyte
is the active material itself, because after the reaction with ozone, it is responsible for the
light emission. These luminescent properties of excited SO, species have been exploited
also by Zhang et al. [38] in the design of a hydrogen sulfide sensor: H,S was catalytically
oxidized over transition metal oxides (Fe,O; for example) and the emission of the excited
SO, state was monitored and related to the gas concentration, with a linear relationship in
the 8-2000 ppm. Of course there are others excited gaseous species that can be monitored:
for example Zhou et al. [39] presented a formaldehyde sensor based on the
cataluminescence properties of an intermediate compound formed from the reaction of
formaldehyde and oxygen on the surface of proper catalysts.

A lot of published material discussing the quenching of the luminescence of both organic

and inorganic emitting materials is available: for example Dasgupta and coworkers [40]
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used an alkaline fluorescein mercuric acetate as optical probe again for hydrogen sulfide
detection, due to the well-known capability of H,S to reduce the emission intensity of that
particular compound [41].

Mauro et al. [42] presented quantum dots-proteins assemblies for biomolecules sensing,
using the highly specific bonding between the analyte and a proper protein, and
monitoring the QDs luminescence quenching due to the fluorescence resonance energy
transfer (FRET) occurring between the two biological compounds. Few years later, some
of the